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Abstract 
Two approaches to incorporating black alder (BA) bark extractives-derived polyol into a polyurethane (PU) network were 

studied. In the first case, fractionation of bark extractives with tetrahydrofuran (THF), focusing on isolating the biomass fraction 

available for obtaining PU elastomers by casting methods using cyclic ethers as a solvent, was employed. Another approach 

aimed to obtain liquid bio-polyols that could be suitable for producing rigid PU foams. For this purpose, oven-dried crude BA 

bark water extracts were liquefied with polyethylene glycol (PEG 400) at temperatures of 130-170°C. The effect of adding 

sulfuric acid as a catalyst on biomass processing was studied. Wet chemistry, GC, FTIR spectroscopy, analytical pyrolysis (Py-

GC/MS/FID) and rheological methods were employed to characterize the obtained polyols and insoluble fractions, enabling an 

assessment of biomass transformation during processing. The resulting THF-soluble fraction comprised 62% of the BA bark 

extract, mainly consisting of the xyloside form of the diarylheptanoid compound oregonin, along with oligomeric flavonoids 

and carbohydrates. The THF-insoluble fraction was most enriched with carbohydrate compounds. Moreover, it was observed 

that the PEG 400-insoluble fractions were predominantly composed of carbohydrate components. The results indicated that 

the use of sulfuric acid as a catalyst (1-1.5% of solvent) promotes the complete liquefaction of extractives, enabling biomass 

content in polyols of up to15-25%. Surpassing the extract content in the starting suspension up to 30% resulted in incomplete 

liquefaction of biomass. These findings offer valuable insights into tailoring BA bark extractives as building blocks suitable 

for obtaining PU materials. 

Keywords: bark, extraction, fractionation, liquefaction, polyurethane, plant polyphenolic. 

 

Introduction 

In modern human society, plastics are indispensable 

materials with a global annual production of about 391 

MT in 2021, expected to triple by 2060 (European 

Commission, n.d.) More than 97% of plastics are 

derived from fossil resources, not available for 

biodegradation, and therefore make a significant 

impact on the emergence of environmental and 

economic problems (Chem4Us, n.d.).  Alternative 

feedstocks must be biobased and therefore renewable 

monomers, thus reducing the industry's dependency on 

fossil-based materials and possessing the circular life 

cycle of plastic materials. This task is highly urgent in 

the PU materials industry, which comprises the most 

versatile class of polymers with a continuously 

increasing global market (Ma et al., 2022). 

Today substituting fossil-based polyols with 

renewable alternatives in isocyanate-based PU is 

recognized as the most viable pathway for the 

development of bio-based PU plastics (Rubens et al., 

2022). The lignocellulosic biomass composed in major 

from plant polyphenolics and carbohydrates which are 

reached in phenolic and aliphatic OH respectively are 

recognized as one of the readily available natural 

resources for biobased polyol obtaining (Phung Hai et 

al., 2021). Lignin and tree bark biomass the multi-

tonnage underexploited wastes of pulping and timber 

industry correspondingly were lignocellulosic 

components most studied as a precursor of bio-polyol 

available for PU obtaining (Dizhbite et al., 2012; 

D’Souza et al., 2014; Mahmood et al., 2016). The 

transition of lignocellulosic materials from a solid to a 

liquid state via their chemical modification or 

dissolution in inert (aprotic) solvents or polyols used 

in PU synthesis serves as the basis for developing 

approaches to their use as macromonomers in PU 

systems (Belgacem & Gandini, 2008). 

The widely used chemical modification through 

oxypropylation transforms solid biomass into liquid 

polyols with uniform OH functionality and allows 

obtaining rigid PU foam with properties comparable to 

those of commercial materials (Li & Ragauskas, 2012; 

DʼSouza et al., 2014). But, the high temperature (200-

250°C) and pressure (20-30 bar) increase the risk of 

fire and explosion, and low scalability does not allow 

characterizing this processing as sustainable. 

