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Effects of Wollastonite Nanofibers on Biological
Durability of Poplar Wood (Populus nigra) against
Trametes versicolor
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The effect of impregnation with wollastonite nanofibers, a nontoxic
mineral material, on the biological durability of poplar wood (Populus
nigra) against a white-rot fungus (Trametes versicolor) was studied.
Wollastonite nano-suspension with a concentration of 6.3% was used;
the size range of the nano-wollastonite (NW) was 30 to 110 nm. Results
showed that decay exposed for 16 weeks in accordance with the
standard DIN-52176 specifications resulted in a 47.5% mass loss in
control specimens, while in the NW-impregnated specimens, only 3.6%
mass loss occurred. Mechanical tests on separate sets of specimens
impregnated with NW without exposure to the decay organism showed
no significant difference in the mechanical properties. Thus, it can be
concluded that impregnating poplar wood with NW as a preservative
significantly increases the biological durability of poplar wood against
deterioration by Trametes versicolor. Furthermore, it does not have
negative effects on the mechanical properties in the impregnated poplar
specimens.
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INTRODUCTION

Poplar is a fast-growing tree that has many commercial applications in Iran.
However, it suffers from low biological durability against wood-deteriorating fungi,
wood-boring beetles, etc. Nanotechnology has been utilized in sciences such as molecular
electronics (Pati 2012) and materials extraction (Moghimi 2012). In wood science and
technology, nano-silver particles have the potential to increase heat transfer from the
surface of wood to its inner part (Taghiyari and Farajpour 2013); they also have
antibacterial and antifungal properties. Wollastonite nanofibers were reported to increase
the heat-conductivity coefficient and reduce heat-gradient and hot-press time in
composite-board manufacturing (Taghiyari et al. 2013), as well as to increase the fire-
retarding properties (Haghighi et al. 2013). Furthermore, wollastonite, a calcium silicate
mineral, was found to enhance plant growth and reduced the effects of certain pathogens,
including fungi (Aitken 2010). Regarding the environmental aspects and health issues,
wollastonite is known to be a nontoxic mineral material that is not hazardous to humans
or wildlife; in fact, in reviewing the available epidemiological studies on wollastonite,
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there was no evidence that wollastonite presents a health hazard; however, further studies
on workers exposed to wollastonite dust in the long-run are required before the health
hazards of wollastonite can be evaluated in full (Huuskonen et al. 1983a; Maxim and
McConnell 2005). Also, the long-term health effects due to inhalation of wollastonite
appear to be negligible because no correlation of serum angiotensin-covering enzymes in
wollastonite workers with slight pulmonary fibrosis was reported (Huuskonen et al.
1983b). Based on the literature review above, it can be presumed that because the
wollastonite nanofibers in the present study were penetrated deep into the solid wood
structure and therefore could not be easily inhaled, there would be no hazardous effects.

Upon review of the aforementioned studies, the objective of this study was to
investigate if impregnation with wollastonite nanofibers would have any improving
effects on the biological durability of poplar wood without decreasing its mechanical
properties. Furthermore, impregnation with many preservatives was reported to adversely
affect the mechanical properties in solid woods (Winandy 1995; Colakoglu et al. 2003).
Wollastonite, a non-reactive mineral material, was predicted to have no significant
negative effects on the mechanical properties of poplar wood. Therefore, a
complimentary study was also carried out to analyze the effects of impregnation with
nano-wollastonite (NW) on the mechanical properties of poplar wood. In the meantime,
leaching tests were also carried out to find out if NW can be used for outdoor
applications.

EXPERIMENTAL

Specimen Preparation

Wood specimens were cut from four 7-year-old poplar logs; from each log, two
boards were cut. Boards were first dried to the final moisture content of 10%, and then
the test specimens were cut from them. Specimens were free from any knots, rots, holes,
checks, or other visual defects. In order to have maximum impregnation, specimens were
cut from the sapwood of the logs (Taghiyari et al. 2010; Taghiyari 2014). The mass loss
measurement was carried out according to DIN-52176 standards. The dimensions of the
mass loss specimens were 50 x 25 x 15 mm (in longitudinal, radial, and tangential
directions, respectively). All specimens were pre-weighed and conditioned at 20 °C and
65% relative humidity for 2 weeks prior to treatment. Specimens were randomly divided
into four groups; control and NW-impregnated specimens without exposing them to
decaying fungi, and control and NW-impregnated specimens for the tests after exposing
them to the decaying fungi; 20 sound specimens were selected for each group.

To determine if the process of impregnation with wollastonite nanofibers had any
negative effects on the mechanical properties of poplar wood, separate sets of specimens
were prepared to test the mechanical properties, including modulus of rupture, modulus
of elasticity, hardness, compression strength parallel to the grain, compression strength
perpendicular to the grain, impact strength, and shear strength.

