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GENERAL DESCRIPTION 

Materiality of the Topic 
In relation with an increasing demand for renewables by limiting the use of fossil raw 

materials, a number of studies on the use of renewables for generating innovative and 
valuable products increases in the world. Wholesome use of raw materials, biorefinery, is one 
of the conditions for sustainable use of forest resources; therefore, evaluating the 
opportunities for rational and efficient use of wood processing by-products such as bark is 
required. The market of biorefinery products made of deciduous tree bark is currently 
underdeveloped, thus there are various opportunities to research the production of bioproducts 
from mechanical wood processing waste, including bark, which accounts for about 15 % of 
sawing by-products. Currently, the deciduous tree bark growing in Latvia is used as a 
renewable source of energy not using its potential as a source for high-quality products. 
Thanks to the unique chemical composition of bark, a variety of products with added value 
can be made of bark, including individual compounds or compound groups with synergistic 
biological activity, and raw materials for producing different materials. Various biologically 
active polyphenol compounds are concentrated in the bark, including proanthocyanidins. 
Natural oligomeric proanthocyanidins (PAC) have become a popular subject for intense 
fundamental and applied research in recent years, which is related to its unique structure of 
macromolecules and their functionality that provides wide opportunities for the use of 
proanthocyanidins in various industries such as pharmaceuticals, food industry, production of 
composite materials, etc. 

Despite a large number of studies that are devoted to studying the antioxidant properties 
of low molecular weight plant polyphenols, the interest in safe and natural antioxidants 
continues to grow, which can be explained by the increasing demand for various ecologically 
safe additives that would improve the consumer-desired properties of lipid-containing 
products and the thermal oxidation stability of composite materials. 

Proanthocyanidins-containing extracts (PACEs) are among the super potential materials 
for producing ecological binders as an alternative to phenol formaldehyde (PF) resins, which 
would enable both substituting phenol or resorcinol and reducing the formaldehyde emission 
from the finished composite material. Despite a large number of studies that are devoted to 
production of ecological binders, the results thereof are not fully evaluated. Researches on the 
use of PACE derived from the deciduous tree bark growing in Latvia in the production of 
ecological binders have not been carried out yet. The PACE-based binders could replace toxic 
PF resins thanks to the low price of PACE and environmental considerations.  

The research carried out within the framework of the Doctoral Thesis was focused on 
further extension of the scientific base for bark biorefining in order to develop a flexible 
technological scheme that would enable combining its clusters depending on regional 
conditions (the need for a particular product, the presence of raw material base, the logistics 
of raw materials and product delivery, and so on) in the local markets. 
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Overall Goal of the Thesis 
The overall goal of the Doctoral Thesis is to assess the potential of widespread deciduous 

tree bark growing in Latvia as a source of proanthocyanidins, to determine optimal 
proanthocyanidins-containing extracts (PACEs) and the extraction modes of 
proanthocyanidins (PAC) they contain, to characterize the chemical composition of PACEs, 
the structure and properties of PAC, and to explore the opportunities for using PACEs and 
PAC for the production of ecologically wholesome natural products in the context of 
biorefining. 

 
The following objectives are set to achieve the overall goal of the Thesis: 
 assess the potential of the bark of deciduous trees – grey alder, black alder, ash tree, 

and goat willow – growing in Latvia as a source of high-quality raw material in the 
context of bark biorefining; 

 identify the optimal proanthocyanidins extracts (PACEs) and the extraction modes of 
proanthocyanidins (PAC) they contain by means of one-stage extraction process, and 
offer the technological solutions for those processes; 

 characterize the chemical composition and structure of the deciduous bark extracted 
PACEs and PAC; 

 research the antioxidant activity of PACEs and PAC, assess their efficiency in various 
chemical and biological systems, and assess the opportunities of their practical use in 
the production of ecological products; 

 study the opportunities of using the isolated PACEs in the production of ecological 
adhesives, and evaluate the efficiency of resulting adhesives in the production of 
particleboard and plywood; 

 evaluate the options for subsequent use of lignocellulosic residues. 
 

Theses Proposed for Discussion 
 The deciduous tree bark growing in Latvia is rich in polyphenols and is a suitable raw 

material for the extraction of proanthocyanidins-containing extracts (PACEs) and 
proanthocyanidins (PAC). 

 Identified optimal extraction modes provide higher PAC transiting from the bark to 
extracts. 

 Single-cycle PACE extraction taking into account the products’ yield and power 
consumption is more cost-effective than three-cycle extraction. 

 PAC and PACEs with their functional composition and high antioxidant activity are 
ecological, wholesome natural products and an alternative to synthetic antioxidants. 

 PACE is a suitable raw material for the production of low-viscosity polyether polyols 
and ecological adhesives. 

 After extraction, the deciduous bark can be used as a raw material for the production 
of nanofiller, increasing the mechanical strength of coniferous wood pulp paper, or as 
a solid biofuel due to its increased calorific value. 
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Scientific Novelty of the Doctoral Thesis 
 The bark of grey alder, black alder, ash tree, and goat willow growing in Latvia is 

studied for the first time as a potential raw material for the production of high-quality 
products, proanthocyanidins-containing extracts (PACEs) and proanthocyanidins 
(PAC). 

 The chemical composition and structure of the proanthocyanidins isolated from grey 
alder and black alder are determined. 

 The PACEs and PAC antioxidant activity as well as their potential use in food 
industry, cosmetics, medicine, polymer composite production by replacing synthetic 
compounds with natural substances are proven. 

 The opportunity to partly replace oil-based phenols in the synthesis of phenol-
formaldehyde resin with the PAC-containing extract from grey alder bark in the 
production of plywood by increasing the mechanical strength of plywood and reducing 
the emissions of formaldehyde is demonstrated. 

 The usefulness of the production and conversion of produced PAC as well as the 
introduction of a new cluster in the use of lignocellulosic residues in the scheme of 
deciduous bark biorefining is proven. 

 

The Practical Significance of the Thesis 
 The opportunity to extract PAC-containing products from the bark of the most 

common foliage trees in Latvia is demonstrated, which will contribute significantly to 
the development of bio-economy that is important for the Latvian economy and 
complies with the strategic objectives of the European Union. 

 The optimum parameters of single-stage extraction are determined and the 
technological recommendations for the extraction of the PAC-containing extracts from 
the deciduous tree bark and further conversion thereof into proanthocyanidins are 
provided. 

 The used modes of sequential extraction expand a range of extracted natural 
substances and ensure a maximum efficiency of proanthocyanidins extraction, 
although its use is disadvantageous from the economic point of view if compared with 
single-stage extraction. 

 It is proven that the PAC-containing extracts and PAC are potential antioxidants for 
foods, cosmetics, and composites, having become an alternative to synthetic, 
environmentally unsafe antioxidants. 

 The effect of PAC on the decreasing level of pyruvate in plasma displays the huge 
potential of these biologically active compounds in healthcare. 

 New environmentally friendly PACE adhesives are offered for the production of wood 
composites with reduced emissions of formaldehyde. 

 The option to use deciduous bark after PAC extraction as a solid biofuel of higher 
calorific value if compared with the initial bark and as a raw material for obtaining 
nanoparticle wood pulp by improving the mechanical properties of coniferous wood 
pulp paper is shown. 
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Approbation of the Thesis 

The results of the present Doctoral Thesis are discussed and reflected in 13 scientific 
publications and 16 international scientific conferences. One patent of the Republic of Latvia 
is registered. The list of the author’s publications is at the end of the Thesis. 
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1. SUMMARY OF LITERATURE REVIEW 

Proanthocyanidins are macromolecular compounds with the structure of polyphenols, 
which may be considered as the products of flavan-3-ol monomer (+) – catechin and/or (–) 
epicatechin condensation. Proanthocyanidins are common in various plant products with 
hydroxyl group layout in 3’, 4’ B ring, as well as in mixtures with prodelfinides and other 
proanthocyanidin agents. Depending on the source of proanthocyanidins, the major part of 
proanthocyanidins consists of 4–10 units of flavanols. The chemical structural formula of 
proanthocyanidin and its monomer – catechin – is given in Fig. 1. 

