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ABSTRACT

The amount of cell-wall pentachlorophenol (PCP) did not vary significantly up to 6
months after treatment when Douglas-fir sapwood and heartwood stakes were stored at 6
or 12% moisture content and at temperatures ranging up to 150 F. Total PCP was greater
for earlywood than for latewood, but the per cent PCP deposited in the cell wall was

similar for both wood zones.
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INTRODUCTION

The gross distribution of toxic or active
components of preservative solutions in
treated wood has been routinely measured
and experimentally investigated for many
years. This interest stems from the obvi-
ous relationship between the amount and
gross distribution of preservative loaded
into a treated member and the ultimate
service life of that member.

The distribution of preservative chemi-
cals on a microscopic scale, such as on a
cell-wall level, has received far less atten-
tion. This is partly because of the assump-

inside the cell wall even though capable
of partially or completely filling the gross
void structure in wood and coating the
exterior surfaces of cell walls.

In addition to classifying treatments by
the preservative distribution within the
cellular structure, one must also consider
the chemical interaction between the pre-
servative and the constituents of wood.
Preservative treatments can thus be further
classified into distinct types according to
their chemical interaction with wood sub-
stance in addition to their microscopic lo-
cation. Four different types are proposed:

tion that many treating solutions do not Type 1 Negligible chemical interaction
penetrate into the cell wall itself and thus with wood and negligible pene-
do not deposit chemicals there. tration into the cell wall (exter-

Using this reasoning, one could classify nal cell-wall coating treatment)
the different treating solutions used into . . . .

. ) . . Type 2 Chemical interaction with the

two different types: those having a carrier : )
mable of trating and I a outer surface of fibers and negli-
capable Of penetrating and swetling woo gible cell-wall penetration (exter-
cell walls, and those utilizing a nonpene- .

) ) . nal cell-wall bonding treatient)
trating and nonswelling carrier. It has o
been logically assumed that treatments Type 3 Penetration into t.he cell wall but
with nonpolar solvents or solutions do not n'eghglble chemical interaction
permit toxic chemicals to be deposited (internal cell-wall coating treat-
I ment)

t Presented at the 26th Forest Products Research Type 4 Penetration into the cell wall
Sf)cxety Annua'l Meehpg, Dallas, .1972. The finan- together with chemical interac-
cial and technical assistance provided by the Kop- . . 1 11 I .
pers Company, Inc., Pittsburgh, Pennsylvania, is tion (mterna cell-wall bondmg
gratefully acknowledged. treatment)
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It seems obvious that preservative treat-
ments using water as the carrier lead to
penetration of the cell wall and thus would
correspond to treatment types 3 or 4. Sev-
eral studies have shown the presence of
toxic components in the cell walls of wood
treated with aqueous solutions of metal
compounds (Fengel and Wolfsgruber 1971;
Petty and Preston 1968; and Rudman
1966). Exact quantitative data on the
amount and distribution of cell-wall pre-
servative in relation to the total preserva-
tive loading are still not available. The
degree to which the various different con-
stituents of water-borne preservatives are
chemically bound to the inner and outer
cell-wall surfaces is also not completely
known. However, several studies have
shown that some bonding to wood occurs
and thus some water-borne treatments are
of type 4 (Dahlgren and Hartford 1972;
Eadie and Wallace 1962; Belford et al
1957).

The negligible swelling ability of creo-
sote, creosote-petroleum oil, petroleum oil-
pentachlorophenol (PCP), and liquefied
petroleum gas (LPG)—PCP treatments
suggest, on the other hand, that these treat-
ments should not penetrate into the cell
walls and thus are type 1 treatments. Cell-
wall penctration of prescrvatives via non-
swelling carrier treatments has not received
much attention. Walters and C6té (1960)
used the electron microscope to investigate
distribution of PCP in wood treated with
both swelling and nonswelling carriers.
PCP crystals were observed in cell walls
of samples impregnated with the swelling
solvent, but they were not observed in cell
walls of material treated with the non-
swelling solvent.

