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Abstract
The aim of the study was to present chemical characteristics of a potential wood protection system composed of three chemi-
cal components. The paper presents preliminary results of chemical and biological analysis of wood treated with a mixture 
of 30% ethanol extract of propolis, caffeine and organosilanes: methyltrimetoxysilane (MTMOS) and octyltriethoxysilane 
(OTEOS). The sapwood of Scots pine (Pinus sylvestris L.) was impregnated with the above mentioned solution by vacuum 
method. The samples of wood treated with preservative were subjected to accelerated aging procedure according to EN 84 
and subsequently to mycological tests according to the modified EN 113. Structural analysis of the treated wood was per-
formed using infrared spectroscopy FTIR. The concentration of silicon in wood samples was determined by atomic absorp-
tion spectrometry AAS. The percentage content of nitrogen in wood samples was determined by elementary analysis EA. 
Slight differences in nitrogen and silicon content recorded in wood samples following impregnation and leaching confirm 
the permanent character of bonding between the propolis-silane-caffeine preparation and wood. The stable character of Si–C 
and Si–O bonds was shown in IR spectra and discussed in detail in this paper.

1 Introduction

Efficacy and stability of wood preservatives depend mainly 
on active ingredients—biocides. Unfortunately, traditional 
biocides used in wood preservatives bring the risk of pollu-
tion of the natural environment, as at certain concentrations 
they may be toxic and therefore constitute a threat both to 
human health and the environment. The strict toxicologi-
cal requirements and an increasing ecological awareness of 
customers lead to an increasing interest in studies aimed at 
developing new, biocide-free wood preservatives harmless 
to people and the environment based on natural substances 
and chemical compounds.

Propolis is a resinous material collected by bees (Apis 
mellifera L.) from leaf buds of various tree species, such 
as birch, poplar, spruce, pine or alder. The chemical 

composition of propolis is very complex and depends mainly 
on vegetation of geographical location where it is collected 
from, time and method of harvesting and also race of hon-
eybees (Gong et al. 2012; Kędzia 2006; Papotti et al. 2012; 
Silici and Kutluca 2005; Teixeira et al. 2008; Valencia et al. 
2012). The main compounds in Polish propolis are phenols 
including flavonoids, phenolic acids and their esters, vita-
mins, sugars, fatty acids and micro- and macroelements 
(Bankova et al. 2014; Formicki et al. 2013; Kędzia 2009a, b; 
Socha et al. 2015; Szliszka et al. 2013; Woźniak et al. 2016). 
The activities of propolis samples from different world 
regions, in spite of differences in their chemical composi-
tion, are very similar (Kędzia 2006; Kujumgiev et al. 1999). 
There are numerous literature data showing that propolis 
from different locations possesses beneficial properties, for 
example antifungal, antibacterial, antiviral or antioxidant 
properties (Castaldo and Capasso 2002; Kujumgiev et al. 
1999). The antifungal activities of propolis are the most 
extensively investigated ones against fungi from Candida 
sp.; however, propolis exhibits activity against Ganoderma 
applanatum, Schizophyllum commune or Pycnoporus san-
guineus, which were isolated from decayed wood (Quiroga 
et al. 2006). Budija et al. (2008) showed the activity of 
ethanolic extract of propolis applied to wood against wood 

 * Izabela Ratajczak 
 iza.ratajczak@up.poznan.pl

1 Department of Chemistry, Poznań University of Life 
Sciences, Wojska Polskiego 75, 60625 Poznan, Poland

2 Institute of Chemical Wood Technology, Poznań University 
of Life Sciences, Wojska Polskiego 38/42, 60637 Poznan, 
Poland

http://orcid.org/0000-0003-3026-5192
http://crossmark.crossref.org/dialog/?doi=10.1007/s00107-017-1257-9&domain=pdf


776 European Journal of Wood and Wood Products (2018) 76:775–781

1 3

degrading fungi: Antrodia vaillantii, Gloeophyllum trabeum 
and Trametes versicolor, while Jones et al. (2011) indicated 
the activity of propolis in an aqueous soda solution against 
Coniophora puteana and Poria placenta. The authors found 
that propolis might be used in wood protection as a natu-
ral ingredient of a new, bio-friendly formulation (Budija 
et al. 2008; Jones et al. 2011). Moreover, Scots pine sap-
wood treated with formulation based on propolis extract and 
organosilanes exhibited better resistance against C. puteana 
than wood treated with propolis extract alone (Woźniak et al. 
2015).