 

 
Fig. 1. Chemical structural formula of proanthocyanidin and its monomer – catechin. 

 
Plant evolution resulted in the accumulation of proanthocyanidins and other polyphenols 

in bark. Proanthocyanidins are active metabolites in cellular metabolism and play an 
important role in various physiological processes of plant lifetime. These compounds are 
necessary for plants, because they protect the plants against microbial attacks, pathogens, 
mechanical damage, and infections increasing the resistance of trees to rotting and 
degradation [1], [2]. The presence of proanthocyanidins and other polyphenols provides 
colour, aroma, and taste of plants, protecting them from herbivores and making their taste 
unpleasant for them. The accumulation of proanthocyanidins and their allocation depend on 
genetic factors, climatic and ecological conditions. 

From the medical point of view, proanthocyanidins and other similar polyphenols are 
potent antioxidants that protect a human body from free radicals that cause a variety of 
pathologies and diseases (such as ischemia, asthma, arthritis, inflammation, or even epilepsy). 
Proanthocyanidins also exhibit biological activity such as anti-inflammatory, anticancer, 
fungicide, antibacterial, and immunomodulating activity [3]. Due to a large number of OH 
groups, proanthocyanidins have explicit ability to form complexes, chelates or salts with 
proteins, alkaloids, heavy metals, and to eliminate them from the body or to facilitate their 
biological activity [4], [5]. The main difference of proanthocyanidins from other polyphenols 
is that they form a key part of the bioflavonoids consumed by a human. The production of 
preventive, sanitary, veterinary medicines as an area for using the biological activity and 
antioxidant properties of proanthocyanidins is of equal importance [6], [7]. 

Pycnogenol® is one of the commercial proanthocyanidins-containing extracts used in 
medicine. The drug is an extract obtained from the bark of coastal pine containing 70 % to 
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75 % of proanthocyanidins [8]. Research was carried out for more than 40 years to ensure 
safety, efficacy, and quality of Pycnogenol®, while more than 370 scientific articles were 
published, which confirmed the absence of Pycnogenol® toxicity. Nowadays, the 
Pycnogenol® extract is available in more than 700 food supplements, vitamins, cosmetics, 
and other health products around the world [9]. The product is a potent natural antioxidant. 
Clinical studies have shown that Pycnogenol® expands arterial blood vessels, reduces blood 
glucose levels, improves blood circulation, strengthens the immune system, and neutralizes 
damaging effects of free radicals on the cells of body. Pycnogenol® can improve renal 
function in patients with metabolic syndrome [10], [11]. 

Today, there are proanthocyanidin products made commercially with high 
proanthocyanidins content of the bark of oak, eucalyptus, and the Australian acacia in the 
world. For example, one can obtain about 180 kg of extract with high PAC content from 1 
tonne of dry acacia bark (70 % to 80 % of extracts). Proanthocyanidins are also found in the 
wood, roots, and leaves of trees and shrubs, but in lesser concentrations than in the bark. 

The ability of proanthocyanidins to form complexes with proteins, including blood 
proteins, justifies the use of proanthocyanidins in medicine, for instance, astringents and 
antimicrobial agents for treating inflammation in mouth cavity, gums, respiratory organs, and 
other inflammation, as well as burns and for stopping local bleeding. In the treatment of 
burns, proanthocyanidins solution precipitates proteins by forming a protective film on the 
burn site (wound) and protecting it from infection [12], [13]. Thanks for antioxidant 
properties, bitter taste, and interaction with proteins, proanthocyanidins-containing extracts 
are used for improving the wine flavour, clarification, and stabilization [14], [15]. 

The ability of proanthocyanidins to form insoluble compounds with alkaloid salts and 
heavy metals inhibits oral poisoning with morphine, cocaine, atropine, nicotine, lead salts, 
copper, cobalt, radionuclides, and other harmful substances. Proanthocyanidins with reduction 
characteristics are suitable as adsorbents for purifying the water from heavy metals (lead, 
cadmium, and copper) and for producing precious metals. Proanthocyanidins in the form of 
hydrogel are patented as the adsorbents of metal elements capable of adsorbing actinides, 
such as uranium, thorium, or other metals like cobalt, lead, chromium, mercury, etc. [16], 
[17]. Due to antioxidant properties of polyphenol, proanthocyanidins in the form of additives 
are used as inhibitors of metal corrosion (for instance, Docker Nittron). The 
proanthocyanidins-based composition provides anticorrosive protection by interacting with 
rust, converting iron oxides into inactive compounds of corrosion, and practically minimizing 
the rate of corrosion [18], [19]. 

One considers the production of ecological adhesives mainly for producing wood 
composite materials as one of the most promising areas of industrial application of 
proanthocyanidins-containing extracts. 

Following the unique structure and functionality of proanthocyanidin macromolecules 
ensuring opportunities for widespread use of proanthocyanidins across different sectors, it 
would be rational to use deciduous bark as wood processing residue for extracting the 
proanthocyanidins or extracts containing the latter. 
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2. EXPERIMENTAL WORK 

The subject of the present Doctoral Thesis is the bark of the deciduous trees grey alder 
(Alnus incana), ash tree (Fraxinus excelsior), goat willow (Salix caprea), and black alder 
(Alnus glutinosa) growing in Latvia to produce high-quality natural products, 
proanthocyanidins-containing extracts (PACEs) and the proanthocyanidins (PAC) obtained 
from them as an alternative to synthetic products. In collaboration with the institute “Silava”, 
the specimen of the bark were collected in the region of Ogre, the forests of Ogresgals, 
quarters No. 197 and No. 198. 

The structure of the Doctoral Thesis is subject to the previously mentioned objectives. The 
Thesis is structured in four chapters. In the first chapter, the potential of widespread 
deciduous tree bark growing in Latvia as a source of high-quality products (PACE and 
individual compounds like PAC) is assessed. There are optimal extraction modes of PACE 
and PAC determined in the second chapter. The third chapter includes the chemical 
characterization of PACE and PAC isolated from the deciduous bark and the evaluation of the 
opportunities for practical application of those products using PACE and PAC for the 
production of ecologically wholesome natural products in the context of biorefining. The 
fourth chapter, according to the concept of bark biorefining, assesses the opportunities for 
using the residue of deciduous bark or so-called lignocellulosic residue and includes a flexible 
technological scheme for a wholesome use of the bark. 

For isolating PACE, the deciduous bark with the humidity of 7 % and the particle size of 
0.5 mm to 2 mm was used. The bark with finer particle fraction (<0.05 mm) burdened PACE 
diffusion from the bark volume, therefore this fraction, accounting for 18 % of the total 
amount of the bark, was separated and used for obtaining other products according to the 
concept of biorefining. 

To determine the optimal extraction modes of PACE, the following parameters were 
chosen as variables: extractant, hydromodule, extraction temperature and time, and the 
number of extraction cycles. 

The need for sequential extraction of the deciduous bark depends on a species of trees, the 
regional needs for the biologically active compounds, such as triterpenoids, low molecular 
weight polyphenols, and a special purpose of the product. Sequential extraction of the 
deciduous bark was carried out with solvents according to their polarity in ascending order, 
starting from hexane, ethyl acetate, and finally with 40 % EtOH. 

In order to evaluate the potential of the deciduous bark for extracting the PACE and 
individual compounds, proanthocyanidins, the main components, chemical composition and 
structure of the extracts were determined by means of the Folin-Ciocalteu, Porter, vanillin, 
GC and UHPLC-ESI-MS/MS analysis and equipment. 