A number of recent investigations have
shown, however, that some nounswelling
carrier treatments do indeed lead to cell-
wall penetration. Leutritz (1965) pointed
out in a footnote that all of the PCP depos-
ited in wood treated with an LPG process
could not be removed by prolonged extrac-
tion with chloroform. Extraction with a
swelling azeotrope did, however, remove
all the PCP. This implies that a certain

SOLUTIONS AND WOOD 253
portion of the PCP present was located in
the cell walls and could not be removed
by extraction with a nonswelling solvent
such as chloroform. The azeotrope, which
swelled the wood, penetrated into the cell
wall and thus extracted PCP present there.
Further indirect evidence of cell-wall PCP
in LPG-treated wood was presented by
Arsenault (1969) in a study on mechanical
properties of treated wood. In this study,
the equilibrium moisture content of Doug-
lasfir and ponderosa pine samples was
lowered by LPG treatment. The presence
of PCP in the cell wall is analogous to the
bulking treatments used to reduce shrink-
age (Stamm 1964). Rough calculations
show that the reductions in EMC corre-
spond to PCP concentrations in the cell
wall of 0.10 and 0.16 lbs/ft* for Douglas-
fir and ponderosa pine, respectively.

Deposition of PCP in cell walls follow-
ing LPG treatment has been largely es-
tablished by two recent studies. Resch
and Arganbright (1971) examined Cellon-
treated Douglas-fir heartwood utilizing a
variety of different methods including se-
lective extraction and electron-probe mi-
croanalysis. PCP concentrations in the cell
wall as high as 0.19 Ibs/ft? were measured.

Similar results were found by Leutritz
(1971) using the selective extraction tech-
nique on bhoth material treated with LPG
and penta-petroleum oil (P9) solutions.

An interesting series of studies on ar-
senical creosote, in which a portion of the
arsenic becomes permanently fixed within
treated wood, was made by Johanson
(1971). Whether this is a type 2, 3, or
4 treatment is not now clear.

With regard to fungal and bacterial at-
tack, the presence or absence of preserva-
tive chemicals in wood cell walls, and the
degree to which they chemically react
with wood substances, has the following
implications:

(a) their effect on degradation, as ex-
pressed by both threshold levels and
the patterns of degradation within
the cell wall;
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(b) their effect on permanence of the
toxic chemical constituents, with
reference to leaching into the sur-
rounding environment and redistri-
bution in a treated member.

PURPOSE

The present investigation was carried
out to answer a number of important ques-
tions raised by our previous research on
cell-wall PCP (Resch and Arganbright
1971). The sample material used in that
study consisted of Douglas-fir heartwood
and sapwood 2-inch by 4-inch lumber com-
mercially treated by the Cellon process.
The heartwood samples had been treated
approximately 3 years prior to the study
analyses, while the sapwood was ana-
lyzed 1 week after treatment. Initial tests
showed that the amount of cell-wall PCP
in the heartwood samples after selective
extraction with benzene was independent
of the length of the extraction for periods
over 12 hr. The amount of sapwood cell-
wall PCP, in addition to being much lower
than that in the heartwood, decreased
greatly with increasing extraction periods.

This raised several important questions.
Is the deposition of PCP in the cell wall
time-dependent? If so, this would explain,
at least in part, the differences observed
between sapwood and heartwood. A time
effect has been suggested as occurring (Ar-
senault 1970a), but a second possibility is
that sapwood and heartwood simply re-
spond differently to treatment.

With these problems in mind the spe-
cific objectives of this study became:

1. To determine whether the deposition of
PCP in the cell wall is a time-depen-
dent phenomenon or if it occurs during
treatment itself.

2. To determine whether heartwood and
sapwood differ in respect to the deposi-
tion of PCP in their cell walls.

3. Assuming that deposition is time-de-
pendent, to determine to what extent
it is affected by temperature and mois-
ture content after treatment.
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MATERIAL

Specimen material was obtained from a
single 12-foot-long, thoroughly air-dried,
Douglas-fir pole section approximately 12
inches in diameter. Stakes 1 inch square
by 36 inches along the grain were cut
from sapwood and heartwood portions of
the pole. The twenty-five stakes most free
of seasoning checks, knots, etc. were se-
lected from both sapwood and heartwood
for treatment. After end-sealing, the stakes
were carefully bundled using stickers to
insure uniform treatment and were treated
with a commercial charge of lumber by
the Cellon process. Moisture content of
the stakes at time of treatment was 12%.

EXPERIMENTAL PROCEDURES

The major portion of the experimenta-
tion involved determining the amount of
cell-wall and total PCP, at different times
after treatment, in stakes which had been
stored at different temperatures and mois-
ture contents. Table 1 summarizes the dif-
ferent experimental variables and the level
of each that was tested. Desired moisture
contents and temperatures were obtained
by storing the stakes over appropriate salt
solutions in constant temperature cabinets.

