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A B S T R A C T   

Oaks (Quercus L., Fagaceae) are a widespread tree species worldwide, and in Hungary they ac-
count for nearly 30 % of the forests. Their wood is valuable, but their bark is considered as a by- 
product. Oak bark, available in large quantities but with no dedicated use, contains a significant 
amount of valuable extractives. Its (+)-catechin content is around 1 %. (+)-Catechin is mostly 
used for food industry, medicine and many other industrial purposes, representing a significant 
financial value. The aim of the present research was to compare the (+)-catechin concentrations 
in the bark of the most important oak species found in Hungary and to optimize sample pre-
treatment (conservation) and extraction methods in order to achieve fast and efficient extraction. 
From these species the highest concentrations were measured in Q. robur and Q. robur ssp. sla-
vonica (8–12 mg (+)-catechin/g dry bark). The combination of microwave sample pretreatment 
and microwave assisted extraction proved to be the most time- and cost-effective method. The 
utilization of the extracted bark powder for energetic purposes requires further investigations.   

1. Introduction 

Wastes from the food, forestry, and agricultural industry make promising raw materials not only because they are inexpensive but 
also because their re-use benefits the environment [1]. The bark of forest trees is particularly important in this regard [2–5]: according 
to the data of the Food and Agriculture Organization of the United Nations, worldwide roundwood production was 3968 M m3 in 2021 
[6] which generated approximately 397 M m3 bark waste by assuming an average bark ratio of 10 %. Values for Hungary are sum-
marized in Table 1, broken down to individual tree species. According to Tables 1 and in Hungary the Quercus spp. occupy the most 
area, and have the highest logging volume, therefore the volume of generated bark waste, too. 

Oaks (Quercus L., Fagaceae) are woody angiosperms, that comprise approximately 400–500 species [7], mostly found in Central 
America and Southeast Asia, while fewer species occur in Western North America, Eurasia, and in the Mediterranean region [7–9]. In 
Hungary seven species are common, out of which four are considered native to the country: sessile oak (Quercus petraea Liebl.), 
pedunculate oak (Quercus robur L.), downy oak (Quercus pubescens Willd.), and Turkey oak (Quercus cerris L.). Though the number of 
oak species in Hungary is low, they occupy over 30 % of the country’s total forest area (Table 1), providing their outstanding domestic 
ecological and economic significance. 
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The bark of oak species contains a significant amount (6–20 %) of extractable substances, primarily phenolic acids (gallic acid, 
ellagic acid), condensed tannins (e.g. procyanidin B dimer), hydrolysable tannins (isomers of monogalloyl to pentagalloyl glucoses), 
flavonoids (taxifolin and quercetin glycosides, (+)-catechin, catechin-gallate) [12,13]. In the past, the most typical chemical utili-
zation of oak bark was the extraction of tannins and phytoactive substances. The latest studies found in scientific literature investigated 
the extractive composition [14–17] as well as the biological activity [18] and wound-healing properties [19] of the bark of oak species. 

(+)-Catechin (Fig. 1) belongs to the group of flavan-3-ol compounds (generally referred to as catechins) and is one of the identified 
polyphenols in the bark of oaks, with numerous beneficial physiological (antioxidant, radical scavenging-, anti-inflammatory-, anti-
bacterial, antitumor) effects as well as iron chelating properties [20,21]. Catechins are naturally present in bark, wine, tea, fruits and 
chocolate and can have a peroxyl radical scavenging activity ten times higher than L-ascorbate and β-carotene when tested on bacteria 
[22]. In recent years, catechins have been used as natural antioxidants in oils and fats against lipid oxidation, supplement for animal 
feeds both to improve animal health and to protect animal products, as antimicrobial agents in foodstuffs and as a health functional 
ingredient in various foods and dietary supplements [23]. Strong antioxidant effects of catechins is expected to produce many advances 
in the food, cosmetics, and pharmaceutical industries [24]. Particularly, (+)-catechin is used among others, in medicine, in clinical 
trials [25–27] and in the filter system of air conditioning equipment [28]. 