Proanthocyanidins were isolated from the extracts with high content of these compounds. 
The following analyses were used for characterising the proanthocyanidins: FTIS, GC,  
13C-NMR, and TOF-MS. 
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Antioxidant activity of proanthocyanidins (PAC) and proanthocyanidins-containing 
extracts (PACEs) was characterised using the DPPH• (2.2-diphenyl-1-picrylhydrazyl radical), 
ABTS+• (2.2-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid cationic radical), and oxygen 
radical absorbance capacity (ORAC) tests. The radical absorbance capacity of PACE and 
PAC in ABTS+• and DPPH• tests is expressed as IC50 value, which shows the required 
concentration of an antioxidant to achieve the inhibition of the free radicals of 50 %. In its 
turn, in the ORAC test, the antioxidant activity of proanthocyanidins is expressed in mmol 
TE•

 g–1, which shows the reduced concentration of superoxide radical anion O2
–•. 

In order to evaluate the effects of PAC and PACEs on the oxidation stability of lipid-
containing products, the Oxipress method was used. The antioxidant activity of PAC and 
PACEs in the lipid oxidation test is measured as induction period (IP), in which the oxidant is 
able to prevent the oxidation of the substrate. Synthetic phenol, tert-butyl hydroquinone 
(TBHQ) and Trolox, analogue of vitamin E, were used as reference antioxidants in the 
research. 

For evaluation of the potential of the natural antioxidants in the inhibition of polymer 
thermal oxidation, there were thermal oxidative destruction tests of polyurethane (PU) films 
by adding the antioxidant at a stage of PU prepolymerisation. 

Based on the functional composition of PACE components, the PACE extracted from grey 
alder bark was used for the synthesis of polyether polyols and ecological adhesives for wood 
processing production. The testing of particleboard and plywood was carried out in 
collaboration with CHIMAR HELLAS and the relevant departments of the MeKA and the 
LSIWC. The bonding quality of plywood was determined according to the requirements of 
the Articles 5.1.3 and 5.1.1 of the standard LVS 314 (6), whereas the boding quality of 
particleboard was determined according to the requirements of the standard EN312 P2. 

The emission of formaldehyde in plywood samples was defined pursuant to the 
requirements of the standard JIS A 1460 and EN 717-2:1994. 

Following the concept of bark biorefinery, the perspective usage of lignocellulosic residue 
was exemplified on the bark of grey alder. Evaluation of the perspective usage of 
lignocellulosic residue as solid biofuel was made based on combustion heat calculations using 
the elemental analysis data. In cooperation with the Pulp Laboratory of the LSIWC, 
lignocellulosic residue was tested as a filler for improving the mechanical properties of paper. 
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3. RESULTS AND DISCUSSION 

The Doctoral Thesis focuses on the biologically active compound proanthocyanidins-
containing extract (PACE) and the obtaining of the proanthocyanidins (PAC) by using the 
bark of the deciduous trees growing in Latvia. These studies have been conducted based on 
the insufficient exploration of deciduous tree bark for obtaining valuable products. 

3.1. Assessment of the potential of deciduous tree bark  
for obtaining PACEs and PAC 

For the research on the bark of deciduous trees growing in Latvia in order to obtain 
PACEs and PAC, ethanol and water were used as extractants based on their selectivity with 
respect to the PAC, chemical inertness, small toxicity, and low cost. For determining the most 
efficient extractants and their concentration for obtaining PACEs and PAC in laboratory 
conditions, a single-stage extraction was carried out under recommended extraction 
parameters using the data from the bibliography [20]–[23] and the results of previous 
experiments [23] that included: bark and extractant weight ratio 1 : 8 (hydromodule – 8), 
extraction temperature 80 °C, and time 30 minutes (Table 1). 

Table 1 

Effect of the concentration of extractant on the efficiency of PACE and PAC extraction 
(single-stage extraction, 30 min, 80 °C, hydromodule 8) 

Extractant Grey alder bark Black alder bark Goat willow bark  Ash tree bark 

Extract yield from bark, % 

96 % EtOH 10.3 10.2 11.3 8.9 

80 % EtOH 11.1 10.7 14.1 11.4 

60 % EtOH 12.9 13.6 15.4 15.4 

40 % EtOH 15.3 14.7 15.8 16.2 

20 % EtOH 13.5 13.8 13.6 16.4 

H2O 12.6 11.7 11.2 14.8 

PAC content in the extract / PAC yield from bark, % 

96 % EtOH 15.9 / 1.6  15.4 / 1.6 9.2 / 1.0 <0.01 / <0.01 

80 % EtOH 17.4 / 1.9 17.1 / 1.8 11.4 / 1.6 <0.01 / <0.01 

60 % EtOH 18.5 / 2.4 18.2 / 2.5 13.7 / 2.1 <0.01 / <0.01 

40 % EtOH 21.9 / 3.4 21.6 / 3.2 14.1 / 2.2 <0.01 / <0.01 

20 % EtOH 20.7 / 2.8 21.2 / 2.9 12.6 / 1.7 <0.01 / <0.01 

H2O 17.4 / 2.2 16.8 / 2.0 9.8 / 1.1 <0.01 / <0.01 

 

The obtained results show that 40 % EtOH (w/w) ensures the highest extract and PAC 
yield from deciduous tree bark. Despite the high extract yield from the ash tree bark, while 
carrying out a quantitative analysis of proanthocyanidins, it was found that the extract did not 
contain proanthocyanidins as the target products. 
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3.2. Assessment of deciduous tree bark for obtaining biologically active 
compounds using sequential extraction 

Depending on the species of tree, regional needs for other biologically active natural 
compounds such as triterpenoids and low molecular weight polyphenols, as well as product 
targets, sequential extraction can be used instead of a single-stage extraction of deciduous 
bark, including hexane and ethyl acetate (solvents permitted in food production) to 40 % ethyl 
alcohol into the extraction system. Under these conditions, the methodology becomes more 
promising for obtaining several high-value compounds, which confirms deciduous bark as 
high-quality raw material for obtaining natural products. In the result of sequential extraction 
of deciduous bark, three extracts were obtained: (1) extract of lipophilic compounds; (2) 
extract of low molecular weight polyphenol; and (3) extract of proanthocyanidins (PACE) 
(Fig. 2). 

 

Bark of  deciduous tree 

Extraction with hexane 
(68 °C, 30 min)

Lipophilic compounds

Extraction with ethyl acetate 
(77 °C, 30 min)

Low molecular weight 
polyphenolic compounds

Extraction with 40% EtOH 
 (80 °C, 30 min)

PACE

 
Fig. 2. Flowchart of sequential extraction of deciduous bark. 

 
The yield of extracts at individual extraction stages depending on the species is given in  
Fig. 3. 

Fig. 3. The yield of extracts from deciduous tree bark at individual extraction stages. 
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The extraction of deciduous tree bark with a nonpolar solvent shows that the bark of ash 
tree, black alder, and goat willow contains only 1 % to 2 % of lipophilic compounds, which is 
significantly less than in the bark of grey alder (5.5 %). The yield of hydrophilic extracts 
accounting for the largest part of the total extracts, for instance, is about 82 % in the bark of 
grey alder; thus, deciduous bark cannot be considered as a potential raw material for obtaining 
lipophilic compounds. Approximately a half (42 % to 50 %, except the bark of goat willow) 
of hydrophilic extracts consist of ethyl acetate-extractable substances, which enables to 
conclude that deciduous bark is a valuable raw material for obtaining moderately polar 
compounds such as diarylheptanoid, including oregonin. 

Having summarised the obtained results, it is clear that the bark of alders is the most 
preferable raw material for obtaining both low molecular weight (oregonin) and high 
molecular weight polyphenols (proanthocyanidins), whereas the bark of goat willow growing 
in Latvia is a potential source for obtaining low molecular weight polyphenols. 

