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ABSTRACT

Southern pine and aspen wood flakes were chemically modified
by reaction at ca. 55°C with ketene in the absence of solvent.
Reactions were relatively slow, with weight gains of up to 17% and
20%, respectively, obtained. Acetyl content correlated with weight
gain only up to the 12% level., Water and solvent extraction of
ketene-modified southern pine and aspen flakes showed very little
loss in acetyl.

Flakeboards made from southern pine and aspen flakes treated
with ketene showed a greatly reduced rate and extent of swelling
resulting from liquid water sorption as compared to control boards.
Similar results were obtained in swelling tests done in water
vapor. Ketene modification had a much greater effect on improving
dimensional stability properties of aspen flakeboards than on
southern pine flakeboards.
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INTRODUCTION

Acetylation of wood flakes prior to flakeboard production
has been shown to greatly improve dimensional stability of the
resulting boards.? Various techniques of acetylation have been
reviewed in earlier publications.2’3 Flakeboard made from flakes
acetylated with refluxing liquid acetic anhydride diluted with
xylene and made into flakeboards showed a greatly reduced rate and
extent of moisture uptake and reduced thickness swelling in both

21415

liquid water and water vapor tests. Boards made from flakes

acetylated with gaseous acetic anhydride also had improved the
dimensional stability properties.®’?

In both of the above procedures, acetic anhydride was used
as the acetylating agent. For every mole of acetylation that
occurs in one of the cell wall polymers, one mole of byproduct
acetic acid is generated. This acetic acid is difficult to remove
completely from the flakes and also increases the cost of the
process since only half of the reagent is added to the wood
structure.

The use of keteme to acetylate wood has intrigued chemists
for many years. Tarkow, in 1945, tried to acetylate spruce with
ketene gas but achieved only a 2% to 5% weight gain.® He coacluded
that the limiting factor in the reaction is the inability of
ketene to swell wood.

Later, however, Karlson and Shvalbe reported the acetylation
of several species of wood with gaseous ketene, achieving chemical
weight gains up to 25%.%’!0 The optimum reaction conditions found
were 55° to 60°C with gaseous ketene for 6 to 8 h. The modified
wood was found to have improved dimensional stability and was
resistant to attack by the wood-destroying fungus Coniophora
cerebella.

The purpose of the research reported here was to investigate
the modification of southern pine and aspen flakes with gaseous
ketene. We anticipated that the small dimensions of the flakes

used would result in faster and more complete penetration by
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ketene. This would shorten the reaction time needed to achieve
the weight gain necessary for improving the dimensional stability
of flakeboards made from these modified flakes. Thus, the reac-
tion of wood with ketene would be faster and easier than reaction

with liquid acetylating agents.

EXPERIMENTAL

Wood Flakes

Southern pine and aspen flakes were used in this study. Dif-
ferent techniques were used for generating flakes; however, there
should be no difference between ring- and disk-cut flakes from a
chemical reactivity standpoint. All flakes were retained on a
0.6-cm screen. They were ovendried (o.d.) for 24 hours at 105°C
before use.

Size of flakes (thickness x length x width (cm)):

Southern pine: 0.05 x 6.4 x random.

Aspen: 0.06 x 3.8 x random.

Acetylation with Ketene

Ketene Preparation

The method used was essentially that of Andreades and

Carlson.!!

A vertical 3- x 40-cm quartz-chip packed quartz tube
was electrically heated to 550-570°C (controlled by an Omega con-
troller using a thermocouple placed in the center of the pyrolysis
tube) and subjected to a flow of 3-5 ml/min of dry nitrogen. Pure
diketene (50-60 g) was added dropwise at 0.5 ml/min to the top of
the tube and the product ketene was collected in a drying tube
vented two-neck flask attached to the exit end of the pyrolysis
tube and cooled in a dry ice-acetone bath. Quantities of 20-30 g
of ketene were thus produced in ~2 h; after completion of the
pyrolysis the cooled receiving flask was closed with stoppers and

stored in a -78°C dry ice-acetone bath until needed (usually <1 h).
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Wood Acetylation

The reaction vessel used for all acetylations was a 3-L,
wide-mouthed Pyrex resin flask equipped with a heating mantle,
thermometer, stopcock-controlled gas inlet and outlet tubes (the
inlet was at the top of the flask; the outlet was placed at the
bottom), and a manometer. The gas outlet was attached to a vacuum
pump via KOH pellet and cold traps. The reactor was charged with
a weighed quantity of ovendried wood flakes (usually ~50 or 100 g).

