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Thermal Degradation of Wood ard
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EAT has two effects upon the properties of wood and

cellulose—reversible (6, 8, 24, 27, 29) and irreversible,

This report deals with the irreversible degradative changes
caused by heat,

CHEMICAL CHANGES

The literature is prolific on the changes that accompany
thermal degradation of cellulose. Viscosity changes (16, 18, 23,
25) have been reported, Chemicnl interpretations have been
made (3-6, 7, 18-16, £8)., Goos (2) lists 213 compounds that
have been identified. Reduetion in hygroscopic and swelling

characteristios have been reported (20, 22, 26). The specific

chemical changes that ococur during thermal degradation are
atill obacure.
- Data on desomposition products of Douglas fir sawdust and

ita components are given in Tables I and II,

Deccomposition Products of Extracted Douglas
Fir Sawdust

. (Heated In o stroam of air and of nitrogen at 300° C, for 16 hours at
atmosphorio pressure) 2

Dooomposition Produots®, % . )

Table 1.

Woight? Noncon- [Exooss over
Hentod Loss, densable *©  woight
In % CO: Hi0  Tara  volatiled loss
Alr 40.0 10.0 30,6 2.8 U 8.0+
Nitrogon 47.0 7.8 31.1 5.2 2.0 0

@ Based on welght of unheated, oven-dry sawdust,

b Caloulatod from differenco betweon original weight loss and weight of
other produots. 7

¢ Undeterminable, probably between 0.0 and 8.0,

Table II. Decomposition Products of Extracted Douglas
Fir Sawdust and of Its Jsolated Components

{Heated in both an open systom nt atmospheric pressure and in n closed
syatom undor the doveloped pressure at 220° C.)

Decomposition Products, %

Materials
and Heating  Weight Non-
Heating Time, Loss®, condensable
Conditiona Houra % s M0 Tars volatiles
Open systom
Sawdust 16 0.9 0.9 83 0.4 0.8
a-Cellulono 16 13.9 1.4 11,8 0.0 0.7
Hemloellulosos 2 23.7 7.4 14,1 0.4 1.8
Lignin 10 4.2 0.5 3.8 0.0 0,1
Closed syatom
Bowdusb 4 156.9 3.6 12.1 ' 0.2
a-Celluloso 4 37.7 8.1 20.0 . 3.6
Hamicellulose 0.5 43,1 17,2 22.8 e 3.1
Lignin 4 8.7 1.1 2. . 0.7

% Based on welght of unhonted, oven-dry material,

KINETICS OF WEIGHT LOSS

MacLean (9-12) and Stamm and associntes (18, 20, 21) have
collected extensive data on the weight loss of wood under dif-
ferent heating conditions, for times ranging from 1 minute to
2.4 yeara (1.25 X 10%fold), and temperatures ranging from 03.5°
to 800° C. Hence it scomed worth while to analyze these data
from the standpoint of reaction kinetics,

- Figures 1 and 2 give the logarithms of the residual weight plotted
against the heating time for oven heating and heating beneath
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the surface of a molten metal, Good straight lines are obtained,
except near the origin whére there is a slight but definite curva-~
ture. The initially high loss in weight is probably due to the
loss of residual absarbed water. The linear relationships indicate
that the weight loss follows & first-order reaction, Because it is
a reaction at the surface of o solid and because so many different
reactions are taking place simultaneously, the effective reaction
is undoubtedly a heterogeneous one.

Tigure 3 gives the plot of the reciprocals of the absolute tem-
perature against log K whore I is the slope of the lines of Figures
12nd 2 per unit of time (hours). All of the data for oven heating
fall well on & single straight line, in spite of the fact that the
datn were obtained by two different groups of investigators using
different softwood species (coniferous woods) with different sizes
and shapes of specimen, Similar data for the heating of Bitka
gpruce veneer beneath the surface of a molten metal (21) give &
straight line with practically the same slope, Heating beneath
the surface of & molten metal limits the oxygen available for
oxidation to the relatively small nmount with the oapillary
structure of the wood. As the temperature of the wood rises,
the air expanda and a large part of it bubbles out bofore it can
onuse oxidation, IHeating in this way therefore permits only
limitad oxidation. Beonuse of this, the degradation is slower
than for the oven heating; hence the displacement of the line
to the left.

