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Abstract: The isolated hydrophilic black alder (Alnus glutinosa) bark extractives were characterized in terms of component and functional composition and converted at 150°C–170°C into liquid green polyols using solvent-free and low-toxic base-catalyzed modification with propylene carbonate (PC). FTIR spectroscopy, HP-LC, GC, GPC, and wet chemistry methods were used to characterize the starting constituents, intermediate and final products of the reaction and to monitor the different pathways of PC conversion. The reaction of extractives as well as the model compounds, including catechol, xylose, PEG 400, and benzoic acid, with PC indicated the ability of OH groups of different origins present in the extractives to condense with equivalent amounts of PC. The polyols obtained consist of a copolymer fraction with one oxypropyl unit grafted per OH functionality of extractive components on average and oligo oxypropyl diols with a small number of carbonate linkages in the chain, obtained as a result of remaining PC homopolymerization. The domination of the oxypropylation mechanism vs. transcarbonation for PC ring opening was observed for both copolymerization and homopolymerization processes, making the process of oxypropylation with PC similar to that of conventional oxypropylation. At optimal reaction conditions, including a PC/OH ratio of 3.0 and a 24-h duration at 150°C, uniform polyols with low viscosity of ~900 mPa·s−1, a biomass content of ~27%, and an OHV of ~500 mg KOH·g−1 were obtained. Increasing the temperature of modification allows shortening the process but drastically increases the polyol viscosity. At fixed temperature values, increasing the PC/OH ratio not only decreases the biomass content but also strongly prolongs the processing. The significantly increased duration of the process using PC as an alternative oxyalkylation agent compared to that of oxyalkylation with propylene oxide is a reasonable trade-off for using a safer and more environmentally friendly technology.
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Nomenclature



	Mw
	Mass-average molecular weight



	Mn
	Number-average molecular weight



	Đ
	Dispersity



	EW
	Equivalent weight



	HPLC
	High performance liquid chromatography



	GC
	Gas chromatography



	FTIR
	Fourier-transform infrared spectroscopy



	GPC
	Gel permeation chromatography





1  Introduction

Today, plastic materials are indispensable in the life of modern human society, with a continuously growing market. In 2021, the global production of plastic was about 390 million tonnes (MT), a twenty-fold increase since 1950, and it is expected to triple by 2060 [1]. More than 97% of plastics are derived from fossil feedstocks, which are not renewable or biodegradable [2]. Considering that less than 30% of the 25.8 MT of plastic waste produced annually in Europe is collected for recycling, it can be concluded that further increasing the plastic market without developing novel approaches toward plastic production will exacerbate global environmental problems. Therefore, the plastics strategy is a key element of Europe’s transition towards a carbon-neutral and circular economy. It will contribute to reaching the 2030 Sustainable Development Goals, the Paris Climate Agreement objectives, and the EU’s industrial policy objectives.

Using biomass as an alternative feedstock for the development of bio-renewable monomers, which are available for the sustainable production of biobased plastics, can be considered a key element of this strategy, thus reducing the industry’s dependence on fossil-based resources [3]. Among other renewables, lignocellulosic biomass, including wood and cereal crops, the deposits of which are renewed by photosynthesis, as well as the wastes from their processing, are the most available alternative feedstocks for the chemical industry. The primary metabolites of lignocellulosic biomass, such as cellulose, and hemicellulose, and the secondary metabolites, such as lignin, extractives, despite their differences in chemical structure and composition, are rich in hydroxyl groups available for condensation reactions [4]. Therefore, they are considered natural precursors for the development of bio-polyols for conventional polyurethane (PU) plastics, the most versatile class of polymers applicable in practically all branches of modern industry [5].

In general, PU bonds are formed as a result of the condensation of OH and NCO groups. Obtaining isocyanate-free PU is a highly promising step towards creating environmentally friendly materials, considering the harmful process of producing fossil-derived isocyanates and their toxic properties. While the synthesis of isocyanate-free PU by reacting cyclic carbonates with diamines is attracting increasing attention [6–8], the substitution of fossil-based polyols with renewable alternatives in conventional PU systems is recognized as the most viable pathway for the development of bio-based PU plastics [9].

The most studied precursors of bio-polyols for PU production are various lignocellulose-originated multi-tonnage wastes of the pulping and timber industries like tree bark, lignin, and extractives [10–13]. The application of bark extractives as PU precursors can be explained by the comparatively low labor and energy costs of their isolation using green solvents, the low molecular weight of constituents, in comparison with parent biomass, and the high content of OH groups [10–13].

The transition of lignocellulosic biomass from a solid to a liquid state via their chemical modification or liquefaction/solubilization in inert (aprotic) solvents or polyols used in PU synthesis serves as the basis for developing approaches to their use as macromonomers rather than fillers in PU systems, including elastomers, adhesives, and rigid PU foams [11,14–16].

The highly effective method for modification/liquefaction of lignin by its oxypropylation with propylene oxide (PO) in the presence of alkali as a catalyst was proposed by Glasser and co-workers [17,18]. This approach was developed further for different lignins [19,20], tree bark, and tannin-enriched bark extractives [21–23].

The main advantage of biomass modification with PO over other methods of liquefaction is the production of polyols with uniform functionality. This is attributed to the grafting of oxypropyl units (OPU) onto the OH groups of biomass components, including phenolic and acidic groups, transforming them into secondary aliphatic groups that are free from electronic and steric constraints. Consequently, these polyols exhibit high reactivity toward isocyanates [16]. It has been shown that polyols based on oxypropylated lignin can be substituted for conventional polyether polyols in PU synthesis, improving characteristics such as compressive and tensile strength, thermal conductivity, and flame-retardant properties [14,24]. However, the high flammability, low explosive limit in air, toxicity, and carcinogenicity of PO, as well as the high temperatures (200°C–250°C) and pressures (15–30 bars) needed for processing [19], present challenges for biomass modification with PO. Using cyclic carbonates for biomass oxyalkylation is considered a much more eco-friendly and safer alternative to biomass processing with PO [25,26].