A. Batchwise Addition of Ketene

The reactor was heated to 50-60°C under nitrogen flow; the
gas inlet was then closed and the reactor evacuated to 1-5 mm Hg
for 30 min. The vacuum stopcock was closed, the gas inlet con-
nected to a flask of ketene, and the inlet stopcock carefully
opened. The -70°C cooling bath on the ketene flask was slowly
removed and ketene was allowed to fill the system to 1 atm. The
reaction flask was then sealed by closing the inlet stopcock and
the ketene supply returned to -78°C. After 1 h at 50-60°C in the
ketene atmosphere, the reactor was again evacuated to 2-5 mm Hg
for 10 min and then refilled with ketene. This cycle was repeated
up to four to five times; after the final reaction stage, the

system was purged with N, for ~2 h and the acetylated wood stored

in a 110°C oven overnighi. The product was then cooled in

a dessicator, weighed, and the weight percent gain (WPG) recorded.
The WPG was calculated based on the original flake o.d. weight

before reaction. In general, WPG values of 5-7% were obtained for

~100-g batches exposed to a 20- to 30-g total of ketene; 10-15%

levels were achieved when the wood charge was ~50 g. Higher

levels (to 20%-22%) were obtained by subjecting partially

acetylated wood to a second series of evacuations and exposures

to ketene.

B. Continuous Acetylation
with Ketene

The reactor was charged with wood flakes, heated to 50-60°C

under N2 and evacuated as above. The gas inlet tube was then con-
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nected to the outlet of the ketene generator via a trap maintained
at +20°C (to remove any unreacted diketene or polymeric material
from the ketene/nitrogen stream), and ketene was continuously

swept through the reactor vessel by the N, stream (the reactor

exit tube was disconnected from the vacuui'system and vented to
the hood via a solid KOH scrubber). After the additionm of ketene
was complete, the system was nitrogen purged and the wood flakes
stored at 110°C overnight before weighing as for flakes prepared

using the batchwise method.

Leaching and Acetyl Content
of Acetylated Flakes

Weighed ovendry acetylated and unreacted flakes were leached
under three conditions: (1) 14 days in distilled water at 24°C
(changing water every 24 h, (2) 2 h in a Soxhlet extractor with
refluxing water, or (3) 2 h in a Soxhlet extractor with refluxing
toluene/ethanol (1/1, v/v). After redrying, ovendry weight loss
was determined.

Percent acetyl content was obtained by deacetylation with
sodium hydroxide of ground and mixed samples and determining the

acetic acid concentration by gas chromatography.

Flakeboard Preparation

Acetylated or control wood flakes (180 g, o.d.) were pressed
into boards approximately 1.25 x 15 x 15 cm in size. Each board
was made to a density of approximately 700 kg/m3 with a resin
solids coatent of 6% (based on o.d. treated flakes). The adhesive
used was a 43.5% aqueous solution of a phenol-formaldehyde resin.
No catalyst or wax was added. The mat moisture content was 12% to
13%. Pressing lasted for 10 min at 177°C.

Each flakeboard was lightly sanded, cut into four pieces
(5 x 5 cm), ovendried, and weighed. The thickness was measured at
the center point of each specimen, and subsequent measurements

vwere taken at the same point.
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Water Swelling Rate Tests

Each test specimen was placed in a 10- x 10-cm container,
5 cm deep. The container was on a flatbed micrometer for the
thickness measurements. Water was added to the container and the
thickness recorded as a function of time. Measurements were taken
every 5 min for the first hour, every hour for the first 6 h, then
once a day for 5 days. All water and humidity tests were done in

duplicate.

Water Soaking Tests

Cyclic water soaking tests were run as previously described.?
Each of the six cycles run consisted of water soaking for 5 days
followed by ovendrying at 105°C for 2 days. Thickness swelling was
calculated as a percentage of the original thickness (o.d. board).
After each cycle, the specimens were reweighed. Weight losses are
reported as overall weight loss determined by the original and
final ovendry weights. Weight increase due to water absorption was
determined after each soaking. The specimens were removed from
the water, wiped of excess water, and weighed. The percent weight
increase due to water absorption was based on the original weight
of the o.d. board.