Table IIX givos the nctivation encrgies for the thermal degrada~

tion of wood calculated from the data of Figure 3 and similar

data to follow. It also gives the log K values at 160° C., so
that the displacement of the activation energy curves can be es-
timated. The log K value for heating in air is 0.5 greater than
for heating heneath the surface of the molten metal, The former
reaction is thus 3.2 times as fast as the latter with respect to
weight loss.

Approximete activation energics were caloulated from the
data of Mitchell, Seborg, and Millett (18) for the thermal deg-
radation of Dougles fiv sawdust and for the a-cellulose, hemicel-
lulose, and lignin isolated therefrom when heated in an open
system, At each temperature the materials were heated for
only one period of time. The logarithms of the residual weight—
time plots hence were drawn ag straight lines through the one
point and the origin, Table III gives the activation energies
and log I at 160° C, It is interesting that the various-wood com-
ponents and the wood itself have very similer activation energies,
The log X values at 150° C. show that hemicellulose degrades
thermally about four times as fast as the wood. The a-cellulose
degrades at about the same rate, while the lignin degrades at
about, half of the rate of the wood. [0 ~lea« Fagh &\ 40

Table IIT also gives data for the activation energy an &a
log X values at 150° C. for steamed wood calculated from the
data of MacLean (10, 11) for the same group. of softwoods given
in Figure 1. The logarithm of the residual weight—time curves
similar to those of Figures 1 and 2 showed somewhat more curva-
ture near the origin, Thig is probably due to the fact that ini-
tially green wood was used in these measurements and adsorbed
water was lost in the initial stages of heating. Caleulations
from these data are hente somewhat less accurate than for dry
wood, but they do give the order of magnitude of degradation.
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THERMAL DEGRADATION
OF WOOD

is greater under these conditions
.+ closed system

.« . presence of air

. . . steaming conditions

It is negligible under normal kiln-
drying conditions

The ealeulated activation energy is about half of the value for
the heating of wood under dry conditions, The log K value ot
150° . indicates that the degradation is much faster under
steaming than under dry heating conditions,

Tigure 4 gives the data of Figures 1 and 2 plotted as the log-
arithm of the heating time against the heating temperature,
extrapolated to rdom temperature, Ior each weight loss, a
good straight line is obtained. These lines tend to converge
at the low temperature-long time end, This would be expected
on the basis of the Arrhenius equation for a first-order reaction
rate, the temperature coefficient of the reaction rate being in-
versaly proport'onal to the absolute temperature. At 100° C.
the reaction rate for oven heating, as indicated by the weight
loss, doubles for each 10° C. increase in temperature. At 250° C.,
it doubles for each 13° to 14° C. rise in temperature. The ratio
of temperatures is practically identical with the theoretical value.

As oven heating and heating beneath the surface of n molien
metal give almost identical activation energies, their plots in
Figure 4 should be parallel and identical when the weight loss
due to heating in an oven is 3,2 times that for heating beneath
the surface of & molten metal. The values plotted best when the
multiple was 3.3.

From Figure 4 it is possible to estimate the degradation of
wood in terms of weight loss at normal temperatures over pro-
longed periods of time, For example, dry wood stored for 355
years at 20° C, should lose 5% of its weight when air circulates

freely around it, but only 1.5% if air cireulation is excluded.
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Figure 1. Logarithm of residual weight vs, timec of oven

heating:

O.' O Average of four apesimens sach of southern pine, white pine,
Bouilas fix, and Sitka alzaruue 6 inches long in fiber direction

., . by Iinch by linch (9-12)
A Ro?ﬁ.‘fmeilg‘iﬁ:?;?)cc vencer 1/ inch thick, 5’/sinches long,
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As these weight losses are accompanied by a decresse in volume
(20), the loss in specific gravity is too small to use as a criterion
of the degradation of old timbera due to weight loss,

Tigure 5 is & plot similer to that of Figure 4 for stenmed wood,
If the lines were extrapolated to room temperature, they would
give an expected weight loss of 5% if the wood were subjected
to saturated water vapor at 20° C. for 1 year, This will be
referred to again later.

No extended data on weight loss for heating of cotton or paper
pulp were found in the literature, Data are, however, available
for strength loss caused by heating.

