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Abstract
A method to improve wood durability using natural extracts was evaluated. Wood deterioration is a condition caused by 
several abiotic and biotic factors including fungal contamination. To date, approaches aiming at the reduction of these 
contaminants mainly involve the use of chemicals agents. Natural products could represent an alternative strategy. Aqueous 
extracts of Punica granatum L. (pomegranate) peel and Melia azedarach L. barks were evaluated as antifungal agents to 
improve natural durability of beech wood and maritime pine. To evaluate the effect of treatments under simulated accelerated 
ageing of wood by natural conditions, impregnation and leaching tests were performed. Results demonstrated that samples 
impregnated with pomegranate or M. azedarach solutions notably increased the biological resistance of wood in a dose-
dependent manner. These results were confirmed by the reduction in weight losses in treated samples even after 6 weeks of 
fungal exposure. Moreover, after leaching tests, 20 and 7% (w/v) of pomegranate and M. azedarach extract solutions were 
demonstrated as the better concentrations to enhance wood durability. Total phenol content and characterization of the 
phenolic compounds in both, natural extracts and wood samples were analyzed by Folin–Ciocalteu assay and HPLC-DAD. 
In conclusion, it was demonstrated that the present method can be considered as an effective treatment to increase wood 
durability while it proposes the valorization of natural extractives in wood industry.

1 Introduction

Wood is an eco-material and an attractive option because 
of its wide availability, low price and favorable mechani-
cal properties (Rowell 2006). Nevertheless, wood pre-
sents a major weakness concerning its low resistance to 
environmental damage posing a serious problem for the 
construction industry and forest managers. Indeed, wood 
decay can be caused by mechanical and chemical dete-
rioration as well as biological agents such as insects and 
fungi (Gonzalez-Laredo et al. 2015; Monrroy et al. 2011). 

Concerning wood fungal deterioration, one of the most 
occurring contaminants correspond to the white-rot fungi 
Coriolus versicolor (Quél, 1886) and the brown-rot fungi 
Coniophora puteana (P. Karst., 1868) (Witomski et al. 
2016; Singh and Singh 2014). To counter this problem, the 
use of synthetic fungicides is nowadays the most common 
remedy. However, these products contain toxic residues 
leading to environmental pollution which justifies the need 
to develop ecological technologies in order to improve 
wood resistance (Künniger et al. 2014; Zabalza et al. 2011; 
Brimner and Boland 2003). In the last years, numerous 
studies have been conducted to identify natural inhibitors 
of wood-rot fungi (Brocco et al. 2017; Hedenstrom et al. 
2016; Zhang et al. 2016; Hu et al. 2015; Mansour and 
Salem 2015). It has been demonstrated that several plants 
and food commodities present important biological activi-
ties as it is the case of Melia azedarach L. and Punica 
granatum L. (Linnaeus, 1753) (Tascioglu et  al. 2013; 
Fischer et al. 2011; Al-Zoreky 2009; Sultana et al. 2007; 
Yamaguchi and Okuda 1998). M. azedarach, belonging to 
the Meliaceae family, is a tree easily growing in areas like 
the northern region of Africa, Argentina, India, China and 
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Australia (Taverna and Corrado 2017). Leaves and bark 
extracts of this tree have demonstrated biological activi-
ties as antifungal, insecticidal, nematicidal, antibacterial, 
antiviral and antimicrobial (Zahoor et al. 2015; Ntalli et al. 
2010; Rachokarn et al. 2008; Akhtar et al. 2007; Zhang 
et al. 2007; Carpinella et al. 2005; Andrei et al. 1986).

Concerning pomegranate tree, this species principally 
grows in semi-arid, tropical and subtropical regions (Gul-
lon et al. 2016). Numerous studies have demonstrated that 
peel, mesocarp, aril and juices of pomegranate exhibit high 
antioxidant activities due to the presence of phenolic acids, 
flavonoids and hydrolysable tannin compounds such as gal-
lotannins (type I-tannins) and ellagitannins (type II-tannins) 
(Fischer et al. 2011; Mena et al. 2012; Saad et al. 2012). 
Linked to this antioxidant activity, pomegranate extracts also 
presented beneficial properties as antifungal, antibacterial, 
anti-mutagenic, anti-inflammatory and antioxidant agents 
(Lucci et al. 2015; Tehranifar et al. 2011; Endo et al. 2010; 
Guo et al. 2009).

