J Indian Acad Wood Sci (December 2023) 20(2):138—-148
https://doi.org/10.1007/s13196-023-00322-1

®

Check for
updates

ORIGINAL ARTICLE

Resistance to biodeterioration of plywood manufactured
with veneers treated with boron compounds

Amanda Mota Nunes' ® - Adair José Regazzi’

Juarez Benigno Paes®

- Fabricio Gomes Gongalves®
- Antonio Thiago Soares Almeida’

- Djeison Cesar Batista®

Received: 6 July 2023/ Accepted: 16 September 2023/ Published online: 7 October 2023
© The Author(s), under exclusive licence to Indian Academy of Wood Science 2023

Abstract This work aimed to evaluate the influence of the
impregnation of Pinus sp. veneers with different concen-
trations of boron compounds on the plywood bond quality,
resistance against drywood termites (Cryptotermes brevis)
and mold (Penicillium sp.). The panels were produced with
veneers (& 10% moisture content) impregnated by dipping
in the boron compound solutions, for 15 min and bonded
with urea—formaldehyde (UF) adhesive. The experiment
was performed in a completely randomized design, in a
3 x 3 + 1 factorial scheme, with three compounds (boric
acid, borax, and disodium octaborate tetrahydrate—DOT
(1.0 boric acid + 1.54 borax = to Polybor or Timbor) and
three concentrations (1%, 3%, and 5%) plus the control.
The pressure (980 kPa), temperature (140 °C), and curing
time (10 min) adopted were adequate to obtain good bond
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quality on the veneers. The biological resistance against
drywood termites and mold was assessed according to a
non-choice feeding test and fungal colony growth on the
surface of the panels, respectively. Despite the low reten-
tion of boron compounds, caused by the low moisture
content of the veneers submitted to the dipping (=~ 10%),
all tested compounds were effective against the attack of
both drywood termites and mold. The boron compounds
did not influence the termites’ mortality, but this was evi-
dent as the increased solution concentrations. Boric acid at
3% was the most suitable treatment, as it gave the plywood
the greatest resistance against the attack of drywood ter-
mites and mold.

Keywords Boric acid - Borax - DOT - Retention -
Cryptotermes brevis - Penicillium sp.

Introduction

Planted forests are the most important source of raw
material for wood-based industries in Brazil, with 9 mil-
lion hectares, accounting for a good part of the wood
supply. Pinus spp. forests occupy 1.59 million hectares and
are concentrated mainly in the Brazilian Southern Region,
where the wood is mainly transformed into sawn lumber
and panels (plywood, particleboard, oriented strand board,
and fiberboard). Plywood production reached 3.4 mil-
lion m® in 2021, with 81% exported, as reported by
Brazilian Association for Mechanically Processed Timber
(ABIMCI 2021) and Brazilian Tree Industry (IBA 2022).

Plywood manufacturers in Brazil have been using
pinewood since the early 1990s because of its fast growth,
good trunk shape, ease of lamination and bonding, and
availability (Almeida et al. 2012; Mendes et al. 2013).
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Despite these favorable characteristics, pinewood has low
natural resistance against the attack of fungi and insects, so
the application of chemicals is necessary to increase the
life cycle of its products (Ahmed et al. 2013; Mendes et al.
2013; Zabielska-Matejuk et al. 2015).

Regarding plywood the chemicals can be applied to the
veneers according to the intended protection level: (i) by
dipping or spraying (for stain and mold fungi); (ii) together
with the adhesive (for insects), and (iii) by vacuum-pres-
sure (for fungi and insects) (Reinprecht and Kmet ova
2014).

However, one of the problems related to the use of
chemicals in preserving wood composites is the incom-
patibility of their formulations with industrial adhesives
(Jin et al. 2016; Lahiry 2005). Boron compounds are the
most investigated products for this purpose because they
are less environmentally harmful (compared to those based
on arsenic), and have high diffusibility, a broad spectrum
of activity against fungi and insects (mainly), low cost, and
little effect on the mechanical properties of wood (Chen
et al. 2019; LeVan and Tran 1990; Reinprecht and Kme-
t’ova 2014; Thévenon et al. 2010).

Despite their broad spectrum of activity against xylo-
phagous organisms, boron compounds are only intended
for application to wood products used indoors (Cookson
2004). That is because they are easily leached when
exposed directly to water, as well as in situations that can
cause water steam condensation or ground contact (Thé-
venon et al. 2010). In this setting, because they are less
toxic to humans and other mammals, and promote fire
resistance, they can be an alternative for impregnating
wood products such as plywood (Cookson 2004; Rein-
precht and Kmet’ova 2014; Thévenon et al. 2010; Yalin-
kilic et al. 1999), mainly those to be used in furniture and
internal partitions. However, in these situations, wood
products are subject to the attack of drywood termites, and
true and false powderpost beetles.

