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Dimensional changes in Corsican and Scots pine
sapwood due to reaction with crotonic anhydride

N. S. Cetin, N. Ozmen
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Abstract The effects of the reaction temperature and varying level of weight gain
on the dimensional stabilisation of crotonic anhydride modified Corsican and
Scots pine sapwood were investigated. With Corsican pine at low levels of
substitution, the reagent occupied larger molar volumes in the cell wall than at
higher weight gains. With Scots pine the molar volume occupied by reagent was
found to be temperature dependent at low levels of substitution. Dimensional
stabilisation was determined by the water-soak/oven-dry method through a total
of ten cycles in order to determine the stability of the ester bond to hydrolysis
at neutral pH. It was found that the reaction temperature has no significant effect
on dimensional stability provided the same weight gain level is obtained. At
weight gain levels in excess of 30%, values of anti-shrink efficiency of 90% were
obtained.

Introduction
One goal of the chemical modification of wood is to improve dimensional
stability. Various chemical modification reactions have been studied for this
purpose (Rowell 1983, Rowell and Banks 1985, Kumar 1994, Banks and Lawther
1994). Acetylation is the most studied area of wood modification. However, there
have been few papers published concerning modification of wood with other
linear chain anhydrides (Stamm and Tarkow 1947, Goldstein et al. 1961, Hill and
Jones 1996).

The purpose of this paper is to show the effects of the reaction temperature and
level of substitution on the dimensional stability of an unsaturated linear chain
anhydride (crotonic anhydride) modified wood species namely Corsican (Pinus
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nigra) and Scots (Pinus sylvestris) pine sapwood. In order to determine the
stability of the ester bond to hydrolysis, modified samples were subjected to a
series of ten water-soak/oven-dry cycling tests.

Material and methods

Samples were prepared from kiln dried Corsican and Scots pine sapwood blocks
of dimensions 20 mm X 20 mm X 5 mm (radial X tangential X longitudinal).
Samples for experimentation were carefully selected so the growth rings were
parallel to the tangential direction. Before reaction, the samples were subjected to
Soxhlet extraction with a mixture of toluene:acetone:methanol (4:1:1, by volume)
for six hours; then ovendried overnight at 105 °C. After that, ovendried samples
were allowed to cool in a desiccator containing silica gel.

The extracted ovendried samples were numbered and weighed to an accuracy
of £0.0001 g. Dimensions were determined using a micrometer accurate to
+0.01 mm. Each reaction was carried out using five replicates and the results
averaged. All chemical modification was performed under a standard set of
conditions. Samples were modified using pyridine as a catalyst, with an equim-
olar solution of the anhydride based upon an estimate of the hydroxyl group
concentration in the wood. Calculation of the OH group concentration was
reported in a previous paper (Hill and Jones 1996). Wood samples were pre-
impregnated with dry pyridine (stored over KOH) for one hour under six vac-
uum (98.4 KPa)/atmospheric pressure cycles. Each batch of samples was then
added to a flask containing pyridine and heated in an oil bath at 60 °C, 80 °C,
100 °C and 120 °C (0.5 °C) for one hour. Pre-heated reagent was then added to
initiate the reaction. At the end of the reaction, the flask was removed from the
oil bath and the still hot reagents decanted from the flask. Following that, the
wood blocks were immersed in acetone 30 min, then transferred to a Soxhlet
extractor and extracted using the standard 4:1:1 solvent system for six hours.
This was found to be adequate to remove all traces of pyridine, reagent and by-
product. After that, samples were ovendried overnight at 105 °C. The products
were stored in the desiccator until cool then weighed and new dimensions
determined.

Following measurement, blocks were then vacuum impregnated (six vacuum
(98.4 KPa)/atmospheric pressure cycles) with deionised water for the water-
soak test. Samples were soaked for a total of five days before determination of
the water-saturated volume. Following measurement, blocks were transferred to
an oven set at 105 °C for a total of 72 hours, in order to ensure dryness to
constant weight. Once fully dry, samples were again measured and re-weighed.
This procedure was repeated for a total of ten oven-dry (OD) water-soak (WS)
cycles.

The volumetric swelling coefficients were calculated according to the well
known formula by Stamm (1964):

vV, — V.
(%) = (WT”Z> x 100
d

where

V,, = volume of water saturated wood.

V4 = volume of oven-dry wood.



The anti-shrink efficiency was calculated according to:
Se — S
ASE(%) = (u) x 100
Se
where

Sc = volumetric swelling coefficient of control (unmodified samples).

