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ABSTRACT: Nonbiocidal techniques for wood protec-
tion have become more and more important in the last
few years. One of the possible treatments to enhance
wood durability is use of water repellents. In this research,
the influence of one of the possible water repellents, the
montan wax emulsion, on the moisturizing and the sorp-
tion characteristics of impregnated wood was investigated.
To achieve a better protection against wood decay fungi,
wood was impregnated with montan wax emulsion
enriched with boric acid. The equilibrium moisture content
(MC) was monitored during the adsorption and the de-
sorption processes at five levels of relative air humidity
(RH1 ¼ 20%, RH2 ¼ 33%, RH3 ¼ 65%, RH4 ¼ 88%, and
RH5 ¼ 98%). Water repellence efficiency was monitored
in the chamber with high RH (87%) and during dipping
in the water. Impregnated samples were also exposed
outdoors in a covered position for 5 months to determine

MC changes according to changes in outdoor humidity
and temperature. The results showed that the sorption
properties of the impregnated wood are strongly related
to retention of preservative solutions after impregnation
and its composition. Montan wax reduced equilibrium
MC of the impregnated wood up to 25% (relatively),
whereas specimens impregnated with combination of
montan wax and boric acid resulted in decreased MC in
some cases and in increased MC in some cases. The Gug-
genheim–Andersen–deBoer model of sorption isotherms
was fitted to experimental data to explain the sorption
mechanisms. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci
120: 1337–1345, 2011
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INTRODUCTION

Wood is the most important biopolymer in the
world. It is the most important natural material used
for construction applications, but it is exposed to
weathering and biotic decay. To slow down these
processes, wood is frequently treated with polymers
like surface coatings, waxes, oils, etc. Treatment of
the wood with water repellents can influence the
long-term properties of this material. Rain and dew
water are causing surface erosion and leaching of
wood components. Second, the moisture content
(MC) of repellent-treated wood in service is reduced,
and thus the risk of crack formation and biological
degradation is lowered as well. It is well known that
water repellent treatment lowers the MC of treated
wood in water submersion tests considerably.1 Fur-
thermore, combinations of active ingredients such as
fire retardants, biocides, or ultraviolet light protec-
tants with water repellents prevented or at least lim-

ited their leaching.2–5 The most important water
repellents used in the wood preservation are waxes,
particularly paraffin waxes.6,7 Paraffin waxes find
their second most important applications in wood
industry after candle industry. The importance of
use of waxes in wood industry is increasing in
Europe in particular because consumers, due to
increased environmental awareness, avoid biocidal-
treated wood and wood from tropical forest. There-
fore, industry is interested in development of alter-
natives, like treatment with waxes. There is at least
one commercially operated treatment of wood with
paraffin (Dauerholz in Germany).8 However, our ex-
perimental results clearly indicate that montan wax
perform better than paraffin wax.9

Montan and carnauba waxes are one of the possi-
ble water repellent agents to be applied in the field
of wood preservation, as well. Those waxes are
among the most resistant waxes, and it should not
be overseen that they have the ability of thin film
formation. Montan and carnauba wax, as well as
other waxes, are almost nontoxic and are used for
variety of applications like fruit treatment to slow
down fruit drying.10 Crude montan wax belongs to
the group of the naturally occurring waxes of vege-
table origin such as carnauba wax or candelilla wax.
Montan wax is fossilized vegetable wax extracted
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from lignites, principally from the central German
brown coal reserves west of the Elbe River. It is a
mixture of chemical compounds that can be divided
into three substance groups: waxes, resins, and as-
phaltic substances. Like existing vegetable hard
waxes such as carnauba wax, the pure wax sub-
stance in montan wax mainly consists of esters of
long-chain acids with long-chain alcohols and free
long-chain acids. Other components such as free
wax alcohols or ketones, paraffins, and terpenes are
usually present in small quantities.11 The wax is
soluble in many organic solvents, particularly aro-
matic or chlorinated hydrocarbons, even on moder-
ate heating. Montan wax is used in the form of
flakes, powders, pastes with solvents, and aqueous
emulsions.12 One of the most important advantages
of montan wax is its capability of forming thin-layer
resistant films.13 Montan wax improves performance
against wood decay fungi, but not sufficiently to be
used for in-ground applications.14 However, wood
impregnated with the preservative solutions, based
on the montan wax and the boron compounds, is
well protected against wood decay fungi in above-
ground applications. Combinations of boron and
montan wax have synergistic effect against the wood
inhabiting fungi, and montan wax additionally
reduces the leaching of boron compounds from
impregnated wood.14