It is commonly known that plants produce endogenous 
substances to discourage pathogens (Hedin 1983). The first 
studies concerning the insecticidal activity of methylxan-
thine derivatives, including caffeine, were conducted using 
tea leaves (Camellia sinensisi) and coffee beans (Coffea ara-
bica) (Nathanson 1984). Fungistatic properties of tea leaf 
and coffee bean extracts against some wood decaying fungi 
have also been confirmed using the agar medium method 
yielding positive results against Chaetomium globosum, 
Deadale flavida, Gloeophyllum trabeum, Aspergillus flavus 
and Pycnoporous sanguineus (Arora and Ohlan 1997). The 
aim of the previous studies concerning antimicrobial activ-
ity of natural products was to work out a proper method of 
selection and extraction depending on the final application 
(Almeida et al. 2006). Currently, there are many reports that 
caffeine has fungicidal properties besides insecticidal and 
antibacterial activity (Ashihara et al. 2008; Buchanan and 
Lewis 1984; Fardiaz 1995; Ibrahim et al. 2006; Pruthviraj 
et al. 2011; Rahman et al. 2014). It has been shown that caf-
feine induces cell wall alteration in fungi (Park et al. 2005). 
Furthermore, Lekounougou published results that caffeine 
inhibited totally the growth of five species of wood decay 
fungi and effects of caffeine on fungal growth are additive 
in the presence of propiconazole (Lekounougou et al. 2007, 
2008). From the above mentioned papers, it is assumed that 
propolis and caffeine as natural biocides acting together on 
the wood-rotting fungi may be used in wood preservation 
formulations. Propolis and caffeine are well-known natural 
products, economically suitable and available which could 
facilitate their use in wood protection. Both the natural 
products are commercially available. Caffeine and propolis 
extract can be purchased from companies using these prod-
ucts for pharmacy and food industry.

A fundamental fact is that wood is hygroscopic. Recent 
findings clearly indicate that the efficiency of using wood 
outdoors is a function of inherent durability and moisture 
performance as determined by EN 113 tests (Meyer-Veltrup 
and Brischke 2016). Wood durability mainly decreases, and 
the risk of decay is greater when the wood moisture content 
is above fiber saturation point and it is more exposed to wood 
destroying organisms (Brischke and Lampen 2014). Silicon 
compounds have been used to increase hydrophobicity and 

to prevent leaching of active ingredients. Many wood prop-
erties, such as fire resistance, durability or water resistance 
and dimensional stability, are improved by the application of 
organosilanes (Mai and Militz 2004). Literature data showed 
that wood treated with silicon compounds without biologi-
cally active substance indicated unsatisfactory resistance 
against wood decay fungi (De Vetter and Van Acker 2010; 
Mai and Militz 2004).

The aim of this study was to determine potential prop-
erties of wood treated with a formulation based on natu-
ral substances (propolis, caffeine) and silicon compounds 
(methyltrimethoxysilane—MTMOS, octyltriethoxysilane—
OTEOS). The paper presents results of chemical analysis 
of wood treated with a mixture of 30% ethanol extract of 
propolis, caffeine and organosilanes: MTMOS and OTEOS.

2  Materials and methods

2.1  Materials

The formulation used in this study consisted of 30% etha-
nolic propolis extract, 2% addition of caffeine (1,3,7-tri-
methylxanthine)  C8H10N4O2 (Sigma–Aldrich), 2.5% 
MTMOS (methyltrimethoxysilane)  CH3Si(OCH3)3 
(Biesterfeld) and 2.5% OTEOS (octyltriethoxysilane) 
 CH3(CH2)7Si(OCH2CH3)3 (Biesterfeld).