In Tunisia, environmental conditions greatly allow the 
wide distribution of M. azedarach and pomegranate trees. 
In fact, M. azedarach grows like a widespread ornamental 
and shade tree while pomegranate is cultivated in more than 
11,000 ha with an estimated production of 71,597 tons by 
year (Akacha et al. 2017; Ayed 2011). Therefore, it will be 
of interest to take advantage of their beneficial biological 
properties for wood industry purposes and more specifically, 
to improve wood durability against fungal contamination. 
Indeed, a natural fungicide produced from M. azedarach 
barks and pomegranate peel extracts could represent a finan-
cial income to native population due to the valorization of 
tree wastes, while it offers an alternative and durable strategy 
to synthetic fungicides.

Thus, the aim of the present study was to evaluate the 
effect of M. azedarach bark and pomegranate peel aqueous 
extracts against C. versicolor and C. puteana fungal strains 
in order to increase the natural durability of two of the most 
important European wood species: beech and maritime pine.

2  Materials and methods

Aqueous extractives of plants were prepared in order to 
evaluate their protective effect on wood durability. For that, 
impregnation, leaching and durability tests were performed. 
An immersion technique was followed for impregnation 
while leaching tests were realized according to the specifi-
cations of the European standard EN 84 (1997). Durability 
tests of the impregnated and leached wood samples were 
evaluated against fungal resistance. Finally, phenolic char-
acterization of natural extractives and wood samples was 

performed by Folin–Ciocalteu and High Performance Liquid 
Chromatography (HPLC) analyses.

2.1  Plant material and wood species

Peel of the pomegranate variety “Chelfi” and barks of M. 
azedarach L. were used in this study. Barks of M. azedar-
ach and peels of pomegranate were collected in Tunis town 
(Tunisia) during the periods of December 2012 and March 
2013, respectively. A total of 1 kg of fresh material was 
collected from 55 and 40 years-old pomegranate and M. 
azedarach L. trees respectively. To avoid phenolic degrada-
tion, material samples were stocked in vacuum plastic bags 
at − 20 °C until their use. Commercial wood types Fagus 
sylvatica L. (European beech wood) and Pinus pinaster A. 
(maritime pine sapwood) were kindly provided by the local 
sawmill “Montoise des bois” of Mont de Marsan, France. 
The wood choice was based on their vulnerability to degra-
dation factors presenting low natural durability against fungi 
(class 5 according to the EN 350-2 standard). Both species 
have highly treatable properties justifying their choice in this 
study. Experimental tests were performed with wood blocks 
of 25 × 25 × 2  mm3 RTL (Radial–Tangential–Longitudinal).

2.2  Fungal strains

Fungal strains were selected in accordance with the Euro-
pean standard directive CEN/TS 15083-1 (2005). C. versi-
color (CTB 863-A) and C. puteana (BAM Ebw. 15) were 
supplied by the Laboratory of Biology FCBA Technological 
Institute (Bordeaux, France). Stock and experimental cul-
tures were performed in 20 ml of malt agar medium (40 g/l 
malt extract, 20 g/l agar) (Thermo-Fisher Scientific, Illkirch, 
France).

2.3  Phenolic standards and solvents

Commercial standards of gallic acid (98%) and ellagic acid 
(97%) were provided by Acros Organics (Geel, Belgium); 
vanillin aldehyde by Merck (Darmstadt, Germany), (+) 
-catechin hydrate (98%) and punicalagin by Sigma-Aldrich 
(Saint-Quentin-Fallavier, France). Analytical grade solvents 
of methanol (80%) and ortho-phosphoric acid (85%) were 
provided by Thermo-Fisher Scientific (Illkirch, France).