In this work, alternative and more sustainable methods of 

lignocellulosic biomass liquefaction without deep 

chemical modification were applied. These include the 

fractionation of biomass by dissolving it in THF as an 

aprotic solvent utilized for obtaining PU elastomers 

through the casting method (Arshanitsa et al., 2016; 

Arshanitsa et al. 2023a; Arshanitsa et al., 2023b), and the 

liquefaction of biomass using a hydroxyl-rich solvent 

such as PEG 400, with a focus on the possible application 

of liquid products for rigid PU foam production (Gosz et 

al., 2020). The ease of feedstock approach, low labor, and 

short time required for the isolation of extractives using a 

green solvent, high yield of extractives (~20% on DM of 

bark), the presence of phenolic and aliphatic OH groups 

capable of condensation with isocyanate, and the 

oligomeric form of constituents motivated the choice of 

BA bark extractives as an object of investigation. The 

properties of bark extractives-derived polyols and the 

chemical alterations in crude extractives after the 

isolation of a fraction suitable for obtaining PU were 

studied and discussed.  

 

Materials and Methods 

Bark removed by handle debarking of black alder 

(Alnus glutinosa) harvested in Talsu municipality of 

Latvia was used as a biomass feedstock. The extraction 
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of bark was performed by water at 90oC using 

microwave extractor of original construction followed 

by filtration and lyophilization as described 

(Arshanitsa et al., 2022; Pals et al., 2022). The THF 

was applied for fractionation of BA extractives at 

solid/liquid ratio 1:10 (w/v). The undissolved fraction 

was separated by filtration. The soluble fraction after 

distillation of THF was redissolved in water and 

lyophilized again. 

OH, functionality crude and THF fractionated BA bark 

extractives was analyzed in duplicate by 31P NMR 

using 600 MHz Bruker (Biospin Rheinstetten, 

Germany, BASIC PROBHD) spectrometer as 

described in (Arshanitsa et al., 2023a).  

The total phenolic (TPC) content in crude and 

fractionated BA bark extractives expressed as grams 

(g) of gallic equivalent (GAE) per gram of dry biomass 

was determined by wet chemistry methods (Singleton 

et al., 1999). 

The BA bark water extract was mixed with 

polyethylene glycol with Mn=400 g∙mol-1 under 

different conditions. These conditions included a 

temperature range of 130-170oC, a catalyst 

concentration ranging from 0% to 3% of H2SO4 by 

weight of PEG 400, and a bark extract content ranging 

from 15 to 30% in the PEG 400-extract mixture. 

Consequently, the bark water extracts were 

fractionated into PEG 400-soluble polyol and PEG 

400-insoluble fraction. The acid used as a catalyst was 

neutralized after solubility experiments through the 

reaction represented by equation (1), and the resulting 

water generated during the reaction was eliminated 

from the obtained biopolyol through continuous 

heating of the liquefied mixture at the designated 

temperature while blowing nitrogen through it.  

H2SO4 + 2NaOH → Na2SO4 + 2H2O (1) 

The sum of monomeric sugar content including C6 

(glucose, galactose, rhamnose) and C5 (xylose, 

arabinose) was determined by GC method after 

complete hydrolysis of biomass (Pals et al., 2020). 

Radical scavenging activity of crude and THF 

fractionated extracts was evaluated using the stable 2 

2-diphenyl-1-picrylhydrazyl free radicals (DPPH•) test 

(Dizhbite et al., 2004; Lauberts et al., 2017). 

The Py-GC/MS/FID analysis of crude BA extract, its 

PEG 400 insoluble fractions was performed at 500oC 

(heating rate 600oC∙s-1) using a Frontier lab Micro Double 

Pyrolizer Py-3030D directly coupled with Shimadzu 

GC/MS/FID-QP device (Arshanitsa et al., 2021). 