However, neither montan wax nor paraffin or syn-
thetic waxes react with wood. They either form thin
films on the surface of wood or on the surface of
cell walls, or filled cell lumina with waxes, thus lim-
iting water penetration to wood. Because they are in-
soluble in water, they do not leach from wood.15

However, it is reported that paraffin treatment in
most of the cases does not prevent degradation proc-
esses, but only slows them down.

Boron compounds are one of the oldest active
ingredients for wood preservation that still remains
on the market, even after introduction of biocidal
products directive in the European Union. Their im-
portance increased significantly. Boron compounds
have low mammalian toxicity, but they are very
effective against most of the wood pests. Their use is
limited because their diffusibility and susceptibility
to leaching. This is especially important when bo-
ron-impregnated wood is used for outdoor applica-
tions. It is important to consider that boron in
impregnated wood is not bound at all; therefore, it
tends to diffuse if concentration gradient and moist
conditions are present.16 Because of only physical
adsorption of boron compounds in wood, boron
treatment does not influence the availability of
hydrophilic hydroxyl groups in wood.17 Wood
impregnated with boron compounds (boric acid
[Ba]or borax) is more hygroscopic than untreated
wood, particularly in high relative air humidity

(RH). The increase in equilibrium moisture content
(EMC) of such wood depends on the type of wood
preservative used, retention, and wood species.18,19

An EMC is problematic because of the more promi-
nent leaching of active ingredients, creating favor-
able conditions for the growth of fungi, particularly
molds, and because there are difficulties related to
surface treatment and gluing of the moist wood.
To lower the EMC of the boron-treated wood, Ba-

based aqueous solution was combined with the
montan wax emulsion. To determine the effective-
ness of preservative solution, three different tests
were performed; conditioning in water or in a cham-
ber with high RH, conditioning in chambers in the
whole hygroscopic region during the adsorption and
desorption processes, and monitoring of MC during
outdoor exposure.

MATERIALS AND METHODS

Treatment solutions used

For impregnation of wood, the montan wax emul-
sion (LGE) (Samson, Slovenia) of two different con-
centrations 6% (LGE-A) and 12% (LGE-B), respec-
tively, were used. Some solutions contained Ba as
well (cB ¼ 0.5%). The composition and the concentra-
tions (dry content) of wax emulsions and boron
compounds are shown in Table I.

Sorption properties

To determine the sorption properties, three types of
tests were performed. In the first one, small impreg-
nated wood specimens (SP) were conditioned in
chambers with different RH. In the second set of
experiments, slightly bigger specimens (EN 113)
were submerged in water or conditioned in a cham-
ber with high humidity, and their masses were
monitored. In the third set of experiments, wood
specimens were exposed outside, under a roof. MC
of wood was determined gravimetrically based on
the mass of impregnated specimens.
The first set of sorption experiment was per-

formed on Norway spruce (Picea abies) specimens.
Samples of 2.0 � 2.0 � 1.0 cm (SP) dimensions were
used in this experiment. Before vacuum impregna-
tion (vacuum, 20 min; pressure, 90 min; and vacuum,
10 min) specimens (10 per preservative solution)
were oven dried (40�C 6 1�C for 3 days) and their
masses were determined. In parallel, control speci-
mens were dried according to the same procedure.
For impregnation, two preservative solutions, montan
wax emulsion (LGE-A) and montan wax emulsion
with Ba (cB ¼ 0.5%), were used. After impregnation,
specimens were conditioned for 3 weeks at 25�C, 65%
RH, and afterward oven dried (40�C 6 1�C for
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3 days), and, then, the retention was gravimetrically
determined. Retentions were expressed in kg/m3.