The yield of extracts obtained with 40 % EtOH from deciduous tree bark ranges between 
12 % and 15 % of absolutely dry bark. In order to evaluate the potential of deciduous bark for 
obtaining proanthocyanidins and the extracts containing the latter, the extracts obtained with 
40 % EtOH were subject to the analysis of their chemical composition. The chemical 
composition of hydrophilic extracts summed up in Table 2 shows that the total content of 
polyphenols in the extracts ranges between 16 % and 51 % (0.16 to 0.51 GAE•

 g–1). A part of 
polyphenols in the extracts is in the form of O-glycosides composed of aglycone and 
carbohydrate residue, which mainly consist of xylose and glucose. Among the compounds 
identifiable in the extracts of deciduous bark, there were polyphenols such as catechin 
(proanthocyanidin monomer), epigallocatechin, catechin dimer, trimer or even tetramer as 
well as hirsatunonol, oregonin, hydroxyoregonin, other polyphenols, and their glycosides 
found. 

   Table 2 

Description of the chemical composition of hydrophilic extracts 

Raw material 

Oregonin 
content in ethyl 
acetate extract 

[29] 

Polyphenols 
content in 40 % 
EtOH extract 

Catechin 
content in 40 % 
EtOH extract 

PAC content 
in 40 % EtOH 

extract 

Carbohydrate 
content in 40 % 
EtOH extract 

% per absolutely dry extract 

Goat willow bark <0.01 51.1 35.2 16.6 5.5 

Grey alder bark 72.2 39.2 22.6 24.6 37.1 

Black alder bark 75.0 46.1 23.6 24.4 25.8 

Ash tree bark <0.01 16.1 4.3 <0.01 52.8 

 
The results show that by including ethyl acetate into the extraction scheme, biologically 

active compound, oregonin, can be obtained additionally from the bark of alder. Despite the 
high polyphenols content in the extract of goat willow bark (51 % of absolutely dry extract or 
0.51 GAE• g–1), it contains less proanthocyanidins, that is, 16.6 % of absolutely dry extract. 
Catechin dominates in the extract of goat willow bark. The low content of polyphenols in the 
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extract of ash tree bark, namely, 16 %, points to the low potential of this bark for obtaining 
biologically active compounds. The presence of oregonin and proanthocyanidins has not been 
determined in the hydrophilic extract of ash tree. Summarizing the results, a conclusion can 
be drawn that alder bark is the most appropriate raw material for obtaining PACE and 
individual compounds, PAC, out of the studied four kinds of deciduous tree bark that enables 
obtaining 120 g to 140 g of extract from 1 kg of bark with proanthocyanidins content of 
24.4 % to 24.6 %. If sequential extraction (hexane, ethyl acetate, and alcohol) with the 
separation of the first two mentioned extracts is carried out, the content of proanthocyanidins 
slightly increases in the extract compared to the yield obtained by means of single-stage 
extraction (Table 3). 

Table 3 

Effect of extraction method on the content of proanthocyanidins in the extract 

Raw material  

Single-stage extraction Sequential extraction 

PACE yield from 
bark, % 

PAC content in 
extract, % 

PACE yield from 
bark, % 

PAC content in 
extract, % 

Grey alder bark 15.3 21.9 14.2 24.6 

Black alder bark 14.7 21.6 12.3 24.4 

Goat willow bark 15.8 14.1 15.4 16.6 

Ash tree bark 16.2 <0.01 15.7 <0.01 

 
The content of proanthocyanidins in bark depends not only on the species of tree but also 

on the site where the trees are growing and on the year when the bark is harvested. In view of 
this, throughout the process of developing the Doctoral Thesis, deciduous tree bark was 
harvested every autumn and the yield of their extracts by means of sequential extraction, as 
well as the content of proanthocyanidins in the obtained extract ranging from 16 % to 46 % 
for all these six years were determined based as per absolutely dry extract. The screening of 
PAC content in the extracts of deciduous bark showed that the content of PAC in alder bark 
extract was higher starting from 2012 if compared to 2011, which shows the high potential of 
alder as a raw material for obtaining PACE and proanthocyanidins (Fig. 4). 

Fig. 4. The content of proanthocyanidins in the extracts of deciduous tree bark. 
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The high content of proanthocyanidins in the extract was observed also in 2009 and 2010, 
while conducting studies under the national research programme “New products and 
innovative forest management, production technologies for forest wood and non-wood 
products by rationally using forest resources and substantially increasing the added value of 
production”. Given that goat willow has naturally afforested agricultural lands and this tree 
species is known as a high-quality raw material to obtain salicin in North America, much 
attention has been paid to studying goat willow bark in Latvia starting from 2011. Using high-
resolution UHPLC-ESI-MS/MS mass spectrometry, it was found that goat willow bark from 
the trees growing in Latvia is rich not in salicin but in such polyphenols as catechins and 
catechin dimer (procyanidin B2). Catechin content in the extract of goat willow bark varies 
from 35 % to 40 %, which justifies the high total content of polyphenols (50 % to 60 %) in 
the extract. 

3.3. Determining the optimum PACE and PAC extraction modes 

For more efficient extraction of PACE and PAC from bark, the optimum PACE extraction 
modes were defined repeatedly and the optimum PACE extraction parameters mentioned 
above and used from the bibliography [20]–[21] were checked. The impact of the 
modifications of the following extraction parameters on the efficiency of PACEs and PAC 
extraction was investigated in order to develop a technology for PACE and PAC extraction: 

1) extractant concentration, 
2) bark and extractant weight ratio – hydromodule, 
3) extraction temperature, 
4) extraction time. 
The efficiency of PACE extraction was monitored as per the yield of PACE and the 

content of PAC in the extract. Based on the previously conducted screening of PAC in the 
bark of various deciduous species (Fig. 5), the bark of grey alder was chosen as a target object 
of this research, because it is potentially full-fledged and most available raw material. The 
comparison of the chemical composition of the PACEs obtained by means of single-stage and 
sequential extraction, mainly PAC content in the extract (Table 3), revealed no significant 
changes thereof. In addition, sequential extraction (Fig. 2) raises the cost of PACE as a 
product, therefore single-stage extraction was used for extracting PACE from grey alder bark 
due to economic reasons. 

In order to ensure that exactly 40 % ethanol-water solution is the most appropriate 
extractant for an efficient extraction of PACE from the bark, the extraction of grey alder bark 
was conducted once again for 30 minutes at 80 °C by changing the percentage of the 
extractive. The results obtained suggest that 40 % of EtOH provides the highest yield of 
extract from the bark, which reaches 15.3 % with proanthocyanidins content of 22 % 
calculated as per absolutely dry extract. 

The previously carried out experiments aimed at determining the choice of hydromodule 
illustrated that the bark and extractant weight ratio of 1:4 (hydromodule – 4) is not sufficient 
because the extractive is not enough to soak the bark particles completely; thus, PACE 
extraction decreases from biomass solution. Having changed the hydromodule from 6 to 8, no 
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specific changes in the PACE yield were observed. In its turn, increasing the hydromodule 
from 8 to 14, the PACE yield slightly decreased but power consumption increased from 
0.38 kWh to 0.49 kWh, which is related to the increasing volume of the liquid phase in the 
extraction system. The impact of the hydromodule on the efficiency of PACE extraction is 
shown in Table 4. Optimum PACE extraction is reached at the bark and extractive weight 
ratio 1:8. 