2.4  Preparation of natural treatment solutions

Aiming to propose a realistic alternative to industrial fungi-
cides, the preparation of the natural solutions had to be eas-
ily transposed to industrial levels while being the most eco-
friendly as possible. For this purpose, an aqueous extraction 
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to obtain the phenolic compounds was preferred without the 
use of organic solvents. Extraction conditions were adapted 
from Sotillo et al. (1994) with several modifications. Briefly, 
100 g of plant materials were suspended in 600 ml of dis-
tilled water and homogenized during 4 min using a Ultra-
Turrax  blender®. The obtained solutions were then magneti-
cally stirred during 3 h in a hotplate in order to reach water 
temperature of 70 °C. After cooling at room temperature, 
samples were filtered through a Whatman filter no.1 (GE 
Healthcare, Life Sciences, Vélizy-Villacoublay, France). 
Once the filtrate was recovered, different concentrations of 
the natural treatment solutions were obtained by diluting the 
filtrate at different weight percentages with distilled water. 
Solutions of pomegranate peel were adjusted at three dif-
ferent concentrations: 5, 10 and 20% (w/v of water) and M. 
azedarach solutions were prepared at two concentrations: 5 
and 7% (w/v of water). The choice of the solution treatment 
concentrations was based on phenolic extracts yields (30 
and 8% for pomegranate and M. azedarach bark extracts 
respectively).

2.5  Impregnation, leaching and durability test 
conditions

2.5.1  Impregnation test conditions

Impregnation tests were conducted with five wood replicates. 
Wood samples were taken from the sapwood with sectional 
dimensions of 25 × 25 × 2 mm3 (RTL). Specimens were 
first dried at 105 ± 2 °C until anhydrous weight  (Wanhyd). 
Wood treatment immersion was performed according to 
Salem et al. (2016) because of its simple implementation 
in industry. The process was performed by immersing each 
wood sample into the different pomegranate or M. azedarach 
treatment solutions during 8 and 1 h, respectively. To avoid 
the modification of certain substances in treated woods, 
samples were oven dried at 50 °C until constant weight and 
the weight of impregnated specimens was recorded  (Wimp). 
Impregnation yield (IY) was calculated using Eq. 1 repre-
senting the percent weight ratio between the uptake liquid 
and impregnated weight  (Wimp).

The concentration of the phenolic component retention 
was calculated as follows:

(1)IY% =
(

(Wimp −Wanhyd)∕Wanhyd

)

× 100

(2)
Retention = weight of phenols∕volume ofwood specimen (kg∕m3)

2.5.2  Leaching test conditions

Leaching tests were used to simulate the accelerated ageing 
of treated wood by natural conditions according to the Euro-
pean standard EN 84 (1997). Experiments were repeated 
with five replicates of each treatment condition. For that, 
wood samples were leached in water (1 vol. of wood/5 
vol. of water) at 20 °C by applying a vacuum pressure of 
370 mbar during 1 h. According to guideline, water was 
regularly changed during 14 days. After this period, samples 
were dried at 105 °C and dry leached weight  (Wleach) was 
recorded. Weight loss was calculated following Eq. 3:

2.5.3  Durability tests against wood‑rot fungi

Impregnated and leached wood samples were tested to 
evaluate fungal resistance against C. versicolor (for beech 
specimens) and C. puteana (for maritime pine specimens). 
Incubation conditions were performed in a growth chamber 
Vötsch (Illkirch, France) at 25 °C with a relative humidity 
of 70%. Fungal exposure was performed during 6 weeks and 
for each treatment five wood samples were disposed in Petri 
dishes corresponding to: three treated samples, an untreated 
control (natural state of wood) and one sample used as a 
reference and treated with a commercial fungicide veraxyl 
solution (PPG company). Tests were repeated five times. At 
the end of the incubation, mycelium was peeled-out with a 
spatula, samples were dried at 105 °C during 24 h and the 
final weight was recorded  (Wconf). Weight loss was calcu-
lated according to Eq. 4:

Results of wood durability after treatment were based 
on the average percentage of weight losses and classified 
according to values stipulated in the standard XP CEN/TS 
15083-1 where a loss mass % of ≥ 5 corresponds to class 
1 (very durable); > 5 to ≥ 10 to class 2 (durable); > 10 to 
≥ 15 to class 3 (moderately durable); > 15 to ≥ 30 to class 4 
(slightly durable) and > 30 to class 5 (not durable).