After drying, samples were conditioned at 20�C 6
0.5�C at five different levels of RH, which were
obtained with saturated salt solutions (CH3COOK,
RH ¼ 20% 6 1%; MgCl2�6H2O, RH ¼ 33% 6 1%;
NaNO2, RH ¼ 65% 6 1%; ZnSO4�6H2O, RH ¼ 88%
6 1%; H2O, RH ¼ 98% 6 1%), first in the adsorption
and then in the desorption processes. A regression
analysis was applied to fit the experimentally
obtained data with the Guggenheim–Andersen–
deBoer (GAB) sorption model.19,20 Sorption iso-
therms, according to the GAB model, exhibited good
fitting of experimental data of various kinds of
wood in the water activity range (h) 0.0–0.9.21 This
model was used to predict MC of control and
impregnated wood.

u

u0
¼ CKh

ð1� KhÞð1� Khþ CKhÞ (1)

In the above equation, u0, C, and K are the three free
sorption parameters characterizing sorption properties
of the material, u is wood MC, and h is water activity
or RH fraction. The u0 denotes MC corresponding to
the monomolecular layer on the whole free surface of
the material (on every free hydroxyl groups of wood
one molecule of water is bonded). It is known that

monolayer values decrease with increasing tempera-
ture.21 K constant is the measure of the difference of
free enthalpy (standard chemical potential) of the sor-
bate (water) molecules in two states, the pure liquid
and second sorption stage, the layers above the mono-
layer. It is always found that K < 1.22 Other GAB
energy constant C measures the difference of the
chemical potentials of the sorbate (water) molecule in
the upper sorption layers and in the monolayer.22

For comparison and evaluation of hygroscopy of
impregnated samples sorption quotient [eq. (2)] was
determined:

s ¼ Du
DRH

¼ u2 � u1
RH2 � RH1

(2)

where, Du is the change in wood MC between
equilibrium states u1 and u2 and DRH is the differ-
ence between RH1 and RH2, where samples were
conditioned.
The second set of sorption experiments was per-

formed on Norway spruce (P. abies) wood specimens
(1.5 � 2.5 � 5.0 cm [EN 113]), with end-sealed (epoxy
coating) axial surfaces. Approximately 43% of the
samples were unsealed before impregnation as evi-
dent from Table I. They were impregnated (vacuum,
20 min; pressure, 90 min; and vacuum, 10 min) with
LGE-A, LGB-B, and LGE-A-Ba solutions (Table I).

TABLE I
Retentions (n 5 10) of the Preservative Solutions, Montan Wax, and Boric Acid in Vacuum/Pressure Treated

Specimens and in Wood Specimens Impregnated with Various Aqueous Emulsions of Montan Wax
(LGE-A, LGE-B, LGE-A-Ba, and LGE-B-Ba)

Preservative
solution

Wax
content (%)

Boron
concentration (%)

Axial planes
sealed

Type of
samplesa

Wood
species

Retention (kg/m3)