KINETICS OF STRENGTH LOSS

Similar kinetic calculations can be made from datw for the rate
of strength loss. When the logavithm of the residual strength is
plotted against the time, straight lines similor to those of Tigures
1 and 2 are obtained, Activation energies for both oven- und
steam-heated wood were caloulated from such plots drawn from
dato of MacLean (9, 1) for the residual modulus of rupture and
the residual work to maximum load (area under the stress-strain
curves to the point at which rupture occurs in modulus-of-rup-
ture measurements). Table IIT shows that the activation
enelgies so obtained agree very well with the corresponding
values calculated from the weight loss, The log K values in
Table III show that the rate of loss of modulus of rupture is
gbout 10 times that for the weight loss under both oven-henting
and steaming conditions, The rate of loss of work to maximumn

load is still greater. Tigures 4 and 5 ulso show the approximately -

tenfold greater loss in modulus of rupture thun of weight.
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Figure 2. Logarithm of residual weight vs. time of
heating of rotary-cut Sitka agruce veneer !/ip inch
thick, 57/ inches long, and 1 inch wide (2I)

QOpen symbols, oven hoated
Shuaded symbaols, hented boneath surface of molten motal

The graphs show that a loss in modulus of rupture of only
about 109 would be expected in 100 years at 20° C. when air
circulates freely around the specimens, Under the same con-
ditions, & loss in work to maximum load of about 40% would he
expected. In the case of limited access of air, as would prevail
for larger timbers, o loss of only 3% in modulus of rupture and
129, in work to maximum Joad would be expected in.100 years,

Under saturated atmosphere conditions, however, a loss of
about 40%, in modulus of rupture and 80% in work to maximum
load would be expected in 1 year at 20° C, from an extrapolntion
of the data of Figure b.

Extrapolation of the logarithm of time-temperature graphs to
room temperature gives reasonable weight and strength loss
values for dry wood (Figure 4), ‘The values are excessively high,
however, for steamed wood, It is obvious that such strength
losses do not occur in the heartwood (the dead part) of growing
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Table III. Activation Energies of Wood and Cellulose Caleulated from Thermal Degradation Data
Property Temp.- Activation  Log K at
Heuting Loss Time Range, LEnerg; 158“ Q.
) Condition Measured Range e C‘g Cal./l\lft,)'ln Hours
Coniferous wood .
Southern nnd white pine, Sitka spruce and
Douglas fir sticks and Sitkn spruce veneer Oven Woight 1 hr=2.4 yr. 93, 5-250 29,500 -3.0
Sitka spruce veneer Under molten metal Weight 1 min.~0 days -30 28,800 -4.4
Sitka spruce sticks Oven Modulus of rupture 1 hr,~188 days 102 -177 26,600 -2.9
Oven Work to max. load 1hr.~188 days 102 -177 28,600 -2.3
Douglas fir snwdust Qven Weight 10 hr.—04 days 110 -220 25,000 -4.0
a-Cellulose from Douglas fir Qven Weight 16 hr.-G4 days 110 -220 24,000 -4.1
Henmicellulose from Douglas fir QOven Weight 2 hr.-04 days 110 -220 20,700 -9.4
%l_gmn ffiom Douglus fir Oven Welght 16 hr.-04 dnys 110 -220 23,000 -4.8
ire oor: )
Cotton Oven, 40% relative Bresking strength 120-1000 hr. 110 -180 30,500 -2.3
Reyon humidity Breaking strength 80-1600 hr. 110 -150 20,500 -2,2
aper
00% rag Qvon Tolding ondurance 72-860 hr. 60 -120 19,100 -1.2
50%, rag, 50 Oven Tolding endurance 72-860 hr. 60 -120 ,300 -1.0
805, rag, 70% sulfite Oven Tolding enduranoo 72-800 hr. 60 -120 10,900 -0.8
100% sulfite Oven TFolding endurance 72-800 b, 00 ~-120 19,700 0
Coniferous woo
Southern and white pine, Sitka spruce, and
Douglus fir aticks Steam Wnijht 1-200 hr, 121 -177 15,800 -2.7
Sitks spruoo stioks Stenm Modulus of ru[;t.uru 1-82 hr. 121 =177 16,300 ~1.78
¥ Work to max. lond 1-32 hr, 121 =177 17,800 -1.45
arn
Cotton “purified"’ Oven, 05% abeolute Broaking strength 1.6-0 hr, 105 =150 15,300 -1.406
Viscose rayon humidity Broaking strength 1.5-0 hr, 105 -150 16,800 —-1.20

trees, where the moisture content may exceod the fiber saturation
point for hundreds of years, Piling immersed in water has
ulso retained sufficient strength to be gervicenble for periods up
to 50 yemrs. It thus appears unsafe to extrapolate the steaming
data to room temperature, ns was done for heating under dry
conditions, This ia not surprising, a8 the concentration of water
vapor present drops off very rapidly with o decrease in tempera-
ture. Tempernture would thus not only uffect the reaction rate
in the normal way, but alao the vapor concentration,

