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Abstract

Aim of study: This study evaluated the distribution of boron (B), fluoride (F) and copper (Cu)
elements in sugi wood by single and double treatments and the effect of each element on the elemental
distribution in double treatments.

Material and method: The holes in sugi sap- and heartwood specimens were filled with 6 ml of either
DOT, NaF or CuSO, solutions (2 and 5%) in single treatments. Some specimens were similarly treated
with DOT + NaF, DOT + CuSO,4 and NaF + CuSO4 solutions as double treatments. After conditioning
periods of 7, 30, 60 and 90 days, the specimens were cut to three equal assay zones and element
distribution was determined in these assay zones.

Main results: Incorporation of the elements in double treatments generally had no adverse effects on
element distribution and in most cases they helped each other to obtain higher element levels in the assay
zones. However, in double treatments, presence of Cu negatively affected F content.

Research highlights: Except for the adverse effects of Cu on F element diffusion, there was no
negative effect of B, F and Cu elements on each other in the treatments. In most cases, incorporation of
the elements improved the diffusion of each one.
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Sugi Diri ve Oz Odununda Bor, Flor ve Bakir Dagilimi:

Elementler Arasindaki Etkilegsimler

Oz

Calismanmin amaci: Bu calismada, tek ve ikili islemlerle bor (B), florir (F) ve bakir (Cu)
elementlerinin sugi agacinin diri ve 6z odunundaki dagilimini ve her bir elementin ikili islemdeki element
dagilim {izerindeki etkisi degerlendirilmistir.

Materyal ve yontem: Sugi diri ve 6z odun 6rneklerinde agilan delikler, tek islemlerde 6 ml % 2 ve % 5
olmak tizere iki grup olarak DOT (di-sodyum oktoborat tetrahidrat), NaF (sodyum floriir) ya da CuS04
(bakar siilfat) ¢ozeltileri ile doldurulmustur. Dual islemlerde ise her bir bilesikten 3’er ml alinarak ikili
cozeltiler hazirlanarak deliklere doldurulurmustur. 7, 30, 60 ve 90 giinliik sartlandirma periyotlarindan
sonra, Orneklerden ii¢ analiz bolgesinden oOrnek alinmig ve bu Orneklerdeki element dagilimi
belirlenmistir.

Temel sonuglar: Sonuglar, elementlerin ¢ift islemlere dahil edilmesinin genellikle element dagilimi
iizerinde olumsuz bir etkisi olmadigini ve cogu durumda test bdlgelerinde daha yiiksek element seviyeleri
elde etmelerinde yardime1 olduklarini géstermistir. Bununla birlikte, ikili islemde, Cu varlig, iki element
arasinda ters etkilesime isaret eden F icerigini olumsuz yonde etkiledigi belirlenmistir.

Arastirma vurgulari: Cu elementinin F elementinin diflizyonu {izerindeki olumsuz etkisi haricinde, B,
F ve Cu elementlerinin uygulamalarda birbirleri iizerinde olumsuz bir etkisi olmamistir. Cogu durumda,
element giftlerinin varligi, her birinin odun igerisindeki diflizyonunu iyilestirmistir.

Anahtar kelimeler: Bor, Flor, Bakir, Yerinde Bakim, Etkilesim

Introduction materials to prevent biological attack is one

Of several control and preventing of the most common and effective methods.
methods against  biodeterioration  and As a part of preservative techniques,
biodegradation in buildings, preservative remedial treatments use non-pressure,
treatment of wood and wood-based building diffusible chemicals in applications since
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such chemicals move slowly through water
within the wood and do not fix themselves in
the wood (Kartal et al., in press; Lebow &
Anthony, 2012). Pavia (2006) has reviewed
that chemicals placed in the wood only by
diffusion are susceptible to leaching, because
chemicals that diffuse into the wood matrix
can easily leach out during service. The
double-diffusion process was thus developed
to overcome leaching issues with the single-
diffusion processes. In this method, wood is
sequentially soaked in two aqueous chemical
solutions that react within the wood matrix to
form a precipitate that is greatly resistant to
leaching and effective to wood degrading
organisms.

Boron (B) has long been used in diffusion
processes for treatment of building frames
while fluoride (F) has been employed to treat
wooden windows and door-frames (Freitag
& Morrell, 2005). Boron-based remedial
treatments posses several advantages for
protecting wood against biodeterioration
such as high efficacy of B compounds
against both decay fungi and insects, and
being their relatively low toxicity to humans,
and being odorless and colorless (Terzi et al.,
2017). Tasciogl et al. (2017) have stated that
sodium fluoride (NaF), a colorless, odorless,
non-corrosive crystalline solid, has been used
effectively in Europe and the USA against
wood-degrading ~ organisms  in  both
preventive and remedial treatments since it
diffuses via free water through wood.
Fluoride has a long history of use as a
diffusible wood preservative and was a main
part in the firstly developed diffusible
preservative employed in North America
(Morrell et al., 2005).