Humidity Tests

Ovendried specimens were placed in constant humidity rooms at
30%, 65%, and 90% relative humidity (RH) and 27°C. After 21 days
the specimens were weighed, and the equilibrium moisture content
(EMC) was determined. Previous work showed that EMC for conmtrol
and acetylated boards was reached at 14 days.

Separate specimens were placed in a humidity room at 30% RH
and 27°C. Thickness was measured after 21 days. The specimens
were then placed in a humidity room at 90% RH and 27°C for another
21 days, whereafter thickness was determined. This procedure was

repeated for a total of four cycles of 30% to 90% RH. The speci-
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mens were then ovendried and thickness determined. Changes in
thickness were calculated as a percentage of the original thickness

(0.d. board).

RESULTS AND DISCUSSION

Because of the limited number of specimens per individual
test or treatment level, no statistical analysis of the data was
possible. The results presented here should be considered as
indicative of trends that a larger, statistically valid experiment

should confirm.

Reactivity

Ketene is difficult to handle in the laboratory, being both
toxic and unstable relative to dimerization. It is poorly scluble
in inert solvents, cannot be used under pressure (the dimerization
rate merely increases), and is difficult to analyze. In view of
these difficulties, we chose to modify the wood flakes by exposure
to ketene vapor at atmospheric pressure until a desired weight
gain value was obtained, and no attempt was made to assay the
efficiency of ketene utilization in these early studies.

Ovendried aspen and southern pine wood flakes were reacted
with ketene under both static and flow conditions (see Experi-
mental). We could detect no differences between the modified
flakes (at a given weight-gain value) prepared by the two pro-
cedures; for reasons of operational convenience the batchwise
method was used to prepare the modified flakes, whose properties
are described below. As noted in the Experimental Section, ca.

7% weight gain was obtained on 100 to 110 g batches of wood
exposed to 25-30 g of ketene over 4-5 h. In order to obtain
higher WPG values, samples were resubjected to the reaction condi-
tions on subsequent days. In this way we prepared 200 to 300 g
batches of southern pime having 8.5% and 17.0% weight gain, and
aspen at 12.0% and 20.0% gain.
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It should be noted that the wood flake-ketene reactions were
relatively slow. Although analytical problems made direct measure-
ment of ketene consumption rates unavailable, we are confident
that the flakes were exposed to an excess of ketene throughout the
reaction periods. Therefore the need to use 10- to 15-h reaction
times to achieve 20 WPG can be compared to the 1 to 3 h needed
to achieve similar WPG values using acetic anhydride as the
acetylating agent.®’? The absence of a liquid phase capable of
swelling the wood may account for the rate reduction observed for
the ketene reactions.

We found that southern pine reacted slightly more slowly with
ketene than did aspen; furthermore, we were unable to get as high
a WPG value for pine as we could with aspen. Thus a pine WPG
value of 17 was not exceeded even upon very prolonged exposure to
ketene, whereas aspen could be forced to 23-25% levels under the
same conditions.

Our reactions were carried out at 50-60°C. While the rate of
acetylation clearly increased with temperature, we observed a very
marked degree of discoloration of the flakes exposed to ketene at
temperatures much above 65°C. Since flakes acetylated with acetic
anhydride show very little color change, we presume that this
darkening arises from nonacetylation side reactions of the ketene
(vide infra). Reactions at 23°C gave little darkening, but the
rate of weight gain was very slow. The choice of ca. 55°C for our
preparations was therefore a compromise between unacceptably low

reaction rates and high discoloration levels.

Infrared Spectroscopic Analysis

Fourier transform infrared (FTIR) analysis was used to
establish the presence of acetate groups in the modified flakes.
Figures 1 and 2 show FTIR spectra of aspen flakes acetylated with
acetic anhydride and ketene, respectively. The spectra are vir-
tually superimposable and suggest that the anhydride and ketene do
essentially the same chemistry at these acetylation levels. The
strong absorption at 5750 nm is characteristic of acetate groups

in wood.
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FIGURE 1.--Infrared spectrum of aspen modified to 15.7 WPG with
acetic anhydride vapor. ML85 5548
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FIGURE 2.--Infrared spectrum of aspen modified to 22.8 WPG with
ketene. ML85 5549
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FIGURE 3.--Infrared spectrum of southern pine modified to 18.3 WPG
with acetic anhydride vapor. HL85 5530