This work aimed to evaluate the influence of the
impregnation of Pinus sp. veneers with different concen-
trations of boron compounds on the plywood bond quality,
resistance against drywood termites (Cryptotermes brevis)
and mold (Penicillium sp.).

Material and methods
Collection and treatment of veneers

Pinus sp. rotary-peeled veneers with a thickness of 1.5 mm
were obtained from a company located in the municipality
of Imbituva, state of Parana, Brazil. According to company
information, the veneers were artificially dried to 6%
moisture content in an industrial veneer-drying machine

and subsequently stored at room temperature. They were
transported to Jeronimo Monteiro, state of Espirito Santo,
Brazil, and stored under laboratory conditions (25 £ 2 °C
and 65 £ 5% relative humidity—RH) for 3 weeks, having
reached a moisture content of ~ 10%, (dry base).

The veneers were visually classified according to the
presence of knots and dipped for 15 min in different
solutions (50 L of water) of boron compounds (Table 1)
stored in polyethylene containers (250 L capacity). Having
the control veneers dipping in water for an equal period of
time. After dipping, the veneers were air-dried and stored
at room temperature until reaching the equilibrium mois-
ture content (~ 12%).

The concentrations (Table 1) were established based on
the literature (Vianez 1993), which stated that for tropical
regions, borax should have a concentration of up to 5% in
the solution. Above this, precipitation of boron compounds
occurs, leading to errors of concentration.

Plywood manufacturing

The plywood panels were manufactured in a laboratory
facility using an automatic hydraulic press (SOLAB model
SL 12, Piracicaba, Brazil), with two electrically heated
horizontal plates at 140 °C, with a useful pressing area of
60 x 60 cm. The pressing time and pressure were 10 min
and 980 kPa, respectively. This curing time is one of the
most used in research for the production, on a laboratory
scale, of panels glued with adhesive based on urea
formaldehyde and castor bean polyurethane resins (Brito
et al. 2018, 2020; Furtini et al. 2021; Oliveira Junior et al.

Table 1 Concentration of boron compound solutions (treatments)
used in the impregnation of Pinus sp. veneers

Treatment Concentration (%) Boron compounds (g)
Boric acid* Borax

1 1 500 -

2 3 1500 -

3 5 2500 -

4 1 - 500

5 3 - 1500

6 5 - 2500

7* 1 197 503

8* 3 591 909

9% 5 984 1516

“Boric acid: borax (1:1.54), according to the relation between borax
and boric acid equivalent (BAE), i.e., the mass of borax/mass of boric
acid (x 4): BAE (381.37/247.32 = 1.54). The dry solution produces
Polybor, known as Timbor which contains 117.3% of boric acid
(BAE) (Richardson 1993). It is also cited as disodium octaborate
tetrahydrate (DOT)
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2023), for ensuring good adhesion between the veneers,
wood particles and other lignocellulosic materials (Martins
et al. 2020), such as residues from agricultural and forestry
activities.

The plywood panels were manufactured with three
veneers (1.5 mm) and were intended for interior use. Liq-
uid urea—formaldehyde (UF) adhesive was used, catalyzed
with 24% ammonium sulfate [(NH4),SO,], calculated at
2% of the solids content of the adhesive, and wheat flour as
a binder. The UF used had density: 1.28 g cm?; pH: 8.1;
viscosity: 600 Cp; solids content: 64.8%; gel time: 64 s
(Martins et al. 2020). The time and pressures used were
able to produce plywood with good union between the
veneers (Nunes 2017). The glue was formulated at a ratio
of 100:40:40 (adhesive:binder:water) and each glue line
had 340 g m 2.

Five panels (Final thickness ~ 4 mm) were produced
for each treatment (Table 1) along with the control (un-
treated), resulting in 50 panels (Following the manufac-
turing, the panels were stored in a climatic room
(25 £ 2 °C and 65 £ 5% RH) until reaching the equilib-
rium moisture content (& 12%). For the mechanical
property evaluation, four panels (five veneers each, Final
thickness ~ 7 mm) were produced for each treatment
(Table 1), along with the control (untreated), resulting in 40
manufactured panels. They were produced and stored
under the same mentioned conditions.