Preservative
solution Wax

Boric
acid

LGE-A 6 0 Yes EN 113 Spruce 138 (21) 16.5 (2.5) 0.0
LGE-A 0 No EN 113 Spruce 696 (119) 83.5 (14.3) 0.0
LGE-A-Ba 0.5 598 (135) 71.8 (16.2) 2.99 (0.68)
LGE-B 12 0 No EN 113 Spruce 555 (162) 66.7 (19.4) 0.0
LGE-B-Ba 0.5 595 (129) 71.4 (15.5) 2.97 (0.63)
LGE-B 0 Yes EN 113 Spruce 159 (26) 19.1 (3.1) 0.0
LGE-B-Ba 0.5 154 (25) 18.5 (3.0) 0.77 (0.13)
Ba 0 0.5 No EN 113 Spruce 776 (69) 3.88 (0.35)
Control 0 0 No EN 113 Spruce 0 0 0
Control 0 0 Yes EN 113 Spruce 0 0 0
LGE-A 6 0 No EN 252 Spruce 178 (42) 10.7 (2.5) 0.0
LGE-B 12 0 83 (26) 10.0 (3.0) 0.0
LGE-B-Ba 12 0.5 121 (13) 14.5 (1.6) 0.61 (0.06)
Control 0 0 0 0.0 0.0
LGE-A 6 0 No EN 252 Beech 402 (58) 24.1 (3.5) 0.0
LGE-B 12 0 236 (15) 28.3 (1.8) 0.0
LGE-B-Ba 12 0.5 264 (26) 31.7 (3.1) 1.3 (0.13)
Control 0 0 0 0 0
LGE-B 12 0 No SP Spruce 699 (30.4) 83.8 (3.6) 0.0
LGE-B-Ba 0.5 677 (56.4) 81.2 (6.8) 3.4 (0.28)
Control 0 0 0 0

Standard deviation shown in parentheses.
a Size of the specimens: EN 113, 1.5 � 2.5 � 5.0 cm; EN 252, 2.5 � 5.0 � 50 cm; and SP, 2.0 � 2.0 � 1.0 cm.

MONTAN WAX AND BORIC ACID WOOD IMPREGNATION 1339

Journal of Applied Polymer Science DOI 10.1002/app



After 4 weeks of air drying (25�C; 65%), the impreg-
nated and control specimens were oven dried (40�C)
for 3 days. Before drying, axial surfaces of unsealed
specimens were sealed. Specimens dedicated to sorp-
tion monitoring were afterward transferred to the
chamber with RH of 87%. The mass of the specimens
was monitored daily for 6 weeks. On the other hand,
specimens dedicated to water uptake analysis were
immersed into distilled water. Masses of the speci-
mens were monitored after predetermined periods, as
shown in Figure 3(c,d,f), for 3 weeks.

Norway spruce and beech (Fagus sylvatica) speci-
mens of 2.5 � 5.0 � 50 cm (EN 252) dimensions
were used in the third part of the experiment. After
drying (103�C 6 2�C for 24 h), samples were vac-
uum impregnated (vacuum, 30 min; pressure, 150
min; and vacuum, 10 min) with three different pre-
servative solutions; LGE-A; LGE-B, and LGE-B-Ba
(Table I). After 4 weeks of conditioning (25�C, 65%
RH), samples were oven dried (103�C 6 2�C for 24
h) and then retention of active ingredients was grav-
imetrically determined. Those specimens were oven
dried because they are considerably larger than
other samples used. This reflects in slower drying
rates compared with smaller specimens. Second, one
of the objectives was to determine the dry content of
retained wax because it is well known that chro-
matographic effect could take place, and, thus, there
is less retained wax as it can be assumed from the
quantities of retained solution. Control specimens
were dried in parallel as well. Samples were
exposed outside, under a roof (use class II). Masses
of the specimens were monitored after predeter-
mined periods for 5 months from February until
June 2009. Outdoor temperature and RH were meas-
ured with EL-USB-2 data logger (Lascar Electronics,
Whiteparish Salisbury, UK). This part of the investi-
gation was also performed on 10 replicate specimens
per solution/wood species.

RESULTS AND DISCUSSION

Composition of the preservative solution, wood spe-
cies, and type of samples influence the retention of
the preservative solutions considerably. In general,
addition of montan wax negatively influences the
uptake of aqueous solutions used (Table I).