The research, development and application activities related to (+)-catechin require the production of (+)-catechin with sufficient 
amount and purity. This is primarily done by isolation and purification from plant tissues (e.g. green tea, peppery bitterwort 
(Polygonum hydropiper L.), Java plum (Syzygium cumini (L.) Skeels), etc.) [23,29,30]. 

There have been earlier studies on the optimization of the extraction of (+)-catechin using various methods. Bhadange et al. proved 
that ultrasonication enhances catechin yield and it is also energy efficient. However longer exposures may reduce the yields due to the 
degradation of catechin into smaller molecules, thus ultrasonication should be used in a controlled manner [30]. Besides ultra-
sonication, microwave-assisted extraction (MAE) has also been used extensively for the extraction of (+)-catechin from various plant 
materials (e.g. tea, grape seeds) [31–33]. Researchers concluded that optimization is also essential with this method, as flavan-3-ols, 
and particularly catechin, are susceptible to degradation under various conditions during MAE [34]. 

Not only extraction methods, but also storage of plant material have effects on (+)-catechin content. According to Dedrie et al. the 
debarking process and the storage conditions after debarking have a detrimental effect on the chemical composition (particularly on 
the content of (+) catechin and other extractives) of oak bark due to degradation effects [12]. The same was concluded for the bark of 
other woody species [13,35,36]. These results outline the importance of the optimization of storage and pretreatment conditions of 
bark for achieving highest yields of (+)-catechin. 

The present study focused on the extraction of (+)-catechin from the bark of oak species growing in Hungary. Beside the national 
significance of oak species, the choice of basic material is also justified by the fact that the extracted bark material is more suitable for 
the biogas production via anaerobic fermentation compared to unextracted bark, due to its lower ash and extractive content [37]. The 

Table 1 
The proportion of woody species by occupied area [10], wood logging volume [11] and estimated bark volume in Hungary based on the data of 2021.  

Species Occupied area (1000 ha) Wood logging (1000 m3) Estimated bark volume (m3) 

Quercus petraea and robur L. 391 972 97,200 
Quercus cerris L. 216 801 80,001 
Fagus sylvatica L. 114 683 68,300 
Carpinus betulus L. 97 234 23,400 
Robinia pseudoacacia L. 459 1421 142,100 
Other high density hardwood species 124 341 34,100 
Hybrid poplar 198a 1306 130,600 
Indigenous poplar 287 28,700 
Salix spp. n/a 39 39,000 
Other low density hardwood species 96 241 24,100 
Pinus sylvestris L. 106 n/a n/a 
Pinus nigra J.F.Arnold 58 1198b 119,800 
Other conifers 15 n/a n/a 
Total 1876 7523 752,300  

a sum of poplars (Populus spp.). 
b sum of all coniferous species. 

Fig. 1. The structure of (+)-catechin.  
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(+)-catechin content of the bark of different oak species was compared and pretreatment methods were tested aiming the preservation 
of the (+)-catechin content. Intensification of the extraction process was carried out by comparing different extraction methods as well 
as by the elaboration of a preparative purification method for the fast and low-cost extraction of (+)-catechin from oak bark. Results 
could also contribute to the complex biorefinery valorization of extracted oak bark for other purposes (e.g. biogas production). 

2. Materials and methods 

2.1. Sample collection and preparation 

Samples originated from the Szárhalmi forest in Sopron Mountains (H) from forest compartments Sopron 56A, 52A and 52 B. The 
logs were 38 years (Sopron 56A) and 23 years (Sopron 52 A and B). Investigated taxa were as follows: red oak (Quercus rubra L.), 
Turkey oak (Quercus cerris L.), pedunculate oak (Quercus robur L. and Quercus robur ssp. slavonica (Gáyer) Mátyás) and sessile oak 
aggregate (Quercus petraea (Matt). Liebl, Quercus dalechampii Ten. and Quercus polycarpa (Schur) Soó). In the case of pedunculate oak, 
one subspecies (subsp. slavonica) and in the case of sessile oak aggregate 3 different microspecies (petraea, dalechampii and polycarpa) 
were identified by the morphology of the leaves and bark. One healthy tree was investigated from each taxa. After felling, the trees 
were debarked with an axe up to the height of 1.5 m. Altogether 800–1000 g of fresh bark were collected from each log. Collected bark 
samples comprised of large (10–20 cm long) pieces, further chopping was avoided. Samples were taken to the laboratory and processed 
immeadiately. 