The Spectrum One spectrometer (Perkin Elmer) was 

used for study of FTIR spectra of biomass. The KBr 

technic was employed for preparing of samples. Each 

spectrum was scanned in duplicate.  

The OHV of polyols containing liquified biomass were 

determined by acetylation method (Zakis, 1994) 

Viscosity of polyols was determined at 25oC using 

Modular Compact Rheometer. Each test was performed 

in triplicate, followed by the calculation of the average 

value and standard deviation (Std). Water content in 

polyols was determined by Karl Fischer titration. 

 

Results and Discussion 

The yield of extractives isolated from BA was 

18.4±2.0 % on DM of biomass. The yield of BA bark 

extractives fraction soluble in THF and therefore 

available to condensation with isocyanate as bio-

polyol for obtaining of PU elastomers by casting 

method consisted of 62±2% on DM of extractives.  

The relative content of phenolic and carbohydrate 

constituents in raw extracts differs strongly from that 

of THF soluble and insoluble portions (Table 1). 

 

Table 1 

The total polyphenolic (TPC) and monomeric sugar content (average ± Std of three parallel tests) in crude 

and THF fractionated BA bark extractives 

Index Crude extract THF-soluble fraction THF-insoluble fraction 

TPC, GAE, g∙g-1 0.50±0.20 0.72±0.35 0.15±0.10 

Sugar content, % 40.5±2.6 32.3±1.9 51.8±2.7 

 

It was shown that due the moderate polarity (ε20°C = 

7.43) THF promote the dissolution of plant 

polyphenolic versus that of more polar free 

carbohydrate. The content of polyphenolic in biomass 

was decreased in the raw: THF-soluble fraction ≥ crude 

extract ≥ THF-insoluble fraction. At that time the 

insoluble fraction is the most enriched with 

carbohydrates followed by crude extract and THF-

soluble fraction (Table 1).  

The presence of carbohydrates in THF-soluble fraction 

determined allowed proposition that they transfer to the 

THF-soluble fraction predominantly as phenyl 

glucosides. It was confirmed by HPLC data presented 

in our earlier manuscript (Arshanitsa et al., 2023b). It 

was shown that oregonin - xylodised form of 

diarylheptanoid is the dominant component of THF 

soluble fraction. NMR 31P approved the mentioned 

results indicating the highest content of hydroxyl groups 

which by 90% presented by aliphatic ones in THF 

insoluble fraction. OH, functionality in THF-soluble 

fraction consists of almost equal proportion of alcohol 

and phenolic groups ‘Figure 1aʼ. 

Furthermore, the radical scavenging activity of the 

extract fractions, which is dependent on the phenolic 

compounds content, was evaluated using the stable 2 

2-diphenyl-1-picrylhydrazyl free radicals (DPPH•) test 

and expressed as the IC50 value (the concentration 

required to inhibit 50% of the initial free radicals). 



Maris Lauberts, Matiss Pals, Jevgenija 

Ponomarenko, Alexandr Arshanitsa 

DISSOLUTION BEHAVIOUR OF BLACK ALDER BARK 

EXTRACTIVES IN POLYURETHANE SYNTHESIS MEDIA:  

A COMPREHENSIVE STUDY  

 

RESEARCH FOR RURAL DEVELOPMENT 2024, VOLUME 39 266 

  
Figure 1. The content of OH groups total and differing by origination in crude and THF fractionated BA bark 

extracts according to 31P NMR (a); the biomass concentration required to inhibit 50% of DPPH• radicals (b). 

 

A lower IC50 value indicates higher radical scavenging 

activity. The THF-soluble fraction exhibited the 

highest activity, surpassing both the crude BA bark 

extract and the synthetic antioxidant Irganox 1010 

widely used in PU materials (Xiao et al., 1994). 

Conversely, due to the increased content of free 

carbohydrates and decreased content of phenolic 

compounds, the THF-insoluble fraction displayed 

significantly reduced radical scavenging activity 

compared to the crude extract, see ‘Figure 1bʼ. 