The special interest in this class of organic compounds arises from their biodegradability and the use of greenhouse gas CO2 as one of the feedstocks for their production [26]. A well-known and commercially available representative of this compound class is propylene carbonate (PC), with a boiling point of 248°C and a vapor pressure of 0.04 hPa at 20°C, in comparison with 34°C and 588 hPa for PO, respectively [27]. The oxypropylation of organosolv and kraft lignins with PC in the presence of a base catalyst, focusing on the characteristics of the copolymers, was studied at the PC/OH ratio 10–50 and a temperature of 100°C–170°C [16,24,27–29].

In this case, the major part of the PC remains unreacted and acts as a solvent. It was shown that the phenolic groups of lignin reacted faster with PC compared to aliphatic OH groups [27,29]. At 160°C–170°C, 24 h were needed to oxypropylate all OH groups in lignin, including phenolic and aliphatic groups, with an average grafted chain length of 2.2–4.6 units. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) promoted longer grafted chains compared to potassium carbonate. Nevertheless, despite the different nucleophilicity of phenolic and aliphatic OH groups, their oxypropylation proceeded via nucleophilic attack on the propylene carbon of PC. Only 0.3% of the PC was attached via carbonate linkage [27]. Unlike PO, which has a high ability for homopolymerization [19], only 3%–15% of PC was converted into propylene glycols. The full derivatization of only phenolic groups of lignin into aliphatic groups during lignin interaction with ethylene carbonate (EC) was determined at 140°C–170°C in the presence of potassium carbonate [30]. The absence of multichain grafting and EC homopolymerization led to a high amount of unreacted EC in the products, which was converted into ethylene glycol by the addition of an equivalent amount of water. PEG 400, as a non-reacted co-solvent, was added to the oxyalkylation product to tune the hydroxyl values and viscosity of polyols tested in PU foam compositions [31].

The oxypropylation of condensed tannins by PC revealed some differences compared to the oxypropylation of lignin. The grafted chains of up to six units were achieved, which is close to conventional oxypropylation with PO [32]. About 25% of them are represented by carbonate linkages, which appeared as a result of the oxypropylation exclusively of aliphatic OH groups. This confirms the data indicating that the combination of two alkylene carbon attacks and one carbonyl attack by the active chain end is necessary to make the pathway of aliphatic cyclocarbonate polymerization via carbonate carbon attack thermodynamically possible [31]. The chain coupling reactions in the presence of carbonate units in grafted chains can lead to an unexpectedly high molecular mass of PC copolymers compared to products obtained by conventional oxypropylation [33,34].

The brief overview of the state of the art presented above indicates that the process of biomass oxypropylation with PC can differ from conventional oxypropylation with PO due to the ability of two pathways for reactions via nucleophilic attacks on one carbonyl carbon and two alkylene carbons. Both oxypropylation methods and biomass composition will influence the composition and properties of the products obtained.

Black alder (Alnus glutinosa) is a widespread, fast-growing, and adaptive tree species in Europe, with high beneficial silvicultural impact for purification of waters. Black alder wood is used for furniture manufacturing, veneer and plywood production and has high potential for timber production [35]. The bark of black alder is a known source of diarylheptanoids, namely oregonin [36]. In contrast to tannins, well-known phenolic extractives consisting of combinations of rigid aromatic and heterocyclic structures, diarylheptanoids, including oregonin, consist of aromatic rings connected by a flexible seven-carbon chain. This could positively influence the mechanical properties of the PU polymer matrix, and avoid the excessive brittleness of the materials.

In this paper, the oxypropylation of black alder (Alnus glutinosa) (BA) bark hydrophilic extracts, consisting primarily of oregonin, which is the xyloside form of diarylheptanoid enriched with phenolic and aliphatic OH groups in similar proportions, was studied using PC in the presence of 1,8-Diazabicyclo [5.4.0]undec-7-ene as a catalyst. The oxypropylation of pure catechol, xylose, benzoic acid, and polyethylene glycol, as compounds modeling OH groups of different origins to predict their ability to condense with PC in the real extracts, was also studied. The weight loss of the reaction blends, dependent on the reaction temperature, duration, and the PC/OH ratio, was monitored, along with the FTIR spectra of the products. The molecular mass distribution (MMD), OH group content, and viscosity of the polyols obtained were analyzed based on oxypropylation regimes with a focus on obtaining low-viscosity green polyols enriched with biomass and possessing characteristics similar to those of commercial polyols usable for producing rigid PU foam.

2  Materials and Methods

2.1 Materials

Extract isolated from black alder (BA) bark by microwave-assisted extraction with water, was used as a precursor of polyol polyethers obtained by oxypropylation with PC.

The other reagents including, 1,2-dihydroxybenzene (catechol), ≥99%, D-(+)-xylose, ≥99%, benzoic acid, ≥99.5%, polyethylene glycol 400 (PEG 400), ≥99%, tetrahydrofuran (THF) anhydrous containing 250 ppm of butylated hydroxytoluene (BHT) as inhibitor, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), ≥99%, 1,4-diazabicyclo[2.2.2]octane, ≥99%, propylene carbonate (PC), oregonin with a purity of ≥95% (LC/MS-ELSD), were supplied from Merck (Darmstadt, Germany) and were used without additional purification.

2.2 BA Bark Extraction

Extractives from BA bark were isolated by a short-time and low-energy water extraction performed at 90°C using an innovative microwave extractor, as described in [37]. The yield of extractives after lyophilized drying was about 15% on a dry matter basis of the bark. The lyophilized extractives, without additional purification, were used for oxypropylation by PC.

2.3 Composition and Functional Analysis of BA Bark Extractives

2.3.1 HPLC Chromatography with PDA/ELS Detectors

The composition of extractives was determined using a Waters HPLC (Waters Corp., Singapore, Singapore) system equipped with photodiode array (PDA) and evaporative light scattering (ELS) detectors. The analysis regimes were described in detail in [37]. Oregonin was used as an external standard for its quantification in the extractives.