2.6  Phenolic characterization

2.6.1  Sample preparation

For natural solutions, preparation of samples was performed 
following the same conditions as described in Sect. 2.4 and 
solutions were acidified with 1% (v/v) of ortho-phosphoric 
acid (85%).

(3)
Weight loss(leached treated samples)%

=
(

(Wimp −Wleach)∕Wimp

)

× 100

(4)Weight loss (%) =
(

(Wimp − Wconf)∕Wimp

)

× 100
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For wood analysis, sawdust of impregnated and leached 
wood samples was used. Indeed, this process allows getting 
a better appreciation of the extractible phenols contained in 
wood samples. For this purpose, a total of 250 mg of wood 
specimens were pulverized to obtain sawdust with grading 
size of 1 mm approximately. Then, sawdust was extracted 
with 30 ml of methanol (80%) at room temperature during 
90 min. Extract was then filtered through Whatman paper 
no. 1 (GE Healthcare Life Sciences, Vélizy-Villacoublay, 
France) and organic phase was evaporated at 40 °C until 
dryness (Charrier et al. 1992). Phenol determination was 
performed in water phase.

2.6.2  Total phenol content determination

Quantification of total phenolic content was adapted from 
Scalbert et al. (1989) with mild modifications. A volume 
of 2.5 ml of Folin–Ciocalteu reagent was added to 1 ml of 
aqueous extract, diluted ten times and after 1 min of incu-
bation, 2 ml of sodium bicarbonate (75 g/l) were added. 
Then, mixtures were allowed to stand 5 min in a water bath 
at 50 °C. After cooling, sample absorbance was compared 
with a blank and monitored using a Jenway 6300 spectro-
photometer at 760 nm. A solution of gallic acid (100 µg/ml) 
was used for calibration and final results were expressed 
as mg of gallic acid equivalent per g of dry weight (mg 
GAE/g DW).

2.6.3  Phenolic characterization by High‑Performance 
Liquid Chromatography (HPLC)

Phenolic characterization from natural treatment solutions 
and wood samples was performed with a Thermo-Scientific 
Ultimate 3000 HPLC system equipped with a Diode-Array 
Detector (DAD). Analyses were insured with a C18 column 
(4.6 × 250 mm) at 25 °C; injection volume: 5 µl; pores diam-
eter: 120 Å; particles size: 5 µm; stable at pH values between 
2 and 8. Mobile phases were prepared as follows: Elute 
A:  H2O-H3PO4 (1000:1; v/v) and elute B: MeOH-H3PO4 
(1000:1; v/v). A gradient program was used beginning with 
10% of eluent B during 50 min followed by a landing of 
5 min and returning to 0% of eluent B. Flow rate was main-
tained at 1 ml/min.

2.7  Statistical treatment

The Xlstat software 2016 (Addinsoft, Paris) was used as sta-
tistical tool. Comparison between control and treated sam-
ples was assessed with one-way ANOVA followed by Dun-
nett’s test. Differences were considered to be statistically 

significant when the p-value was lower than 0.05. Graphical 
values were represented by mean ± standard deviation.

3  Results and discussion

3.1  Impregnation yields

According to the standard EN 350-2 (1994), beech and 
maritime pine sapwood are both classified as impregnable 
(class 1). However, results in Table 1 demonstrate that 
greater impregnation yields were generally obtained with 
beech wood than with maritime pine sapwood. It can also 
be observed that yields of impregnation increased in a 
dose-dependent manner and this effect was observed for 
both natural treatment solutions and in both wood spe-
cies. It has to be also noted that even if veraxyl treatment 
presented the better impregnation yields, comparable 
and encouraging percentage weight losses were observed 
with the highest pomegranate concentration (20%) in 
both wood species. In the case of pinewood samples, bet-
ter impregnation yields were observed with pomegran-
ate treatment than with M. azedarach. Nevertheless, in 
the case of beech wood, comparable yields between both 
treatments were observed. Variability in the impregnation 
yield percentages may be due to the different wood struc-
ture of the species. Indeed, pine wood penetration occurs 