In order to evaluate the quality of the plywood bonded
joint, the shear test was conducted in according to Euro-
pean Committee for Standardization, European Standard
EN 314-1 (CEN 2004), with 12 specimens (&~ 7 mm
thickness x 25 mm width x 150 mm length) per treat-
ment, three per panel. The specimens were immersed in
distilled water for 24 h and then tested in universal testing
machine (EMIC, DL 10000, Sdo José dos Pinhais, Brazil)
with load capacity of 100 kN, using a loading speed of
4 mm min~'. The shearing area was 25 mm x 25 mm.
After the test, the specimens were classified according to
the percentage of apparent cohesive wood failure by
comparison. Finally, the plywood was classified regarding
bonding quality according to EN 314-2 (CEN 1993) and
EN 314-1 (CEN 2004).

Retention assessment in the plywood

Twenty specimens (£ 2 g) per treatment (four/panel) were
used to evaluate the retention of boron. This was deter-
mined according to the method described by Wischer
(1976), cited by (Paes et al. 2014), in five steps: (i) deter-
mination of the oven-dry volume of specimens (at
103 £+ 2 °C) by immersion in mercury; incineration of
specimens in a muffle furnace at 500-550 °C until ash
formation; (ii) addition of 3 mL of a mixture containing
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sulfuric, perchloric and nitric acids (7:2:1) to the ash; (iii)
accelerated digestion of the ash by heating the acid-ash
solution on a hot plate until reaching a clear color; (iv)
diluting the resulting solution in distilled water at fixed
volumes; 50 mL) reading the diluted solutions with an
atomic absorption spectrophotometer (Bel Photonics, SP
2000 UV, Monza, Italy).

Based on the spectrophotometer readings (420 nm) and
the anhydrous volume of each specimen, the mean reten-
tion of boric acid equivalent—BAE or boron trioxide (kg
of H3BO; or B,Oj3 per cubic meter of wood) was calculated
for each treatment (Paes et al. 2014), using Eq. (1)

F x S x DF x 1073
_IxSxb m

Where R: retention (kg m~); F: stoichiometric factor for
transformation of element boron (B) to boric acid
(B x 5.72 = H3BO5) or to boron trioxide
(B x 6.44 =B,05); S: spectrophotometer reading
(mg 171); DF: dilution factor (10 for 1%, 20 for 3% and 40
for 5% concentration); V: anhydrous volume of specimen
(cm3).

R

Non-choice feeding test with drywood termites

The efficiency of preservative solutions on the resistance of
plywood against drywood termites (Cryptotermes brevis
Walker) was tested according to Institute of Technological
Research of the State of Sdo Paulo-method (IPT 1980),
similar to the described by (Maistrello 2018). Ten speci-
mens per treatment (two/panel) of 20 x 4.5 x 70 mm
(width x thickness x length) were paired, forming five
sets per treatment for testing. A polyvinyl acetate (PVA)
pipe (35 mm internal diameter x 40 mm high) was
attached with paraffin to each set, filled with 40 drywood
termites (two soldiers and 38 workers) and placed in a Petri
dish, and a piece of filo fabric was placed over the PVA
pipes to prevent termite prey (Pinto 2020).

The test was carried out in a climate-controlled room
(27 £ 2 °C and 65 = 5% RH) for 45 days. In the end, we
evaluated the termites’ mortality (%), the visual damage
scoring and the number of holes that ran through the sur-
faces of the samples. The damage scoring was classified as:
0—sound, surface nibbles permitted, 1—Ilight attack, 2—
moderate, penetration, 3—heavy, and 4—deep damage or
failure. Additionally, the mass loss (%) was calculated
according to the American Wood Protection Association
standard (AWPA 2016a).

Mold test

The efficiency of preservative solutions on the resistance of
plywood against Penicillium sp. mold was carried out
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according to the American Society for Testing and Mate-
rials (ASTM 2019). Ten specimens per treatment (two/-
panel), with dimensions of 20 x 4.5 x 70 mm
(width x thickness x length) were paired, forming five
sets per treatment for testing.

The mold was indirectly isolated according to (AWPA
2016b), where pinewood veneers naturally mold-infected
(indirect isolation) were used as a source of mold inocu-
lum, similar to search by (Ahmed et al. 2013), and then
cultured in Petri plates. The spore solution used for inoc-
ulation in the samples was prepared by mixing the cultures
of two Petri dishes in 300 mL of sterile distilled water. For
homogenization, the solution was magnetically stirred
(30 rpm for 40 min) at room temperature (25-30 °C).