2.2  Preparation of ethanolic extract of propolis

Crude propolis of Apis mellifera used in this study was col-
lected from an apiary located in Warmian-Masurian Prov-
idence in Poland. Propolis was cut into small pieces and 
extracted with a tenfold volume of 70% ethanol under shak-
ing. The extraction was carried out in a darkroom at ambient 
temperature for 5 days. The final propolis extract was con-
centrated on a rotary evaporator under reduced pressure at 
40 °C until constant weight. Finally, the concentration (30%) 
of alcoholic extract was obtained by dilution of a suitable 
amount of residue in 70% ethanol.

2.3  Biological tests

Scots pine (Pinus sylvestris L.) wood samples of dimensions 
5 mm × 10 mm × 40 mm (the last dimension along the fibres) 
were used for the study. The samples were treated by vac-
uum method (15 min under vacuum conditions 0.08 MPa, 
and 2 h under atmospheric pressure) according to EN 113 
(1996). After treatment all the samples were cured for 3 
weeks under room conditions and then oven-dried to a con-
stant weight. Part of the treated samples was subjected to 
accelerated leaching procedure according to EN 84 (2000). 
Part of the samples was treated by 20 min vacuum method 
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and then kept under deionized water at a temperature of 
20 ± 2 °C at the proportion of around 5 volumes of water to 
one volume of wood, during 14 days, within which period 
the water was exchanged after 2 h, 1 day, 2 days and every 2 
days thereafter. Mycological tests were performed according 
to modified EN-113. Scots pine was exposed to brown-rot 
fungus C. puteana (Schumacher ex Fries) Karstein strain 
BAM Ebw. 15. After 8 weeks of exposure at 22 ± 2 °C and 
relative humidity of 70 ± 5%, the sample was removed and 
weight loss was measured.

2.4  Infrared spectroscopy

Wood in the form of powder was mixed with KBr at a 
1/200 mg ratio. Spectra were registered using the Infinity 
spectrophotometer by Mattson with Fourier transform at a 
range of 500–4000 cm−1 at a resolution of 2 cm−1, register-
ing 64 scans. The FTIR analyses of wood were conducted 
for basic spectra. Band intensity was determined from the 
measured absorbance in the peak maximum, taking into con-
sideration the base line plotted separately for each peak. The 
band of 1506 cm−1 was used as the internal standard for the 
determination of relative absorbance.

2.5  Atomic absorption spectrometry

Representative samples of 0.5 g wood in the form of pow-
der were mineralized in the Marsexpress CEM International 
microwave mineralization system. Concentration of Si in 
treated wood samples and in samples after leaching pro-
cedure was determined by AAS using the Spectra 200 AA 
spectrometer by Varian. The final results were mean val-
ues of three simultaneous measurements. Prior to the assay, 
analytical curves were prepared on the basis of a series of 
freshly prepared standard obtained from standard solution of 
silicon with the concentration of 1000 mg kg−3. To confirm 
the reliability of the results obtained during the analyses, a 
validation was performed in every tenth sample using certi-
fied plant reference material NCS DC 73350 (Leaves of Pop-
lar). Silicon concentration in this study was compared with 
certified reference material (certified value: 0.71 ± 0.08%, 
determined value: 0.72 ± 0.11%).

2.6  Elementary analysis

The content of nitrogen was determined using the Elemen-
tal Analyzer Flash 2000 Series. Instrument calibration was 
performed with the BBOT (2,5-bis-(5-tert-butyl-benzoxa-
zol-2-yl)thiophene) using linear matching as the calibration 
method. The method was used to estimate the degree of 
leaching nitrogen which is part of caffeine molecule.

3  Results and discussion

Results of antifungal efficacy against C. puteana were 
expressed as average mass loss and standard deviation of 
treated samples with the tested formulation (Table 1). Wood 
decay activity was high, which is evidenced by mass loss of 
the untreated samples (above 50%) and therefore, the results 
are reliable. Samples which were not subjected to acceler-
ated aging were protected against the activity of C. puteana 
about five times better than control samples. The samples 
after the leaching procedure acquired such resistance against 
the tested fungus; the weight loss was equal 1.61% (weight 
loss < 3% is accepted in EN 113). Most probably the reason 
of this phenomenon is connected with hydrolysis of silanes 
which ensured the final wood moisture content of samples 
at 31.58% and it may be seen that the wood acquires hydro-
phobic properties (Donath et al. 2004, 2007; Mai and Militz 
2004).

