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Mechanical stress grading of tropical timbers without regard to species

Recerved: March 12, 2004 @ Aceepted: June 22, 2004
Abstract Some reports have shown that for single species

the correlation between modulus of elasticity (MOE) and

modulus of rupture (MOR) in bending is quite high. Tropi-

cal timbers consist of hundreds of species that are difficult

to identify. This report deals with the mechanical stress

grading of tropical timber regardless of species. Nine timber

species or groups of species with a total gumber of 1094

pieces measuring 60 X 120 X 3000 mm, were tested in static

bending. The MOE was measured flat wise. while MOR was

tested edge wise. Statistical analysis of linear regression

with a dummy model and analvsis of covariance were used

to analyze the role of MOE and the effect of species on

prediction of MOR. The analysis showed that using MOE

as a single predictor caused underfoverestimation for one or
more species and/or igroups of species. The accuracy ofi
prediction would be increased with species identification.”
An allowable stress and reference resistance for species

and/or groups of species were provided to compare with the

prediction of strength through timber grading. The timber

strength class for species and/or groups of species was also

established to support the application of mechanical timber

grading.

Key words Regardless of species - Mechanical stress
grading - Tropical timbers - Allowable stress - Reference
resistance
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Introduction

Being a natural material. wood has large variations of
strength and stiffness properties among species and even
among pieces in one species, The variations of strength and
stiffness are caused by defects or imperfections like knots
(number. size. and location in cach piece of timber). slope
of igrain. and intcrlocked grain. To guarantee structural
safety. prediction of timber strength is necessarv. The
strength characteristics of 4 picce of timber should be evalu-
ated by nondestructive methods. It can be done through
visual grading or mechanical grading or by combination of
such methods. For simplicity and economy. pieces of timber
of similar mechanical pyoperties are placed in categories
called stress grades.! ! :
Most tropical countries are blessed with a biodiversity of

‘natural resources which means that hundreds or thousands

of timber specics are available for construction. In such
cases. the application of visual grading is complicated due to
the difficultics of species wdentification and checking of the
imperfection condition. Predicting the strength of wood on
a large scale through density shows a poor coefficient of
determination (/1. A study on Norway sprucé ( Picea abies)
reported that the & value of the relationship berween den-
sity and bending strength was in the range of 0.16-0.40
while the R valuc of the relationship between the density
and knots was 0238 Towever, the stiffness. which is nor-
mally expressed as the modulus of elasticity (MOE). is by
far recognized as the best predictor of strength.” The most
common method of sorting machine-graded lumber is o
measure MOE." The R value of the relationship between
MOE and bending strength fmodutus of rupture { MOR)] of
Norway spruce was i the range of 0.51-0.72.°7 Previous
studics have showod the R vatue between MOE in flatwise
timber and MOR was 0.01 for AAcacia mangivrm timber and
0.33 for mixed tropical wood.” Combining MOFE with knots
and other data pained shight vuprovement in the relation-
ship between MOFE and MOR.

In the application to timber grading and strength classes,
the strength of o picee of dmber regardless of species
uring the

could be predicted and classilied through ng
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MOE. Most species arc grouped together and the timber
performances (rom such species are treated similariy.
With reference to the availability of timber for structural
purposes consisting of many species in tropical countries.
the application of mechanical stress grading needs to be
evatuated.

The objective of this study was to evaluate the applica-
tion of mechanical grading to tropical timber, which consists
ol timber from natural forest. timber from plantation forest.
hardwood as well as softwood. [t is expected that the results
can be utilized in structural timber design.