Figures 3 and 4 give FTIR spectra of southern pine after
reaction with acetic anhydride and with ketene, respectively. In
this case the anhydride-modified sample exhibits the expected
5750 nm acetate bond, but the ketene-modified material has a very
complex group of carbonyl absorption bands. It thus appears that
while the aspen-ketene reaction parallels that of aspen with acetic
anhydride, southern pine undergoes reactions leading to product
structures quite different from those obtained with anhydride. We
considered the possibility that the ketene might be dimerizing to
diketene before reacting with the wood flakes; such a process
would lead to acetoacetylated, rather than acetylated, wood. This
mechanism would account for the low percent acetyl analyses of
samples at high WPG (see below). This possibility was tested by
reacting both aspen and southern pine with diketene; the resulting
acetoacetylated flakes were found to have FTIR spectra quite dif-
ferent from those of the ketene-modified flakes, and this pathway
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FIGURE 4.--Infrared spectrum of southern pine modified to 19.2 WPG

with ketene. ML85 5551

was therefore judged unimportant under our reaction conditions.

The preparation, characterization, and properties of acetoacety-

lated wood flakes will be reported elsewhere.

CH,=C=0
ketene
Wood-0H
\ 4
Wood-OCOCH3

Acetylated Wood

dimerization

CH,
S—O
: \\
diketene O
Wood-0H

\

Wood-OCOCHZCOC}I3

Acetoacetylated Wood
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Acetyl Analysis

The acetyl content of ketene-reacted flakes was determined
before and after extraction under various conditions (Table 1).
Southern pine flakes at 8.5 WPG and aspen flakes at 12.0 WPG gave
an acetyl content close to the expected value based on weight
gain. Both sets of flakes modified at the highest levels (southern
pine of 17.0 WPG and aspen at 20.0) showed an acetyl content far
below the expected value based on weight gain.

Leaching treated wood flakes in water at 24°C for 14 days or
refluxing them for 2 h in either water or toluene/ethanol (2/1,
v/v) showed only small losses in acetyl content. This shows that
the weight gain is due to a bonded chemical and not due to the
addition of a ketene homopolymer which is leachable under
these conditions.

We are presently unable to propose exact chemical structures
for the moieties responsible for weight gain beyond the 12% level
attributable to acetylation. The most reasonable explanation is
that the ketene undergoes polymerization reactions which lead to
tightly bound organic material near the wood surface. The unusual
FTIR spectra and surface darkening of the southern pine flakes
support this view, and further studies, including solid-state
13C NMR spectroscopy, are being directed toward clarifying this

point.

Liquid Water Tests

The rate of swelling due to liquid water of southern pine
flakeboards is shown in Figure 5. Both boards made from ketene-
modified flakes show a reduced rate of swelling, with the 17 WPG
specimen showing the slowest rate. Much more dramatic effects on
the rate of swelling can be seen in ketene-modified aspen flake-
boards (Fig. 6). In this case the control sample swelled many
times faster than modified boards, and there was not as much dif-
ference in swelling rate of the two levels of chemical loadings.

Thickness changes in the repeated water-soaking tests for

southern pine flakeboards are shown in Figure 7. There is little
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FIGURE S5.--Rate of swelling in liquid water of southern pine
flakeboard made from ketene-modified flakes. ML85 5552
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FIGURE 6.--Rate of swelling in liquid water of aspen flakeboard
made from ketene-modified flakes. ML85 5553
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FIGURE 7.--Change in thickness during six ovendry/liquid water
sorption cycles of southern pine flakeboard made from ketene-
modified flakes. ML85 5554

difference between the control and the flakeboard made from ketene-
modified flakes at 8.5 WPG. The 8.5-WPG board broke apart after
four swelling cycles and was taken out of test. The board at

17.0 WPG reduced thickness swelling by 50% as compared to the
control board.

In the case of aspen flakeboards (Fig. 8), the control boards
swelled over 75% in thickness during the cycle tests, while the
board made from ketene-modified flakes at 20.0 WPG swelled only
15% in thickness. While the ketene-modified southern pine board
continued to swell after each liquid water cycle, modified aspen
flakeboards showed very little change in thickness swelling after

four cycles.
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FIGURE 8.--Change in thickness during six ovendry/liquid water
sorption cycles of aspen flakeboard made from ketepe-modified
flakes. ML85 5555

Gain in weight due to liquid water sorption is shown in
Figures 9 and 10. Southern pine control boards gained about 120%
in weight during the first four wettings, then decreased slightly.
The ketene-modified board at 8.5 WPG gained considerable weight in
the water cycle in which it failed. Swelling forces were great
enough to break the adhesive bonds holding the board together.