Size of the specimens had a considerable influence
on the retention of the preservative solutions as
well. As expected, the highest average uptakes of
preservative solutions was determined at SP speci-
mens (688 kg/m3), followed by EN 113 specimens
with unsealed surfaces (642 kg/m3), followed by EN
252 specimens (214 kg/m3), and the lowest retention
was observed for EN 113 with end-sealed surfaces
(150 kg/m3). Specific surface of the specimens was
the most important factor that can explain the

above-mentioned results. The highest uptake of pre-
servative solution (776 kg/m3) among all specimens
was observed for EN 113 specimens made of Nor-
way spruce, impregnated with Ba aqueous solution
only. Ba in this solution are small enough to pene-
trate into the cell wall.23 In contrary, for EN 252
samples treated with montan wax emulsion (12%
dry content), 10 times lower uptake (83 kg/m3) was
observed. Two times higher loadings was measured
at parallel specimens impregnated with montan wax
emulsion containing 6% dry content (LGE-A) (178
kg/m3) (Table I). The main reason for lower penetra-
tion of aqueous solutions that contained LGE emul-
sion was because particles in the emulsion are too
big to penetrate into the cell wall, and, even more,
they form a barrier on the surface of the cell wall
and reduce penetration of the water into the cell
wall. Similar results were obtained in previous
research.14 The addition of Ba to LGE emulsions did
not influence the loadings of the preservative solu-
tions during impregnation process. On the other
hand, influence of the wood species on the retention
was the most prominent at the biggest EN 252 speci-
mens. Uptakes of preservative solutions at beech
specimens (EN 252) are two times higher than those
at Norway spruce specimens. For example, beech
specimens impregnated with LGE-A retained 402 kg/
m3, and spruce wood specimens treated with the
same solution only retained 178 kg/m3 (Table I).
Described differences are a consequence of better
impregnability of the beech wood because pits
between cells in beech wood are bigger, and they are
not aspirated as at spruce wood. Thus, montan wax
emulsion can easily penetrate into the beech wood
than into the spruce wood. However, beech wood is
known to be more permeable than spruce wood.24

Therefore, composition of preservative solution did
not have that prominent influence on loadings at
beech wood specimens, as reported for spruce ones.
Furthermore, prominent differences between end-

sealed and unsealed EN 113 samples were noticed.
There is no significant difference in loadings of the
preservative solutions between EN 113 specimens
with end-sealed axial surfaces and bigger EN 252
samples impregnated with the same preservative so-
lution because both specimen types had approxi-
mately the same specific surface ratio. However, it is
well known that wood is more permeable in axial
than in transverse direction.25 Therefore, at speci-
mens with end-sealed axial planes, preservative so-
lution had to penetrate through 15–100 less permea-
ble radial and tangential planes.26,27 Our previously
published experimental data28 clearly indicate that
the smallest SP samples and unsealed EN 113 sam-
ples are completely preserved with tested aqueous
emulsions and solutions, whereas for EN 113 with
end-sealed surfaces and for EN 252 samples, only
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the outer part of the specimens is treated, whereas
the core remained almost unimpregnated.

However, the most important topic of our research
was to elucidate how impregnation of wood with
different combinations of montan wax emulsion and
Ba influences sorption properties of impregnated
wood. First set of sorption experiments was per-
formed in chambers with different RH where Nor-
way spruce specimens impregnated with LGE-B and
LGE-B-Ba solution were exposed. Sorption isotherms
of all impregnated and control samples have a char-
acteristically sigmoid shape with hysteresis (Figs. 1
and 2). The graphs clearly show that the EMC in de-
sorption process is always higher than that during
adsorption at whole hygroscopic region. Hysteresis
effect is greater for the control samples than for the
impregnated ones. EMC of the samples impregnated
with LGE-B was lower than EMC of control samples
at all RH stages, for adsorption and desorption proc-
esses. For example, MC of montan wax (LGE-A)-
treated specimens was lowered by 3–9% in adsorp-
tion and by more than 10% in desorption process. It
is presumed that the main reason for the reduced
MC of LGE-A-treated specimens originates in the

hydrophobic effect of thin layer of montan wax on
the wood surface and on the surface of the cell
walls.2,6 Second reason for lower EMC was deposits

Figure 1 Box-and-whisker plots of the equilibrium moisture content (EMC) of control and impregnated Norway spruces
specimens conditioned at five relative air humidity (RH) levels in the adsorption and desorption. Solid line is median,
and dotted line is mean value.