2.3.2 Total Polyphenolic Content

The total polyphenolic content (TPC) in the extractives was determined using the Folin–Ciocalteu method as described by [38] and expressed as grams of gallic acid equivalent (GAE) per gram of produced bio-polyol.

2.3.3 Monomeric Sugar Content

The total monomeric sugar content in the extractives was determined both without and with complete carbohydrate hydrolysis using an alditol acetate procedure with the GC-FID quantification as described by [39]. Glucose, galactose, mannose, xylose, arabinose, and rhamnose were used for calibration. 1-O-Methyl-D-glucose was used as internal standard.

2.3.4 31P NMR

The OH functionality of the extract was examined in duplicate using 31P NMR. The 2-chloro-4,4,5,5-tetramethyl-1,3-2-dioxaphospholan (TMDP) and the mix of N-hydroxy-5-norbornene-2,3-dicarboximide and chromium acetylacetonate were used as phosphorylation agent and internal standard correspondingly. Signal assignment was performed according to [40].

2.4 Oxypropylation of Model Compounds, Water, and Extractives

A mixture of 25 g, consisting of one hydroxyl-containing compound or water, PC, and DBU, was loaded into a 50 mL round-bottom flask equipped with a magnetic stirrer and a reflux condenser cooled with cold water. The weight of each component was adjusted to vary the PC/OH molar ratio from 1 to 7 while maintaining a constant DBU/OH molar ratio of 0.1. The flask was placed in a silicone bath with automatic temperature control and allowed to react at a temperature range of 125°C–170°C under constant stirring and argon flow. After 1, 2, 3, and 5 h, the weight loss of the reaction mixture was determined by weighing the flask, removed from the bath, with a precision of 1 mg, followed by the continuation of the reaction. After 24 h, the flask was weighed again, cooled to room temperature, and the reaction product was stored for further analysis. The idle experiments, including the heating of separetely PC and propylene glycol under the same reactional conditions, were performed. No weight loss was observed in this case after 24 h of heating at 170°C.

2.5 Wet Chemistry Analysis

The total amount of OH groups in the initial extract and in the oxypropylated products (polyols) was quantified by acetylation methods using pyridine as a catalyst. The unreacted acetic anhydride was hydrolyzed by water, followed by potentiometric titration of acetic acid with 0.1 N NaOH [41]. In the case of the initial extract, conductometric titration of the alkali solution of extracts with 0.1 N HCl and calcium-acetate-based chemisorption were additionally used to separately quantify aliphatic, phenolic, and carboxylic groups [41].

2.6 Viscosity of Polyols

The rheological measurements were made at 25°C using the Anton Paar Modular Compact Rheometer MCR 92 (Anton Paar, Graz, Austria) with a cone-plate measuring system and a gap of 48 μm. Shear rate ramps were carried out from 1 to 100 s−1.

2.7 Gel Permeation Chromatography

The molecular mass distribution (MMD) of extractives and polyols was studied using an Agilent 1260 Infinity HPLC system equipped with an isocratic pump, degasser, auto-sampler, PLGEL Mixed-E 300 mm × 8 mm column, and Optilab refractive index (RI) detector. The sample concentration in the THF solution and injection volume were 5 mg∙L−1 and 100 μL, respectively. THF was used as the mobile phase with a flow rate of 1.0 mL∙min−1. Sodium-polystyrene sulfonates were used as the calibration standard for MMD, with a specified molecular weight range of 5007–20,000 Da [42].

2.8 Non-Isothermal TG/DTG of biomass

Non-isothermal thermal analysis of BA bark extractives was performed in argon using a Seteram Setline device (France) in the temperature range from 25°C to 700°C with a heating rate of 5°C∙min−1.

2.9 FTIR Spectra

FTIR spectra of polyols were studied by the attenuated total reflectance (ATR) method. FTIR spectra of BA bark extractives, catechol, and xylose were determined using the KBr technique. Spectrum One FTIR spectrometer (Perkin Elmer) equipped with an ATR diamond-ZnSe top plate was used. The spectral range was 4000–500 cm−1, scan resolution and the number of scans were 4 cm−1 and 64 scans, respectively.

3  Results and Discussion

3.1 Composition of BA Bark Extractives

As was shown by the HPLC experiments the isolated BA bark extractives consist of different classes of organic compounds, including major non-lignin phenolics: diarylheptanoids, flavonoids in oligomeric form, and carbohydrates with organic acids admixture (Fig. S1) [37]. Oregonin, which is the xyloside form of a diarylheptanoid (Fig. 1), is a dominant polyphenolic constituent in extractives and comprises 31.0% ± 1.8% on the organic basis of extractives that was determined using commercial oregonin for external calibration.
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Figure 1: The structural form of oregonin

In total, 38% of monomeric sugars content were determined in the extracts after complete hydrolysis, compared to 6.7% in the raw extract (Table 1). This indicates that the majority of carbohydrates present in the extract are in oligomeric form or as glucosides. The portion of xylose liberated after complete hydrolysis of biomass was 15.1% on a dry matter basis. The yield of xylose after complete hydrolysis of the glucoside bond of oregonin should be 31%. This means that about 64% of monomeric xylose and 25% of all sugars in the hydrolyzed extract are the xylose moiety of oregonin.
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The analysis of physical-chemical characteristics indicates that isolated BA bark extractives can be described as a natural solid polyol, rich in both phenolic and aliphatic OH groups, with a low number of inorganic admixtures and low dispersity in terms of MMD. The Mn of extractives was more than twice that of pure oregonin (478 Da), which can be attributed to higher molecular fractions of carbohydrates and admixtures of high-molecular-weight procyanidins that are unavailable for detection by HPLC-ELSD (Table 2; Fig. S4) [15].
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The TPC value of 0.54 GAE g∙g−1 indicates that the BA bark extract is enriched with plant polyphenolics. This was confirmed by the phenolic group content, which comprises about 42% of the total OH functionality of the extract (Table 2). The majority of this functionality is aliphatic OH at 55%, while the least is carboxylic OH at 3%. The 31P NMR analysis showed that catechol groups made up 90% of all phenolic groups in the extract (Fig. 2). This suggests that, in addition to oregonin, other unidentified diarylheptanoids are present in the extracts [43]. The content of other classes of polyphenolics is insignificant.