The percentage content of nitrogen according to elemen-
tary analysis (coming from amine groups present in the 
caffeine), determined in wood before and after leaching 
at 0.549 and 0.519%, respectively, shows that the applied 
propolis-silane-caffeine preparation permanently binds with 
wood. The degree of caffeine leaching from treated wood 
was 5.46%. Silicon concentration, in Table 2, was detected 
in impregnated wood at 202.633 mg kg−1 after impregnation 
and 154.767 mg kg−1 after leaching, confirming permanent 
bonding of the preparation with wood. The degree of leach-
ing silicone (coming from Si(OCH3)3 and Si(OCH2CH3)3 
groups presented in compounds from protected wood) was 
23.62%.

The permanent character of bonding between the prep-
aration and wood was confirmed by the results of atomic 

Table 1  Results of the 
mycological tests against C. 
puteana 

TS tested samples, CS control samples, WMC wood moisture content, WL weight loss, RSD relative stand-
ard deviation

Samples Retention (kg/m3) RSD WMC (%) RSD WL (%) RSD

Unleached TS 296.62 6.35 55.70 14.31 7.18 3.76
CS 84.83 5.08 50.51 6.60
Leached TS 297.96 3.28 31.58 2.21 1.61 0.46
CS 85.42 3.46 49.67 4.94
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absorption spectrometry (AAS) and infrared spectroscopy 
(IR).

The permanent character of carbon-silicon and oxygen-
silicon bonds was confirmed by infrared spectroscopy 
results, discussed in detail later in the paper.

The infrared spectroscopy measurement was also used 
to determine the degree of the effect of the cellar fungus C. 
puteana on wood. Interpretation of IR spectra was based on 
various studies (Fackler and Schwanninger 2010, 2012; Irbe 
et al. 2006, 2011; Körner et al. 1992; Pandey and Nagveni 
2007; Shang et al. 2013). Figure 1 presents a comparison of 
pine wood spectrum (a) with the spectrum of pine exposed 
to C. puteana (b).

In the spectra of treated wood there are visible changes 
in the intensities of carbohydrate bands (Fig. 1). These 
bands are connected mainly with vibrations in the fin-
gerprint region, namely 1735 cm−1 (unconjugated C=O 
in hemicellulose), 1373 cm−1 (deformation of C–H– cel-
lulose and hemicellulose), 1160 cm−1 (C–O–C vibration 
in cellulose and hemicellulose) and 895 cm−1 (C–O–C 
stretching at β-1,4-glucoside linkages of cellulose and 
hemicellulose). In the spectrum of wood exposed to the 
fungus (b) the intensity of these bands decreases as com-
pared with the spectra of untreated wood (a). In contrast, 
intensities of absorption bands resulting from lignin at 

1600, 1506, 1260  cm−1 increase as decay progresses. 
This fungus showed an obvious preference for cellulose 
and hemicellulose-related groups because of the dramatic 
decline in the absorption peaks at 898 and 1161 cm−1 com-
pared with the control (Shang et al. 2013). The same phe-
nomenon has been found for the brown-rot decay process 
of C. puteana (Pandey and Pitman 2003). In their work, 
they showed that: “in the case of Scots pine the intensities 
of carbohydrate bands at 1734, 1375, 1320, 1158, 1060 
and 898 cm−1 decrease and carbohydrate bands at 1320, 
1158 and 898 cm−1 are almost absent after 12 weeks of 
decay”. Furthermore, they found that: “intensity of absorp-
tion bands at 1596, 1511, 1462, 1425, 1268 and 1030 cm−1 
increases significantly and well-resolved lignin bands at 
1220 and 1140 cm−1 develop in decayed Scots pine”.

The intensity of the 1160 cm−1 band (C–O–C vibra-
tion in cellulose and hemicellulose) decreases, which 
may indicate a reduction of the mean rate of polymeriza-
tion of polycarbohydrates. A reduction of intensity in the 
895 cm−1 band (C–O–C stretching at β-1,4-glucoside link-
ages of cellulose and hemicellulose) also confirms changes 
in carbohydrate systems of wood. Thus, assessment of 
changes within 1160 and 895 cm−1 may be justified when 
evaluating resistance of wood to fungi.