Morrell et al. (2005) have stated that
double diffusion is one alternative process
for protecting wood of which interest for
lower value timbers has been renewed in
recent years using F as a substitute for
chromium (Cr). Water-borne copper (Cu)
wood preservatives can also diffuse into
wood, but diffusion of Cu is more limited
than that of F since some amount of Cu
reacts with the wood to become fixed
(Morrell et al., 2005; Cooper, 1991). In
contrast, F and B elements are not strongly
fixed to the wood, they remain at protective
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levels for many years following surface or
dipping applications.

This study has focused on the possible
interactions among B, F and Cu elements in
double treatments to observe the effect of
each element on the distribution of another
element in possible remedial treatments.
There is lack of information on the
interactions between B, F and Cu elements
when they are introduced into the wood and
their effect on distribution of each element.
We aimed to evaluate percentage retention
levels of B, F and Cu elements in wood after
single and double treatments, to evaluate the
effects of solution concentration and
sapwood/heartwood formation on penetration
of the elements in selected assay zones in
treated wood specimens after extended
period of time (7, 30, 60 and 90 days) after
treatment processes.

Materials and Methods

Sugi wood (Cryptomeria japonica D.
Don) sapwood and heartwood specimens (50
by 50 by 150 mm long) were air-dried to
12% target moisture content (MC). After
conditioning in the climate chambers, a 10-
mm diameter hole (35-mm deep) was drilled
on the narrow face of each specimen (Figure
1).

The solutions of DOT (di-sodium
octoborate tetrahydrate), NaF (sodium
fluoride) and CuSO, (copper sulfate) (2%
and 5%) were placed in each hole in the
specimens. In single treatments, 6 ml of each
prepared solution was introduced into the
holes of each specimen by gradually to make
sure solutions spread thoroughly into wood
structure. In double treatments, 3 ml of each
solution was inserted into the holes in the
same way explained previously (Table 1).
First, 3 ml of each solution was added into
the holes. After all solution was distributed
into the wood structure, second application
of the solutions (3 ml) was made (DOT +
NaF, DOT + CuSOs and NaF + CuSQOs) The
treatment hole was then plugged with a
plastic cap, and the specimens were
incubated at room temperature for 7, 30, 60
and 90 days. During the storage of the
blocks, the specimens were placed in
desiccators separately to prevent any
moisture loss during the incubation period.
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At each time point, two wood specimens three equal assay zones — assay zone 1, 2 and
were removed, weighed and oven-dried. The 3 (Figure 1).
specimens were sawn immediately to the

Hole: 10 mm diameter, 35 mm deep

/ / Cross section
/ ~

50 mm

150 mm

A 10-mm-diameter hole {35 mm deep) will be drilled on the narrow face of each specimen.

assay zones (Assay zone 1 is the nearest part to the treatment hole, while assay zone 3 is the
farthest part. Each zone is 22 mm in width.)

Table 1.Treatments followed in the study and amounts of treatment solutions placed into the
holes in the specimens

Single treatments Double treatments

2% DOT (6 ml) 2% DOT (3 ml) + 2% NaF (3 ml)
5% DOT (6 ml) 5% DOT (3 ml) + 5% NaF (3 ml)
2% NaF (6 ml) 2% DOT (3 ml) + 2% CuSO4 (3 ml)
5% NaF (6 ml) 5% DOT (3 ml) + 5% CuSO, (3 ml)
2% CuSO4 (6 ml) 2% NaF (3 ml) + 2% CuSQO4 (3 ml)
5% CuSO4 (6 ml) 5% NaF (3 ml) + 5% CuSQOs (3 ml)

The wood from the assay zones was then procedure based on the AWPA A7-12
ground to pass a 20-mesh screen. The standard test method (AWPA, 2012) by
sawdust was subjected to a wet ashing using 70% nitric acid (14 ml, 25.8 molar).
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Accurately 0.5 g of sawdust sample was
placed into a microwave digestion tube. The
vessels with wood sawdust and acid were
then placed into the carousel in the
microwave oven (Anton Paar Microwave
Digestion System-Multiwave GO, Austria).
Following digestion procedure, the vessels
were quantitatively brought up to 50 ml with
ultra-pure water. The extracts obtained from
the microwave digestions were analyzed for
boron (B) and copper (Cu) by an ICP-AES
Multitype ICP  Emission  Spectrometer
(Shimadzu ICPE-9000, Japan). In fluoride
(F) analyses, the supernatant was analyzed
for F content using an F ion-selective
electrode (F-ISE) based on the AWPA
Standard A2 Method 7 (AWPA, 2006).