Table 1  Values of impregnation yields and retention of treatment 
solutions by wood samples

Code letter references corresponding to the different treatments of 
wood:
P maritime pine, B beech wood, GC1 Pomegranate concentration at 
5%, GC2 Pomegranate concentration at 10%, GC3 Pomegranate con-
centration at 20%, MC4 M. azeradach concentration at 5%, MC5 M. 
azeradach concentration at 7%, V veraxyl treated sample, L leached 
sample

Treated wood samples Impregnation yield 
(%) ± SD

Reten-
tion (kg/
m3) ± SD

P(V) 6.76 ± 0.27 0.14 ± 0.01
P(GC1) 0.71 ± 0.12 0.04 ± 0.01
P(GC2) 1.75 ± 0.20 0.11 ± 0.01
P(GC3) 5.99 ± 0.22 0.37 ± 0.01
P(MC4) 2.28 ± 0.12 0.14 ± 0.01
P(MC5) 3.98 ± 0.09 0.25 ± 0.02
B(V) 5.40 ± 0.09 0.15 ± 0.01
B(GC1) 3.00 ± 0.21 0.26 ± 0.03
B(GC2) 3.62 ± 0.16 0.32 ± 0.00
B(GC3) 5.74 ± 0.10 0.50 ± 0.02
B(MC4) 3.89 ± 0.34 0.34 ± 0.03
B(MC5) 4.96 ± 0.10 0.46 ± 0.04
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longitudinally and across radial direction through tracheids 
and parenchyma rays. Otherwise, beech wood penetration 
almost occurs in longitudinal direction through large and 
easily accessible vessels (Tondi et al. 2013). Taking into 
consideration these structural differences and in order to 
ameliorate impregnation yields in pine sapwood, further 
studies using pressure treatment are suggested. Indeed, 
this method presented favorable results to apply chemical 
and natural preservatives in pine wood specimens (Kirker 
et al. 2016; Temiz et al. 2014).

3.2  Natural extractives and wood durability

High resistance of wood is suitable to counter wood decay 
caused by environmental factors such as insect and fungal 
deterioration (Gérardin 2016). In this study, the principal 
aim was to evaluate the effect of pomegranate peel and M. 
azedarach aqueous solutions to improve the resistance of 
pine and beech woods against fungal contamination. For 
that, impregnated and leached wood samples were exposed 
to C. puteana and C. versicolor during 6 weeks. Figure 1 
shows the results of weight losses for control and treated 
samples. Compared to the control, impregnated and leached 
samples presented a better resistance to fungi. The only 
exception of this effect was observed with the lower con-
centration of M. azedarach solution (5%). No significant 
differences were observed after leaching tests. According 
to impregnation yield results, it is also observed that natural 
extractives bestow upon impregnated and leached samples a 

protective effect in a dose-dependent manner. This impact is 
demonstrated by the diminution in weight losses according 
to concentrations. For pomegranate treatment, the optimal 
results were obtained using the higher solution concentra-
tion (20%) in pinewood and against C. puteana. Indeed, loss 
weights (less than 5%) of impregnated and leached samples 
were comparable to those obtained with the commercial 
fungicide veraxyl. On the other side, a concentration of 7% 
of M. azedarach solution was significantly more efficient 
in both wood specimens and with both fungal strains, com-
pared to control. In addition to this, it is also observed that 
in general, impregnated samples presented higher fungal 
resistance than leached samples. This phenomenon is cur-
rently found in literature. For instance, copper-based and 
natural extract treatments increased wood decay by 18 and 
30%, respectively after leaching tests (Temiz et al. 2014; 
Sen et al. 2009). Finally, pomegranate treatment seems to 
be more effective to protect pine wood from C. puteana than 
beech from C. versicolor. Nevertheless, the inverse behav-
ior was observed for M. azedarach treatment with a better 
protection of beech wood against C. versicolor. The mecha-
nisms of action of fungal wood attack are complex and need 
to be better understood. Nevertheless, it is known that while 
brown rot-fungi (i.e., C. puteana) preferentially select wood 
polysaccharides, white rot-fungi (i.e., C. versicolor) are 
known to degrade hemicellulose and lignin more particu-
larly (Monrroy et al. 2011; Leonowicz et al. 1999). Indeed, 
the deterioration process of white-rot fungi targets cell-wall 
penetration in order to depolymerize cellulose making wood 
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Fig. 1  Weight losses of beech wood and pine sapwood with and with-
out treatments in response to fungal exposure to C. versicolor and C. 
puteana respectively after 6  weeks. Impregnated and leached sam-
ples were compared to their corresponding controls; ns no significant 
changes; **p < 0.01. P maritime pine, B beech wood, GC1 Pomegran-