Table 4 

Impact of hydromodule on the efficiency of PACE extraction 

Bark weight, g 
Extractant (40 % 
EtOH) weight, g 

PACE yield, % of 
absolutely dry bark 

Proanthocyanidins 
content in extract, % 

Power consumption, 
kWh 

10.1 60 15.1 21.7 0.32 

10.1 80 15.3 21.9 0.38 

10.3 100 14.2 21.8 0.42 

10.2 120 13.7 21.8 0.46 

10.1 140 12.6 21.9 0.49 

 
It is generally known that high temperature of extraction increases the efficiency thereof. 

To determine the optimum temperature of extraction, the extraction of grey alder bark was 
performed at the temperature of 20 °C, 40 °C, 60 °C, 80 °C, 100 °C, and 120 °C with 40 % 
EtOH at the determined optimum hydromodule (1 : 8) for 30 minutes. The results showed that 
the highest PACE yield is achieved if the temperature of the extraction is 80 °C. Having 
increased the temperature of extraction to 120 °C and performed the extraction in an 
accelerated solvent extraction device (ASE 300), the content of proanthocyanidins in the 
extract decreased suggesting the thermal destruction of proanthocyanidins at an elevated 
temperature (Fig. 5). 

Fig. 5. Impact of the temperature of extraction on the efficiency of PACE and PAC extraction. 

The efficiency of PACE extraction depending on the time of extraction is demonstrated in 
Fig. 6. For optimising the time of extraction, the extraction of grey alder bark was carried out 
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at the determined optimum temperature of extraction of 80 °C, optimum hydromodule 8, 
using 40 % of EtOH as an extractant. The time of extraction was changed from 5 to  
60 minutes by defining the maximum yield of extract instead of the content of 
proanthocyanidins in the extract. The results obtained show that the optimum time of 
extraction for extracting the PACE was 30 minutes by obtaining 153 mg of the extract with 
the content of proanthocyanidins in the extract being 22.0 %. 

 
Fig. 6. Impact of the time of extraction on the efficiency of PACE and PAC extraction. 

 
Having repeated single-stage extraction of grey alder bark three times (three-cycle 

extraction) when each cycle lasted 30 minutes (40 % EtOH; 80 °C; hydromodule 8; 3 min × 
30 min), it was found that the highest PACE yield was achieved during the first cycle of 
extraction, when it constituted 87 % of the total extracted amount of PACE. During the 
second and third cycle, PACE yield was 9 % and 4 % respectively by calculating as per 
absolutely dry bark. Having compared the contents of proanthocyanidins in the extract, it is 
seen that the content of proanthocyanidins slightly increases with each subsequent cycle of 
extraction and the purity of PAC increases 1.1 times (Fig. 7). 

Fig. 7. Distribution of obtained PACE per fractions by carrying out three-cycle  
extraction of grey alder bark. 
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Calculated as per absolutely dry bark, the PAC yield from bark constituted 0.4 % and 
0.2 % respectively during the second and third cycle of extraction. Given that in the event of 
three cycles of bark extraction, power consumption increases three times, which is 
unprofitable from the point of view of PACE extraction, while the increase in the extracted 
PACE and PAC is small, it is rational to use one cycle of extraction for 30 minutes for the 
extraction of PACE and PAC from deciduous bark. Taking into account the results of the 
previous experiments (Tables 1–4, and Figs 3–8), the following optimum extraction 
parameters were set for efficient extraction of PACE and PAC from grey alder bark: 

1) extractant – 40 % EtOH; 
2) hydromodule – 8; 
3) temperature – 80 °C; 
4) time of extraction – 30 min. 

The mentioned parameters provide the highest yield of hydrophilic extracts (15.3 % as per 
absolutely dry bark) with the content of proanthocyanidins being 22 %. Under such 
conditions, 86.5 % of proanthocyanidins transfer to the first fraction of hydrophilic extracts 
from grey alder bark containing proanthocyanidins (Fig. 8). 
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Fig. 8. Transition of proanthocyanidins from grey alder bark to the extract. 

Based on the obtained experimental data, a technological scheme for extracting PACE and 
PAC from deciduous bark was developed, which is approximated for use under industrial 
conditions (Fig. 9). The technological scheme provides non-waste processing of deciduous 
bark, resulting in a large variety of natural products, including proanthocyanidins and others 
for further use thereof. After the extraction, deciduous bark (lignocellulosic residue) can be 
used as a raw material for obtaining a filler in order to improve the mechanical properties of 
softwood pulp paper or as solid biofuel with an increased calorific value.  

3.4. Technological scheme for obtaining PACE and PAC 

A tendency to take full advantage of the wood suggests the effective use of wood waste, 
including deciduous bark; therefore, the development and use of new technologies and 
products in the various sectors of national economy by replacing synthetic products with 
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much more full-fledged natural products are of crucial importance. In woodworking plants, 
there are approximately 0.5 million cubic metres of bark formed in log processing, which are 
mainly used for heat generation at local boiler houses or taken away for disposal in landfills, 
which involves additional costs for forwarding and landfill maintenance. In view of this, the 
most rational way to utilise industrial wood waste is using bark for producing high-quality 
environmentally safe natural products. The recommended technological scheme for 
wholesome bark processing is shown in Fig. 9. 
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1 – drier; 2 – bark conveyor; 3 – crusher; 4 – sieving mesh; 5 – solvent tank; 6 – capacitor; 7 – extractant tank;  
8 – mixer; 9 – reactor; 10 – electric heater; 11 – bark reservoir (particle size <0.5 mm); 12 – filter; 13 – ball mill; 
14 – container with the extract; 15 – evaporator; 16 – lyophilisation device; 17 – recovery device; 18 – vacuum; 
19 – proanthocyanidin isolation column. 

Fig. 9. Technological scheme for obtaining PACE and PAC. 
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After bark is peeled off from logs, deciduous bark is dried (1) and when reaching the moisture 
content of <10 %, is fed into a cutter by means of a conveyor (2). After bark is crushed, it is 
delivered to a sieving mesh (3), where the finest fraction of bark is deselected (<0.5 mm), 
which is transported from a reservoir (11) to a ball mill (13), where it is milled to a size of 
nanoparticles for producing a filler. Remaining fraction of bark with a particle size of 0.5 mm 
to –2 mm is fed into an extractor (9) for extracting the proanthocyanidins-containing extract. 
An electrical heater (10) provides the optimal temperature of extraction. The extraction of 
deciduous bark results in two products: proanthocyanidins-containing extract, and residual 
deciduous bark (lignocellulosic residue). Lignocellulosic residue is fed into a dryer (1), then 
into a ball mill (13) for producing a filler or for producing heat when grinding process is 
omitted. 
Depending on the purpose of final product, the extract of proanthocyanidins from the tank 
(14) is fed into a lyophilic dryer (16) for obtaining dry extract or, in the latter case, for the 
isolation of individual compounds (proanthocyanidins) into a column (19) followed by 
distillation (15) and lyophilic drying for producing dry proanthocyanidins. In both cases, 
distillation-separated condensate is fed into a recovery device (19) and re-used as an 
extractant for obtaining the extracts of proanthocyanidins. 
By virtue of six-year PAC screening in deciduous bark (Table 5), the obtained results show 
that PAC extraction from bark is an expensive and labour-consuming process. From an 
economic point of view, the industrial production of these compounds with the yield of 
<7.8 % (data during the research under the national research programme in 2009) from the 
bark of deciduous trees growing in Latvia is not rational, but one cannot say the same about 
obtaining the PACE. 