[image: images]

Figure 2: The content of phenolic groups of different originations in BA bark extract according to 31P NMR

3.2 Conversion of PC in Reactions with Model Hydroxyl-Containing Compounds and Water: Dependence on Reaction Conditions

The different acidity of extractives bearing OH groups—aliphatic OH, phenolic groups, and carboxylic groups suggests that they interact differently with PC during the oxypropylation process [30].

To separately estimate the conversion of PC in the presence of phenolic, aliphatic, and carboxylic groups as initiators of PC polymerization, catechol, xylose, and benzoic acid were used as model compounds. Additionally, the interaction of PC with water and PEG 400 was investigated. In the first case, it was justified that trace amounts of water could promote the formation of PC homopolymers, which generally compete with copolymer grafting. In the second case, PEG 400 was considered due to its potential application as a co-solvent in combination with cyclic carbonate for biomass liquefaction, as described by Zhang et al. [30] (Figs. 3 and S2).
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Figure 3: The formulas of model compounds: catechol (A); xylose (B); benzoic acid (C) and PEG 400 (D)

Additionally, to the two electrophilic centers available for the PO molecule, PC has one more site at the carbonyl carbon. Therefore, in general, depending on the nucleophiles used, two pathways for the opening of the PC cycle are available. These include transcarbonation with the formation of a carbonate linkage and oxypropylation with the release of CO2 (Fig. 4) [31].
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Figure 4: Two pathways of the PC ring opening in its reaction with hydroxyl-containing compounds

It is recognized that weak nucleophiles such as phenols and carboxylic acids react with PC via an oxyalkylation mechanism, whereas aliphatic hydroxyls, as strong nucleophiles, must react via a transcarbonation mechanism [25]. It should be mentioned that one unit grafting of PC transforms acidic groups of the substrate into aliphatic ones, and therefore, further PC grafting has to be accompanied by carbonate linkage formation without CO2 release. However, this mechanism is not thermodynamically favorable. Theoretically, a combination of one carbonyl carbon atom attack and two alkylene carbon atom attacks is the most probable mechanism of cyclic carbonate polymerization [31]. In agreement with this, about 25 mol% of PC was grafted via carbonate linkage in the product of oxypropylation of condensed tannins, as reported [32]. In contrast, it was reported that in the case of oxypropylation of lignin, the etherification of both acidic and aliphatic OH groups is the favored mechanism of PC conversion in the presence of basic catalysts and enhanced temperature [27].

The contradictory data presented above indicate that the oxypropylation of biomass with PC is a more complicated process compared to conventional oxypropylation. In addition to the two pathways of ring opening, the main reaction resulting in the grafting of oxypropyl units (OPU) along the chain initiated by OH groups of biomasses can be accompanied by hydrolysis of PC by water, forming propylene glycol (PG) followed by homopolymer formation in a similar manner as in the case of oxypropylation using conventional PO [29] (Fig. 5).
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Figure 5: The scheme of PC hydrolysis

In real conditions, the occurrence of this reaction is high, probably due to the presence of traces of physically bonded water in the biomass as well as its partial dehydration during thermal treatment (Fig. S2). In this work, the monitoring of weight loss of reaction blends due to CO2 elimination during the oxypropylation of model compounds, water, PEG 400, and extracts under different conditions was performed to explain which of two the ring opening mechanisms will be realized. The values of PC conversion (X) were calculated using Eq. (1), assuming that oxypropylation is the dominant mechanism of reaction compared to transcarbonation.


X= Δm × MPCm0 × MCO2 ×100
(1)


where:


X
-conversion of PC at any moment of time, %


Δm
-the weight loses of any moment of time, g


MPC
-the molecular weight of PC, 102 g∙mol−1


m0
-the weight of PC in starting blend, g


MCO2
-the molecular weight of CO2, 44 g∙mol−1

In this study, PC acts as both a solvent and a reagent, with no other solvents used. It was established that solubilization of xylose in PC at an equivalent PC/OH ratio is not feasible. Solubilization was achieved at a higher concentration of solvent (PC/OH = 3.0). It was shown that, at an equivalent PC content, water exhibited the highest reactivity among the compounds tested (Fig. 6A). After 1 h of reaction, about 86% of PC was converted into PG and CO2 according to the reaction scheme shown in Fig. 5. At 125°C, the other compounds exhibited significantly lower reactivity compared to water. These results indicate that, in the presence of trace amounts of water, the formation of PG will be a favorable process compared to the copolymerization of PC with hydroxyl-containing compounds. Therefore, in further reactions, PC homopolymerization will compete with the copolymer chain grafting.
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Figure 6: The PC conversion (X) at 125°C in dependence of the duration of its reaction with model compounds, PEG 400, and water at different PC/OH ratio: 1.0 (A); 3.0 (B)

After 24 h of reaction at 125°C, complete PC conversion was achieved only in the cases of water and benzoic acid, which has the highest acidity (pKa = 4.2) and thus the highest deprotonation ability. The conversion values slightly higher than 100% can be explained by the negligible loss of PC due to its evaporation at the moment of disassembly from the condenser before weighing.

With an increasing the PC/OH ratio up to 3.0, the conversion of PC at a given time was significantly decreased for all compounds. No complete conversion was achieved after 24 h of reactions (Fig. 6B). This can be explained by a combination of factors. Firstly, since PC is used as both a solvent and reagent, its concentration in solution remains the same, ~12 mol−1 at 20°C, regardless of the PC/OH ratio. However, the concentration of hydroxyl-containing compounds and the catalyst DBU in the solution decreases steadily as the PC/OH ratio increases. Therefore, the reaction rate, which depends on the concentrations of reagents and catalyst, must decrease. Secondly, the rate of single-unit grafting is higher compared to multi-unit’s chain grafting. For example, the rate of PC conversion in reactions with catechol and benzoic acid should decrease after single-unit grafting due to the transformation of acidic and phenolic groups into secondary aliphatic groups with lower proton-donor ability.