Materials and methods

The number of the specimens was 1094 pieces of tropical
wood consisting of timber from natural forest [60 pieces of
kapur (Dryobalanops aromatica Gaertner f.), 192 pieces of
a group of meranti or Shorea sp., and 314 pieces of mixed
unknown species namely “borneo” timber] hardwood from
plantation forest [120 pieces of Acacia mangium, Willd."
60 pieces of falcata (Paraserianthes falcataria, L. Nielsen).
60 pieces of rubber wood (Hevea brasiliensis, Willd), and 60
pieces of Maesopsis eminii, Engler]. and softwood from
élahlation forest [168 pieces of Pinus mnerkusit, Ji.:!nghuhn &
de Vriese. and 60 pieces of agathis (Agathis damrhara. Lam-
bert Rich)]. The specimens were 60 X 120 X 3000 (L) mm
when air-dried. For any piece of lumber, the imperfection
condition was evaluated based on the visual grading system
of Indonesian Standard for Construction Timber (SNI 03-
3527).° Based on the diameter of the knots, slope of the
grain ‘length of the wane. and other visual grading param-
eters,ithe timber was classified into the three categories of
class A, class B, and that rejected as structural timber. Only
timber that was classified as timber suitablé for building
construction was used as specimens.

The MOE in flatwise configuration with center-point
loading was measured using a simple machine with a
deflectometer that can magnify the reading about 40 times.
In the mecasurement of MOE flat wise. the span was
2730 mm and the applied load was 25kg. Before measuring
the MOE flat wise. the machine was calibrated based on
a certified dial gauge. The specimens were then tested
in flexural bending with three-point loading edge wise with
a universal testing machine with a capacity of 100 tons.
following the procedure of ASTM D 198.7 With consider-
ation of the loading system. adjustment factors were applied
to the MOE and MOR calculations based on the equilib-
rium moisture content in Indonesia of 15% and ASTM
2915.F

Regression analysis was used to analvze the relationship
between MO Tat wise and MOR ol the timber. Based on
the regression analysis. the allowable stress for the tropical
wood and the stress classification were established. The
effects of timber species on the MOR of timber were ana-
Ivzed using analvsis of covariance (ANCOVA) with MOE
as the covariant variable and the model as shown in Eq. 1

Y =u+r1, +/>’{,\',,f./\'}“a (1)

i

where Y, is the measured MOR of species i and sample
number j, u is the average MOR, 7, is the additive effect of
species. f# is the regression coefficient that expresses
the dependency of MOR on MOE, X, is the measured
MOE. X is the average MOE, and g, 1s the error of sample
number j of spccies (.

The hypothetical test was conducted through an F test by
considering:

Ho: 7, = 0. there is no significant effect of species or group
of species to MOR.

For ' i

H;: r, # 0. there is at least one species that shows a

significantly different MOR value to the others. -

The prediction of strength characteristics of the timber
was analyzed through a model as described by Eq. 2
Y, =z + f(X,) + & 2)
where z; is the dummy variable of species i, g, is a constant
of the dummy variable and, f(X}) is a function of the rela-
tionship between MOR and MOE. Two hypotheses were
used as:

Ho Bi=p=p...= [J’A = (, species and MOE plovlde
no significant effect to MOR.
H,: 3 B, # 0. at least one species and/or MOE plovlde
significant effect to MOR.

2. Ho: species provide no significant effect on MOR when
MOE is included in the analytical model.
H,: at least one species provides significant effect on
MOR when MOE is included in the analytjcal model.

Strengthlcharacteristics based on the allowable!stress design
(ASD) and load and resistance factor design (LRFD) were
established following ASTM D 2915* and ASTM D 35457.°
respectively.

Results and discussion

Modulus of elasticity and bending strength performance
of the timber

MOE and MOR of timber are the two parameters usually
used in the evaluation of the bending performance of
timber in structural sizes. The MOE and MOR of timber
may vary among the species. trees, logs. and even among
the sawn timber of one log." Variations of strength and
stiffness are. in general. caused by density and imperfec-
tions. i.e.. knots. slope of grain. and interlocked grain.