2.2. Enzyme inactivation 

Samples were divided into four equal fractions (around 250 g each). Fractions were treated and labeled as follows: c: control, 250 g 
bark with no enzyme inactivation treatment, ground immediately; m: 250 g bark treated in a household microwave oven (Vision 
MMO700) at 700 W for 3 min, u: 250 g bark treated with UV irradiation (λ = 254 nm) for 10 min using a 20 W UV-light source; h: 250 g 
bark heated at 105–110 ◦C for 15 min in a drying chamber. After treatment fractions were chopped into small (1 cm) pieces, ground in 
a hammer mill and sieved. The sieve fraction <1 mm was used for further investigations. 

2.3. Determination of enzyme activity 

About 0.6 g sample was homogenized vigorously with 15 mL phosphate puffer (pH: 6.0) for 10 min then centrifuged at 6000 min− 1 

for 10 min. The supernatant was collected and taken to analysis. The peroxidase enzyme (POD) activity was determined using the 
method of Shannon et al. measuring absorbance change at 480 nm and regarding 0.01 ΔA min− 1 as 1 Unit [38]. The 
polyphenol-oxidase enzyme (PPO) activity was assayed according to the method of Flurkey and Jen at 420 nm, taking 0.001 ΔA min− 1 

as 1 Unit [39]. All measurements were conducted in triplicates. 

2.4. Extraction of (+)-catechin 

In all experiments ethanol:water 80:20 v/v was used as the solvent. After all extractions, the solutions were filtered using Whatman 
GF/A glass fiber syringe filter and taken to analysis. All extractions were conducted in triplicates. For stirring extraction, a Variomag 
Poly 15 magnetic stirrer was applied, for MAE a Vision MMO700 type household microwave oven was used, and Soxhlet extraction was 
done in a conventional Soxhlet apparatus. 

For bark preservation optimization the following extraction protocol was applied: 0.1 g sample was homogenized with 25 mL solvent 
for 3 h using a magnetic stirrer. 

For extraction intensification analyses microwave-inactivated Q. robur and Q. robur ssp. slavonica samples were used and following 
extraction protocols were applied: (1) three different methods were compared for extraction dynamics: (A) stirring of 0.1 g sample with 
25 mL solvent for 1, 4, 6 and 12 h, (B) Soxhlet extraction of 0.4 g sample with 100 mL solvent for 1, 4, 6 and 12 h, (C) MAE of 0.1 g 
sample with 25 mL solvent using 2, 5, 8, 12 and 20 extraction cycles (1 cycle: 15 s microwave treatment of the mixture with 700 W 
irradiation followed by 45 s cooling in a cold water bath) and adjusting end volume to 25 mL with neat solvent. 

(2) for large-scale extraction 3 g sample was extracted with 100 mL solvent by stirring, Soxhlet extraction and MAE using 
previously-determined optimum time settings as follows: (A) 3 step extraction by stirring for 3 × 2 h, using 40 mL + 30 mL + 30 mL 
amounts of solvent and combining extracts to an end volume of 100 mL, (B) Soxhlet extraction for 4 h and adjusting end volume to 100 
mL, (C) 3 step MAE extraction using 40 mL + 30 mL + 30 mL amounts of solvent, each step consisted of 5 cycles (1 cycle: 10 s mi-
crowave treatment of the mixture with 700 W irradiation followed by 40 s cooling in a cold water bath) and adjusting end volume to 
100 mL (total extraction time: 12.5 min). 