Water revealed the highest activity compared to OH-containing substances at the initial stage of the reaction. After 1 h, the conversion was about 30%, indicating almost complete consumption of water in the fast reaction of PC hydrolysis. However, the further steps of PC conversion through propagation reaction with PG proceed at a significantly lower rate. In total, less than 50% of PC was converted over 24 h. In both cases, including equivalent content of reagents and an excess of PC, PEG 400 reached with primary OH groups showed the lowest activity toward oxypropylation with PC.

For all studied compounds at a PC/OH ratio of 1.0, the PC conversion steadily increased as the reaction temperature rose in the range of 125°C to 170°C (Fig. 7A). After 1 h of interaction at the PC conversion at 170°C, compared to that at 125°C, increased mostly for the weak nucleophiles catechol and benzoic acid, by 7.0 and 6.7 times, respectively, and by only 2.3 times for PEG 400, which bears aliphatic OH groups. As shown by the experiments, slight evaporation of water from the open reactor occurred despite using a condenser when the temperature in the reactor was up to 150°C. Therefore, water was oxypropylated only at 125°C.
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Figure 7: The PC conversion (X) after a 1-h reaction with model compounds and PEG 400 in dependence of reaction temperature at different PC/OH ratios: 1.0 (A); 3.0 (B)

PC conversion closed to complete (92.8%) in 1 h of reaction at 170°C was achieved for benzoic acid, whose pKa value is rather lower compared to the phenolic groups in catechol (pKa1 = 9.3; pKa2 = 13.0) [44]. For catechol, complete PC conversion was established after 5 h of reaction based on the weight loss of the reaction mixture. 24 h were needed for the complete oxypropylation of PEG 400 at 170°C. With an excess of PC in the reaction system (PC/OH = 3.0), a similar trend in the increase of PC conversion with increasing temperature was observed. However, the extent of PC conversion was lower compared to when a stoichiometric ratio of reactive sites was used (Fig. 7A,B).

3.2.1 The Characterization of Intermediate and Final Products of Oxypropylation by FTIR Spectroscopy and GPC Methods

The results of PC conversion were confirmed by monitoring the FTIR spectra of reaction products (Fig. 8A,B). It should be mentioned that the presence of a DBU catalyst at concentrations of 4.8% and 8% (w/w) in the starting catechol and PEG 400-based compositions, respectively, resulted in the appearance of FTIR absorbance in the region of 1615 cm−1 stretching vibration bonds of C=N (Fig. 8A,B; Fig. S3).
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Figure 8: The FTIR spectra of reaction products of catechol (A) and PEG 400 (B) with PC performed at 170°C and PC/OH = 1.0 in dependence of the reaction duration

The continuous decrease in absorbance intensity at ~1780 cm−1, attributed to the carbonyl group in PC (Fig. S3), alongside the simultaneous increase in absorbance in the aliphatic hydrocarbon region (symmetric and asymmetric stretching of -CH2- in the region 2950–2850 cm−1), confirms the grafting of a single PC unit onto the OH groups of catechol and PEG 400, respectively (Fig. 8A). According to FTIR analysis, the final products of catechol oxypropylation can be characterized as polyol ethers without the incorporation of carbonyl linkages (Fig. 8A). The FTIR spectra of the final products from the interaction of PEG 400 with PC show a low-intensity absorbance at ~1720 cm−1, which can be explained by the presence of a negligible number of carbonate units grafted via an esterification mechanism. Therefore, we can conclude that under the studied conditions, the copolymerization of both catechol and PEG 400 with PC proceeded predominantly via an oxyalkylation mechanism, despite the different nucleophilicity of the formed anions.

A more systematic study of the effect of the PC/OH ratio on the structure and composition of the obtained polyols was conducted using products obtained at 150°C. For catechol, PEG 400, and water, the PC/OH ratios were 1.0, 3.0, 5.0, and 7.0. For xylose, the ratios were 3.0, 5.0, and 7.0. The duration of the process was 24 h, after which complete conversion according to Eq. (1) was confirmed. For water and PEG 400 based systems at PC/OH = 5–7, 48 h were needed for complete PC conversion.

The complete disappearance of FTIR absorbance in the region of 1780 cm−1 in the products of the reaction between catechol and PC was observed independently of the PC/OH ratio (Fig. 9A). Small absorbance intensities at 1780 cm−1 were observed in the FTIR spectra of PEG 400- and xylose-based products at PC/OH = 3, which disappeared at the higher PC/OH ratios (Fig. 9B,C). For water-based products, unreacted PC was present only at the highest amount of PC (Fig. 9D).
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Figure 9: The FTIR spectra of products obtained by the reaction of catechol (A), xylose (B), PEG 400 (C), and water (D) with PC at different PC/OH ratios

With an increasing PC/OH ratio, the intensity at ~1720 cm−1 in the FTIR spectra of all catechol-derived products increased, indicating that a small portion of PC was attached via a carbonate linkage in this case. A similar increase in the absorbance band at ~1720 cm−1 with an increasing PC amount was observed in the FTIR spectra of PEG 400-derived products (Fig. 9C) and oligo oxypropyl diols (Fig. 9D).

The results presented above confirm that the reaction of catechol with PC proceeded exclusively via the oxyalkylation mechanism. One-unit grafting transforms the phenolic groups into aliphatic OH groups. The attachment of PC to aliphatic groups can occur via oxyalkylation and transcarbonation pathways, with the former dominating due to the use of basic catalysts.

In general, an increase in the C–H stretching intensity of methyl, methylene, and methane groups at 2800–3000 cm−1 relative to that of OH groups at 3500 cm−1 indicates the growing length of oxypropyl chains in the products with increasing PC content. Two processes could be responsible for this: the grafting of oxypropyl units onto the OH groups of the starter and the formation of propylene glycol and its oligomers as a result of PC homopolymerization.