Figure 2 The average EMC of wood impregnated with
aqueous emulsion of montan wax (LGE-B) and montan
wax emulsion with boric acid (LGE-B-Ba) and control
specimens (n ¼ 10). GAB model fit curves are shown as
well. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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of montan wax in cell lumina and cell walls; wood
cells were completely filled because of small dimen-
sion of samples and high retention.28 On the other
hand, EMC of specimens impregnated with LGE-B-
Ba solution was higher than that of control ones, in
average for 1.6% points (Fig. 1). The difference
between LGE-B-Ba and control samples was approxi-
mately the same in the whole hygroscopic region.
This is not in line with our previous research,19

where EMC’s of Ba-impregnated wood were higher
than the control ones only above 65% RH. However,
the differences in EMC at desorption process of LGE-
B-Ba-treated and control wood were not significant. It
is supposed that higher adsorption EMC’s of LGE-B-
Ba-impregnated samples originates in hygroscopic
properties of Ba19 and in formation of small crystals
with several voids suitable for capillary condensa-
tion.29,30 Sorption quotient shows higher hygroscopic-
ity of LGE-B-Ba-treated wood also (Table II).

Sorption isotherms of the wood treated with mon-
tan wax emulsions and of the control unimpreg-
nated wood, obtained according to the GAB model,
exhibited good fitting of experimental data in the
whole hygroscopic region (Fig. 2). Similar results
were obtained also in the previous research.31 Exam-
ination of the GAB parameters in adsorption shows
that the values of the monolayer MC u0 are lower
and those of the Guggenheim constant C are higher
than for desorption (Table II). In terms of the sorp-
tion phenomenon, this means that during adsorp-
tion, although there are less sorption sites, they have
a greater binding energy, with the multilayer mole-
cules deviating from the free bulk water.25 Compari-
son between treatments shows that at adsorption and
desorption processes the highest monolayer MC (u0)
was that of samples treated with montan wax and Ba
solution (LGE-B-Ba). This indicates that these samples
have more available sorption sides, and that they have
a greater binding energy, which is shown by a higher
constant C at control and only montan-wax-treated
samples.25 For drying samples with higher C constant,
more energy is needed, and, at wetting of these sam-
ples, more energy is loosen than at samples with

lower Guggenheim constant C. Third, constant of
GAB model K is just the measure of the difference of
free enthalpy of the sorbate (water) molecules in two
states and does not give any important information
about material. On the basis of the reported results
(Fig. 2), it can be concluded that the GAB model is
suitable for the prediction of the MC of wood impreg-
nated with montan wax and of wood treated with
aqueous solution of montan wax emulsion and Ba.
Results of the moisture changes during dipping in