2.5. Preparative isolation of (+)-catechin 

Microwave-inactivated Q. robur ssp. slavonica bark (45 g) was extracted by applying the 3 step MAE large-scale extraction protocol 
described in the previous section using 1500 mL 80:20 ethanol:water v/v solution (600 mL + 450 mL + 450 mL) and applying 150 s 
irradiation and 600 s cooling cycles. The ethanol content was removed by rotary evaporation (40 ◦C) and (+)-catechin was extracted 
from the remaining aqueous phase using 2 × 500 mL ethyl-acetate. The ethyl-acetate fractions were combined and evaporated to 
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dryness using rotary evaporation at 40 ◦C (Rotavapor, Büchi, Flavil, Switzerland). The remaining dry solids were redissolved with 5 mL 
ethanol and taken to analysis. Preparative isolation of (+)-catechin was carried out based on the method of Jerez et al. using Sephadex 
LH-20 gel stationary phase filled in a 1 cm × 8 cm glass column. 0.3 mL of the concentrated extract was introduced at the top of the 
column, and eluted with 20 mL solutions of methanol:water 60:40 v/v, methanol:water 75:15 v/v and methanol:water 90:10 v/v, 
collecting 2 mL fractions (altogether 30) [40]. 

2.6. High-performance thin layer chromatographic determination of (+)-catechin content 

15 mL of the extracts were evaporated to dryness under reduced pressure, using rotary evaporation at 40 ◦C (Rotavapor, Büchi, 
Flavil, Switzerland). Dry solids were redissolved in 1 mL ethanol and taken to chromatographic analysis. The quantitative determi-
nation of (+)-catechin was done using high-performance thin layer chromatography (HPTLC) followed by derivatization with vanillin- 
sulfuric acid reagent and subsequent densitometric evaluation basing on a procedure detailed in Hofmann et al. [41]. 

2.7. Statistical analyses 

For the comparison of (+)-catechin concentrations one-way analysis of variance (ANOVA) was run using Statistica software 
(Version: 12; StatSoft Inc., Tulsa, OK, USA) software and the Tukey HSD calculation method was applied as a post-hoc test at p < 0.05 
level. In order to fulfil the requirements of the ANOVA analysis, values of the measurements were first checked for normal distribution, 
and then the variables were checked for the homogeneity of variances using Bartlett’s Chi-square test. 

2.8. Chemicals 

Double distilled water used for the extractions was prepared using conventional distillation equipment. Ethanol, methanol, ethyl- 
acetate (analytical grade), formic acid and sulfuric acid were obtained from VWR International (Budapest, Hungary). Catechol, po-
tassium hydrogen phosphate, potassium dihydrogen phosphate and hydrogen peroxide were purchased from Reanal (Budapest). 
Diisopropyl ether, (+)-catechin, o-dianisidine and vanillin were obtained from Honeywell (aka. Fluka). 

3. Results and discussion 

3.1. Bark preservation optimization 

3.1.1. Enzyme inactivation 
During our preliminary experiments, we observed that the peeled bark quickly turns brown and (+)-catechin content decreased 

rapidly presumably as a result of the oxidation processes. These tendecies can be seen well in Fig. 2. The initial high (+)-catechin 
content decreased rapidly. On the fifth day only half of the original concentration remained. The highest values were found in Q. robur 
and Q. robur ssp. slavonica (7–9 mg (+)-catechin/g dry bark). Interestingly the content of (+)-catechin in the bark of different 
microspecies of sessile oak aggregate was significantly lower compared to that of the pedunculate oaks, despite the fact that sessile and 
pedunculate oaks are closely related, with a tendecy of cross-pollination [7]. Exceptionally low values were found for Quercus poly-
carpa even in repeated experiments, which requires further explanation. 

Results are in accordance with the data of Dedrie et al. who outlined that storage conditions after debarking reduced the percentage 
of (+)-catechin and other phenolic extractives, presumably due to the degradation effects [12]. Oxidoreductase enzymes (primarily 
peroxidase and polyphenol oxidase) are responsible for the rapid oxidation of (+)-catechin [42,43]. Thus to achieve preservation of 
(+)-catechin content, first these enzymes must be inactivated: preservation procedures had to be developed and implemented, for 

Fig. 2. Change of the (+)-catechin content in untreated bark samples during storage.  
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efficient preservation the (+)-catechin content of the processed and stored bark. 
Three methods were selected from the literature and compared, which are applied at laboratory and industrial scale for the 

inactivation of oxidizing enzymes for the preservation of foodstuffs: microwave treatment [44], treatment with UV irradiation [45] 
and thermal treatment [46]. Inactivation methods were applied on freshly peeled bark pieces as described in chapter 2.2. After the 
treatments, samples were ground, which turned out to be more favorable compared to the grinding of fresh bark, since the bark had lost 
the majority of its moisture content during the treatments, so the grinding process became easier. 