Table 5 

The yield of PACE and PAC from deciduous tree bark by using sequential extraction 

Grey alder bark 

Bark harvesting year 2009 2010 2011 2012 2013 2014 

PACE yield from bark, % 17.0 15.4 14.1 14.8 12.7 17.2 

PAC yield from bark, % 7.8 6.5 3.5 5.2 5.3 7.2 

Black alder bark 

Bark harvesting year 2009 2010 2011 2012 2013 2014 

PACE yield from bark, % 16.2 15.1 12.3 14.2 13.7 16.8 

PAC yield from bark, % 5.7 5.3 3.0 6.0 6.3 6.4 

Goat willow bark 

Bark harvesting year 2009 2010 2011 2012 2013 2014 

PACE yield from bark, % – – 15.4 18.1 14.4 12.6 

PAC yield from bark, % – – 2.5 3.8 2.0 3.0 
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3.5. Assessment of opportunities for industrial production of PACE 

There are several major items contributing to the costs for obtaining proanthocyanidins-
containing extracts (PACEs): price of wood waste (bark), electricity expenses, labour costs, 
price of manufacturing equipment, which includes installation and depreciation costs. For 
producing 1 kg of PACE, 6.3 kg of bark with humidity content of 7 % and particle size of 
0.5 mm to 2 mm is needed. The cost of deciduous bark is minimal because wood waste from 
local sawmills is mainly used as a raw material, for instance, black alder as a fast-growing 
tree is still required in furniture industry for both producing veneer and finishing materials. As 
for grey alder, goat willow and ash tree, which are not widely sought after in furniture 
industry, the purchase price of fresh bark is ~500 EUR per ton. The cost of electricity 
constitutes the largest share of total expenditure of lyophilisation of proanthocyanidins-
containing extracts to obtain dry extracts in particular. Laboratory-scale recovery of ethyl 
alcohol reduces the costs of reagents and the finished product cost wherewith. The flowchart 
and material balance of the process for obtaining PACE from deciduous bark are provided in 
Fig. 10.  
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Fig. 10. Flowchart of PACE production with material balance of the process. 
 

Whereas energy efficiency is among the prevailing characteristics for any technological 
process, the extraction in a microwave field (MW extraction) is an alternative to the 
previously discussed single-stage extraction for reducing the energy consumption required for 
obtaining PACE, which significantly reduces the warm-up time of the substrate compared to 
convective heating. It has been proved that the use of MV extraction and lower power 
consumption enable obtaining a higher PACE yield than in the event of convective heating. 
Comparing the PACE yields from grey alder bark and the energy consumption when 
producing this targeted product, it was found that the PACE yield in the first 5 minutes of MV 
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extraction was 1.6 times higher and constituted 82 % of the total PACE yield from bark with 
power consumption of only 0.02 kWh (Fig. 11). 
 

 
 

Fig. 11. PACE yield and power consumption when using MW extraction  
and convective heating. 

 
Microwave extraction saves the consumed energy; thus, it significantly reduces the time and 
cost of producing the targeted products. The estimated price of product analogues containing 
similar polyphenols that can be obtained from bark varies between 1000 EUR/kg up to 
8000 EUR/kg according to the results of the literature review depending on the type of the 
product and its content in the bark. Picnogenola® costs 60 EUR to 120 EUR per 100 mg 
depending on the content of proanthocyanidins in the dry extract [9]. Having calculated the 
prime cost of proanthocyanidins-containing extracts, the price of this product in laboratory 
scale except equipment costs (price of the equipment, maintenance, and depreciation) would 
be about 300 EUR/kg. The labour costs contribute the most or 70 % to the product price. 
When working seven hours a day for five days a week, one week is required to obtain 1 kg of 
PACE, i. e., 35 working hours. At such a load, labour costs would be 217 EUR. Automation 
of the process can significantly reduce the prime cost of the targeted products. 

3.6. Description of the proanthocyanidins extracted from alder bark 

The extraction of individual compounds, proanthocyanidins, was conducted from the 
extracts of grey alder and black alder bark based on their high content in extracts (Table 5). 
The proanthocyanidins extracted from alder bark extracts showed a high degree of purity 
(≈99 %) following the butanol-HCl method, compared to procyanidin B2 standard. In the case 
of grey alder bark, carbohydrate content in the extract decreased nine times. 

For the determination of the molecular weight of proanthocyanidins, MALDI-TOF 
MS/MS was used. The resulting TOF-MS mass spectra (Figs 12 and 13) showed that the 
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molecular weight of purified proanthocyanidins did not exceed 1441 Da, which suggests that 
proanthocyanidins are oligomer polyphenol compounds. 
 

 
Fig. 12. TOF mass spectra of proanthocyanidins from grey alder bark. 

 
Regular fragmentation by 288 Da corresponding to a catechin/epicatechin unit indicates that 
proanthocyanidins contain catechin/epicatechin trimers (865 Da), tetramers (1153 Da), and 
pentamers (1441 Da). 

 

 

Fig. 13. TOF mass spectra of proanthocyanidins from black alder bark. 

When taking 13C-NMR spectra of purified proanthocyanidins, more detailed information on 
the substructures and functional groups of the compound under research was obtained, which 
enabled identifying the chemical structure of the tested proanthocyanidin (Figs 14 and 15). 
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The 13C-NMR spectra signals were interpreted based on the literature data, which indicated 
that the tested substance formed procyanidin (catechin or epicatechin) units. 

 

 
 

Fig. 14. The 13C-NMR spectra of purified proanthocyanidin from grey alder bark. 
 

 
 

Fig. 15. The 13C-NMR spectra of purified proanthocyanidin from black alder bark. 
 

Combining the results of the TOF-MS and 13C-NMR analysis displayed that extracted 
proanthocyanidins from the alder growing in Latvia were procyanidin of type B, where the 
units of catechin/epicatechin monomer in the oligomers with a degree of polymerization being 
2–5 were related to bond C4-C8. 
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3.7. Antioxidant activity of the PACEs and PAC 

When comparing the antioxidant activity of the PACEs from deciduous bark, a correlation 
between the polyphenol content in an extract and their antioxidant activity can be observed, 
i. e., when the content of polyphenol compound increases in the extract, radical deactivation 
activity increases in the ABTS+• and DPPH• tests. Among the researched PACE, the extract of 
goat willow bark manifested the highest antioxidant activity compared to other extracts 
(Table 6). 

Table 6  

Antioxidant activity of PACEs in the ABTS+• and DPPH• tests 

Sample 
Total polyphenols in 

dry extract, GAE• g
–1

 
Carbohydrate content 

in dry extract, % 

IC
50, mg∙L–1 

ABTS+• DPPH• 

PACE from grey alder bark 0.51 5.5 2.2 3.8 

PACE from black alder bark 0.39 25.8 3.3 6.1 

PACE from goat willow bark 0.46 37.1 4.3 7.5 

Trolox – – 4.0 5.0 

 
While analysing proanthocyanidins, if compared to Trolox, the purified proanthocyanidins 
from alder bark showed the highest antioxidant activity (Table 7). Compared with previously 
obtained results, it is evident that when proanthocyanidins are obtained from the extracts, 
antioxidant activity of these compounds increases. 

Table 7 

Antioxidant activity of proanthocyanidins 

Sample 
IC50, mg∙L–1 

ORAC test,  
(mmol TE)∙g–1  

ABTS+• test DPPH• test  

PAC from grey alder bark  1.4 3.0 5.3 

PAC from black alder bark  1.1 2.4 4.8 

Trolox 4.0 4.7 4.0 

IC50 – concentration of antioxidant weight required for achieving 50 % inhibition of free radical;  

(mmol TE)∙g–1 – Trolox equivalent mmoles (TE) per 1 gram of the antioxidant under study. 
 

Oxygen radical absorption capacity (ORAC) is one of the most widely used methods that 
provide information about the antioxidant ability to protect a substratum (fluorescein in this 
particular case) from oxidation with oxygen peroxyl radicals. The test was carried out 
involving the proanthocyanidins isolated from the extracts of grey alder and black alder bark. 
Using a 0.0025 %-proanthocyanidins solution for testing, the induction period of fluorescein 
oxidation is ≈25 min. When compared to Trolox (4.0 (mmol TE)∙g–1), it is seen that PAC as 
antioxidants are more efficient (4.8 (mmol TE)∙g–1 to 5.3 (mmol TE)∙g–1) by protecting 
fluorescein against oxidation (Table 7). 
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The findings give evidence (Tables 6 and 7) that all proanthocyanidins-containing extracts 
and extracted proanthocyanidins have a high antioxidant activity, which confirms their 
perspective use for inhibiting the oxidation of various organic products. 