The total amount of pentachlorophenol
and the amount present in the cell wall
were determined by the X-ray spectro-
graphic method (AWPA 1970). A three-
inch long section was first removed and
discarded from each end of the stakes to
eliminate any possible end effects. Analy-
ses at desired times were then made on
three wafers 1.0 X 1.0 X % inch cut sequen-
tially along the grain from the remaining
portion of each stake. The outer two %-inch
wafers were used for the measurement of
total PCP and were ground into sawdust
together. The center wafer was used to
determine the amount of cell-wall PCP as
shown by selective extraction.

Using the selective-extraction method,
wafers were extracted in a Soxhlet extrac-
tor with hot benzene for 24 hr.2 Benzene,

2 Preliminary experiments showed that 24 hours
was sufficient to yield constant values for cell-wall
PCP in both sapwood and heartwood specimens.
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Listing and level of experimental
factors tested

TaBLE 1.

Species Douglas-fir

Type of material sapwood and heartwood

Replications 3 stakes for each test

Wood Moisture content

6 (following tests
after treatment (per cent)

at 70 F only)
12

Wood temperature after 70
treatment (F) 100

150

Length of time after 2, 4, 7, 14
treatment (days) 20, 30, 60
90 and 180

used as a nonswelling solvent (Stamm
1964), should have removed only PCP lo-
cated on the blocks’ exterior surfaces or on
lumen surfaces inside the block; any PCP
inside the cell walls should have remained.
The short longitudinal dimension of the
wafers permitted the benzene to contact
each cell lumen during extraction. After
extraction, the wafers were ground into
sawdust and analyzed for PCY as was
done for total PCP. The amount of PCP
present in the cell wall was then calculated
as a percentage of the total PCP on a
weight per unit volume basis as follows:

Amount of PCP in
center %-inch wafer

Average amount of
PCP in outer two
Y%-inch wafers

Per cent
cell-wall PCP =

X 100

Six months after treatment an additional
two adjacent %-inch wafers were cut from
each of five different heartwood and sap-
wood stakes for determination of early-
wood and latewood PCP content. One of
each of the two wafers was dissected into
earlywood and latewood and each portion
analyzed for total PCP. The remaining
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series of wafers were selectively extracted,
then dissected into earlywood and late-
wood, and finally analyzed for PCP.

RESULTS

Appreciable quantities of PCP (as high
as 0.30 Ibs/ft?) were found to be deposited
in the cell walls of sapwood and heartwood
stakes treated with an LPG carrier system.
Sapwood and heartwood were found to
contain reasonably equal amounts of cell-
wall PCP when expressed as a percentage
of total PCP content. This is shown in
Table 2, where values for total, cell-wall
PCP, and per cent cell-wall PCP are given
for the series of stakes stored after treat-
ment at 12% moisture content.

None of the three primary test variables
(time, temperature, or moisture content
during storage) was found to have a sig-
nificant effect on the amount of PCP de-
posited in the cell wall. The amount of
cell-wall PCP was not, therefore, found to
increase with time as was originally ex-
pected. This was true for both sapwood
and heartwood stakes stored after treat-
ment at temperatures of 70, 100 and 150 F
(Table 2). The results for stakes stored at
70 F and 6% moisture content were simi-
lar to those at 12% moisture, and these
results are therefore not presented.

Temperature did, however, appear to
have a slight effect on the total amount
of cell-wall PCP in the sapwood stakes.
The average per cent of cell-wall PCP,
when taken over all time periods, increased
from 69.1 to 72.6 to 74.9% for storage tem-
peratures of 70, 100 and 150 F, respec-
tively, but the amount of cell-wall PCP in
heartwood stakes did not appear to be
influenced by temperature.