The efficiency of enzyme inactivation procedures was assessed by the determination of the remaining POD and PPO enzyme ac-
tivities of the samples and comparing to untreated samples’ values. 

Figs. 3 and 4 summarize the results of these three inactivation methods compared to untreated samples. It was concluded that the 
enzyme activity in the UV- and heat-treated samples remained unchanged or was only slightly reduced compared to the untreated 
sample. While applying the microwave treatment a very high (90–99 %) decrease of the POD and PPO activity was achieved. Ac-
cording to the results the microwave treatment was best suited from the investigated methods for the inactivation of the tested en-
zymes in oak bark. 

Despite the fact that UV radiation is widely used for food preservation purposes and for the reduction of browning (e.g. in apple 
juice), due to its inactivating effect on oxidase enzymes [45,47] it proved to be effective only to a limited extent on the present bark 
samples. A possible explanation for this, is that UV radiation is only absorbed in the surface layers and can only exert its effect there, 
not deep in the tissues. Thus majority of the enzymes remain unaffected by the treatment. According to Vamos-Vigyazo and Haard the 
exposure of PPO to temperatures of 70–90 ◦C destroys their catalytic activity [48]. Although the food industrial use of thermal enzyme 
inactivation has been researched and found efficient [46], in the present study the treatment of the samples for 15 min at 105–110 ◦C 

Fig. 3. The activity of polyphenol oxidase (PPO) enzyme in untreated (c) and inactivated (m: microwave-treated, u: UV-treated, h: heat-treated) 
bark samples. Error bars: standard deviation. 

Fig. 4. The activity of peroxidase (POD) enzyme in untreated (c) and inactivated (m: microwave-treated, u: UV-treated, h: heat-treated) bark 
samples. Error bars: standard deviation. 
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resulted no or only slight loss in the activity of POD and PPO enzymes. This could possibly be explained by the high moisture content of 
fresh bark (30–40 %, data not shown) which delayed the rise of the temperature within the bark samples, resulting low enzyme 
inactivation efficiency. 

3.1.2. The time course of (+)-catechin concentration in conserved samples 
In order to compare the (+)-catechin-preserving effects of the inactivation procedures, samples (including control) were extracted 

and their (+)-catechin content was determined at days 0, 7, 28, and 56 after the treatments. In these measurements, only those species 
were tested which showed the overall highest levels of (+)-catechin (Q. robur and Q. robur ssp. slavonica). The time course of the 
(+)-catechin contents in the enzyme-inactivated and control samples is depicted in Fig. 5A (Q. robur) and Fig. 5B (Q. robur ssp. 
slavonica). 

Based on Fig. 5, it was verified again that the most effective preservation method for the tested samples was the microwave 
treatment, as these samples retained best their initial high concentration of (+)-catechin and showed the lowest decrease over time. 
The enzyme-inactivating and polyphenol-preserving effects of the microwave treatment on the tissues of forest trees have already been 
confirmed by the authors’ previous works [35,36,49]: they explained the efficiency of the treatment by the rapid heating affecting both 
the surface and inner parts of the sample and by the rapid loss of moisture. 

Using thermal and UV inactivation, more (+)-catechin was retained than in the control sample, but significantly lower values were 
measured compared to microwave treatment, which is in accordance with the enzyme inactivation results presented in the previous 
chapter. The worst overall results of thermal inactivation was explained by the fact that due its high moisture content, the slow 
warming of the sample temporarily increased enzyme activities, contributing to the degradation of (+)-catechin. 