The aspen control board gained over 130% in weight during the six
cycles of wetting. Ketene-modified southern pine flakeboard at
17.0 WPG and both ketene-modified aspen boards gained 75% to 80%

in weight and remained about constant during the entire test.
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FIGURE 9.--Weight gain during six ovendry/liquid water sorption
cycles of southern pine flakeboard made from ketene-modified

flakes. ML85 5556
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FIGURE 10.--Weight gain during six ovendry/liquid water sorption
cycles of aspen flakeboard made from ketene-modified flakes.
ML85 5557
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TABLE 2

Ovendry Weight Loss After Water Soaking of Flakeboards Made From
Ketene-Modified Flakes

Weight loss

Weight £ X Six cycle water
Sample percent atter two weeks soaking/ovendried
- continuous water
gain soaking (25°C) tests
Southern pine
Control 0 2.3 3.7
Ketene modified 8.5 2.7 2.8
Ketene modified 17.0 2.5 2.9
Aspen
Control 0 2.8 3.
Ketene modified 12.0 2.6 3.1
Ketene modified 20.0 2.9 3.2

dafter four cycles.

Ovendry weight loss determined after the six cycles in the
liquid water test as well as weight loss in a 2-week water-soaking
test is shown in Table 2. The total weight loss in the boards
after six o.d./wet cycles (a total of 30 days' water soaking) was
slightly larger than the weight the boards lost in two 2-week
water-soaking tests on flakes (Table 1) and boards (Table 2). The
losses are about the same for ketene-modified flakes and boards
(between 2% and 3%), while the control boards lost two to three

times more weight than control flakes.

Humidity Tests
Table 3 shows that for both species, the EMC at each RH

decreases as the level of ketene modification increased.

Figures 11 and 12 show the thickness changes at 30% and 90%
RH of boards made from control and ketene-modified flakes. As in
the repeated water-soaking tests, the greatest effect is seen in
ketene-modified aspen flakeboards as compared to aspen control

boards. In this case the control board swells over 32%, while the
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FIGURE 11.--Changes in thickness at 30% and 90% relative humidity
of southern pine flakeboard made from ketene-modified flakes
(27°C). OD = ovendry. ML85 5558

ketene-modified board at 20.0-WPG swells less than 8%. The
southern pine control board swells about the same as the aspen
control board but the ketene-modified southern pine board at
17.0 WPG shows a swelling of 16%.

SUMMARY AND CONCLUSIONS

Flakeboards made from ketene-modified southern pine and aspen
flakes showed a greatly reduced rate and extent of swelling due to
liquid water sorption as compared to control boards. Similar

results were obtained in swelling tests done in water vapor. The
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FIGURE 12.--Changes in thickness at 30% and 90% relative humidity
of aspen flakeboards made from ketene-modified flakes (27°C).
OD = ovendry. ML85 5559

ketene modification had a much greater effect on improving dimen-
sional stability properties on aspen boards than on southern pine
boards.

Ketene modification of wood is not as effective in improving
dimensional stability properties as was found for acetylation with
liquid acetic anhydride?’%’S or acetic amhydride vapor.®’? This
may be due to the fact that weight gains above 10% did not corre-
late with the acetyl content. Ketene-modified boards at 20.0 WPG
are not the same as boards made from liquid acetic anhydride
modification at 20.0 WPG. The acetic anhydride-modified flakes at
20.0 WPG analyze for 20% acetyl while the ketene modified flakes
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at 20.0 WPG showed only 12% acetyl. This discrepancy is presently
under investigation.

It can be concluded from this research that it is possible to
modify wood flakes with gaseocus ketene. The rate of reaction is
slow, and attempts to increase the rate by increasing the reaction
temperature only results in increased reagent polymerization and
darkening of the wood. The advantages of ketene for flake modifi-
cation is that it eliminates the need for catalyst, and no by-
product acetic acid is generated. The fact that ketene does not
swell the wood may be the reason the reaction is slow. Future
research in this area will look at the addition of a swelling

agent (gas or liquid) to facilitate penetration.
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