One salient feature of the experimental
data was the wide variation in both total
and cell-wall PCP concentrations (Table 3).
Total PCP content remained fairly constant
within a given stake but varied greatly
between stakes. However, the amount of
cell-wall PCP varied greatly both within
and between stakes. Sapwood stakes were
found to have approximately 50% more
total and cell-wall PCP (0.31 Ibs/ft?) than
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TasLE 2. Total and cell-wall PCP concentrations for Douglas-fir stakes stored at 12% moisture
content conditions
Length of Time after Treatment (days)*
Category Wood Temperature
After Treatment (°F) 2 4 7 14 20 30 60 90 180 X
Sapwood concentrations (lbs/fta)
Total PCP 70 0.32 0.32 0.32 0.34 0.30 0.36 0.34 0.35 0.34 0.33
Cell Wall PCP 0.28 0.18 0,23 0.28 0.18 0.22 0.22 0.21 0.21 0.23
% Cell Wall PCP 87.5 56.3 71.9 81.4 60.0 61.1 64.7 59.0 62,7 69.1
Total PCP 100 0.30 0.31 0.29 0.30 0.28 0.30 0.32 0.33 0.33 0.31
Cell Wall PCP 0.25 0.19 0.17 0.21 0.19 0.24 0.21 0.25 0.22 0.21
% Cell Wall PCP 82.2 61.3 58.6 70.0 67.9 80.0 65.6 75.8 66.7 72.6
Total PCP 150 0.29 0.27 0.26 0.27 0.22 0.25 0.23 0.23 0.23 0.26
Cell wWall PCP 0.26 0.16 0.15 0.22 0.14 0.18 0.16 0.18 0.17 0.19
% Cell Wall PCP 88.5 58.0 56.4 79.6 62.1 70.7 69.6 76.8 73.9 74.9
Heartwood concentrations (lbs/ft3)

Total PCP 70 0.17 0.17 0.18 0.18 0.19 0.21 0.21 0.21 0.20 0.19
Cell Wall PCP 0.15 0.12 0.14 0.15 0.14 0.12 0.14 0.18 0.15 0.14
% Cell Wall PCP 90,2 70.6 75.9 85.2 73.7 58,7 66.7 84.1 73.3 T4.9
Total PCP 100 0.30 0.26 0.19 0.24 0.20 0,23 0.24 0.22 0.23 0.23
Cell Wall PCP 0.24 0.15 0.13 0.18 0.15 0.14 0.16 0.16 0.16 0.17
% Cell Wall PCP 80.0 60.0 66.7 75.0 75.0 59.4 68.1 71.2 67.4 74,2
Total PCP 150 0.18 0.18 0.19 0.19 0.21 0.18 0.18 0.18 0.19 0.19
Cell Wall PCP 0.16 0.12 0.13 0.16 0.16 0.09 0.09 0.16 0.15 0.13
% Cell Wall PCP 88.9 68.5 66.7 86.0 76.2 50.0 88.9 81.5 70.2 75.6

* Each value in a given row is the average for the same three stakes sampled at different time periods.

did heartwood stakes (0.20 lbs/ft?). This
is particularly interesting because both
types of stakes were treated together and
their small size permitted complete treat-
ment. If, however, cell-wall PCP content
is expressed as a per cent of total PCP
content this difference between heartwood
and sapwood stakes largely disappears;
sapwood stakes had an average of 72.2%
cell-wall PCP as compared to 74.9% for
the heartwood stakes. Thus while sap-
wood and heartwood stakes contain appre-
ciably different amounts of total PCP, an
approximately equal portion of the total
PCP in each wood type is contained in the
cell walls. Over the fairly narrow range
of PCP contents measured in this experi-
ment, cell-wall PCP was found to increase
in a reasonably direct relationship with
increasing total PCP content, regardless of
wood type (Fig. 1).

The amount of PCP present in the cell
wall was appreciably higher than that
measured in the previous study by Resch
and Arganbright (1971). In that study, the

average per cent cell-wall PCP was 24.6%
for Douglas-fir heartwood 2-inch by 4-inch
stakes treated to an average retention of
0.22 1bs/ft®. The present results are similar
to the recent results of Leutritz (1971),
who applied the same technique to bor-
ings removed from LPG-treated southern
pine poles. In Leutritzs work on the ef-
fect of different extraction solvents, 77.9%
of the total PCP was left after extraction
with either toluene, chloroform, or ether.
Leutritz also extracted borings from south-
ern pine poles treated with PCP in petro-
leum oil (P9) and found that some PCP
also remained. The amount of PCP left as
a per cent of the total PCP for nine differ-
ent treating charges was 26.2%, which is
much lower than that of the LPG treated
poles.