Fig. 5. The time course of the (+)-catechin concentrations in Quercus robur (A) and Quercus robur ssp. slavonica (B) bark samples using different 
enzyme inactivation techniques. Error bars: standard deviation. 

Table 2 
Comparison of different extraction methods using a soild (g):liquid (mL) ration of 1:250. Results are indicated as average ± standard 
deviation. Different letters in a column (species) indicate significant differences as p < 0.05 level.    

Q. robur Q. robur ssp. slavonica 

Method Time (min) mg (+)-catechin/g dry bark 

Stirring 60 4.68 ± 0.21a 4.84 ± 0.49 ABCD 

240 7.63 ± 0.51c 6.48 ± 0.21 E 

360 7.82 ± 0.37c 7.73 ± 0.28 F 

720 7.00 ± 0.60 bc 7.34 ± 0.22 F 

Soxhlet 60 6.23 ± 0.75 b 3.78 ± 0.47A 

240 7.45 ± 0.66c 4.95 ± 0.33 BD 

360 7.18 ± 0.28 bc 4.69 ± 0.16 AB 

720 7.13 ± 0.62 bc 4.87 ± 0.37 BCD 

Microwave 2 6.52 ± 0.64 b 5.43 ± 0.22 C 

5 5.82 ± 0.49 b 4.81 ± 0.17 B 

8 7.63 ± 0.07c 5.38 ± 0.10 CD 

12 7.36 ± 0.16 bc 5.21 ± 0.22 BCD 

20 4.74 ± 0.40a 5.45 ± 0.07 BCD  
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3.2. Extraction intensification 

3.2.1. Comparison of different extraction methods 
After choosing the best sample preservation method, we focused on the comparison of extraction methods capable of extracting the 

largest amounts of (+)-catechin from the bark in the fastest and most efficient way. Based on literature data [40,50,51] we selected 
three extraction methods: Soxhlet, continuous stirring and MAE, and compared them in terms of time and cost. In each procedure, 0.1 g 
of bark sample was treated with 25 mL extraction solvent, representing a solid (g):liquid (mL) ratio of 1:250. For the selection of the 
time of extraction, we also recorded dissolution curves, by which we determined how long it was necessary to extract using a given 
method to reach quasi-equilibrium extraction with the given solid:liquid ratio. Table 2 summarizes the results of the experiments. 

According to the data in Table 2 the highest concentrations were measured between 4 and 6 h for continuous stirring extraction, 
and after 4 h in the Soxhlet process, for both wood species. By applying longer extraction times no significant increase could be 
reached. 

Using MAE, the maximum concentrations were measured between 8 and 12 min. The high value of Q. robur ssp. slavonica at 2 min is 
presumably the result of a measurement error, which was not interpreted. In the case of Q. robur, after 20 min of extraction, there was a 
significant decrease of the (+)-catechin concentration, presumably due to degradation effects. 

The results are in accordance with the findings of Bouras et al. who demonstrated the efficiency of MAE in terms of speed and 
extracted concentrations compared to other extraction methods (heat reflux, solvent extraction at 25 ◦C) for the extraction of oak bark 
polyphenols. The authors also outlined the potential degradation effects of MAE technique [52]. 

3.2.2. Large scale extraction experiments 
The comparison of the extraction procedures was also carried out using larger amounts of sample and solvent and elevated solid: 

liquid ratio (1:33.3), which is more comparable to industrial applications. We determined and compared the extraction efficiency, the 
yield and the costs of the extraction of the investigated methods. In order to further increase extraction yield, we performed the stirring 
and MAE extraction in 3 consecutive steps, instead of the single-step continuous procedure, and in the case of the MAE we also changed 
the cycle time. For the Soxhlet extraction, the protocol remained the same. We applied the extraction times defined in the previous 
chapter as a basis: 12.5 min for MAE, 4 h in the case of Soxhlet extraction, and 6 h in the case of stirring. 