The test was carried out in a climate-controlled room
(27 £ 2 °C and 65 £ 5% RH) for 4 weeks, in four steps:
(i) placing layers of absorbent paper in Petri dishes,
moistened with sterile distilled water, to keep humidity
high (~ 70%); (ii) laying glass slides on the paper, in
adaptation to (ASTM 2019), to avoid direct contact of the
specimens with the moistened paper; (iii) laying the paired
specimens on the glass slides, and (iv) pipetting 0.25 mL of
spore solution on the surface of the specimens.

The evaluation of the results was based on visual anal-
ysis of mold growth on a scale from zero (lowest growth)
to five (highest growth). Subsequently, the growth per-
centage was calculated (Eq. 2) considering the mean scores
given by five evaluators for each treatment concerning the
control.

Mean score of treatment i
Growth = 100 2
rowth (%) Mean score of control % 2)

Analysis of results

The experiment was carried out in a completely random-
ized design in a 3 x 3 4 1 factorial arrangement (boron
compounds X concentrations, plus control), totaling 10
treatments. Data were subjected to statistical assumption
tests (Cochran; normality and Shapiro—Wilk; homogeneity
of variance), and then submitted to analysis of variance
(ANOVA) with the F-test (p < 0.05).

For the evaluation of the retention of boron compounds
in the plywood, we considered only the factorial scheme,
excluding the control. In situations where there was a
significant effect of the type of boron compound, the Tukey
test (p < 0.05) was applied to compare the means; in cases
where there was a significant effect of the concentration,
analysis of regression was applied, using the technique of
orthogonal polynomials with decomposition in linear and
quadratic effects.

For the evaluation of the tests of veneers bond quality,
drywood termites (mortality percentage, mass loss, and

damage scoring) and mold (growth percentage), the same
analyses as the retention test were performed, with the
same assumptions. However, in addition, the means of each
treatment were compared to the control using the Dunnett’s
test (p < 0.05).

Results and discussion

Retention of boron element, boric acid, and boron
trioxide in plywood

The interaction between the factors boron compound and
concentration was significant (Fc =4.17; p < 0.01) for
retention of the element boron, boric acid equivalent or
boron trioxide (kg m_3) in the nine treatments, which
demonstrated their synergistic effect. The comparison of
retention means (kg m_3) among the different boron
compounds for each concentration is given in Table 2.

There was a significant difference among retention
means (kg m—) only in solutions formulated with 5%
concentration, with the higher mean for disodium octabo-
rate tetrahydrate—DOT (Na,;BgO;3-4H,0), which was
27% higher than the general mean (Table 2). This behavior
is in agreement with the literature, where the solubility of
DOT (also known by Polybor or Timbor), obtained by the
mixture of 1.0 boric acid (H;BOs) and 1.54 borax (Na,.
B4O7-10H,0) as in (Freeman et al. 2009; Richardson
1993), had greater solubility than when they were used
separately (Freeman et al. 2009; Richardson 1993), which
provides more diffusibility in wood. It is worth noting that
the veneers had a moisture content of &~ 10% when they
were dipped in the boron compound solution (Table 1). The
same procedure was performed for the control, which in
this case were dipped in water. This may have negatively
influenced the diffusion of boron compounds in the wood,
reflecting a lower retention and effectiveness against the
xylophagous organisms tested.

During the preparation of solutions, no problems of
dilution were noted, even at 5% concentration, as reported
in the literature (Cookson 2004; Willerding and Vianez
2003). The lower retention values of samples treated with
boric acid and borax at 5% concentration may be explained
by the lower solubility of these compounds at concentra-
tions higher than 4% (Cookson 2004), and consequently
their lower diffusibility in the veneers.

None of the retentions obtained reached the minimum of
3.89 kg m~* for Timbor® (Jorge et al. 2004) to protect
southern yellow pine wood from subterranean termites in
field testing. This is because the diffusibility obtained by
the dipping method is more effective in freshly sawn wood
(high moisture content), which facilitates the diffusion
process of boron compounds. As the veneers were
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Table 2 Means of retention of

-3
boron, boric acid and boron B (kg m™)

Boron compound

H;BO; (kg m™) B,0; (kg m ™)

trioxide in Pinus sp. plywood to

Solution concentration (%)

boron compound and solution

concentration 1 3 5 1 3 5 1 3 5
Boric acid 0.024a 0.046a 0.057b 0.138a 0.264a 0.324b 0.155a 0.297a 0.365b
Borax 0.016a 0.041a 0.064b 0.091a 0.236a 0.369b 0.103a 0.266a 0.415b
DOT 0.020a 0.046a 0.089a 0.115a 0.264a 0.511a 0.130a 0.297a 0.575a
General mean 0.020 0.045 0.070 0.115 0.255 0.401 0.129 0.287 0.452