Dissected latewood zones from sapwood
and heartwood stakes were found to con-
tain almost exactly the same amounts of
both total and cell-wall PCP after 6
months’ storage (Table 4), although the
latewood zones had much less total PCP
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Fii. 1. Cell-wall versus total PCP concentrations
(Ibs/ft") for all samples taken from sapwood and
heartwood stakes.

than did their corresponding earlywood
zones. The maximum concentration in
earlywood was 0.33 lbs/ft* in contrast to
a maximum of 0.17 lbs/ft? in the latewood.
Sapwood earlywood had slightlv greater
amounts of total and cell-wall ’CP than
did the heartwood earlywood. This dif-
ference was much less than the difference
in concentrations between earlywood and
latewood.

DISCUSSION

[t was previously supposed thut deposi-
tion of PCP into the cell walls of wood
occurred by a slow diffusion process fol-
lowing treatment, and that increasing lev-

Minimum and maximum PCP concen-
trations in individual stakes

TaBLE 3,

Minimum Maximum Average for

Sapwood Stakes all stakes
Total PCP (1bs/£t>) 0.22  0.40 0.30
Cell wall PCP (lbs/fta) 0.09 0.30 0.21
Cell wall PCP (%) 34.3 100.00 72.2

Heartwood Stakes
Total PCP (Ibs/ft) 0.16  0.33 0.20
Cell wall PCP (lbs/ft3) 0.02 0.27 0.15
Cell wall PCP (%) 45.0 100.00 74.9
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Tasre 4. Total and cell-wall PCP concentrations

in earlywood and latewood portions from five
treated stakes six months after treatment

Earlywood Latewood

Heartwood

Total PCP (1bs/ft) 0.27 0.16

Cell wall PCP (1bs/ft3) 0.21 0.14

Per cent cell-wall PCP 77.8 87.5
Sapwood

Total PCP (1bs/£t>) 0.32 0.16

Cell wall PCP (Ibs/£t%) 0.28 0.13

Per cent cell-wall PCP 87.5 81.3

els of cell-wall PCP would be measured
as the length of time after treatment in-
creased. If deposition were diffusion-con-
trolled, the amount of cell-wall PCP would
also increase as storage temperature in-
creased because the rate of most diffusion
phenomena increase with increasing tem-
perature. The present study shows that
there is as much cell-wall PCP 2 days
after treatment as at 180 days after treat-
ment. This would indicate that deposition
of PCP into the cell wall occurs mostly
during the treating process itself, and
therefore suggests that the amount of de-
position may be controllable.

It has been further suggested that PCP
left after extraction with a nonswelling
solvent may be the result of precipitation
or a chemical reaction with wood sub-
stance. The fact that PCP is a weak acid
makes this hypothesis a possibility. The
prior finding, however, that cell-wall PCP
can be completely removed by extraction
with a swelling but neutral solvent such
as methanol would suggest that no reac-
tion has taken place but, rather, that the
PCP has simply entered into the void
structure of the cell wall (Resch and Ar-
ganbright 1971). The phenomenon might
therefore be classified as a Type 3 treat-
ment as proposed earlier.

The mechanism by which PCP deposi-
tion from a nonswelling carrier occurs is
not known and the extent to which it oc-
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curs in other similar processes has not
been clearly established. The findings of
Leutritz (1971) of “fixed” PCP after penta-
petroleum oil treatment would indicate
that the phenomenon is not unique to LPG
treatment, although much lower levels of
fixed PCP were measured in the oil car-
rier system than in the LPG treatment.
Incorporation of a toxic chemical into
the cell wall may affect ultimate service
life in two different ways: it may affect
long-term preservative permanence, and it
may affect the pattern of fungal attack
(or the threshold limit). Several recent
papers on poles treated with an LPG sys-
tem would indeed indicate that presence
of a toxic chemical in the cell wall is ad-
vantageous (Arsenault 1970b; Davies 1971).

SUMMARY

1. Four different types of preservative dis-
tribution in wood were proposed.

2. A significant portion of the total PCP
impregnated into the sapwood and
heartwood of Douglas-fir stakes via an
LPG carrier system appears to be de-
posited in the cell wall.

3. The amount of PCP deposited in the
cell wall did not change with increas-
ing time after treatment.

4. Neither storage temperature nor wood
moisture content after treatment were
found to affect the amount of cell-wall
PCP

5. Cell-wall PCP levels increased as total
PCP content increased.

6. Cell-wall PCP when expressed as a pro-
portion of total PCP was approximately
the same in earlywood and latewood,
although total PCP content in latewood
tissue was much lower than in corre-
sponding earlywood.

7. Wide wvariations in the amount of
cell-wall PCP was observed in serially
matched specimens, although their total
PCP content was reasonably constant.
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