The lowest value of MOE was 4.1 GPa found in Acucia
mangium from the plantation forest and the highest was
28.5GPa found in mixed unknown timber from natural
torest as shown in Table 1. The weakest value of MOR was
10.8MPa found in agathis from plantation forest and the
strongest was [34.3MPa tound in shorea sp. from natural

forest. Generally. the range of MOE and MOR values of

timber Irom natural lorest s wider than that of timber hrom
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Table 1. Modulus of clasticity (MOE) and modulus of rapture (MOR) performance of tested timber

Specimens MOE (Gpa) MOR (MPa) Moisture content (%)
Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD
Hardwood from 33 28.3 151 4.1 13.8 134.3 598 20.3 13.9 i8.4 15.5 1.4
nutural Torest o
Borneo tmber 8.3 2R3 153 4.1 300 108.0 028 154 14.3 8.4 135 1.5
Shorca sp. 5.3 259 [ERY 3.4 13.8 1343 5.1 26.1 13.9 16.7 14.9 1.3
Kapur 8.4 283 14.2 4.7 23.0 t07.6 36.1 222 14.1 17.9 16.1 1.3
Planted fast-growing 4.1 220 9.8 29 1.6 92.0 1.6 13.1 129 8.8 15.6 1.1
hardwood ’ ‘ ; I
Avacia mangiian 4.1 158 8.9 2.6 1.6 92.0 42.2 15.8 129 16.8 15.2 12
Falcata 6.2 13.0 8.7 4 153 480 327 8.1 132, 179 14.8 .9
Rubber wood 63 116 16 30 294 367 439 7.9 144 ' 187 16.3 1.0
Maesopsis eminii 55 221 12.0 34 28.5 70.8 45.8 10.2 139 18.8 16.2 14
Total hardwood 4.1 285 13.6 4.5 1.6 1343 547 201 12.9 188 156 1.2
Planted fast-growing 56 217 126 3.3 1.8 67.2 37.1 1.8 13.8 18.7 158 1.2
softwood
Pinus merkusii 5.6 27 ° 129 3.6 154 359 34.2 8.6 145 17.6 15.9 1.0
Agathis 7.6 16.6 12.0 2.3 10.8 67.2 416 12.3 13.8 18.7 15.7 1.3
Tropical imber T4l 285 13.3 43 1.8 134.3 30.6 2200 12.9 18.8 . 15.7 L1y
(total) : :
SD, standard deviation
Table 2. Goodness of fit (percent) of p:arametric distribution to the plots of tropical timber
Specimens C s . MOE | - MOR
' 4 - — .
Normal | Log-norrﬁal Weibul] Normal Log-normal . Weibull.
Timber from natural forest 67 L0 47 h& 68 100
Borneo timber 69 100 36 100 51 56
Shorea sp. 100 79 92 35 100 73
Kapur ) ) 60 100 50 71 100 72
Planted fast-growing hardwood 85 85 ‘ 100 Loy 100 98
Acacia mangitm ’ 4 100 100 : 71 65 100 ; 69
Falcata 185 80 ' 100 100 861 100
Rubber. wood . 65 100 56 95 1007 86
Maesopsis eminii i 69 100 55 88 100 . 82
Hardwouod 84 99 100 90) 100 100
Planted {ast-growing softwood 100 87 73 60 100 60
Pins merkusti 100 91 87 91 100 S 13
Agathis 94 83 100 106 82 90
Tropical tmber (total) 91 96 86 73 100 86

plantation forest. The wide range of such values of timber
from natural forest may be due to the cultivation system.
Shorea sp. is a group of species occurring in the mixed
unknown tropical wood commonly known as “Borneo™
timber. lt is reasonable to expect that the range of MOE
and MOR of mixed tropical timber is wider than that of
timber from plantation forest where the trees are well culti-
vated and homogenous.