3.8. The impact of PAC and PACEs on product oxidation process 

Lipid-containing products are exposed to the air and oxygen during production and 
storage, which leads to a series of oxidation reactions that result in lower nutritional value and 
shelf life of the products. The main way to protect products from oxidation is use of 
antioxidants. Based on the results obtained (Tables 6 and 7) on the high antioxidant activity of 
proanthocyanidins and extracts containing them from deciduous bark by neutralizing free 
radicals, the opportunities to use PACEs and PAC have been studied as antioxidants for 
practical stabilisation of foods and cosmetics. Fig. 16 describes the impact of antioxidant 
(AO) concentration on the oxidation time of mayonnaise. 
 

 
Fig. 16. PAC and PACE impact on mayonnaise oxidation time. 

 
Adding 0.05 % to 0.1 % PACE to mayonnaise significantly improves the stability of the 

latter if compared to the initial sample. When comparing with synthetic antioxidants, PAC 
extract isolated from black alder bark is the most promising natural antioxidant. Adding 2 % 
of PACE from black alder bark into a cosmetic cream, its stability increases 2.4 times. Despite 
the high antioxidant activity of proanthocyanidins, the extracted proanthocyanidins 
manifested a lower protection factor in the oxidation test of both products than PACE. Most 
probably that the group of polyphenol compounds in the extract exhibit synergistic biological 
activity, which increases the efficiency of protection during the oxidation of the product. 
One of the areas where PACE and PAC could be used as antioxidants-stabilizers is the 
synthesis of polyurethanes (PU) by adding 2 % of the mentioned antioxidants into a formula 
of polyurethanes at the prepolymerisation stage. According to the data summed up in Table 8, 
when antioxidants are added, the start temperature of polyurethane destruction increases and 
thermal oxidation is delayed compared to the destruction of non-stabilised PU, which already 
begins at 285 °C. Compared to synthetic antioxidant Irganox 1010, natural antioxidants 
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hinder PU oxidation more efficiently by increasing their thermal stability. The most efficient 
thermal stabilizers of PU are proanthocyanidins extracted from grey alder bark. 

Table 8 

Antioxidant effect on thermal oxidation caused the destruction of PU films 

Sample T
start

, °C T
max

, °C Weight loss (mg∙min–1) at 285 °C 

PU without antioxidant 285 323 0.31 

PU + Irganox 1010 293 323 0.27 

PU + PACE from grey alder bark 310 342 0.16 

PU + PAC from grey alder bark 319 341 0.08 

PU + PACE from black alder bark 300 342 0.28 

PU + PAC from black alder bark 316 342 0.10 

PU + PACE from goat willow 310 341 0.19 

3.9. Biological activity of PACEs and PAC in a biological system 

In collaboration with RSU Department of Human Physiology and Biochemistry, in vitro 
tests of proanthocyanidins and proanthocyanidins-containing extracts were conducted to 
assess their potential use in healthcare. With regard to the amylase activity, the obtained 
results show that the added amount of PACE, 100 µL, stimulates the activity by increasing the 
amylolytic force by 15 % to 30 %. PAC and PACE reduce lipid absorption in the blood, 
inhibit pancreatic lipase activity, and reduce pyruvate concentration in plasma from 3 mg/dl to 
2.2–2.5 mg/dl, which suggests reduction in blood sugar. 

3.10. Use of PACE in the synthesis of polyether polyols 

Studies on the potential use of PACE in the synthesis of polyether polyols were carried 
out in collaboration with the Lignin chemistry laboratory of LSIWC in Latvia, where the 
oxypropylation of PAC extracts from grey alder bark resulted in polyether polyols. 
Comparing the viscosity of other biomass used for polyol synthesis, the low viscosity of 
resulting polyols of 0.8 Pa·s facilitates the production of polyurethanes, which allows working 
with less pressure in atomising equipment. The comparison of the resulting polyol viscosity 
and the viscosity of other biomass found in the literature is shown in Table 9. 
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Table 9 

Viscosity of a sample for the synthesis of polyether polyols 

Sample Viscosity, Pa·s 

PACE from grey alder bark 0.8 

Wheat straw organasolv lignin [24] 63.7 

Date seed [25] 6.9 

Organasolv lignin [24] 93.0 

3.11. Use of PACE  in production adhesives 

Following the functional composition of PACE components, the PAC extracted from grey 
alder bark was investigated regarding the production of ecological binders for manufacturing 
of particleboard and plywood. 

 

Partial replacement of phenol with PACE in the synthesis of phenol  
and formaldehyde resins 

In cooperation with CHIMAR Laboratory (Greece), FF resins were synthesised by 
substituting 20 % of phenol with proanthocyanidins-containing extracts obtained from grey 
alder bark in 2012. A proportion of PACE (20 %) was taken based on the literature data [28] 
on the high reactivity of proanthocyanidins with formaldehyde. Carrying out sample testing, 
the applied PACE-FF resin as a binder for wood showed equivalent strength indicators, 
reaching the value of ≥1 MPa, which complies with the requirements under the Articles 5.1.3 
and 5.1.1 of EN 314 (Table 10). In dry operating conditions (Class 1), the values of shear 
strength for the plywood glued by means of PACE-FF resin were higher compared to the 
control samples glued by means of FF resin. 

Table 10  

Plywood test results 

Adhesive 
Shear strength, MPa Formaldehyde  

emission, 
mg∙L–1 

Without  
pre-treatment 

Pretreament required by  
Class 1 

Pretreament required 
by Class 3 

PF 2.6 1.5 1.3 0.09 

PACE-PF 2.1 1.6 1.1 0.05 

 
Partly substituting phenol with PACE, the formaldehyde emission of plywood decreased 

1.9 times compared to the control (FF). 

 
Adhesives on PACE basis  
For developing new and ecological adhesives for the production of wood materials, the 

PACE made of grey alder bark harvested in 2013 was modified by polyethylenimine (PEI) 
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widely used in pulp industry. The crosslinking reaction between PACE and PEI was 
demonstrated by thermogravimetric analysis (TGA). 
The experimentally obtained PACE-PEI-based binder has been described as a viscous liquid 
(172 cP ± 10 cP), brown colour, with a dry matter content of 25 %, without a specific smell. 
To test the glue ability of the PACE-PEI binder obtained in the laboratory conditions, the 
samples of particleboard and plywood were produced. 

Particleboard was made of pine chippings by impregnating them with PACE-PEI 
adhesive. During the experiment, the optimal concentration of PACE and PEI solutions was 
defined, which was 20 % and 50 % respectively. In its turn, the optimal weight ratio of PACE 
and PEI was 2 : 1, which provided easy mixing of the gel into the particle mass. Pressing 
modes of particleboard were as follows: temperature – 150 °C; time – 15 min; pressure –  
2 MPa. The made particleboards were tested for use in dry conditions by determining the 
bending tensile strength and the modulus of elasticity of the samples according to the standard 
EN 310. The values of the bending strength and the modulus of elasticity of particleboard are 
given in Table 11. 