The degradative effect due to liln drying of softwoods can be
estimated by considering the drying conditiona to be made up
of & wet period and & dry period. Of course, in reality there is u
graduanl transition from oue to the other. TFor example, congider
2 kiln load of o softwood heated for 2 days at 160° T, (71.1° C.)
and 6 days at 200° T, (93.3° C.) snd that the wood is very
wet for only the first 2 days. The loss in modulus of rupture
ocourring during the 2 days while free moisture is still present
would be only about 2.6% and the loss in work to maximum
load would be about 6%, even on the basis of the simple extrapola-
tion of the dita of Figure 5 which has been shown to give high
values. The loss during the S-day period where the moisture
content is low would be about 0.5% for the modulus of rupture
and 2.0% for the work to maximum load.

Hardwoods (brond-lenf species) are dried at lower temperatures
but for longer periods of timo to avoid mechanicul degradntion.
A typical long schedule might be 5 days at 180° T, (54.4° C.)
for the first wet period and 20 days ab 160° T, (71.1° C,) for the
dry period. If for tho moment the thermal degradation of
hardwoods is agsumed to be the same as for softwouds, then the
loss of modulus of rupture during the wet period under the most
severe direet extrapolntion conditions would be 2.5% and the
Joss in work to maximum load would be 5.0%. During the dry
period the loss in modulus of rupture would be only 0.1% and
in the work to maximum load, 0.49%. Hardwoods, however,
show a greater thermal degradution than softwoods, presumably
because of tha higher hemicellulose and lower lignin contents
and hydrolytic effects due to the fact that greater amounts of
acctic ncid are formed. The values should not be more than
twice as great, Lven if the valuea are doubled, they would not
be seriously high.

Conrad, Tripp, and Trinidad (1) give data for the loss in
brealing strength of both cotton and rayon tire cord thot oceurs
upon oven heating at 409, relative humidity. "Table I1II shows
that the activation energies and the log X values are very similar.

Wiegerink (29) gives data for the thermal degradation of
various yarns when heated at high, low, and intermediate abso-

.

lute humidities, He unfortunately curried the degradation
sufficiently fur to enlculate aotivation onergies with any degree

of necuracy only in the case of henting ab high absolute humidities. '

Values caleulated from these dnta for a “purified” cotton and &
viscose rayon are given in Table IIL. The values are similar to
those for wood heated In stenin, and the log K values at 150° C,
are nJao in rensonably good agreoment with tha values for wood
determined from strength test data.
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Rusch (17) gives data for the Joss in folding endurance of paper
made from 1009 rag and 100% sulfite pulp and mixtures thereof
when heated in un oven for 72 hours at four different tempera-
tures, Activation energies were caleulated from linear plots of
the logarithm of the residual folding endurance plotted through
the single time point and the origin. The values are given in
Table III. Activation energios for the four papers are proctioally
the same, but the log I values at 150° C. increase in going from
100% rag paper to 100% sulfite paper, indicating that the sulfite
paper is about 12.5 times more sensitive to heat degradation than
the paper made from rag atock.

‘"\ e
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Open nl{mboln. hontingin oven
Shado

O Welghtloss (9=12)
A, A Weightloss 221)

0O Modulus of rupture loss (9-12)

i No parenthesoes, weight loss on ovon heating
: Double parentheses, welght loas on henting benonth surface of molton notal

symbole, hoating beneath surfuce of molton motul

! Single paronthoscs, modulus of ruptureloss on oven honting

Tigure 6 gives the data of Rasoch (17) plottod as the log of time
againat the temperature for different losses in folding endurance
extrapolated to room temperature, Richter (19) dotermined the
loss in folding endurance of similar rag paper at 38° and 100° C.

" These values are also plotted in Figure 6, The observed losses
in folding endurance are very close to the values pradicted by the
straight lines, It thus appeays possiblo by such a plot to estimate
the loss of folding endurance with time at room temperatures.
Such & plot would be needed for cach type of purity of paper.
In the case of this particular paper, it would be expected to
loss 24% of its folding endurance on storing with free access of
dry air at 20° C; for 1,4 yesrs, Dogradation due to stornge in
large rolls should, of courae, be appreciably less.