Parametric distributions. namely, normal. log-normal.
and Weibull distributions were applied to evaluate the dis-
tribution. Based on the frequency analysis, the apparent
distribution was also analvzed to obtain the goodness of fit
of the parametric distributions. ie.. normal distribution.
log-normal distribution. and the cumulative Weibull distri-
bution.”" It is not easy to recognize the fit of the parametric
distributions to the actual frequency plots of the timber

generalized for all timber. Some species have a high good-
ness of {it to the normal distribution. seme to the log-normal
distribution. and others to the Weibull distribution as
shown in Table 2. The parametric distribution and actual
frequency of the MOE and MOR of the tropical timber are
shown in Figs. | and 2. Selecting the best fit distribution for
the actual frequency values is important, especially for the
lower tail values in the establishment of allowable MOE
and MOR. In ASTM D 3457, the distribution of timber is
assumed to be a Weibull distribution while the European
standard tends to assume a log-normal  distribution.”
With reference to Figo 1. for the lower tail values. the
log-normal and Weibull distributions provide better fits
than the normal distribution. but for the other plots the
log-normal distribution seems better than the Weibull
distribution.
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Table 3. The parameters of parametric distribution and their fifth percentile limit

Specimens MOE MOR
Log-normal Weibull Log-normal Weibull
/ g i i o Rt /. £ R 7} 17 R
Timber from natural 2.8 0.20 9.1 16.3 4.5 9.3 4.04 0.33 298 66.6 3.4 26.5
torest
Borneo timber .69 (1.26 9.4 6.8 4.6 9.6 4.1 0.24 39.4 068.5 4.9 38.7
Shaorea sp. 267 .26 N8 16,2 4.4 8.5 391 145 20.7 62.2 2.5 216
Kapur sp. 2.60 (.32 7.8 137 38 8.5 395 03%, 266 62.7 3.0 288
Planted fast- 2.24 0.30 57 10.8 4.1 33 368 0.31 22.4 46.2 3.6 213
growing hardwood | : . . :
Acacia manginin ' 2.15 .28 a1 9.8 4.2 4.9 3.6% ‘.36 19.6 472 3 163
Falcuta 2.16 (.16 6.3 9.4 0.8 6.6 346 0.24 19.5 360 4.2 179
Rubber wood 2.32 0.27 6.2 1.6 4.3 6.4} 377 0.18 3.9 47.1 6.4 3.2
Mucsopsis entinii 245 (.37 .72 13.2 4.4 7.7 - 3.80 0.22 30.0 49.5 53 30.5
Hardwood 2.56 0.33 7.2 15.1 3 7.0 3.94 0.36 26.3 61.1 3.2 242
Planted fast- 2.51 0.25 7K 13.8 4.7 7.6 356 0.3 19.8 41 37 19.6
growing softwood )

»Pinues merkusii Y 0627 v 76 14.2 43+ 73 3.30 0.23 212 374 4.7 213
Agathis 247 (119 84 12.9 62 B4 3.74 033 18.7 56.1 2.7 14.2
Tropical timber {total) 2.54 (.32 7z 14.7 38 7.1 385 0.38 235 56.6 3 228
4. Mean of log-normal distribution: & standard deviation of tog-normal distribution: 1. scale parameter of Weibull distribution: «. shape

parameter of Weibull distribution: £, ... fitth percentile himit
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tions of modulus of elasticity
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and MOR of the timber could not be specified as shown in
Table 2 and Figs. | and 2: the difference of the [ifth pereen-
tile himit of both the log-normal and Weibull distributions
were relatively small as shown in Table 30 As deseribed
above. the fifth percentile fimit of the MOE and MOR of
tumber from natural forest was also higher than planted
tunber. The MOE of planted softwood was higher than that
of planted hardwood. while the strength of planted hard-
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The altowable bending stress (in MPa) for alfowable stress design (ASD)