Results
Boron (B) Distribution

In general, sapwood specimens in single
treatment showed more unique B element
distribution considering the assay zones and
incubation time when compared to the
heartwood specimens (Figures 2 and 3). In
the sapwood specimens with 2% DOT, at the
first incubation period, B was present only in
the
first assay zone representing the nearest part
to the treatment hole. The 60 and 90-day-
conditioning period of the respective
specimens resulted in B diffusion through the
farthest assay zones. In 5% treatments, this
trend was more apparent and also more B
content was available in the zones compared
to 2% DOT treatments. In the heartwood
specimens, the assay zones 1 only showed B
diffusion due to low permeability of the
heartwood. In 5% DOT treatments of
heartwood specimens, even though increases
in B element content were seen in the assay
zones, in most cases the assay zone 3 did not
contain B element.

In sapwood specimens, slight increases
were noticed in the amount of B element
when 2 and 5% NaF combined with DOT
solutions. The highest increases were seen in
5% DOT and NaF treatments in 90-day-
incubated specimens when compared to 5%
DOT-only  treatments. In  heartwood
specimens treated with 2% solutions, the
highest B element contents were obtained in
90-day-incubated specimens in comparison
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with single treatments. In 5% treatments, in
most cases elemental increases were
available even though in some assay zones
there were no changes when compared to
single treatments. Considering the amounts
of B element in both treatments, NaF had no
adverse effect in the treatments in terms of B
content in the assay zones.

Considering the effect of copper (Cu) on
B distribution, both increases and decreases
were noticed in the amount of B element in
the assay zones in sapwood specimens;
however, almost no changes were seen in
heartwood specimens in 2% DOT and CuSO,
treatments when compared to 2% DOT only
treatments. In 5% DOT and CuSO,
treatments, the effect of Cu on B element
distribution was clearer in comparison with
2% treatments. In most cases, presence of Cu
element increased B contents in the assay
zones when compared to single treatments in
the respective zones. In  heartwood
specimens, even though B contents in the
first and second assay zones were higher than
the zones in single treatments, addition of Cu
did not provide any B element increase in the
third assay zones.

Fluoride (F) Distribution

It is clearly apparent that F contents in the
assay zones were much higher than B
contents in all treatments and assay zones
(Figures 2 and 3). With 2% treatments, in
sapwood specimens incubated for 30 and 60
days, the third assay zones did not contain
any F content; however, in 7 and 90-day-
incubated specimens, the respective zones
included F element. In 5% treatments, this

phenomenon was seen in only 30-day-
incubated  specimens. In  heartwood
specimens, F contents were much less
compared to sapwood specimens as

expected. In 90-day incubated specimens,
there was no F element in the third assay
zone suggesting that heartwood formation
did not permit the element distribution in this
zone in heartwood when compared to
sapwood.
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Figure 2. B (DOT treatments), F (NaF treatments) and Cu (CuSO. treatments) contents (%) in the assay zones (1, 2 and 3) away from the treatment hole
in sapwood specimens conditioned for 7, 30, 60 and 90 days in single and double treatments (n=2).
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Figure 3. B (DOT treatments), F (NaF treatments) and Cu (CuSO, treatments) contents (%) in the assay zones (1, 2 and 3) away from the treatment hole
in heartwood specimens conditioned for 7, 30, 60 and 90 days in single and double treatments (n=2).
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The results showed that the presence of B
element did help in obtaining higher F
content in double treatments when compared
to single treatments in sapwood specimens
treated with both 2 and 5% solutions.
However, slight changes were noticed in
terms of increased F contents in the assay
zones in heartwood specimens in comparison
with sapwood specimens.

Incorporation of Cu adversely affected F
content in double treatments when compared
to single NaF treatments. In almost all assay
zones, F content decreased due to presence of
Cu element in both sapwood and heartwood
specimens suggesting maximum interaction
between the two compounds and no potential
use for using both at the same time.

Copper (Cu) Distribution

In sapwood specimens, no Cu contents in
2% single treatments were seen in the third
assay zones expect for 90-day-incubated
specimens; however, 5% treatments resulted
in distribution of Cu element in the
respective zones. In heartwood specimens
treated with 2% CuSOs only, no Cu element
was available in the second and third assay
zones; however in 5% treatments, Cu was
available in the first and second assay zones
only whilst the third assay zones were lack of
Cu distribution (Figures 2 and 3).