DOT: disodium octaborate tetrahydrate

“B: element boron; H;BO5: boric acid equivalent—BAE; B,03: boron trioxide;

Means followed by the same letter in the column do not differ (Tukey; p > 0.05)

previously dried (= 10%), their low moisture content
hampered the diffusion of boron compounds. However,
that retention is recommended as the minimum to protect
treated wood against subterranean termites above ground in
field tests, which is a drastic condition of wood exposure.

However, values for various xylophagous organisms,
including Basidiomycetes (brown-rot fungi) and insects
(wood-boring beetles), where retentions as low as
0.5 kg m—> (BAE equivalent) inhibited the development of
Coniophora puteana and Serpula lacrymans fungi in oak
(Quercus sp.) wood are cited in the literature (Freeman
et al. 2009). In the same article, it is mentioned that
retentions between 0.2 and 0.4 kg m—> (BAE equivalent)
prevented the attack of Anobium sp. in radiata pine (Pinus
radiata) treated wood and larval survival of Anobium sp.
and Hylotrupes sp. (Cerambycidae) in corsican pine (Pinus
nigra) in treated wood sawdust. Thus, the retention
obtained for the solution with 5% DOT (Table 2) is
expected to be efficient against drywood termites and
molds.

The effect of solution concentration on boron retention
for each boron compound (Table 2) was performed by
regression analysis, whose estimated equations are shown
in Fig. 1. All boron compounds had a positive and linear
relationship between concentration and retention, and all
adjusted equations were significant (F; p < 0.01).

For boric acid and borax solutions (Fig. 1), higher
retention increases occurred from 1 to 3%, corresponding
to 91% and 158%, respectively. In contrast, for boric
acid + borax (DOT, Polybor or Timbor) solutions, the
greatest retention increase occurred from 3 to 5%, corre-
sponding to 94%.

The effect of the concentration of boron on retention
(Fig. 1) is related to their solubility and diffusion in the
veneers. Higher retentions, obtained with increasing con-
centrations of boron suggest greater efficiency against
xylophagous organisms (Freeman et al. 2009), including
false and true powderpost beetles (e.g., Dinoderus sp. and
Lyctus sp.), where retentions of 0.8-1.0 kg of BAE m™> of
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Fig. 1 Effect of boron compound concentration on boron trioxide
(B,03) retention (Color figure online)

wood are required, for the prevention of its attack. For
drywood termites (Incisitermes minor), (Kartal et al. 2020)
reported that retention of 0.533 kg DOT. m > of wood
provided 25% of termite mortality. Nevertheless, to
achieve 80% or more termite mortality, retention greater
than 6.8 kg m—> would be required. DOT in the concen-
tration levels of 1% did not completely inhibit mold growth
in Cryptomeria japonica-treated sapwood (Kartal et al.
2020).

Bond joint quality of the plywood

The means of shear strength (MPa) and bond line failure
(%) of the treatments were compared to the control
(1.37 MPa and 30.8%), horizontal line (Figs. 2, 3),
respectively. For shear strength, the treatments containing
boric acid at 1% and 3% (better than control), and DOT at
1% did not differ (p > 0.05) from the control (no
impregnated veneers). For the other treatments, the effect
of boron impregnation was negative and lower than the
control results. This can cause less adhesion between the
veneers and facilitate access drywood termites or
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coleoborers (Coleoptera) to the core of the plywood,
mainly when the retention of boron compounds was low or
not effective to prevent the attack of these insects.

When testing shear strength, the aim is to get more
failures in the veneers (Fig. 3) than in the glue line, which
means efficient bonding. The treatments containing boric
acid at 1% and 3%, 1% borax, and DOT at 1% did not
differ (p > 0.05) from the control (no impregnated
veneers). But, no treatment showed better results than the
control. The treatments (boric acid, borax and DOT at 1%;
boric acid at 3% and DOT at 3% and 5%) met the shear
strength requirements (> 1.0 MPa) (CEN 1993), indepen-
dently of the percentage of bond line failure (Fig. 3).

An overall analysis indicates that boron compounds had
a negative effect on bond quality, except at the 1% con-
centration. Boron compounds have no effect on practical
bonding quality, but tend to reduce shear strength (Ozgifci
2008). On the other hand, they improve the efficiency of
plywood against drywood termites and borers.