 Table 11  

Particleboard test results 

Amount of 
adhesive per dry 

chippings, % 

Bending 
strength, MPa 

Module of 
elasticity, MPa  

Bending strength, 
MPa, EN 312-P2 

Module of elasticity, 
MPa  

EN 312-P2 

PACE from grey alder bark (40 % PACE aqueous solution) 

20 13.2 1305 11 1800 

PACE (20 % PACE aqueous solution) modified by polyethyleneimine (PEI) – 2 : 1 

20 16.9 1904 11 1800 

 
 The resulting strength figures show that the particleboard impregnated with PACE-PEI 

binder complies with the requirements of the standard EN312-P2. 
 The particleboard impregnated with PACE 40 % aqueous solution as adhesive 

demonstrated promising results. Significant dispersion of the results occurred due to an 
uneven distribution of the binder in the particle mass. In general, the bending strength and the 
modulus of elasticity showed the potential use of binder in the production of particleboard for 
dry operating conditions. The thickness of produced particleboard was 10 mm, density was 
1010 kg/m3 to 1100 kg/m3 (Fig. 17). 

 
 

 
 
 
 
 

Fig. 17. The experimentally obtained plywood sample. 
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For producing plywood (Fig. 18), the average consumption of PACE-PEI adhesive was 
170 g/cm3 to 230 g/cm3. The results of plywood strength test (Table 12) showed that the 
adhesive containing PACE-PEI up to 60 % was hopeful by reaching the value of ≥1 MPa, 
which corresponds to the requirements under the Articles 5.1.3 and 5.1.1 of the standard EN 
314. 

Table 12 

PACE-PEI-FF-based plywood test results 

PACE-PEI content 
in an adhesive 

Shear strength, Mpa 
Pretreament required by Class 1 

Shear strength, Mpa 
Pretreament required by Class 2 

PACE with 25 % 
PAC content in  

PACE-PEI  

PACE with 46 % 
PAC content in  

PACE-PEI  

PACE with 25 % 
PAC content in  

PACE-PEI  

PACE with 46 % 
content of PAC in  

PACE-PEI  

80 % 0.9 1.0 broke apart broke apart 

60 % 1.2 1.5 0.9 1.3 

40 %* 1.3 1.8 1.2 1.3 

20 % 1.3 1.8 1.2 1.6 

FF 2.3 2.3 1.7 1.7 

* Formaldehyde emission of plywood is 0.027 mg/(m2∙h) (EN 717-2:1994), which is close to  Class E0 
according to EN 13986. Formaldehyde emission of the plywood of Latvijas Finieris meets the requirements of 
Class E1 according to EN 13986 [emission of <3.5 mg/(m2∙h)] [2]. 

 
When using the extracts with a higher content of proanthocyanidins, i. e., 46 % as per 

absolutely dry extract (PACE from grey alder bark harvested in 2013) for producing 
adhesives as opposed to 25 % (PACE from grey alder bark harvested in 2011), the values of 
plywood strength are relatively higher, which explains the high values of the strength of the 
samples obtained in the studies by Li K. and other co-authors when using adhesives based on 
purified proanthocyanidins and testing them for plywood production. 

Formaldehyde emission of the obtained plywood was 0.027 mg/(m2∙h), which corresponds 
to Class E0 (EN717-2: 1994). 
 
 
 
 
 
 
 
 

Fig. 18. Experimentally produced sample of plywood. 

The values of plywood shear strength and the modulus of elasticity when changing the 
content of PACE-PEI in the adhesive were close and varied from 996 MPa to 1058 MPa. Due 
to the dispersion of the results, which is typical of natural adhesives, it is difficult to judge 
about the changes in plywood elasticity. Density of the made plywood ranged from 666 kg/m3 
to 736 kg/m3. 
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The results show that PACE-PEI-based adhesives are potentially usable in the production of 
particleboard and plywood by partly replacing the commercial FF resin with the PACE-PEI 
binder. 

3.12. Use of residue deciduous bark 

Use of bark residue as a solid biofuel 
Following the concept of biorefining, the perspective usage of grey alder bark residue as a 

solid biofuel is presented. The findings of elemental analysis demonstrate that deciduous bark 
residue after sequential extraction becomes richer in carbon. Based on the literature, it is 
known that the calorific value of the biomass containing more carbon is higher. The highest 
(LCH) and the lowest (HCH) combustion heat of sampled bark were calculated by means of 
regression equations [26], [27], including the obtained data of elemental analysis therein. 
Comparing the combustion heat of bark and bark residue after extraction, the combustion heat 
of bark residue is higher (Table 13). 

 Table 13 

Parameters of grey alder bark and bark residue 

Parameters Grey alder bark Grey alder bark residue 

C content, % as per dry sample 50.0 51.6 

H content, % as per dry sample 6.63 6.67 

N content, % as per dry sample 1.19 1.38 

HCH, MJ as per 1 kg of dry sample 20.2 21.0 

LCH, MJ as per 1 kg of dry sample 18.8 19.5 

Ash content, % as per dry sample 3.4 3.5 

 
Use of bark residue for composite materials 
In cooperation with the LSIWC Pulp laboratory, the grey alder bark crushed to 

nanoparticle size and its residue after extraction were examined as a filler for improving the 
mechanical properties of pulp composite materials. The casts of coniferous pulp with 
nanoparticle concentration of 5 % to 20 % as a filler were made. The studies showed that in 
the case of grey alder bark residue if the filler content was 20 %, tensile index in dry and wet 
condition increased by 44 %, while punch penetration index increased by 90 %. In the case of 
grey alder bark, tensile index of this cast in dry condition increased by 28 % and did not 
change in wet condition, but punch penetration index rose by 78 %. 

3.13. Bark biorefinery cluster 

Development of bark biorefining cluster allows converting deciduous bark into a raw 
material with added value. The developed sophisticated scheme for rational use of the bark 
includes the use of PAC-containing extracts and PAC alternatives for improving and 
preserving the quality of various products and goods, and the use of bark residue for 
additional energy production and modification of various material properties. The scheme 
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enables combining its clusters depending on regional conditions, i. e., the need for a certain 
product, the existing raw material basis, logistics of raw material and product delivery, and so 
on. A simplified biorefining scheme of deciduous bark is shown in Fig. 19. 

 

 
 

Fig. 19. Simplified biorefining scheme of deciduous bark. 
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CONCLUSIONS 

1. It was found that among grey alder, black alder, ash tree, and goat willow bark, grey alder 
and black alder bark ensure the highest yield of proanthocyanidins-containing extracts 
(PACEs) and proanthocyanidins (PAC).  

2. Goat willow bark is a potential source for obtaining catechin and catechin dimer. 
3. The optimal modes for extracting PACE and PAC in their composition in a single-stage 

extraction from grey alder bark by using 40 % ethanol as an extractant are defined. To 
reduce power consumption, convective heat can be replaced with high-frequency heating.  

4. When conducting sequential extraction with hexane, ethyl acetate, and 40 % ethanol, 
triterpenoids and low molecular weight polyphenols can be additionally obtained, as well 
as PAC yield can be slightly increased; however, power consumption significantly 
increases, which is not economically feasible. 

5. The chemical composition and structure of PACEs and PAC from the bark of deciduous 
trees growing in Latvia were studied. In PACEs, prevailing components are 
carbohydrates, polyphenols, and their glycosides, whereas PAC consists of procyanidin 
units containing catechin/epicatechin monomer units in oligomers with a degree of 
polymerization of 2-5 related to bond C4-C8. 

6. High antioxidant activity of PACEs and PAC was proved allowing the use of the extracts 
as an antioxidants or additives in healthcare and prevention and for stabilising the PU 
films, lipid-containing foods, and cosmetics. 

7. The opportunities for using PACE in the production of adhesives for manufacturing 
particleboard and plywood were demonstrated by partially or totally substituting 
commercial FF resin and partially replacing oil-based phenols in the synthesis of 
commercial FF resin. 

8. Deciduous bark residue after extraction can be used as a raw material for obtaining the 
filler of nanoparticle size by increasing the mechanical strength of coniferous pulp by 
80 % or as a solid biofuel thanks to its increased calorific value. 
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