This fact allows us to consider the THF-soluble 

fraction of BA bark extractives as bio-polyols which 

could act in PU matrix simultaneously as 

macromonomers due to condensation of aliphatic and 

partly phenolic OH with isocyanate and as radical-

scavenger due to the presence of remaining free 

phenolic groups. As a result, the substitution of PEG 

400 up to 100% by THF–soluble fraction allows for a 

significant increase in the heat resistance, thermal 

stability in air, and mechanical properties at tensile of 

PU elastomers obtained by casting methods 

(Arshanitsa et al., 2023b). 

Another approach was used to liquefy the BA bark 

extractives in PEG 400 with a focus on the application 

of liquid polyols for producing rigid PU foam. The 

crude BA bark extract was mixed with PEG 400 under 

different conditions. The effects of biomass in the 

starting suspension, conversion temperature, the 

addition of sulfuric acid as a catalyst, on the 

liquefaction yield, viscosity, and hydroxyl value of 

polyols obtained were investigated. The yield of 

liquefaction was defined as the amount of biomass 

soluble in PEG 400 at given conditions and expressed 

as a percentage of the starting biomass weight in 

suspension. A yield of 100% means that the insoluble 

fraction was not detected in the final product using the 

analytical procedure described above, and therefore 

complete conversion/liquefaction of biomass was 

recognized in this case. During a 6-hour-long 

dissolution process, it proved challenging to fully 

dissolve the BA bark extract (at weight ratio of 20%) 

in PEG 400 to achieve complete liquefaction without 

the use of a H2SO4 as catalyst, see ‘Figure 2aʼ. In this 

case the trend of increasing liquefaction yield was 

observed with increasing of processing temperature. 

But anyway about 15% of starting biomass was not 

converted in liquid polyol at 150-170oC. With the 

addition of 0.5% catalysts, the complete dissolution of 

the introduced extract in PEG400 was not achieved, 

resulting in an insoluble residue of approximately 16-

20%. However, when the catalyst concentration was 

increased to 1%, a notable improvement in solubility 

was observed at these PEG 400-extract ratio. At a 

temperature of 130 °C, the insoluble portion decreased 

to only around 9%, while at 150°C and 170 °C, all of 

the introduced bark extract dissolved, enabling the 

attainment of a 20% concentration of biomass in liquid 

polyol, see ‘Figure 2aʼ. 

  
Figure 2. The effect of catalyst content on the liquefaction yield of BA bark extracts in PEG 400 during 6 hours 

processing at different temperatures with a fixed 20% of biomass content in starting suspension (a); the effect of 

biomass content in the starting suspension on its liquefaction yield at different temperatures during 6 hours processing 

with a fixed 1% content of catalyst (b). (The average values ±Std of three parallel tests are plotted on the graphs). 
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Further examination of BA bark extractives liquefaction 

in PEG 400 at variable biomass content in starting PEG 

400 suspension in the range of 15-30% and fixed 1% of 

catalyst content indicated that for suspensions with 15% 

biomass content, complete conversion of extract at all 

tested temperatures was achieved, see ‘Figure 2bʼ. 

However, at higher extract content of 20%, complete 

liquefaction was not achieved at 130°C but only at 150°C, 

and only at 170°C when the starting concentration of 

biomass was 25%. When the extract content was 

increased to 30%, complete dissolution was not possible 

at any of the temperatures utilized, leaving about 6-7% of 

solid in the final products, see ‘Figure 2bʼ. Isolation of 

insoluble parts from the products of extractives 

liquefaction could allow the obtainment of liquid polyols 

containing about 25% of liquefied biomass, which is 

similar to that obtained by complete liquefaction of 25% 

biomass suspension performed at 170°C. This allows 

proposing that a 25% content of BA bark extractives in 

the starting suspension is the maximal for BA bark 

extractives complete liquefaction by PEG 400 under the 

conditions under study. Obviously, the further increasing 

of starting BA bark extractives content in suspension 

results in the decreasing of solvent-to-biomass ratio, thus 

promoting recondensation reactions of low molecular 

fragments obtained in the results of hydrolysis reactions 

of carbohydrates predominantly and increasing the non-

liquefied portion of biomass (Jin et al., 2011). 