The GPC results of catechol-based products have shown the appearance of high molecular fractions compared to catechol in products of its oxypropylation, clearly indicating copolymer formation. It was established that the low molecular weight peak present in all chromatograms is attributed to the DBU catalyst, which exhibited high refractive intensity (Fig. 10A–D). In the case of catechol the lower molecular peak is attributed to BHT presented in THF solvent. In the GPC of reaction products this peak is overlapped with peaks of DBU catalyst and therefore is not observed separately (Fig. 10A).

[image: images]

Figure 10: The effect of PC/OH ratio on GPC of oxypropylation products of catechol (A), PEG 400 (B), water (C), xylose (D)

At the PC/OH ratios of 5 and 7, the monomodal MMD distribution typical for initial catechol and products of its oxypropylation at PC/OH = 3 changes to multimodal (Fig. 10A). This suggests that the process becomes more complex and that both copolymerization and homopolymer formation take place. A slight shift of the MMD towards higher molecular mass with an increasing PC/OH ratio was also observed for products of PEG 400 oxypropylation (Fig. 10B). With an increasing PC/water ratio, the MMD of the products became bimodal and shifted to higher molecular weights typical of oligo oxypropyl diols compared to that of propylene glycol (PG), which is the product of PC hydrolysis (Fig. 10C).

For xylose-derived products, the Mw values of the copolymer determined by GPC were in the range of 310–320 Da, which is double the absolute molecular weight of pure xylose. This fact and the solubility of xylose-derived products in THF confirm their condensation with PC (Fig. 10D). The GPC test for pure xylose was not available due to its practical insolubility in THF. Therefore, the relative molecular weights of xylose and the copolymers obtained were unfortunately not compared using GPC data.

3.3 The Oxypropylation of BA Bark Extractives by PC, Composition, and Properties of Ensuing Green Polyols

The results presented above indicate that all functional groups of extractives, including phenolic groups of catechol units, and aliphatic and carboxylic groups, could be available for condensation with PC. Aliphatic OH is the least reactive; therefore, more time is needed for its interaction with PC in comparison with phenolic and carboxylic OH. Additionally, the process of forming oligo oxypropyl diols initiated by PC hydrolysis will compete with the copolymerization of biomass with PC. The relative content of copolymer and homopolymer will predetermine the major properties of the polyols including OH groups content, viscosity, and functionality [19].

As in the case of xylose oxypropylation, a uniform suspension of extractives in PC was obtained at a PC/OH ratio of not less than 3.0. The study of the interaction of BA extractives with PC at an equivalent ratio of components is possible only in the presence of aprotonic co-solvents and, therefore, was not performed in this study.

For extractives derived composition at the PC/OH ratio equal to 3, the conversion values were strongly dependent on temperature. At 125°C, the X values increased continuously with reaction time, but complete conversion was not achieved after 24 h of interaction (Fig. 11A). 48 h was needed for that. With an increase in temperature to 150°C and 170°C, complete conversion was achieved after 24 and 5 h of reaction, respectively (Fig. 11A).
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Figure 11: The PC conversion (X%) in the reaction of BA bark extractives oxypropylation vs.: (A) reaction time at different temperatures with a fixed PC/OH ratio of 3.0; (B) PC/OH ratio at different reaction times with a fixed temperature of 150°C

The effect of PC/OH ratio values on the process of biomass oxypropylation was studied using a moderate temperature of 150°C (Fig. 11B). The motivation for choosing a moderate temperature is based firstly on the desire to minimize the thermal degradation of biomass during processing, secondly on the safety of processing, and thirdly on decreasing energy consumption, which is an urgent task for any technology.

A decrease in the conversion rate was observed as the amount of PC in the starting suspension increased. For example, complete conversion of PC after 24 h of interaction was established for the system with the PC/OH ratio 3, while only 74% and 53% conversion was determined for compositions with the PC/OH ratios of 5 and 7, respectively (Fig. 11A,B).

The FTIR spectra of polyols obtained confirmed the results presented above (Fig. 12A,B).
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Figure 12: FTIR spectra of polyols obtained by reacting BA extractives with PC at 150°C, showing: the effect of reaction duration with a fixed PC/OH ratio of 3.0 (A), and (the effect of varying PC/OH ratios after 24 h of reaction (B)

The interaction of BA bark extractives with PC was accompanied by a continuous decrease in absorbance intensity at 1780 cm−1 in the extractives-based polyols, along with a simultaneous increase in the intensity of aliphatic group stretching (3000–2800 cm−1), similar to that observed in the products of model compound oxypropylation (Fig. 12A; Fig. 8A). The FTIR data confirm the results of weighing experiments, indicating that complete PC conversion in the reaction with BA extractives performed at 150°C and a PC/OH ratio of 3 was achieved after 24 h. With an increasing PC/OH ratio, additional treatment of the reaction mixture at 170°C for 2 h was needed to complete the reaction (Fig. 12B).

According to the FTIR spectra, at complete PC conversion the ratio of maximal absorbance intensities attributed to aliphatic hydrocarbons (3000–2800 cm−1) to those of OH groups (3350 cm−1) was 1.27, 1.42, and 1.78 for polyols with PC/OH ratios of 3.0, 5.0, and 7.0, respectively. This clearly indicates an increase in oxypropyl unit concentration in polyols in this order, achievable through both copolymer and homopolymer formation pathways. Therefore, regardless of the PC/OH ratio, the FTIR spectra of the products of BA bark extractives oxypropylation show a strong intensity of around 1100 cm−1, attributed to secondary OH groups and ether bonds. This testifies that oxyalkylation is the dominant mechanism in the reaction of BA extractives with PC vs. transcarbonation (Fig. 12B).

The appearance of low-intensity absorbance bands at ~1710 cm−1, typical for unconjugated C=O in the FTIR spectra, indicates that a negligible number of products of PC conversion is present in polyols as carbonate linkages, with a trend towards increasing with the PC/OH ratio. These results are in good agreement with the data on model compound oxypropylation presented in Section 3.2.