CONCLUSIONS

Thermal degradation of wood is greater in the presence of aiv
than in its absence, because of oxidation by atmospheric oxygen.
It is greater in & closed system, where acids formed build up
: in coneentration and hence can catalyze hydrolysis, as compared
ol to a system where the volatile products can eseape but air cannob

‘ enter, w :
5 Thermal degradation for all.the materials tested follows a firat-

! i * order reaction, foe B C

j " . Thermal dogradation is greater under steaming than under dry
: . heating.conditions. The activation energies for the degradation
i reactions are about half as large as under dry heating conditions.
. The activation energies for the thermal degradation of dry
wood ave similar to the values for the major components of wood,
Hemicellulose from Douglas fir, however, degrades.about four

times a8 fnst s the wood itself nnd e-colluloso isolatad [vom the
wood. Isolated lignin, on the other hand, degracdes only half as
fast as the wood,

Activation energics enleulnted from weight loss amd nbrength
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loss data are similar. TUnder 4

both dry heating and steam- g L L ’2,%;% i ! YEAR

ing conditions, the loss in g [oo=~d2 . g

modulus of rupture is about B ol gl

10 times the' Jogs in weight, E ""‘*-_:'_:-\.._‘ M~ _ 1 moNTH

and the loss in work to maxi- ¥ e T el 2 :

mum lond is still greater. £ [ | |s29: 164% —1 WEEK
Plots of the logarithm of e” T

the henting time againat tho & )

heating temperature to attain b +.odY

different degrees of degrada- Y : 10 HOURS

tion undor dry henting condi- § .

tions when extrapolated to

room temperature give an iden e % 70 %o %0 = = % ) = = HOUR

of the rate of natural dog-
redation of dry wood. Only
tho worl to maximum load
for softwoods in sufliciontly
affested to be rendily deteoted
after 100 yours' storage atroom
temporature under dry condi-
tions. This extrapoelation procodure cannot be applied to wood
exposod to & mofaturo-saturated ntmosphero,

The thermsl degradation of wood under normal kiln-drvying
condlitions is fortunntely negligible. :

Figuro 6.
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Correction

In tho articlo ontitled, "Densition of Ternary System Niteie
Acld-Dinitrogen Totroxide-Wuter” [Robert W. Sprague and
Tithel Iaufman, IND. N, Ciem, 47, 468 (1065)], the v_n.lucalof
colenlnbed density and error in Table 1 (page 45‘)0) for white acids
correspond to the following third-order expression for e
a= |—0.23313 + 204588 It — 0106723 I* + 78.76576 RO

Corrected Table L, o yeresponding to the second-order expression

for a, is presented herewith, ) )
Author's Note: The juterpolution formulny presented in the

paper has heen found awlward to usc, and, in addition, t.he%iuter-
polated vlue depends on the interval pp — P2 nhogen. A simpler
method (and possibly & more aeceurate method) is to use o cor-
rection for the densiby sulenlated from the genera) equation in the
region of interpolntion (less than 4.5% N?O.}; the oorrect'lon n;
obtained by assuming the error {0 vary linently along o line ©
constant waler from zero ot 4.5 NaOy to theo value shown 1n
Table I ahove at 0% No0y. Tor example, at 85 C. for the com-
position 1% N2Ow 44, 100, g5, HNQs the enleulated density

Table I. Error Table for Calculated Values of Density at
35° C., of White Acids, No Dinitrogen Tetroxide
Denslty
% HiO Caleulated Observed Error
0 1,4830 1.4880 .00
2 1,4764 1.4720 0.0035
4 1,4600 1,4679 0.0020
[i} 1.4033 1.4641 ~0.0008
8 1.4508 1.4600 ~0.0031
10 1.4508 1.4852 —0.0048
12 1.4437 1.4502 ~0.,0085
14 1.4872 1.4450 -0.0078
16 1.4300 1.4897 —0.0091
18 1,4241 1.4337 —0.0096
20 1.4176 1,4208 —-0.0003

ig 1.4753; the error from the above Table I is 0.002; the correc-
tion i8 88 = 1) —0.002) = —0.00155; then the corrected
density is 1.4738.
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