Fig. 6A shows the concentrations obtained in the large-scale extraction experiment for the two tested species. Higher values were 
obtained compared to the values presented in the previous chapter. This was especially true for Q. robur ssp. slavonica, which can be 
explained by the higher solid:liquid ratio and in the case of the stirring and MAE processes, by the higher extraction efficiency of the 3 
step process compared to the single step process. Within a species there was no significant difference between the concentrations 
achieved by the different extraction techniques. The bark of Q. robur ssp. slavonica contained a significantly higher level of (+)-catechin 
(10.8–13.0 mg (+)-catechin/g dry bark) compared to that of Q. robur (7.21–8.04 mg (+)-catechin/g dry bark), which is accordance 
with the findings of the trends shown in Figs. 2 and 5 Comparing to other types of samples, it was found that measured values were 
lower than the (+)-catechin concentration determined for green tea by MAE technique (15–37 mg/g) [32] and for cultured cells of 
Polygonum hydropiper 4–29 mg/g [29]. 

By relating the results on the time needed for extraction, we get the amount that can be extracted from 1 g of dry bark in an hour 
with the given method (yield) in mg (+)-catechin/(g dry bark ⋅ hour) unit (Fig. 6B). Overall, MAE proved to be significantly faster and 
about 15–30 times more efficient compared to the other two methods. With the presented 3-step MAE method 36.89 (+)-catechin/(g 
dry bark ⋅ hour) yield was reached for Q. robur and 51.55 mg (+)-catechin/(g dry bark ⋅ hour) for Q. robur ssp. slavonica. 

Several studies have already proven the efficiency of MAE for the extraction of (+)-catechin from plant samples [31–33]. However 

Fig. 6. The (+)-catechin content of the samples using the large-scale extraction methods and the applied extraction times. Error bars represent 
standard deviation, different letters denote significant differences at p < 0.05 level (A). Extraction yield of the different methods in mg (+)-catechin/ 
(g dry bark ⋅ hour) (B). S: stirring extraction, M:MAE, X: Soxhlet extraction. 
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these experiments were carried out for analytical purposes which require special equipment and use small amounts (0.5–1 g) of plant 
material [33,53,54]. The advantage of the presented MAE process is that it does not require a special equipment and it can also be 
implemented for larger quantities of samples. 

Table 3 indicates the total cost associated with extraction, taking into account the time and cost implications of each method. To 
achieve the same (+)-catechin concentration, the three-step MAE method was not only the fastest, but also the most cost-effective: 
compared to the other 2 methods; its total cost is 50x lower. Stirring requires high amounts of electric power, while Soxhlet extrac-
tion, in addition to the electrical power required, also has considerable water consumption, which makes it the least cost-effective 
process. 

3.3. Preparative isolation of (+)-catechin 

After optimizing the sample preparation and extraction methods, our goal was to develop a method suitable for the isolation of 
(+)-catechin in large quantities and high purity from oak bark. The method of Jerez et al. developed for the isolation and purification of 
catechins from the bark of Pinus species using preparative chromatography with Sephadex LH20 stationary phase was adapted for this 
purpose [40]. In this experiment only the microwave inactivated bark of Q. robur ssp. slavonica was investigated, being the species with 
the highest overall level of (+)-catechin in this research. 

During the preparative separation, a total of thirty fractions were collected per 2 mL. The composition of the fractions was 
examined by thin-layer chromatographic separation, using visualization with vanillin-sulfuric acid reagent, which forms a red color 
with catechin-type compounds. According to Fig. 7 (+)-catechin was found in the largest amount in fractions 10–13, with the highest 
concentration in fraction 11. 

The result of the preparative separation is a purified fraction, the purity of which characterizes the efficiency of the separation. 
Therefore, we investigated the purity of fraction 11, which contains the highest concentration of (+)-catechin. Since the vanillin- 
sulfuric acid visualization method does not form colored derivatives with many compounds, the chromatogram in Fig. 7 does not 
show all possible contaminants. In order to check the purity, the same layer obtained after the chromatographic separation, but before 
the vanillin-sulfuric acid development, was evaluated densitometrically, thereby estimating the purity of the fraction. The result is 
illustrated in Fig. 8A (densitogram of the fractions) and in Fig. 8B (purity check of the fractions). 