The GPC analysis of polyols compared to the initial extractives indicates the presence of fractions with differing molecular weights in the obtained polyols. The appearance of higher molecular weight fractions compared to the initial extractives can be explained by the copolymerization of extractives through the condensation of OH groups with PC (Fig. 13).
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Figure 13: The GPC of BA bark extract and their based polyols synthesized at different PC/OH ratios

Together, the existence of lower molecular fractions is attributed to PG and their oligomeric forms obtained as the result of PC homopolymerization that could be initiated by traces of water avoid less presented in hydrophilic extractives, as well as removed in the results of partial biomass thermal dehydration (Fig. S5). The MMD characteristics of copolymer fractions of polyols obtained in different conditions as well as other the main characteristics of whole polyols are presented in Table 3.
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The experimentally determined OH content in polyols, ranging from 5.1 to 14.9 mmol∙g−1 (286–836 mgKOH∙g−1), showed a 2.1- to 3.8-fold increase compared to the calculated values, assuming that oxypropyl unit grafting proceeds only as a result of copolymerization with extractive components. These data, along with the experimentally verified increase in the molecular weight of copolymers compared to the initial extractives, clearly indicate that both the attachment of OPU to the OH groups of extractives and the conversion of propylene carbonate (PC) through homopolymerization, resulting in the formation of propylene glycol (PG) and its oligomers, occurred in the reaction of extractives with PC (Table 3). Therefore, the obtained polyols can be defined as a blend of relatively high molecular weight copolymer fractions of extractives compounds with attached OPU and lower molecular weight oligo oxypropyl diols with small number of carbonate linkages in the chain, both enriched with aliphatic OH groups reactive with isocyanate [19]. It should be noted that the presence of PG oligomers helps decrease the viscosity of polyols and allows for the enhancement of the OH content in polyols to the desired concentration.

The Mn values of the high molecular fractions were shown to increase approximately twofold compared to the initial extracts and remained similar for all compositions synthesized at 150°C and 170°C (Table 3). The most uniform MMD (Đ = 1.1) of the copolymer fraction was determined in the polyol synthesized at 150°C with a PC/OH ratio of 3.0. The significant increase in dispersity with the increasing amount of PC in the compositions can be explained by the appearance of a small amount of high molecular fractions. This explanation is available because the Mw value is more sensitive to the molecular mass of long-chain molecules than to their number, while the Mn of the copolymer fractions remains very close. Probably, the formation of such high molecular fractions can be attributed to the presence of carbonate linkages in polyols synthesized at the high PC/OH ratios (Fig. 12B). As a result, the coupling reaction via the interaction of the carbonate anion with OH-terminated chains proceeds [32]. The increase in temperature from 150°C to 170°C at the fixed PC/OH ratio equal to 3 led to a less significant increase in the Mw of the copolymer (Table 3).

Based on the Mn values of high molecular fractions and initial extractives, along with the OH group content in them and the amount of PC used, the average length of grafting and the composition of polyol in terms of copolymer and homopolymer content were calculated. It was shown that, on average and independent of the amount of PC, only about one OPU per OH group of extractives was attached as a result of the reaction performed at 150°C–170°C (Table 4). Therefore, we can conclude that the grafting of one OPU to the OH groups of extractives, resulting in the transformation of acidic groups into aliphatic ones, is followed by competitive reactions forming oligo oxypropyl diols. These reactions become dominant, leading to the complete conversion of PC present in the reaction mixture.
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This explanation is approved by the results of model compounds and water interaction with PC presented in Section 3.2 and coincides with the data presented in the manuscript by Zhang et al. [30].

At 125°C, the number of grafts was only 0.34 OPU per OH group, and the remaining PC was converted into homopolymers via the oxypropylation mechanism.

Correspondingly, the maximum portions of copolymer were calculated for polyols synthesized at the PC/OH ratio of 3.0. The highest biomass content in the resulting polyol, 26.9%, was also achieved at this ratio, decreasing continuously to 14.2% as the PC/OH ratio increased to 7.0 (Table 3).

Viscosity is one of the important parameters of polyols used for PU synthesis [45]. The low viscosity is a technological advantage of polyols that expands the area of their practical application. As shown by Vieira et al. [16]. Increasing the reaction temperature and decreasing the amount of PC promote an increase in the viscosity of polyols obtained by the oxypropylation of lignin with PC. In our opinion, the relative portion of copolymer and its Mw are the major factors that have a rather complex influence on the viscosity of polyols. In our case, the viscosity of polyols synthesized at 170°C is significantly higher than those synthesized at 150°C (Table 3). This can be explained by the higher Mw value of the copolymer fraction in polyol No. 5 compared to that of No. 2, despite both having a similar content of homopolymers in composition. (Tables 3 and 4). The lowest viscosity was determined for the polyol synthesized at a PC/OH ratio of 7.0. We propose that in this case, the high content of oligomeric oxypropyl diols was the dominant factor, outweighing the Mw value of the copolymers due to its low content (25.9%) in the polyol. Together with the increasing copolymer content in polyol up to 35%, its higher Mw became the dominant factor responsible for the higher viscosity of composition No. 3 compared to that of No. 2 (Tables 3 and 4).

The results presented in the manuscript indicates that BA bark extractives were successfully converted into the liquid polyol polyether with OHV = 286–500 mg KOH∙g−1 and viscosity of 593–3200 mPa∙s−1 by reactions with PC performed at temperatures of 150°C–170°C and PC/OH ratio in the range of 3–7. These characteristics meet the requirements of commercial polyether polyols with variable OHV and viscosity values in the ranges of 300–800 mg KOH∙g−1 and 300–30000 mPa∙s−1 respectively which are used for rigid PU foam producing [45].

Was established that the PC/OH ratio equal to 3.0 is optimal in terms of the highest content of biomass in polyol and its properties. In this case, the reaction was performed at a moderate temperature of 150°C for 24 h and a low viscous polyol (929 mPa∙s−1) was obtained in the result (Table 3). Increasing of temperature up to 170°C allowed us to shorten the duration of the reaction to 5 h but the viscosity of the polyol obtained was three times higher (Fig. 11A; Table 3). However, it is about 1.5 times lower in comparison with that of polyols obtained by oxypropylation of lignin at a similar content of biomass [16].