ate concentration at 5%, GC2 Pomegranate concentration at 10%, 
GC3 Pomegranate concentration at 20%, MC4 M. azeradach con-
centration at 5%, MC5 M. azeradach concentration at 7%, V veraxyl 
treated sample, L leached sample
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degradation easier (Wang and Gao 2003). Within this pro-
cess, fungi orchestrate different pathways such as Fenton 
reactions and generation of reactive oxygen species like 
hydroxyl radicals (Jensen et al. 2001).

Taking into consideration the results obtained for weight 
losses, durability classes of woods were calculated according 
to values stipulated in CEN/TS 15083-1 (2005) standard. In 
this guideline, beech wood and pine sapwood are classified 
in the lowest value (5) corresponding to not durable wood 
materials. As demonstrated in Table 2, natural extractives 
of pomegranate peel and M. azedarach are able to improve 
durability classes of pine and beech wood. The only excep-
tion concerned M. azedarach solution at 5% where class 
durability was not increased. Once again, the highest con-
centration of pomegranate peel solution resulted in a maxi-
mum class durability (1), equalizing the results obtained 
with the commercial fungicide veraxyl. These results rein-
force the efficiency and potential of the use of natural strate-
gies to prevent fungal contamination in wood industry. Nev-
ertheless, further studies need to be performed to improve 
the efficiency of natural products in different types of wood. 
Indeed, retention of organic compounds within impregnated 
wood tissues is one of the biggest hurdles to develop effec-
tive technologies based on the use of natural compounds 
(Singh and Singh 2012). To obtain a better fixation of plant 
extracts, the use of additives that chemically bond with the 
extracts and thus, easily penetrate into the wood structure 
may be useful; otherwise, extracts can be accumulated on the 
wood surface and easily leach (Sen et al. 2009). Important 

progresses have been realized in recent years, for example, 
in situ enzymatic polymerization of biocides was performed 
to render them water-insoluble. In this manner, Rättö et al. 
(2004) managed to bind phenolic preservatives into wood 
by adding lactase to the treatment solution. Moreover, Tondi 
et al. (2012) showed that combining boron with tannin can 
increase leaching resistance and thus, treatment durability. 
Another promising approach is the co-impregnation of bio-
cides with water repellants (Panov and Terziev 2009). In 
fact, a trial combining waterborne resin acids with organic 
biocides proved to be an excellent water repellency system 
(Schultz et al. 2006).

3.3  Total phenol content determination

After having demonstrated that natural extracts had a ben-
eficial impact on wood durability, further analyses were 
performed to determine the total content of phenols and to 
characterize the phenolic profile of natural solutions and 
wood samples.

3.3.1  Total phenol content

Total phenol content of wood species at different stages 
(with and without impregnation and leaching treatments) 
are shown in Fig. 2. As demonstrated, wood species in 
natural state presented lower amounts of phenolic content 
which probably explains their low natural durability. Indeed, 

Table 2  Maritime pine sapwood 
and beech classification 
according to its conferred 
durability

Reference values of durability classes were obtained from the European guideline XP CEN/TS 15083-1
Description of durability classes: 1: very durable; 2: durable; 3: moderately durable; 4: slightly durable; 5: 
not durable
P maritime pine, B beech wood), GC1 Pomegranate concentration at 5%, GC2 Pomegranate concentration 
at 10%, GC3 Pomegranate concentration at 20%, MC4 M. azeradach concentration at 5%, MC5 M. azera-
dach concentration at 7%, V veraxyl treated sample, L leached sample