water and during conditioning at high RH (87%)
showed that the composition of preservative solu-
tions and their retention have considerable influence
on the sorption properties of the treated wood.
Moisturizing of wax (LGE-A, LGE-B, LGE-A-Ba, and
LGE-B-Ba)-impregnated unsealed specimens was
slower compared with control specimens condi-
tioned in the humid air and at the ones immersed in
water. On the other hand, moisturizing of Ba-treated
specimens was faster, and MC of Ba-treated wood
was higher than MC of control specimens [Fig. 3(a–d)].
The samples impregnated with montan wax had
lower MC than the control specimens [Fig. 3(a–d)].
Final MC of unsealed specimens impregnated with
LGE-A solution, conditioned in chamber with 87%
RH, was 11.4%, whereas approximately considerably
higher MC was observed at control specimens
(12.9%), and the highest MC was measured at Ba-
treated samples (14.5%) [Fig. 3(a)]. Moreover, MC of
LGE-B- and LGE-B-Ba-impregnated unsealed wood
was around 11%, which is considerably lower than
MC of control specimens (12.9%) [Fig. 3(b)]. Even
more, EMC of control samples was reached at the
18th day, whereas the MC of LGE-B and LGE-B-Ba
increased for 53 days, when the experiment was fin-
ished. Similar effect was observed for LGE-A-impreg-
nated samples. However, rising of MC of LGE-A-Ba-
impregnated wood was faster and reached the same
MC than control samples at the end of the condition-
ing in the humid atmosphere [Fig. 3(a)]. During dip-
ping experiment, similar effect of moisturizing of con-
trol and impregnated samples to the effect during
conditioning in humid environment was observed

TABLE II
Sorption Quotient (s) and the GAB Sorption Model Constants (K, C, and u0) of Control Wood and Wood Impregnated
with Emulsion of Montan Wax (LGE-B) and with Montan Wax Emulsion with Boric Acid (LGE-B-Ba) Conditioned in

Five Hygroscopic Regions in the Adsorption (A) and Desorption (D) Process

Preservative solution Sorption

Sorption quotient (s), hygroscopic region–RH (%) GAB model

K C u0 (%)33–20 65–20 65–33 88–65 88–33

Control A 0.08 0.12 0.14 0.26 0.19 0.007604 19.94835 5.8
D 0.05 0.15 0.19 0.23 0.20 0.006469 14.81227 8.6

LGE-B A 0.07 0.12 0.14 0.21 0.17 0.00745 18.73971 5.7
D 0.06 0.13 0.16 0.21 0.18 0.006863 17.13259 7.1

LGE-B-Ba A 0.08 0.13 0.15 0.23 0.18 0.007201 37.19465 6.9
D 0.07 0.15 0.18 0.23 0.20 0.006886 20.26673 7.9
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[Fig. 3(c,d)]. With one exception, MC of LGE-A-Ba-
and LGE-B-Ba-impregnated wood was lower than
MC of specimens impregnated only with montan wax
(LGE-A and LGE-B), but the differences were not sig-
nificant. After 500 h of dipping in water, LGE-B-Ba-
impregnated specimens reached MC of 75%, LGE-B
specimens reached MC of 82%, and even higher MC
was determined for control samples (99%). The high-
est MC (109%) was determined for Ba-impregnated
specimens [Fig. 3(c,d)].

The results of this study clearly show that the
addition of LGE emulsion lowers MC and EMC of
impregnated wood. Even more, montan wax emul-
sion retains positive influence on the MC even in the
presence of Ba. MC of wood treated with montan
wax emulsion and Ba is lower than that of wood
treated with Ba only [Fig. 3(a–d)]. MC of wood
treated with Ba is generally higher than control or
than LGE-treated wood. The reasons for higher MC
of Ba-treated wood were explained in the previous

Figure 3 Changes in moisture contents (MC) of the EN 113 Norway spruce control specimens and specimens impreg-
nated with preservative solutions based on montan wax emulsion with (LGE-B-Ba) or without (LGE-B) boric acid, or boric
acid alone (Ba) in atmosphere with RH of 82% (a, b, and e) or during immersion in water (c, d, and f). The graphs a, b, c,
and d show moisture contents of unsealed specimens and graphs e and f showed MC of sealed specimens.
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paragraphs. Additionally, possible explanations for
lower MC of montan wax-treated wood are similar to
those stated before. Namely, wood surface of wax-
treated wood is more hydrophobic, which particu-
larly slowed down moisturizing in the first hours of
exposure. Second, montan wax forms thin-layer re-
sistant film13 on the wood surface and acts as barrier.
Third, deposits of montan wax and Ba form in the cell
lumina, which physically reduce space for water accu-
mulation.2 All above-mentioned facts are valid for
specimens with unsealed axial surfaces, where high
retention of wax emulsions were achieved. Conversely,
specimens with end-sealed axial surfaces retained
approximately three to four times less LGE-based
emulsions. It can be clearly seen from Figure 3(e,f) that
low quantity of retained wax had no significant influ-
ence on MC of impregnated wood. It seems that mon-
tan wax, which remained on the surface of the test
specimens, was not sufficient to form a barrier that
would limit water penetration to the treated wood. It is
presumed that wax treatment is suitable for impregna-
tion of more permeable wood species than Norway
spruce like Scots pine, radiata pine, beech, etc.