In all tests, PEG 400-insoluble fractions exhibited 

notable composition differences compared to the 

crudeextract, see ‘Figure 3a, bʼ.  

The FTIR spectra of the crude BA bark extract and its 

PEG 400-insoluble fractions obtained under different 

conditions provide confirmation of the solubility of 

aromatic constituents in PEG 400 and the concentration 

of carbohydrates in the insoluble fraction ‘Figure 3aʼ. 

This is evident from the decreased absorption at 

approximately 1500-1600 cm-1 and 1260-1320 cm-1, 

which are attributed to vibrations of aromatic rings. 

Additionally, the absorption bands in the range of 800-

1200 cm-1 associated with cellulose and hemicellulose 

are increased in the spectra of the PEG 400-insoluble 

fractions compared to the crude extract. 

The Py-GC/MS/FID data also revealed a significant 

increase in the content of aliphatic volatiles 

predominantly derived from carbohydrates, and a 

drastic decrease in the content of aromatic pyrolysis 

products, mainly derived from phenolic extractives, in 

all PEG 400-insoluble fractions compared to crude 

extracts, see ‘Figure 3bʼ. Based on these results, we can 

conclude that, unlike the PEG 400-insoluble 

carbohydrates, the phenolic extractives of BA bark can 

be easier incorporated into PEG 400-based mixed 

polyol due to their better solubility in glycols, as 

opposed to carbohydrates. The increasing of biomass 

content in starting suspension resulting in non-complete 

liquefaction, leads to a more effective concentration of 

soluble phenolic components in polyols compared to the 

case when complete liquefaction of BA bark extractive 

occurred. These findings coincide with the results 

presented in (Kurimoto et al., 1999). 

 

 

  
Figure 3. The different characteristics of crude extract versus fractions insoluble in PEG 400: FTIR spectra (a), 

and the ratio of sum peaks of aliphatic-derived compounds to that of aromatic-derived (average   ±Std of three 

tests) in pyrolysis products of biomass samples according to Py-GC/MS/FID data (b). 

 

We therefore assume that the soluble portion of BA bark 

extractives in PEG 400-based polyol can act 

simultaneously as a crosslinking agent and technical 

antioxidant in PU foam, thereby enhancing the thermal 

oxidative characteristics of the material. This study is still 

under development. Such parameters as dynamic 

viscosity, hydroxyl value (OHV) and residual water 

content are the principal characteristics of polyols usable 

for rigid PU foam obtaining. The polyols containing 15-

25% of BA bark extractives completely liquified at 

130⁰C-170⁰C were tested, see ‘Figure 4a, bʼ, (Table 2). 

As the concentration of the catalyst was in the range of 

1-1.5%, the viscous stresses arising from polyol flow 

are linearly correlated with the deformation rate over 

time, allowing them to be characterized as Newtonian 

fluids, see ‘Figure 4aʼ.
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Figure 4. The Newtonian (a) and non-Newtonian (b) flow curves at 25°C for polyols vary based on the 

content of completely liquefied BA bark extractives, liquefaction temperature, and catalyst content. 

Some increase in viscosity was observed with an 

increase in catalyst content up to 1.5% compared to 

that of 1% content (Table 2). The increase in catalyst 

content up to 3% results in a tenfold increase in polyol 

viscosity, which exhibits a trend of decreasing at 

deformation rate due to the degradation of their 

intrinsic structure, typical for pseudoplastic liquids 

(Table 2), ‘Figure 3bʼ. Obviously, at high acid content, 

the shear of recondensation/repolymerization 

reactions inside the PEG 400-biomass system was 

increased. Therefore, non-uniform products with 

higher viscosity were obtained. 