Sm = volumetric swelling coefficient of modified samples.

The S, value was obtained from the average of four sample sets (i.e. 20 259
replicates).
Molar volumes (cm® per mole) were calculated according to:

_ (Vm — Vu)
M

where

V.. = volume of modified samples

V., = volume of unmodified samples

M = number of moles of adduct ( = [weight gain in gms]/molecular weight of
adduct).

Results and discussion

Volume change due to modification
Figure 1 shows the reaction scheme for pyridine catalysed reaction of crotonic
anhydride (CA) with wood. When the chemical reacts with wood, it causes an
increase in volume proportional to the weight gain. For reaction periods up to
72 hours, CA modified Corsican and Scots pine samples gave maximum weight
gains around 42.6% and 43.3% at 120 °C and 27.3% and 27.4% at 60 °C,
respectively. In Fig. 2, the relationship between percentage volume change (VPC)
due to modification and weight percent gain for Corsican pine modified at 120 °C
(squares) and 60 °C (circles) is shown. At both reaction temperatures, the same
relationship between volume change and weight percent gain is observed. The line
represents the best fit through the data points. It can be seen that an approxi-
mately linear relationship exists between the two parameters apart from at low
(below 10%) and high WPG’s (above 35%). This relationship has been observed
with other linear chain anhydrides (Hill and Jones 1999). At higher WPG’s the
possibility that degradation of the substrate is occurring at 120 °C allows for
the possibility of new reactive sites becoming available for reaction resulting in
the non-linear relationship between VPC and WPG. The non-linear relationship
at low WPG’s is not readily explained and will be dealt with later.

With Scots pine, different behaviour was observed (Fig. 3). A larger volume
expansion occurs with samples modified at 120 °C compared with samples

? 0
_C—CH=CH~—CH; /H (|)

Wood—OH + 0 — > Wood—0  “CH=CH—CH; + OH—C—CH=CH—CI;
ﬁ—CH:CHfCHg
o)

Fig. 1. Reaction scheme for modification of wood with crotonic anhydrides
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Fig. 2. The relationship between volume percentage change (%) and weight percentage
gain (%) of crotonic anhydride modified Corsican pine at 60 °C (circles) and 120 °C
(squares)

25—
& 204
(0]
(=]
fe
2
S 154
()]
[*)]
8
o 10
Q
Jo]
o
(]
E 541
=
(o]
>
0 T T T T T T T T T
7 10 20 30 40 50
WPG (%)

Fig. 3. The relationship between volume percentage change (%) and weight percentage
gain (%) of crotonic anhydride modified Scots pine at 60 °C (circles) and 120 °C (squares)

modified to comparable WPG’s at 60 °C. As with Corsican pine, a deviation from
linear behaviour is noted at WPG’s in excess of 30% and a VPC of 15% (which
corresponds to the green volume of the samples). Again, this is due to substrate
degradation occurring at these high levels of substitution. At lower weight gains a
non-linear relationship is also observed, but the behaviour is different with
modifications at the two temperatures.

In order to determine the volume occupied by the reagent in the wood cell wall,
the data were plotted in terms of molar volume versus WPG. The molar volumes
(cm® per mole) were calculated by the volume increase due to modification by
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Fig. 4. Variation in molar volume with weight percent gain for Corsican pine modified
with crotonic anhydride at 120 °C (a), 100 °C (b), 80 °C (c), 60 °C (d)
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Fig. 5. Variation in molar volume with weight percent gain for Scots pine modified
with crotonic anhydride at 120 °C (a), 100 °C (b), 80 °C (c), 60 °C (d)

dividing the number of moles of adduct. This value represents the volume
occupied by one mole of reagent in the samples. Figures 4 and 5 show molar
volumes for different WPG levels of crotonic anhydride modified Scots and
Corsican pine samples at 60 °C, 80 °C, 100 °C and 120 °C, respectively. The lines
represent the best fit through the data points. Two different types of behaviour
were observed for the two species in this investigation. With Corsican pine
(Fig. 4), modification yielded larger volume increases (molar volumes) at lower
levels of substitution. This has previously been noted for modification of Corsican
pine with other linear chain anhydrides (Hill and Jones 1996). In this work, it was
additionally noted that reaction temperature also affected the volume increase of
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samples due to modification. Reaction at 120 °C, 100 °C and 60 °C yielded curves
which exhibited similar behaviour, but reaction at 80 °C resulted in lower volume
increases (molar volumes) than observed at the other temperatures. Above WPG
of ca. 15% all of the curves begin to fall much closer to one another. An ultimate
molar volume of 68.4 cm® per mole of adduct is finally realised. The corre-
sponding value for butyric anhydride, which has the same number of attached
carbon atoms, and differs only in the respect that it has no double bond is

81.2 cm’.