Drywood termites test

The interaction between the factors boron compound and
concentration was not significant (Fc = 0.85; p > 0.05) for
the termite mortality. The effect of the factor boron com-
pound alone was also not significant (Fc = 0.52; p > 0.05).
On the other hand, the effect of the concentration was
significant (p < 0.01) according to the regression analysis.
The adjusted regression equation is shown in Fig. 4.

These results (Fig. 4) are consistent with the literature
because the effectiveness of boron solutions against xylo-
phagous depends solely on the amount of boron applied to
wood, regardless of the compound used (Freeman et al.
2009). Nevertheless, for the same concentration, there is a
difference in the efficiency of the compounds used, which
is related to retention into wood (Table 2).

According to the Dunnett’s test (Table 3), there was a
significant difference between the mean mortality and
damage but not for mass loss (DOT to 1% and 3%) caused
by the treated samples compared to the control. All treat-
ments were effective against drywood termites, resulting in
higher mortality when compared to the control.

There was no significant interaction between the factors
for the damage scoring (Fc = 0.73; p > 0.05). However,
the factors had significant effect when analyzed separately,
with Fc =3.28 (p < 0.05) and 9.85 (p < 0.01), respec-
tively, for boron compounds and concentration. On the
other hand, there was a significant (p < 0.01) decrease of
damage scoring (Y) with increasing concentration of boron
compounds (X), with means of 1.79, 1.24, and 1.09,
respectively, for 1%, 3%, and 5%. The adjusted equation
was significant (¥ = 1.18991 — 0.1750*X, R* = 90.7%,
p < 0.01).

Similarly, to the damage scoring, there was no signifi-
cant interaction between the factors boron compounds and

100 1
90 1
S
)
£ 80 1
<
£
o
p=
70 A
68.00
¥ =53.229+ 16917 X - 2.146™X?
60 4 RZ=100%
s
0 1 2 3 4 5 6

Concentration (%)

Fig. 4 Effect of boron compound concentration on drywood termite
(Cryptotermes brevis) mortality. The bars are the standard deviations
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Table 3 Drywood termite

. Boron compound
mortality, damage, and mass

Concentration (%)

Mortality (%) Damage (scoring) Mass loss (%)

loss per boron compound

concentration (treatment); Borie acid !
comparison with the control i
Borax 1

3

5

DOT 1

3

5

Control (untreated)

64.5% 1.60%* 0.00%*
82.5% 0.87* 0.00%*
85.5% 0.93* 0.00*
74.5% 2.03%* 0.19%
85.0%* 1.52% 0.04*
83.0% 1.05% 0.06*
65.0%* 1.73% 052 "™
86.5% 1.35% 042 ™
84.5% 1.28% 0.31%
43.0 3.02 0.73

"means do not differ from the control (Dunnett; p > 0.05), DOT: disodium octaborate tetrahydrate
“Means differ from the control (Dunnett; p < 0.05)

concentration (Fc = 0.43; p > 0.05). However, the factors
had significant effect when analyzed separately, with
Fc =19.81 (p < 0.01) and 17.70 (p < 0.01), respectively,
for boron compounds and concentration. As the mass los-
ses provided by boric acid were equal to zero, only the
other two boron compounds were considered for the sta-
tistical analysis.

There was a significant (p < 0.01) decrease of mass loss
();) with increasing concentration of boron compounds (X),
with means of 0.35%, 0.25%, and 0.18%, respectively, for
1%, 3%, and 5%. The adjusted equation was significant
(Y = 0.3891 — 0.0424*X, R* = 97.9%, p < 0.01).

The mean mortality rates were 68.0%, 84.7% and
84.2%, respectively, for concentrations of 1%, 3%, and 5%
(Table 3). The highest increase in mortality compared to
the increase in the concentration of boron compounds
occurred from 1 to 3%, reaching 16.7%, and then stabilized
up to 5% concentration. (Kartal et al. 2020) reported that
higher retention levels (> 6.8 kg DOT.m ) were needed
to reach up to 80% or more mortality for drywood termites
(Incisitermes minor) in contact with Cryptomeria japonica
treated sapwood. Thus, Cryptotermes brevis were more
sensitive to boron compounds when compared to
Incisitermes minor, since DOT retentions as low as
0.511 kg m~>, calculated as BAE, were sufficient for
mortality of more than 84% of termites.