Methods
Nano-wollastonite impregnation

Nano-wollastonite (NW) gel was produced in cooperation with Vard Manufac-
turing Company of Mineral and Industrial Products, Iran. The concentration of NW was
6.3%. More than 80% of its formulations by mass were composed of CaO and SiO,
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(Table 1). The size range of wollastonite nanofibers was 30 to 110 nm; therefore, with
due consideration to the diameter of the vessel elements in poplar (about 50 pum)
(Taghiyari et al. 2010), a rather uniform spread of NW throughout the specimens could
be expected. Specimens were impregnated with the NW suspension using the Bethel
process (a full-cell process). Impregnation was carried out under 0.5 atm of pressure for
15 min, followed by 3 atm of pressure for 2 h. Finally, 0.5 atm of pressure was applied
for 5 min. Specimens were weighed before and after the impregnation, as well as after
being seasoned, to calculate the amount of NW-retention.

Table 1. Compounds and Formulations of the Nano-wollastonite Gel

Nano-wollastonite compounds Mixing ratio by mass (%)
CaO 39.77
SiO, 46.96
Al,O3 3.95
Fe,0s 2.79
TiO, 0.22
K20 0.04
MgO 1.39
Na,O 0.16
SO; 0.05
Water The rest

Fungal degradation

Specimens were biologically sterilized (by autoclave) and exposed to Trametes
versicolor and incubated at 26 °C and 65% relative humidity for 16 weeks. Two or three
specimens were placed in each Petri dish; mass loss tests were carried out according to
the standard DIN-52176 specifications. Fungal mycelium growth was measured
according to the Willeitner scale (1984). At the end of the test, mycelia were removed
and the specimens were dried at 103 °C for 24 h and weighed (W,) to determine the mass
loss caused by fungal decay in comparison to the initial dry weight (W), using Eg. 1,

W1 _Wz
ML (%) = " x 100 (1)

1

where ML is the mass loss (%) and W, and W, are the dry weights (without any moisture
content) before and after the exposure to decay exposed, respectively.

Findlay’s criterion (1951) was followed to determine the relation between weight
loss percentage caused by fungi and wood strength grade, as shown in Table 2.
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Table 2. Wood Grading According to the Weight Loss (%) Caused by
Xylophagous Fungi and its Strength Grade (Findlay 1951)

Weight loss Durability grade or resistance category
Lower than 5 Very resistant
5to 10 Resistant
10to 20 Moderately resistant
20to 30 Not resistant
Higher than 30 Perishable or without resistance

Standard test methods

Tests for three-point bending strength, modulus of elasticity, compression
strength parallel and perpendicular to the grain, shear strength, and hardness were carried
out according to the standard ASTM D-143-83 specifications, using an Instron testing
machine, model 1186. For MOR and MOE, the specimen dimensions were 25 x 25 x 410
(mm), center-point loading bar; for the compression strength parallel to the grain, the
specimen size was 25 x 25 x 100 (mm); for the impact resistance test, the size was 50 x
50 x 760 (mm); for the compression strength perpendicular to the grain as well as
hardness, the size was 50 x 50 x 150 (mm); for the shear strength, the size of specimens
was 50 x 50 x 63 (mm). Hardness was measured according to Janka scale, using a ball
with 11.3 mm in diameter. Specimens were at a temperature of 20 + 3 °C and moisture
content of 10% at the time of testing. For all the mechanical tests, the number of
replications was 10 specimens. The leaching test was carried out according to the
standard BS-5761 (Part 1) specifications. Leaching test specimens of 15 x 25 x 50 mm
were prepared; they were put in a vessel and enough distilled water was poured in the
vessel to cover all the specimens. The vessel was placed in a desiccator; a 4 kPa vacuum
pressure was applied for 20 min. The process was repeated for 14 days; then the leaching
test was discontinued and leaching was calculated.

Statistical Analysis

Statistical analysis was conducted using the SAS software program, version 9.2
(2010). Two-way ANOVA was performed to discern significant differences at the 95%
level of confidence.

RESULTS AND DISCUSSION

Extra specimens were also impregnated under the same conditions to study
whether NW nanofibers had been impregnated into the heart of the specimens. Once cut
from the middle, it was clear that NW-suspension penetrated into the deepest parts of all
specimens. Similar deep penetration was also reported for silver nanoparticles under the
same impregnating conditions (Taghiyari 2012, 2014). However, further studies should
investigate if NW has any effects on the cutting tools, the impregnation utensils, etc.
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The average amount of NW retention in all the specimens based on their dry
volume was calculated to be 0.032 g/cm® (with the standard deviation of 0.004); that is,
0.032 g of wollastonite nanofibers were deposited in the porous structure of the
specimens. The leaching test revealed that an average of 0.0013 g/cm® (with standard
deviation of 0.0001) wollastonite nanofibers was leached; that is, only 4% of the
wollastonite nanofibers leached out of the specimens. This showed that the stability of
wollastonite nanofibers would enable them to be used as a preservative in the wood
products industry.