With Scots pine, significantly different behaviour is observed (Fig. 5). Modi-
fication at 120 °C leads to larger molar volumes being obtained at low WPG’s as
observed with Corsican pine. However, at lower reaction temperatures of 100 °C
and 80 °C the molar volumes obtained at low WPG’s are very close to those
obtained at higher WPG’s. At 60 °C lower molar volumes are obtained at low
WPG’s. Thus the volume occupied by reagent in the Scots pine samples is tem-
perature dependent at low WPG. Two reasons may be postulated for this beha-
viour. Firstly there may be ultra-structural differences between the two woods
which lead to differences in the accessibility of reactive sites to reagent, or to
differences in the way that the wood responds to the modification. Secondly
the difference in density of the wood between the two sample sets (0.407 g/cm’
Corsican pine, 0.465 g/cm’ Scots pine) may be affecting behaviour.

The location of reagent within the wood depends upon the rate of reaction of
the chemicals with the active sites and upon the rate of diffusion of the reagent to
the sites. This has been shown to affect the reaction kinetics (Hill et al. 1998). It
has further been shown that at low levels of substitution, the S, layer of the wood
cell wall shows higher levels of adduct than the middle lamella (Rowell et al.
1994). If the reaction is under diffusion control, then the density of the substrate
would affect the distribution of substitution, with regions of higher density ex-
hibiting lower levels of substitution during the initial stages of the reaction. With
acetic anhydride, the reaction kinetics have been shown to be diffusion controlled
(Hill et al. 1998), hence regions of lower density would exhibit higher levels of
substitution initially. With longer chain anhydrides the reaction kinetics are more
complex, exhibiting a mixture of diffusion and chemical kinetic processes. The
temperature dependence of the relative rates of diffusion and chemical reaction
will be related to the activation energies of the two processes. If initially the
reaction occurs with surface groups only, then lower volume changes of the
substrate would be expected than later in the reaction, since the reagent will not
be located within the cell wall. This may explain why lower volume changes occur
when Scots pine is modified at 60 °C. As the temperature of the reaction increases
the diffusion of reagent into the substrate assumes greater importance, with re-
gions of low density reacting to a greater extent. Although the above remains
speculative at present, it is clear that the volume behaviour of samples when
modified at different temperatures is a complex process and worthy of further
investigation. It should be further noted that with both Scots and Corsican pine
samples, the same molar volume is occupied by reagent at higher WPG’s
(70.6 cm?® for Scots pine).

Dimensional stabilisation due to modification

In order to determine the effect of modification with crotonic anhydride upon
dimensional stability, samples were subjected to water-soak (5 days) and oven-
dry (3 days) tests. For the water-soak/oven-dry (ws/od) cycle test, modified
samples were chosen with weight gains of approximately 5 to 30% and 5 to 40%,
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Fig. 6. Change in water-saturated and oven-dry volumes for crotonic modified samples
at 120 °C, Corsican pine at WPG 41.6% (circles), Scots pine at WPG 41.5% (squares)

with ca. 5% weight gain intervals for blocks modified at 60 °C and 120 °C,
respectively. As stated earlier (Hill and Jones 1996), there is a close positive
correlation between water saturated volumes and the ambient temperature of the
laboratory. To prevent such temperature fluctuations, the temperature of the
laboratory was kept constant at around 18 + 2 °C by using a thermostat heater.
Nearly half of the control Scots pine samples (7 out of 20 samples) did not
complete the full ten cycles, serious checking and splitting occurring after as few
as 3 cycles. Two of the control Corsican pine samples did not complete the ten
cycles.