Spucimens Parametric (distribution) Nouaparametric
5% PE Weibull 3% PE log-normal 5% PE 5% TL A
Timber from natural forest 12.62 14.19 13.00 12.62 0,036
Borneo timber [8.43 18.76 19,48 18.10 (L071
Shorea sp. 98] 9.806 9.utl 948 0.042
Kapur 1371 12.67 14.75 14.52 0.015
Planted hardwood {14 101.67 10.71 10.3% (1032
Acdcia nuangimn 7.6 9.33 8.57 7.86 (.083
Falcata ¢ 832 9.29 ; 843 819 0.030
Rubber woond 1486 14.71 15.26 1510 0,010
Muacsppsiy epindi 1452 14.29 : . 14.586 (443" 0.028
Hardwood L1352 12,52 11.62 H48 0.011
Softwood 0,33 9.43 9.29 895 0.028
* Pinus merkusii 10.14 HLTO 10.38 10.14 (1022
Agathis 6.76 8,90 7.04 . 6.62 (1041
Topical timber {total) HL86 11y 10,91 14.76 (1014

PE. point estimate: TL. tolerance Hmit: 8. relative difference between nonparametric point estimate (NPEY and nonparametric lower tolerance

limit (NTL) which was expressed as (NPE-NTLYNPE <

.

wood was higher than that of planted softwood. These
properties may be affected by the different characteristics
of the timbers. Two distinct conditions that might affect
“MOE and MOR are the presence of tracheid in softwoods
and vessels in-hardwoods and the different formations of
knots in both."

Establishment of allowable stress and reference resistance
in LRFD of species or group of species .

- 1

" The basic concept of ASD is that the working stress in the
member of a structure should be lower or the same as the
product of allowable stress of the member and correspond-
ing duration of loading.” The allowable stress is the strength
characteristic with the reduction of the satetv factor. For
example. in Indonesia. as well as in the USA. the safety
factor of bending strength is 1/2.1.*" Based on ASTM" and
European Standards."” the strength characteristic of the
timber is the fifth exclusion limit (R} of the population
distribution. The strength characteristic of timber is analyzed
using parametric and/or nonparametric procedures.”

As mentioned above. the distributions of the timber
could not be easily distinguished. For parametric proce-
dures. the allowable strength of timber specics and group of
species could be obtained from Table 3 with reference to
Table 2 for the goodness of fit. There are two statistical
ways for nonparametric procedures. ie.. nonparametric
point estimate (NPE) based on interpolated data. and
nonparametric lower tolerance linut (NTL) based on order
statistics. The  width of the confidence interval is a
sufficiently small fraction of the mean with the values in the
range of 0.016 to 0.067. In such a condition. the allowable
value of modulus of elasticity is the mean of MOE as shown
in Table 1. :

Through parametric and nonparametric procedures
with the condition as mentioned above and considering the
salety factor of bending in 10 vears loading of 2.1 the

€ .

strength characteristic and allowable strength is presented
in Table 4. With the sufficiently small values of the relative
difference between NPE and NTL. the value of NPE as
shown in Tablé 4 is the allowable.stress for bending.” The

allowable stress of any species or group species could also
be established through parametric procedures with the
small difference value between parametric point estimate
(PPE) and NPE or NTL.

The reference resistance for LRFD of the timber was
calculated based on the format conversion and rehability
normalization factor as mentioned iy ASTM D 5457. Y For-
mat (.Oﬂ\@l‘SiOn used the ASD load duration ‘adjustment
factor of I'15. LRFD time effect factor of (1.80. and specified
LRFD factor for bending of 0.85." The calculation based on
reliability normalization ractm was conducted using an
assumption that the distribution was a Weibull distribution.
although the goodness of fit of the Weibull distribution for
some species or group of species were lower than 100% as
shown in Tablc 2. In the reliability normalization factor
procedure. sample size and coefficient of variations are the
decisive factors.

The reference resistance of a species or group of species
established through format conversion seemed higher than
the one through rehability normalization as shown in Table
5. When the cocfficent of vartation of the strength of a
species is relatively high, the reference resistance based on
the rehability normalization would be much lower than the
one from format conversion due the reverse position of the
coetficient of variation in the reliability normalization equa-
tion. Such phenomena indicate that the application of
LRFD bascd on the reliability normalization factor for
tropical tmbers needs more study.