After 24 h of reaction at 150°C with a higher amount of PC, an additional 2-h heating at 170°C was necessary to complete the conversion of PC.

Besides copolymer and homopolymer, DBU is another important component of the polyols obtained. The presence of tertiary amine, which can be used repeatedly for catalysis of polyol interaction with isocyanate, can be considered as a favorable factor from a technological point of view because simplify the preparation of A system. However, the inspection of polyol activity in the composition of PUR foam is necessary. The polyols obtained are under testing as substituents of commercial polyol polyether Lupranol 3300 (oxypropylated glycerol) in compositions of rigid PU foams.

Finally, it should be mentioned that the experiments performed indicate that the alternative process of biomass oxypropylation using cyclic carbonate is significantly longer compared to conventional oxypropylation of biomass. Using PO and a high-pressure reactor only a few minutes were needed for the conversion of solid lignin into liquid polyols suitable for PU synthesis [19]. We can conclude that the increased duration of the process using cyclic carbonates as an alternative oxyalkylation agent is a reasonable trade-off for using a safer and more environmentally friendly technology. The possible speed-up of processing by increasing temperature will decrease the desirable safety of technology.

4  Conclusions

The solid hydrophilic extractives isolated through short-time and low-energy water extraction of BA bark were transformed into liquid green polyol polyethers using 8-diazabicyclo[5.4.0]undec-7-ene as a basic catalyst and propylene carbonate as an alternative oxyalkylation agent instead of environmentally harmful propylene oxide.

The composition of the extractives, predominantly consisting of diarylheptanoids and hemicelluloses, determines their functionality. The phenolic and aliphatic OH groups, originating from catechol units and carbohydrates, respectively, were present in the extractives in a 1:1.3 ratio, with small admixtures of COOH groups, resulting in a total OH group concentration of 14.9 mmol∙g−1.

Research on the reaction of model compounds, including catechol, xylose, benzoic acid, and PEG-400 with propylene carbonate demonstrated that all functional groups of the extracts undergo condensation with PC. It was shown that, at 150°C–170°C, the extractive compounds reacted with an equivalent amount of PC via an etherification mechanism, producing, a copolymer with on average, close to one oxypropyl unit grafting independently of the initial PC/OH ratio in the reaction blend. The remaining PC was transformed into oligo oxypropylene diols, containing a negligible amount of carbonate linkages in the chain, and acted as an active co-reagent in the extractive-based polyols while simultaneously reducing the viscosity of the polyols.

The PC/OH ratio of 3, a temperature of 150°C, and a reaction duration of 24 h can be considered optimal conditions. These conditions allow for the synthesis of a polyol with approximately 26.9% biomass content, a low viscosity of 930 mPa∙s at 25°C, and an OHV of 500 mg KOH∙g−1, meeting the requirements for commercial polyols use in the production of rigid PU foam. Increasing the synthesis temperature to 170°C shortens the reaction but increases the viscosity of the polyol threefold to 3200 mPa∙s, slightly decreasing the OHV values. Increasing the PC/OH ratio above 3 decreases the biomass content in the polyols and requires more time to achieve complete conversion of PC.
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Table 1: The monomeric carbohydrate content in BA bark extracts before and after hydrolysis

Sample Monomeric carbohydrate content (%)
Glc! Gal’ Man® Xyl* Ara’ Rha® )y
Before hydrolysis 4.1 £0.5 n.d 1.6+02 0.64+0.05 039+0.10 nd 6.7 £0.6

After hydrolysis 15.6+0.7 1.5+0.1 3.7+0.2 151+0.6 2.0+04 0.12+0.04 38=+1

3 4 5 - 6
Note: 1glucose; 2galactose; mannose; “xylose; “arabinose; “rhamnose.
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Table 3: Physical-chemical properties of polyols based on BA bark extractives in dependence of reaction
conditions

No. Reaction conditions MMD ! OH content (mmol-g ')  Viscosity at ~ Water by

T(¢°C) PC/OH M, M, D Exp Calc. Exp/Calc 25°C (mPa) fisher (%)
(molar ratio) (Da) (Da)

1 1257 3.0 1432 2594 1.8 149+03 39 38 472 + 13 0.120

2 1507 3.0 2141 2414 1.1 89+0.6 39 23 929 £ 60 0.143

3 150/170° 5.0 2123 8486 4.0 7.2+03 2.7 2.7 1242 + 36 0.122

4 150/170° 7.0 2035 8794 44 54+02 20 2.7 293 +7 0.076

5 170 3.0 2055 2937 1.4 8.0+0.2 39 2.1 3214 + 58 0.110

Note: 'High molecular fractions of polyol (Fig. S6); 224 h at 150°C; *24 h at 150°C + 2 h at 170°C.
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Table 4: The average number of PC grafts (n) per OH functionality of BA bark extractives and composition
of extractives derived polyols depending on oxypropylation conditions

No. Conditions of reaction Number of grafts (n) Content in polyol (%)
PC/OH (molar ratio) T (°C) Biomass Copolymer Homopolymer DBU
1 3.0 125 0.34 26.9 34.5 59.6 59
2 3.0 150 1.10 26.9 51.6 42.5 59
3 50 150 1.09 18.6 353 60.6 4.1
4 7.0 150 0.99 14.2 25.9 71.0 3.1
5 3.0 170 1.01 26.9 49.5 44.6 59
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Table 2: Physical-chemical characteristics of BA bark extractives on a DM basis

Position Mean + SD*
Ash content (%) 1.2+0.1
Elements content (%):

Carbon 545+0.5
Hydrogen 58+£04
Nitrogen 0.39+0.1
Oxygen (by diff.) 373

TPC (GAE gg ") 0.54+0.1
OH groups content (mmol-g '):

OH aliphatic 8.1+0.6
OH phenolic 6.2+04
OH COOH 0.6 0.1
YOH 149 + 0.7
EW (geq ) 67.1
MMD:

M,, (Da) 1116

M, (Da) 1171

b 1.05

Note: *Based on 3 repetitions.
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