By separately assessing the effect of the factor con-
centration on retention results, there was a relationship
between mortality increase and retention when comparing
different concentrations. Similarly, the largest retention
increase (122%) occurred when increasing the concentra-
tion from 1 to 3%. Thus, considering the economics of the
process and the efficacy against drywood termites (Cryp-
totermes brevis), the use of solutions formulated at 3%
concentration is recommended, since the result of this
concentration was better than the others.

@ Springer

DOT at 3% concentration caused the highest absolute
mortality (86.5%), which was twice that of the control.
Boric acid at 1% caused the lowest absolute mortality
(64.5%), but it was still 1.5 times higher than the control.
Considering the mortality imparted by the different treat-
ments, we recommend the use of DOT at 3% concentration
to protect plywood against drywood termites.

Overall, the damage scoring (Table 3) were less than 2,
representing moderate attack (IPT 1980; Maistrello 2018).
Boric acid had the lowest absolute mean (1.13), which
differed significantly from borax, which had the highest
absolute mean (1.53). The samples treated with DOT had
an intermediate mean (1.45) and did not differ significantly
from the others. Thus, according to the damage scoring, the
boron compounds were effective against drywood termites.
The lower absolute mean achieved by boric acid indicated
higher efficacy of this compound compared to the others.

According to the Dunnett’s test, there was a significant
difference between the damage scoring of the treated
samples compared to the control (Table 3), which indicated
the efficiency of boron compounds against the attack of
drywood termites. The mean damage scoring (3.02) of the
control was classified as deep or failure attack (IPT 1980;
Maistrello 2018).

There is little information on the relationship between
the feeding behavior of termites in tests with treated wood
with boron compounds. According to (Campora and Grace
2007), the exposure of termites to wood treated with these
compounds causes a gradual response of insect rejection
when feeding.

Boric acid at 3% concentration had the lowest absolute
mean damage score, which was 3.5 times lower than the
control score, and was classified as light attack-lower than
1.0 (IPT 1980; Maistrello 2018). In contrast, borax with 1%
concentration had the highest absolute mean damage
scoring, but even so, it was 1.5 times lower than the
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control. This treatment was classified as moderate attack—
slightly higher than 2.0 (IPT 1980; Maistrello 2018).

Mean mass losses were lower than 0.50% (Table 3),
where DOT had the highest mean (0.43%), followed by
borax (0.10%). Besides the preservative treatment, low
mass losses for plywood may be related to the type of
adhesive used in its production, since no holes were
observed in the specimens. Regarding plywood resistance
against the drywood termite Cryptotermes brevis, (Ribeiro
2011) reported that urea—formaldehyde (UF) was effective
against termite attack. Nevertheless, drywood termites may
attack the plywood without directly crossing the glue line;
this may occur through cracks in plywood structure, or
after UF evaporation, as is observed in the home furniture,
flat wooden doors, and partitions and thus cause great
damage or economic losses.

In agreement with the results of the damage scoring,
there was an inverse relationship between concentration
and mass loss. The efficiency of boron compounds in wood
treatment is related to the amount of boron (concentration
and retention), regardless of the type of compound (Free-
man et al. 2009). There was a greater increase in efficiency
with increasing concentration from 1 to 3% than from 3 to
5%, corroborating the literature, as reported by (Kartal
et al. 2020) and the results are presented in Fig. 1, where
the largest increase in retention of boron also occurred
under these conditions.

According to the Dunnett’s test (Table 3), there was a
significant difference between the mass losses of the
majority of the treatments and the control (p < 0.01). Only
the means of 1% and 3% DOT did not differ significantly
from the control. For all the concentrations of boric acid,
there was no mass loss detected by weighing (0.01 g),
although damage scores were attributed to these treatments.
Differences between the results of mass loss and damage
scoring are common, especially in the case of lower density
wood, as was the case of the plywood studied
(0.46 g cm—-0.55 g cm ™). It is necessary to remove
more volume of material caused by scarification of termites
to represent a significant mass loss (Sousa et al. 2019). The
mass loss could have been detected if a scale with an
accuracy of 0.0001 g was used.

Although the mass loss of all treatments was low
(> 1%), we highlight the conditions of the (IPT 1980) test,
where the termites (40 insects) are trapped for 45 days in a
cylinder (3.5 mm of internal diameter) of 962 mmz, what
corresponds to contact with 69% of the total surface area of
the samples (1400 mm?). A higher mass loss can be
achieved with the method described by (Maistrello 2018),
which lasts longer (84 days) and uses more termites
(50 days); however, it demands further studies.

Other causes for the small mass loss are the total area of
the samples and their density, as mentioned by (Sousa et al.