By integrating the densitogram of fraction 11, we assessed that the peak area of (+)-catechin is about 60 % of the sum of the areas 
under all chromatographic peaks, which corresponds to the overall purity of (+)-catechin in this fraction. This can be further improved 
by optimizing the conditions of the preparative separation. The results are comparable to the finiding of Gong et al. who was able to 
purify (>90 %) catechin compounds from tea leaf extract in two rounds using semi-preparative HPLC [55]. 

Table 3 
Net costs of extraction procedures. Duration of MAE was 12.5 min (the total time of power uptake was 3 ⋅ 5 ⋅ 10 s = 150 s = 0.042 h, where 3 is the 
number of extraction steps, 5 is the number of extraction cycles per step and 10 s in the microwave device on-time in a cycle. Electric power was 
calculated using formula W––U⋅I⋅t. The cost of 1 kWh electric current was 0.117 Euro, the cost of 1 m3 water was 1.32 Euro (prices for Hungary as of 
June 2023, calculated in Euros).   

U 
(V) 

I (A) Extraction time 
(h) 

Water consumption 
(l/h) 

Electric power 
(Wh) 

Water costs 
(Euro) 

Electric power costs 
(Euro) 

Total costs 
(Euro) 

Stirring 220 2 6 – 2640 – 0.310 0.310 
Microwave 220 5.8 0.042 – 53.16 – 0.006 0.006 
Soxhlet 220 0.85 4 40 748 0.211 0.088 0.299  

Fig. 7. Checking the composition of fractions using thin-layer chromatography. C: (+)-catechin, EC: (− )-epicatechin. Visualization: vanillin-sulfuric 
acid reagent. Original version of the figure is found in Supplementary material (Fig. S1). 
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Fig. 8. Investigation of the composition of fraction 11 using densitometric evaluation (prior to the visualization using vanillin-sulfuric acid reagent) at 280 nm in absoprtion mode. The densitogram of 
the whole plate (fractions 1–30) (A) and the densitogram of fraction 11 (B). C: (+)-catechin, EC: (− )-epicatechin. 
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4. Conclusions 

Oaks make up a significant part of Hungary’s forests, their bark provides a significant amount of raw material, and it also contains a 
high concentration of extractable substances. The aim of our study was to compare the (+)-catechin content of the bark of selected oak 
species, and to develop procedures that are suitable for the time- and cost-effective extraction and purification of the compound using 
process optimization and intensification approach. We developed and compared methods for preserving oak bark samples, of which 
microwave pretreatment proved to be the most efficient. Comparing the oak species, we found that the highest concentrations were 
detected in the bark of Q. robur and Q. robur ssp. slavonica: 8–12 mg (+)-catechin/g dry bark (0.8–1.2 % by weight). Q. polycarpa 
showed exceptionally low levels of (+)-catechin which requires further investigations. During the extraction intensification experi-
ments, it was found that microwave-assisted extraction produced 15-30-times higher yield (36.89–51.55 mg (+)-catechin/(g dry bark ⋅ 
hour)) compared to Soxhlet (2.01–3.26 mg (+)-catechin/(g dry bark ⋅ hour)) and stirring extraction (1.20–1.79 mg (+)-catechin/(g dry 
bark ⋅ hour)). The combination of the microwave treatment for enzyme inactivation and the microwave-assisted extraction was found 
to be the most time- and cost-effective among the investigated procedures. To the best of our knowledge the present study is the first to 
apply microwave treatment for the enzyme inactivation of oak bark to preserve (+)-catechin content and for the aimed extraction of 
(+)-catechin from oak bark. As opposed to traditional lab-scale procedures the presented methods can also be upscaled for the pro-
cessing of large amounts of bark using the applied equipment. Based on the literature, a method was adapted for the for the preparative 
separation and purification of (+)-catechin, which resulted in (+)-catechin of approximately 60 % purity from the bark of Q. robur ssp. 
slavonica. Future optimization of the purification needs to be carried out to improve (+)-catechin purity, which promotes the appli-
cability of (+)-catechin from oak bark. The utilization of the ground bark remaining after processing and extraction, mainly for heat 
energy and biogas production should also be investigated in the future. 
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