Pine samples Durability class according to % 
of weight loss

Beech samples Durability class accord-
ing to % of weight loss

P 5 B 5
PL 5 BL 5
P (V) 1 B (V) 1
P (V)L 1 B (V) L 1
P (GC1) 2 B (GC1) 3
P (GC1)L 4 B (GC1) L 3
P (GC2) 1 B (GC2) 3
P (GC2)L 3 B (GC2) L 3
P (GC3) 1 B (GC3) 2
P (GC3) L 1 B (GC3) L 3
P (MC4) 5 B (MC4) 4
P (MC4)L 5 B (MC4) L 5
P (MC5) 3 B (MC5) 4
P (MC5)L 3 B (MC5) L 3



1731European Journal of Wood and Wood Products (2018) 76:1725–1735 

1 3

phenolic content as well as the type of phenols is directly 
involved in wood durability (Mounguengui et al. 2016; Aloui 
et al. 2004; Schultz and Nicholas 2000). This relation has 
already been observed in other specimens like oakwood 
and Handroanthus serratifolius which presented elevated 
amounts of phenolic compounds (i.e. elagitannins, quercetin 
and flavonoids) and thus a higher resistance to fungal dete-
rioration (Guilley et al. 2004; Rodrigues et al. 2012).

Analyses conducted on natural extracts demonstrated 
elevated phenol contents. Indeed, pomegranate peel pre-
sented a phenolic content value of 492.629 ± 42.25 mg 
GAE/g DW while M. azedarach extract point out values 
of 204.721 ± 40.78 mg GAE/g DW. It has to be noted that 
actually most of the studies to determine phenol content in 
natural samples mainly involve solvent extractions. Despite 
this, the phenol concentrations obtained in this study 
were higher than those found in literature. For instance, a 
recent study performed by Gullon et al. (2016) evaluating 
methanol–water extracts from Spanish pomegranate peels 
reported a phenolic concentration of 19.30 mg GAE/g DW. 
As well, experiments conducted by Nasr et al. (1996) using 
pomegranate peel methanolic-water extracts from Tunisia 
reported phenolic concentrations of 216.9 ± 7.3 mg GAE/g 
DW. Compared to the current results, phenol content of 
pomegranate peel seems to be related to regional localiza-
tion and climatic conditions but also to extraction conditions. 
Concerning M. azedarach extract, Kuppusamy et al. (2016) 

characterized several natural extracts reporting that aqueous 
extracts of M. azedarach barks presented higher content in 
minerals and total phenol values of 6.4 ± 2.1 GAE/g DW. 
In parallel, another study also conducted on M. azedarach 
barks highlighted the presence of tannins, flavonoids and 
phenolic compounds while phenol contents were estimated 
by 54.94 ± 0.20 and 82.68 ± 0.03 mg GAE/g DW for aqueous 
and methanolic extracts respectively (Kumar et al. 2012). 
Differences in phenol concentrations between the current 
results and literature may also be explained because of the 
genetic variability and storage conditions of plants. In fact, 
as demonstrated by Romero et al. (2016) and Kevers et al. 
(2007), genetic variability, growth environment and stor-
age conditions are determinant factors leading to important 
modifications of phenol concentrations.

3.3.2  Phenolic profile of natural extracts and wood 
samples

In order to obtain more information about the phenolic com-
pounds occurring in natural extracts and wood samples, a 
qualitative characterization by HPLC-DAD was performed. 
Compounds were respectively identified by comparing the 
retention time and UV–Vis spectra with commercial stand-
ards. Figure 3 shows the results of the phenolic composi-
tion in natural extracts as well as in wood samples with 
and without treatment. As demonstrated, wood specimens 
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presented two types of phenols: vanillin and catechin. It can 
also be demonstrated that levels of vanillin were equal in 
both wood species but catechin levels differed depending on 
wood type. While in beech wood, catechin was presented in 
higher proportions, in pine wood the latter compound was 
not detected. The presence of this compound is similar to 
other studies realized on methanolic extracts of beech barks 
where catechin was the major compound (Hofmann et al. 
2015). Concerning pine sapwood, compounds such as fla-
vonoids, phenolic acids and proanthocyanidins have already 
been identified (Iravani and Zolfaghari 2011). However, this 
is not the case in this study which demonstrates the impact 
of the solvents within phenolic extraction.