As can be seen from Fig. 6, chemical treatment is very effective at providing
dimensional stability. Control Corsican and Scots pine samples exhibited differ-
ent swelling coefficients (10% and 14%, respectively). The reason for this dif-
ference may be attributed to difference in density of Corsican and Scots pine
samples, since Scots pine samples had slightly higher density than Corsican pine
samples. As reported earlier (Stamm 1964) denser wood shows a higher swelling
ratio than less dense wood. Both oven-dry and water-soak volumes of modified
samples exhibit a decrease as the test proceeds. However, there was not a decrease
in dimensional stability associated with this change. The only exception to this
was a significant difference in dimensional stability between cycle 1 and all
subsequent cycles. Such observations have been noted previously with linear
chain anhydrides (Hill and Jones 1996). The difference between cycle 1 and
subsequent cycles has been attributed to loss of non-bonded reagent (Rowell and
Ellis 1978) or to an annealing process due to rearrangement of the molecular
chains of the adduct during the water-soaking cycle (Hill and Jones 1996). The
decrease in volumes during cycling is related to loss of material from the wood,
presumably due to the high temperature of the oven-drying phase leading to
degradation of the hemicellulosic content, resulting in water leachable fragments.
It is interesting to note that an inverse relationship occurs between cumulative
weight loss during the 10 cycles and level of substitution (Table 1). Thus modi-
fication appears to offer protection against thermal degradation, or the thermo-
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formed fragments may not be so readily water soluble due to increased hydro-
phobicity from such modification.

Volumetric swelling coefficient values (S %)

and anti-shrink efficiency (ASE %) results

It has been reported (Rowell et al. 1976) that S % values obtained for the first
cycle are unrepresentative. Cycle to cycle fluctuations in S% have also been noted.
However, in these experiments, only slight fluctuations between cycles were noted
(although cycle 1 was an exception). The S % values were averaged over the last
nine cycles and Fig. 7 shows the relationship between averaged S % values and
WPG of CA modified Corsican and Scots pine blocks. It can be seen from Fig. 7 265
that CA modified Corsican pine samples at 60 °C and 120 °C gave similar S %
values at comparable WPG’s. However, with Scots pine different behaviour is
again noted with the two different reaction temperatures. Again, whether such
variations are the result of ultra-structural or density differences between the two
woods is not known.

In order to take some account of the differences between the swelling coeffi-
cients of the control samples of the two wood species, the data has also been
plotted in terms of anti-shrink efficiency (ASE) versus WPG. Figure 8 illustrates
the relationship between the anti-shrink efficiency and WPG for the samples
investigated. The curves show asymptotic behaviour. In our results, about 41%
weight gain were obtained with extended reaction time (72 hours) for CA mod-
ified Corsican and Scots pine samples. The curve has essentially become a plateau
at an ASE value of ca. 90%, in agreement with similar results reported in the
previous publication concerning modification with other anhydrides (Hill and
Jones 1996).

It was stated (Rowell et al. 1976) that with epoxide modified southern pine
samples the maximum (60-70%) ASE was obtained with weight gains of 20-33%.
But when weight gain was above 33%, ASE started to decrease. It was suggested
that the drop in ASE might be due to the volume of added chemical becoming

S (%)

WPG (%)

Fig. 7. Comparison of average swelling coefficient (S%) of crotonic modified Corsican
and Scots pine samples at 60 °C and 120 °C, Corsican modified at 60 °C (down triangles)
and at 120 °C (circles), Scots modified at 60 °C (up triangles) and at 120 °C (squares)
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Fig. 8. ASE (%) of crotonic modified Corsican and Scots pine at 60 °C and 120 °C,
Corsican modified at 60 °C (down triangles) and at 120 °C (circles), Scots modified
at 60 °C (up triangles) and at 120 °C (squares)

great enough to rupture the cell wall. This is because the wood is swollen above
the green volume and this expansion causes a break-up of the wood structure
which leads to the creation of new hydrophilic sites.

It is possible to assume that even high chemical add-on causes swelling to
beyond the green volume of wood, breaking up of the wood structure, and
creation of new hydrophilic sites. These new sites react with unreacted excess
reagent present in the reaction environment and create hydrophobic sites. This
damage to the wood structure does not effect S % or ASE values, although it may
deteriorate the strength and tensile properties, a question which is under inves-
tigation at present.

Conclusion

Corsican pine samples modified with crotonic anhydride exhibited larger volume
changes (molar volumes) at low WPG’s. With Scots pine the observed volume
changes at low WPG’s were related to the temperature of the reaction. This
difference in behaviour may be ultra-structural in origin or due to the difference
between the densities of the samples. Effective dimensional stabilisation of wood
can be obtained by CA modification (ca. 90% ASE). The effect of modification
temperature on dimensional stability does not appear to be significant, as long as
same weight gain levels are obtained. Reaction with Scots pine at 120 °C did,
however, provide a lower level of dimensional stabilisation than with the other
samples tested. It is apparent that high weight level samples still gave high ASE’s
contradicting earlier work (Rowell et al. 1976).
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