The presence of DOT in 2% double
treatments helped in obtaining higher Cu
element in the assay zones. Particularly Cu
appeared in the third assay zones even
though in single treatments those zones did
not include any Cu element. In 5%
treatments, one single decrease in Cu content
was seen in the first assay zone of the
sapwood specimen incubated for 7 days;
however, all the other cases resulted in
higher Cu contents in those treatments. In
heartwood specimens with 2 and 5%
solutions, it seemed that B in general was
helpful in increased Cu content in the first
assay zones only and Cu was not able to
reach to the third assay zones along with B.

Considering the effect of F on Cu content,
the interaction was clearer in 2% treatments
when compared to 5% treatments. In 2%
single treatments, no Cu was available in the
third assay zones; however, the presence of F
element in double treatments resulted in Cu
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contents in the respective zones and also Cu
content increased in all assay zones in
comparison with single treatments. In most
cases, in 5% treatments there were no
considerable changes in terms of Cu content;
even though in some small cases slight
increases were noticed. Similar scenario was
seen in heartwood specimens and slight
improvements were obtained particularly in
5% treatments suggesting that increased Cu
content might have resulted in precipitation
or fixation in the specimens.

Discussion

The motivation in the present study was
to evaluate the diffusion properties of DOT,
NaF and CuSO; wood preservatives
considering the possible effects of B, F and
Cu elements on the element distribution.
Fluoride and B elements are not strongly
fixed to the wood, they may remain at
protective levels for many years following
remedial treatments. Copper element, on the
other and, can diffuse into wet wood;
although the degree of diffusion is more
limited than F and B elements.

Remedial treatments can be most efficient
as long as the preservative active compounds
are mobile enough to penetrate into the
wood. In order to achieve better diffusion
and permanence, generally preservative
formulations with one ingredient that fixes in
the wood and another that diffuses are
preferred. The diffusible one penetrates
deeply into the sapwood via moisture in the
wood. Copper element in such remedial
treatments remains less mobile element;
however, B is a typical diffusible element
along with F that was generally employed in
previous remedial treatments (Lebow et al.,
2014). They studied synergy and diffusion
with borax-Cu(OH), to protect wood in
groundline. Their studies showed that
although Cu movement was not big as that of
B element, significant movement occurred.
They also suggested that the long-term
protection is due to mainly Cu in the
groundline and below ground areas, and to
both B and Cu in above-ground areas.

Morrell et al. (2005) stated that the
potential for interactions between protective
elements is inadequately studied and
information will be needed for better
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understanding the interactions between the
chemicals once they diffuse into the wood.
When they treated wood blocks with 2 and
5% NaF or CuSOQ, solutions in single and
double treatments and evaluated treatment
uptakes and leaching rates of the elements.
They stated that sequential soaking with Cu
and F does not seem to produce a fixed
product in the wood. Fluoride appeared in
their study to increase Cu uptake; however,
some of the increased Cu might be a result of
the loss of F into the Cu solution. They found
that F did not appear to have an effect on Cu
uptake since they discovered higher levels of
residual Cu in wood initially treated with F.
Their findings stated that sequential soaking
treatments with F and Cu solutions may have
some benefits and these might be slight.

In the recent study, we found that F had
no adverse effects on B diffusion; however,
improvements in terms of enhanced B
diffusion were even limited. Similarly, effect
of Cu on B element diffusion was not clear
since we obtained both decreased and
increased B content in the assay zones.
Considering these results, it might be useful
to employ those compounds together due to
possibly increased biological efficacy against
biodeterioration. Interestingly the effect of B
on F diffusion was similar to the effect of F
on B; however, presence of Cu negatively
affected F content in double treatments. We
suggested that maximal interaction between
Cu and F resulted in this phenomenon and
probably partial fixation or precipitation of
Cu might be responsible. Thus, the potential
use of both compounds at the same time
might be resulted in less F diffusion in wood.
When incorporated with B, Cu diffusion
improved and Cu was more available in the
third assay zones; however, the effect of F
was not obvious as much as B element.
Freeman (2013) reviewed that in CCB
(copper/chromium/boron) wood preservative,
B element entirely penetrates and enhances
Cu penetration. Small amounts of B may
significantly improve penetration of Cu-
based preservatives. The presence of B
delays Cu precipitation, resulting in deeper
penetration and distribution of Cu across the
cell walls. In addition, the Cu reduces B
leaching via partial fixation.
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Conclusion

Except for the adverse effects of Cu on F
element diffusion, there was no negative
effect of B, F and Cu elements on each other
in the treatments. In most cases,
incorporation of the elements improved the
diffusion of each one. The potential use of
the elements in dual treatments to increase
diffusion might be useful; however, the
further studies are needed to evaluate the
stability and presence of the elements in the
wood in long term and resistance against
leaching in harsh conditions.
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