2019), in which the termites would need to remove a large
amount of material to cause significant mass loss. Similar
results using the IPT/DIMAD method were found in the
literature (Brocco et al. 2017; Gongalves et al. 2021;
Martinez Lopez et al. 2020; Oliveira and Paes 2019).

Regarding the control (untreated), the mortality was
moderate, 43.0%, the damage scoring was 3.02, the mass
loss was 0.73% (Table 3), and no holes were crossing the
samples or the glue line. Then, we suggest that the adhesive
(UF) contributed to the improvement of the Pinus sp. wood
resistance against the termites’ activity. This is in agree-
ment with (Ribeiro 2011), who stated that the UF acted
against the drywood termites Cryptotermes brevis attack.
The results were also similar to those reported in literature
(Brocco et al. 2017) for control samples of Pinus elliotti,
who obtained mass loss of 1.76%, damage scoring of 2.28
and mortality of 44.50%. The mortality of termites may
also be associated with wood extractives, such as terpenes
and terpenoids (Oliveira and Paes 2019).

Mold test

The effect of the factor’s boron compounds (Fc = 2.91;
p > 0.05) and concentration (Fc = 0.87; p > 0.05), as well
as their interaction (Fc = 1.01; p > 0.05), was not signifi-
cant for mold growth percentage. However, preservative
treatments were effective because the mold colonized only
the control samples (Table 4).

Although there was no significant difference between
the boron compounds, the highest scores, and hence the
highest growth percentages, were observed in the samples
treated with borax at the three concentrations. Considering
the absolute means (Table 4), increased concentration
tended to slow the mold development only for borax. When
used alone, borax had limited effectiveness against mold
and was more effective at high concentrations (Micales-
Glaeser et al. 2004). Little has been reported about the
efficiency of boron compounds against molds, however, is
reported that DOT in highest retention level tested (1.0 kg
DOT.m ™) was not able to completely inhibit mold growth
on the surfaces of Cryptomeria japonica treated sapwood
(Kartal et al. 2020). These compounds are more effective
against staining and rot fungi in higher pH media
(Richardson 1993; Scheffer and Lindgren 1940), and also
to blue stain fungi (Lesar and Humar 2009).

As reported by (Freeman et al. 2009), retention of 0.7 kg
BAE.m > was able to inhibit the growth of several brown-
rot fungi, as Poria vaporaria (accepted name: Antrodia
sinuosa), Coniophora cerebella, Coniophora puteana,
Serpula lacrymans, and Lentinus lepideus (currently called
Neolentinus lepideus). (Lesar and Humar 2009) reported
that retentions from 0.8 to 1.0 kg of boric acid (BA).m™?
were effective against Gloeophyllum trabeum, Antrodia
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Table 4 Growth of Penicillium

B d
sp. mold per boron compound oron compoun

Concentration (%)

Growth (scoring) Growth (%)

concentration: comparison with
the control

Boric acid

Borax

DOT

Control (untreated)

N W = W W = N W =

0.22% 4.7
0.14%* 3.0
0.18% 3.8
0.86* 18.2
0.36* 7.6
0.30% 6.4
0.14%* 3.0
0.28%* 6.0
0.16* 3.4
4.72 100.0

DOT: disodium octaborate tetrahydrate
“Means differ from the control (Dunnett; p < 0.05)

vaillantii and Serpula lacrymans (brown-rot fungi), and
Trametes versicolor, Hypoxylon fragiforme and Pleurotus
ostreatus (white-rot fungi), after 12 weeks of the test. They
also reported 100% growth retardation of two blue stain
fungi (Aureobasidium pullulans and Sclerophoma pythio-
phila) at a boric acid concentration of 200 mg L™".

Conclusions

Despite the low retention achieved by the veneers
impregnated by dipping, caused by their low moisture
content (& 10%) when dipping in solutions of boron
compounds, at concentrations of 1%, 3%, and 5% were
effective against the attack of drywood termites (Cryp-
totermes brevis) and mold (Penicillium sp.). The pressure,
temperature and curing time adopted in the plywood pro-
duction were able to cause good bond adhesion between
the veneers. The type of boron compound did not influence
the mortality of drywood termites. Nevertheless, consid-
ering damage scoring and mass loss, boric acid was more
efficient than borax and DOT. In general, increased con-
centration (retention) resulted in higher mortality,
decreased damage scoring, and consequently reduced the
mass loss caused by the attack of the drywood termites.
Regarding the mold Penicillium sp., all boron compounds
and concentrations were efficient, and 3% boric acid pro-
duced the best results.
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