With reference to Tables 140 and S0 the apphication of
allowable stress and reference resistance {or species and/or
group of species will mean very safe but inctlicient use of
the timber due to the use of the lilth percemile of the
distributions and/or statistical nonparametric values as the
predicted values,
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Table 5. Reference resistance of the bending strength (MPa) of imber for load and resistance factor design (LRFD) based on ASTM D 5457

Specimens Format conversion Reliability normalization
Parameiric Nonparametric
3% PE Weibuli 3% PE log-normal 3% PE 5% TL

Timber from natural forest 32.03 36.04 33.25 32.05 26.71

Borneo timber 46.81 47.65 1948 45.97 41.95

Shorea sp. 24.92 25.04 25.15 24.08 16.83

Kapur 34.82 32.18 37.47 36.88 2070

Planted hardwood 25.76 27.10 . 27.20 26.37 18.98

Acacia mangium 19.71 23.70 " 21.77 19.96 16.60

Falcata 2164 T 2360 21.41 20.80 17.19 .

Rubber woad 37.74 - 37.36 3876 38.35 3351 ;

Maesopsis eminit 36.88 36.30 37.74 36.65 29.99

Hardwood 29.26 31.80 29.51 29.16 23.41

Softwood 23.70 2395 2360 22,73 17.36

Pinus merkusii 2576 25.65 26.37 23.76 22.18

Agathis 17.17 22.61 17.80 16.81 14.27

Tropical timber (toial} 27.58 28.42 2771 27.33 2093

T 13 T ™

Table 6. The coefficient of determination of the relationship between MOE and MOR

Specimens Number of samples Coefficient of determination (R’)
Timber from natural forest 566° 0.56
. Borneo timber 3147 . 053 .
- Shorea sp, Co 192 0.64 .
F Kapur : 60 ; 0.71 ¢ :
Planted hardwood 300 - 0.57 -
Acacta uingiem 120 0.71
Falcata 60 0.63
Rubber wood 60 0.61
Muesopsis eminii 60 0.64
Planted softwood 228 0.36
Pinus merkusii v, 168 0.60 N
! Agathis 60 0.68 ! .
s i [ 1
Application gradimg regurdless of species conception for 160 « Naal bardwood
the tropical timber 140 « Planted hardwood
= s Sofiwood )
Some difficultics appeared when visual grading the tropical =t . . .
timber duc t the varicty of timber species and their T T e ‘
embedded characteristies. Shorea sp. consists of 194 species =
of which 163 species are lound in Melanesia.” It was also zu
reported that trom 400 preces of mixed tropical timber, "
namely “Borneo.” 23 species were found with a wide range =
of density and strength ol the timber.” Visual grading for = %
predicting the strength through evaluation of imperfections, 2
being expressed as the “strength ratio™ of clear straight-
grain. small specimens ot i species, is difficult to apply to the 0
tropical specics in such conditions, 0 5 16 13 n 3 3

The MOE is by tur the best predictor of MOR.” Some
studies of single species reported a relatively strong rela-
tionship between MO ind MOR of the timber.” Table 6
shows the refationship between MOE flat wise and strength
of the timber of some species and groups of species. The
coefficient of determinaton (R7) of the relationship be-
tween MOE and MOR of the known single species was in
the range of 0.60 (o 071 but it was lower for the mixed
species. When all of the specimens were taken into account.