Table 2  Content of nitrogen and silicon in treated wood and in wood after leaching procedure

Samples Nitrogen content (%) Degree of leaching (%) Silicon content (mg/kg) Degree of leaching (%)

Unleached 0.549 ± 0.038 5.46 202.633 ± 0.437 23.62
Leached 0.519 ± 0.036 154.767 ± 0.425

Fig. 1  Spectra of wood (a) and 
wood after fungal exposure (b)
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In the spectra presented in Fig. 1, simultaneously to the 
increase in the intensity of band at 1735, 1373, 1160 and 
895 cm−1, a decrease in the intensity of bands generated by 
lignin at 1600, 1506 and 1462 cm−1 was observed.

Changes occurring in wood under the activity of fungi 
were assessed based on relative absorbance of bands in 
carbohydrate systems. A considerable reduction of inten-
sity was observed for all these bands. At the same time, 
the greatest changes were found in the 1160 cm−1 band, 
for which relative absorbance was 1.4535 for the untreated 
wood sample, while for the control exposed to the fungus 
it was 0.2089, showing a considerable destruction of car-
bohydrate systems.

To confirm the presence of the formulation in treated 
wood and to compare the results with data from elemental 
analyses of nitrogen and AAS analyses of silicon, Fig. 2 pre-
sents spectra of untreated pine wood (a), impregnated wood 
(b) and treated wood after leaching (c). The appearance of 
new spectra (Fig. 2) in the case of impregnated wood sam-
ples at 1705 cm−1 (C=O), 1640 cm−1 (N–H), 830, 810, 765 
and 744 cm−1 (Si–C, Si–O), as well as a lack of changes in 
spectra of wood after the leaching process may indicate per-
manent bonding of the preparation components with wood.

Moreover, Fig. 2 presents a comparison of IR spectra of 
wood impregnated with the tested preparation (b) and treated 
wood exposed to the fungus (d). Spectra b and d overlap, 
which is particularly evident in the range of 1800–1300 and 

Fig. 2  Spectra of wood (a), 
treated wood (b), treated wood 
after leaching (c), treated wood 
exposed to the fungus (d) and 
treated wood after leaching and 
exposure to the fungus (e)
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1300–800 cm−1 presented in Fig. 2. Spectra of impregnated 
wood exposed to the C. puteana (d) showed no changes in 
values of relative absorbance.

A lack of changes within carbohydrate groups may indi-
cate a positive effect of the wood protection system. This is 
also confirmed by the comparable relative absorbance val-
ues (Table 3), amounting to A1375/1506 = 0.5256, A1375/1506 = 
0.5313, A1158/1506 = 0.7271, A1158/1506 = 0.6516, A898/1506 = 
0.0990 and A898/1506 = 0.0890. In comparison to the control, 
these values (Fig. 1) are definitely higher and may indicate 
a greater stability and resistance of impregnated samples to 
the brown-rot fungi.

4  Conclusion

Wood protectant based on propolis, caffeine and organosi-
lanes inhibited the growth of brown-rot fungus C. puteana 
on wood samples. Slight differences in nitrogen and silicon 
content recorded in wood samples following impregnation 
and leaching confirm the permanent character of bonding 
between the propolis-silane-caffeine preparation and wood. 
The stable character of Si–C and Si–O bonds was shown in 
IR spectra and discussed in detail in this paper. The charac-
teristic vibrations of bonds between silicon and carbon and 
oxygen were observed in spectra of wood both before and 
after leaching at 830, 810, 765 and 745 cm−1. Moreover, in 
that spectra the bands coming from the amine group present 
in caffeine were found at 1640 cm−1, as well as the bands 
typical for carbonyl groups from caffeine and propolis—at 
1705 cm−1. The reduction in the intensity of IR spectra was 
compared with literature data for wood exposed to fungus 
degradation in comparison with untreated wood at 1735, 
1373, 1160 and 895 cm−1.

It should be stressed that there were no changes found in 
IR spectra of the treated wood between both types of sam-
ples, i.e. exposed and unexposed to the fungus. The above 
mentioned observation confirms the effectiveness of the 
objective formulation.
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