For petroleum-derived polyols used for rigid PU foam 

preparation, the required values of OHV, viscosity, 

and water content have to be 300-800 mgKOH∙g-1, 

below 300 Pa∙s (at 25oC), and not more than 0.1%, 

respectively (Vieira et al., 2011). The viscosity of all 

polyols containing completely liquefied biomass 

meets these requirements, being significantly lower 

than the critical value (Table 2). 

 

Table 2 

The characteristics of polyols on the basis of BA bark extractives liquified  

by PEG 400 under various regimes 

Liquefaction regime 
Biomass 

content in 

polyol, % 

Characteristics of polyol 

T, ⁰C 

Catalyst 

content, 

% 

OHV, mg KOH∙g-1 
Viscosity at 25⁰C, 

mPa∙s 

Water content 

(K.F), % 

130 1.0 15.0 192.7±29.0 630.0±35.0 0.35 

150 1.0 20.0 363.3±13.5 804.0±60.0 0.49 

170 1.0 25.0 318.5±10.0 1570.0±57.0 0.22 

130 1.5 20.0 391.8±12.0 1100.0±50. 0.32 

130 3.0 20.0 328.0±11.0 10700±720 (at 50 s-1)* 0.18 

 
The OHV of polyols containing 20-25% biomass 

increases by 1.2-1.5 times that of PEG 400 (280.5 mg 

KOH∙g-1) but is lower than that calculated using the 

additivity principle, which takes into account the 

content of each component and it’s OHV. This 

indicates the partial etherification of OH groups of 

biomass components by primary OH groups of PEG 

400 in the presence of an acidic catalyst, resulting from 

alcoholysis reactions (Gosz et al., 2020). The residual 

water content in polyols was in the range of 0.18-

0.49%, which does not meet the requirements of 

commercial polyols. This can be explained by the 

technical difficulties of removing traces of water from 

a comparatively polar system. In this case, the 

correction of isocyanate content in the PU foam 

recipes should be done taking into account two-step 

interactions of water with the isocyanate. 

The results presented above indicate that the 

liquefaction of BA bark extractives proceeds 

according to the basic principles of lignocellulosic 

biomass interaction with polyhydric alcohols in acidic 

conditions. Together with the use of BA bark 

extractives, it allows for obtaining lower viscous 

polyols with a higher content of completely liquefied 

biomass (up to 25%) compared to polyols obtained 

based on wood, bark, and lignin (Jin et al., 2011; 

D’Souza et al., 2014; Gosz et al., 2020). Tests of the 

obtained polyols in rigid PU foam compositions are 

under development. 

 

Conclusions  

1. Two approaches aimed at introducing BA bark 

water extractives as building blocks in PU 

networks available for obtaining PU thermosetting 
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films and rigid PU foam, respectively, were 

discussed. The fractions of BA bark water 

extractives insoluble in the THF medium used for 

PU elastomer synthesis exhibit an enrichment of 

carbohydrates compared to the crude extract. This 

suggests that introducing individual carbohydrate 

bark components into the PU elastomer structure is 

challenging and requires extensive modification.  

2. Aromatic bark extractives, including those containing 

sugar units such as phenyl glucosides, can be utilized 

as biopolyols obtained under mild conditions. Liquid 

polyols of low viscosity containing up to 25% of BA 

bark extractives, completely liquefied by PEG 400 

and therefore containing phenolic and aliphatic 

subunits, were obtained.  

3. The relative content of polyphenolic and 

carbohydrate components of extracts in polyol can 

be controlled due to their rather differing solubility 

in PEG 400. Tests of the polyols obtained, 

including their antioxidative effect in the recipe of 

rigid PU foam, are under development. 
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