Modulus of elasticity (GPat

Fig. 3. Relationship of MOE und MOR {or group of species of tropical
timbers

the R value was .33 as shown in Fig. 3. The R value of

softwood represented by Pinus mnerkusti and agathis was
0.36. Although the value was quite small. it was better than
combining the data of Pinus inerkusis with talcata ol which

JR—



Table 7. Equations {or predicted MOR based on MOE of the timber

specics

Specimens or group of specimens Regression line

Borneo MOR = 10.67 + 311 MOE
Shorca sp. MOR = 441 + 3.11 MOE
Kapur MOR = 7.64 + 3.1l MOL
Acacta nrangitm MOR = 1186 + 311 MOE
Falcata MOR = 286 + 311 MOE

MOR = 734 + 311 MOE
MOR = 476 + 311 MOE
MOR = ~ 969 + 311 MOE
MOR = 387 + 3.11 MOE

Jubber sood
Muaesapsis eaiii
Pines vrerkisn
Agathis

1

the mean value of the strength was similar to those of
Acacia mangin. rubber wood, and Maesopsis eminit
from -the hardwood. The R value of the relationship
betwgen MOE and MOR of such a combination was less
than 0.30.

Because the R value of MOE and MOR of all timber
specimens in this experiment was 0.35. MOE is a-good
predictor of MOR. although the application of using MOE
as a single variable would cause the over/underestimation of
MOR. at least for one species as expressed by the high value
of allowable stress £ calculated and a very small Il significant
values The hypothesis that atieast there'is a species provxd
ing a MOR value significantly different from others could
be accepted. The fact that there is at least one species pro-
viding significantly different MOR endorsed that the identi-
fication of the timber species will improve the prediction of
MOR through MOE from 74.2% (R* = 0.55) to the range of
77.5% (R = 0.60) to 84.3% (R = 0.71).

The predlcnon equation of MOR based on' MOE was

obtained through the regression dummy analysrs with ma-
trix variables for species and/or group of ‘species. It was
found that species and group of species and/or MOE gave a
significant effect on MOR with the high calculated value of
[ and very small significant value. The hypothesis that at
least one species and/or MOE provide significant effect on
the MOR is accepted. The regression line of the species and
group of species is shiown in Table 7 and Fig. 4. Using MOE
> as the strength predictor regardless of species will overesti-
mate MOR for softwood. especially Pinus merkusii. as
shown in Fig. 4.

Although the timber from natural forest is still dominant
in the timber construction industries in some tropical areas.
promotion of the utilization of planted timber. especially
fast growing species. has been disseminated for some de-
cades. Because the selection cutting policy has been applied
since the early 1930s, the availability of some selected
species for timber construction has decreased. In many
cases. rough visual grading and small clear specimen test
results have been applied for predicting the strength of the
timber. For the unknown species from natural forest, it is
classified as a sccond class {imber although it covers a wide
range of strength,” The uiilization of tmber from fast grow-
ing trees 18 not vet popular duc to the opinions on such
timber as being of low grade for construction. With such
background. the application of mechanical timber stress

T}
e
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Modulus of rupture (MPa)
e

<
wn
P
=
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‘ 30
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Fig. 4. Rn;\'lc‘\bi(m line of MOE and MOR for species and group of
species oi tropical imbers

160 ‘ .
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Regression line
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Fig. 5. Reyroession lie. 5% exclusion limit. and allowable stress line of
tropical hardwood

grading to tropical planted timber, based on MOE with
regard to and or regardless of species is very important.

Establishment of timber sirength classes

Although the regression line of agathis is close to hardwood
as shown in Fig. 4 and Table 7, there is a tendency for MOE
to predict Jower values of MOR than those of hardwood.
With consideration that Pinus merkusii and agathis would
the timber strength classes regardless of
specics was established onlv for hardwood with the regres-
ston line and the 3% exclusion limit as shown in Fig. 3.
Exclusion of the values of softwood from the equation as
shown in Fig. 3 improved the relationship of MOE and
MOR to 0.04 ax shown in Fig. 5. The strength classes of
timber were denved based on 3% Exclusion hmit {R,,:) of
ASD and LRFD as shown in Table 8. The reference resis-
tance was estintited through format conversion with a foad

be overestunated.
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Table 8. Timber strepgth classes for ASD and LRFD based on miechanical stress grading for

trapical hardwood timber regardless of spoecies

Grade MOE (GPa) Allowable stress (MPa) Reference resistance (MPa)