Regarding the phenolic compounds of natural extracts, 
pomegranate solution presented a more complex profile than 
that from M. azedarach. In M. azedarach extract, catechin 
was identified as the main compound with traces of gal-
lic acid. Moreover, catechin also remained as the princi-
pal compound after impregnation and leaching tests. The 
only exception corresponded to the M. azedarach concen-
tration at 5% (w/w) in pine sapwood where catechin was 
completely eliminated by leaching. As demonstrated in 
Sect. 3.2, higher concentrations of Melia extracts resulted 
in less weight losses in wood. These results linked to phenol 
composition suggests that other minor compounds contained 
in Melia extract could increase with higher doses and thus 
increase the antifungal effect. Another proposal can be due 
to changes in pH conditions. In fact, several studies pointed 
out that antifungal activity of catechin depends on pH values 

together with the observation that leaching of treated wood 
can vary in pH values compared to control (Kumar et al. 
2016; Sitheeque et al. 2009; Hirasawa and Takada 2004).

Concerning pomegranate peel phenolic  profile, this 
extract presented at least five different compounds corre-
sponding to punicalagin A and B, catechin, gallic acid and 
ellagic acid. The presence of punicalagins as well as ellagi-
tannins in this extract is in accordance with previous studies 
reporting that these phenolic compounds are characteristic 
of pomegranate fruits (Mena et al. 2012; Fischer et al. 2011; 
Seeram et al. 2005; Nasr et al. 1996). In addition to these 
compounds, other studies of pomegranate peel extracts also 
showed the presence of HHDP-gallagy-hexoside as well as 
ellagic acid derivatives (Gullon et al. 2016), compounds that 
were not identified in this study. After impregnation tests, 
gallic and ellagic acids were found in almost all samples 
treated with pomegranate extract. On the contrary, puni-
calagin A and B which were present in the pomegranate 
extract were not detected in wood samples after treatment. 
This observation could be explained by the preparation con-
ditions of the extract solution. Indeed, it is well known that 
ellagitanins may be hydrolyzed at temperatures higher than 
30 °C to produce ellagic acid and glucose complex (Char-
rier et al. 1992, 1995). In addition, punicalagin A and B 
could probably be hydrolyzed during the extraction process. 
It has to be pointed out that after leaching tests on both wood 
specimens, gallic acid was systematically eliminated while 
ellagic acid concentrations were reduced by around 50%.
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In the case of pinewood and after leaching tests, ellagic 
acid remained as the principal compound. This result sug-
gests that ellagic acid may represent the principal compound 
in charge of the antifungal effect of pomegranate extract. 
This suggestion is in agreement with literature since several 
studies have shown that ellagic acid, being a dimer form of 
gallic acid, can exhibit antifungal activity (Li et al. 2015). 
In the case of beech wood, ellagic acid and catechin (ini-
tially present in beech wood) were identified. Tests against 
fungal degradation demonstrated that pomegranate extracts 
had a better protective effect on beech wood than on pine 
sapwood. This behavior may be due to a synergic effect 
between ellagic acid and catechin. Indeed, it is well known 
that when used alone, several phenolic compounds have no 
or little effect against fungi. However, combined phenolic 
compounds could present a better protection (Brand et al. 
2006). It is also suggested that C. puteana might be more 
sensible than C. versicolor to ellagic acid.

4  Conclusion

In the present study, aqueous extract of pomegranate peel 
and M. azedarach were tested as antifungal treatment against 
C. puteana and C. versicolor in order to increase wood dura-
bility of beech and maritime pine species. Natural extracts 
demonstrated to have interesting phenolic compounds high-
lighting the presence of ellagic acid and catechin. Moreo-
ver, the applied treatments conferred resistance to fungal 
attack by reducing weight losses of wood thus resulting in an 
increase in wood durability even after leaching tests. Promis-
ing results were obtained using a simple and easily industri-
alized process of extraction and treatment. Even if leaching 
resistance has to be improved before industrialization, this 
study demonstrates that the use of natural alternatives to 
synthetic biocides is possible for wood treatment.
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