Similar effect as for spruce wood specimens with
sealed axial surfaces was evident for bigger (EN 252)
Norway spruce specimens, too. As mentioned previ-
ously, retention of wax emulsions at EN 113 samples
with sealed axial surfaces and EN 252 ones was
comparably low. It is supposed that low loadings of
emulsion had no influence on MC of Norway spruce
specimens exposed in outdoor application. (How-
ever, it has to be considered that those specimens
were not exposed to the rain.) All wax-treated
spruce specimens had MC comparable to the MC of
control specimens. This is clear evidence that load-
ings of wax need to be sufficient to reduce the MC
of impregnated wood. On the other hand, two times
higher retentions of LGE emulsion and Ba were
achieved at beech wood EN 252 specimens; thus, it
was presumed that there will be more considerable
influence of wax treatment on MC of impregnated
beech wood. It can be seen from Figure 4 that MC of
treated and untreated control wood was related to
RH. At the beginning of the experiment, MC of all
impregnated samples was around 3%, whereas MC
of control samples was 4.3%. This difference in MC
increased during the experiment. After 5 months,
MC of impregnated samples with LGE-A and LGE-B
was 9.5%, MC of LGE-B-Ba was 20% higher, and
MC of control specimens was 35% higher (Fig. 4). It
is believed that the main reason for this difference
originates in the wax treatment of wood. Montan
wax can influence the MC of wood, if it is applied
in sufficient loadings. Detailed mode of action is
described in the previous sections. Furthermore, it
should be considered that those bigger specimens
were dried at 103�C before outdoor exposure. Dry-

ing of wood at this temperature causes some depoly-
merization of hemicellulose, which results in lower
MCs compared with nondried wood.32

CONCLUSIONS

Retention of preservative solutions was influenced
by concentration (viscosity) of the preservative solu-
tion, the wood species used, and type (specific sur-
face) of the samples. However, concentration of
montan wax in the solution had minor effect on the
total amount of retained wax. Specimens impreg-
nated with the lower concentration of montan wax
retained approximately the same amount of wax as
specimens impregnated with the higher concentra-
tion. The amount of retained montan wax determined
the hydrophobic effect and sorption properties. The
more wax was introduced into the wood specimens,
the lower was EMC. To the contrary, the MC of Ba-
treated wood was higher than that of the control
wood, and MC of wood impregnated with combina-
tion of Ba and montan wax, after conditioning at
chamber with 87% RH, dipping experiment, and out-
side exposition, was lower than that of the control
wood. In some cases, the MC content of wood treated
with montan wax and Ba was even lower than the
MC of only montan wax treated wood. The lower
MC of treated wood is particularly important from
the practical point of view. Leaching of boron com-
pounds from the wood with lower MC is consider-
ably reduced. Second, lower MC of treated wood
offers less suitable conditions for mold and fungal
growth and increases the performance of such wood.

The authors thank the technical support of Žiga Melanšek,
Tomaž Grof, and Boris Hafner.

Figure 4 The monitored RH and MC changes of the con-
trol and impregnated beach wood EN 252 specimens
exposed outdoors, covered application for 5 months,
between February and June 2009.
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