The Willeitner scale showed distinct evidence of fungal colonization (100%) on
untreated wood. However, impregnation with wollastonite nanofibers inhibited fungal
growth to a noticeable extent, as displayed in Fig. 1. In the control specimens (Fig. 1-A),
mycelium grew freely all over the two specimens in Petri dish; however, mycelium
growth was significantly limited in the specimens that were impregnated with nano-
wollastonite (Fig. 1-B).

Fig. 1. Mycelium growth of Trametes versicolor fungus on control poplar specimens (A) and NW-
impregnated poplar specimens (B)

The average value for mass loss was 47.5% (1.2 standard deviation) in the control
specimens after 16 weeks of exposure to decaying fungi, while the mean amount of mass
loss in the NW-impregnated specimens was only 3.6% (0.7 standard deviation) (Fig. 2).
There were significant differences in the amount of mass loss between the control and
NW-impregnated specimens. According to the Findlay scale, ASTM D-2017 (1981),
wood with a weight loss of more than 30% is classified as perishable or without
resistance; therefore, the control poplar specimens were classified as perishable, while the
NW-impregnated specimens, with less than 5% weight loss, were classified in the very
resistant category.

The large difference between the mass loss in the control and NW-impregnated
specimens implies that there is a great opportunity to apply wollastonite nanofibers in
improving the biological durability of solid woods. Previous studies have reported several
benefits of wollastonite in wood and wood-composite industries, such as enhanced
thermal conductivity of medium density fiberboards (Taghiyari et al. 2013), increased
fire-retarding properties of solid woods (Haghighi et al. 2013), and its nontoxic
properties. Thus, it can be concluded that wollastonite is a promising preservative and
fire-retardant that can be used in wood-based materials. However, the authors are still
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working on its possible improving effects against wood-boring beetles and termites to
come to a final comprehensive conclusion.
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Fig. 2. Mass loss (%) in the control and NW-impregnated specimens (NW=nano-wollastonite;
I=impregnated)

Once exposed to the decaying fungi, specimens were kept in the conditioning
room for four weeks (20 °C and 65% relative humidity). The average hardness in the
specimens exposed to decay was only 0.33 kN (Table 3); NW increased the hardness to
0.74 kN, which is more than a 120% increase. The same increasing effect was found in
the compression strength parallel to the grain (Table 4); decay exposed decreased
compression parallel to the grain to only 4.82 kN, while NW increased it to more than 8
kN; that is, wollastonite nanofibers resulted in a 70% increase in the average values of the
compression strength parallel to the grain. Although hardness and compression parallel to
the grain showed significant improvement by impregnation with NW, they were lower
than those of the control specimens (Table 3); complimentary studies must be carried out
to find out the optimum concentration of NW.

Results showed that NW-impregnation did not have significant decreasing effects
on the mechanical properties (Table 3); in some cases, there was even an apparent
increasing effect, though not significant, on properties such as hardness, MOE, and shear
strength. Many preservatives have been reported to have negative effects on the physical
or mechanical properties of solid woods (Winandy 1995; Colakoglu et al. 2003);
therefore, the fact that the mechanical properties were not decreased by the NW-
impregnation process can be considered another advantage of this new formulation.
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Table 3. Mechanical Properties of the Control and Nano-wollastonite-
Impregnated Specimens (at moisture content of 10%)

Mechanical Properties Treatments
P Control NW-impregnated
2.22 2.29
Hardness (kN) (0.34) (0.38)
Hardness after exposure to decaying fungi (8'8% (8'83)
Compression strength parallel to the grain 20.67 19.65
(kN) (1.35) (1.67)
Compression strength parallel to the grain 4.82 8.18
after exposure to decaying fungi (kN) (0.28) (0.35)
74.8 71.6
Modulus of rupture (MPa) (8.6) (9.3)
Modulus of elasticity (MPa) ?gg? Ezgi;)
Compression strength perpendicular to the 24.8 24.5
grain (kN) (0.65) (0.59)
1.49 1.41
Impact strength (m/kg) (0.09) (0.12)
Shear strength (kN) (10451) (119'2‘;

* Figures in parenthesis are the standard deviations.

CONCLUSIONS

1. The results showed that nano-wollastonite (NW) can significantly increase the
biological durability as well as hardness and compression strength parallel to the
grain of polar wood that is subsequently exposed to the decay organism Trametes
versicolor.

2. Results of the tests on the NW-impregnated specimens without exposure to the
decaying fungi also showed that impregnation of poplar specimens with NW did not
have significant decreasing effects on its mechanical properties. It can thus be
concluded that a NW suspension can be used to improve the biological durability of
poplar wood.
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