E 253 25.5 373 948

E 240 24143 KRN 867

E 225 225 RN 818

E 210 210 300 76.2

EE 195 19.5 274 6.6

E 180 18.0 252 64,1

E 165 16.3 22.8 57.9

E 150 150 f 20.3 517 i
-E 133 13.5 17.9 453

E 120 124 {35 303 :

E 103 6.5 13.0 330

E 90 9.4 HLG 26.9

E 75 7.5 82 2.7

E'60 6.0 57 14.5

* R +

adjustment factor of 1.15. a LRFD time factor of 0.80. and
a ratio of live to dead load effects,of 3. and specified a
LRFD resistance factor for bending of 0.85. The format
conv elsxon reference :es;tstance 1s computed with the design
equation” as below:

LFRD: 7R = 12D + 16L

ASD: K =D+ L .

\

where 4 1s the time effect factor, @is the resistance factor. R,
is the reference resistance, D and L are the dead and live
load effects. respectively, K, is the load duration factor (for
ASD). andsFis the allowable stress (for ASD).

The format conversion referance resistance is computed
by multiplving the ASD resistanée by the format conversior!
factor (K|}, where it is calculated as: :

where @ is the specified LRFD resistance factor. ;

The prapoesed strength classes of the timber provides
wider strength classes than common grades for machine-
graded lumber extablished by the American Forest Product
Socicty’ Fapanese standard for timber structures.
The upper parts of the proposed strength classes are occu-
pied by the hardwood from natural forest which is usually
cut at over 33 vears while the planied hardwood is mostly
cut at between 10 and 235 years, depending on the species
and the purpose of the plantation. With reference to Tables
4 and 3. the allowable stiffness and strength properties of

planted hardwood timber are almost the same as those of
L6

and the

softwood i subttopical areas.

In pracucad apphcation, timber identification is not easy.
espectally for mixed tropical wood and shorea sp.. which
consists ot hundreds species. Therefore, timber strength
classes that are regardless of species are desirable. When
a tmber species s not well recognized by designers. the
tomber strengeth classes that are rvegardless of species as
shown 1 Table 8 should be applied because they are more
conservative than the strength classes for specific species as
shown in dable V. With various species in a group, the

- X *

timber strength classes for a group of species. namely
“Borneo™ and shorea sp., were not provided. In the design
stage. the timiber strength classes that are regardiess of spe-
ctes as mentioned above and shown in Table 8 should be
applied for such groups.

Conclusion

Timber is a natural material with the embedded properties
from the tree and those obtained during the production
process. The MOE and MOR of timber were in wide ranges
and the distributions of the mgchamcal performances
did not clearly fit one parametric distribution. i.e.. normal.
log-normal, or Weibull distribution: The allowable stress
for timber produced inefficient prediction. To effectively
utilize timber as a structural material. timber grading can
be applied visually and/or mechanically. With various
timber species available and technical difficulties in apply-
ing visual grading. mechanical grading with MOL as the
predictor has been studied with regard to and regardiess of
species.

The ANCOVA statistical analysis showed that using
MOE as a single variable for predicting MOR causcd
under/overestimation for one or more species ang’or
groups of species. The percentage of the accuracy of predic-
tion would be increased with species identification. The
analvsis model with dummy regression found that at leaxt
one or more species showed a significant effect on MOR . Tt
was also found that Pinus merkusii. as a tropical softwood.
produced a significantly different MOR for the same MOF
when compared with other timber.

The hardwood timber strength classes had been pro-
posed tosupport the application of mechanical timber siress
erading. To anticipate the application of the LRIFD concept
i global development. a reference resistance based on
stress-graded  timber has also been established through
more researeh studices in strength characteristics of tropical
umber.
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Tauble 9. Tinber strength clisses for ASD and LERID based on mechanical stress grading of some tropical tmber species

Species name Crrade MO (Gpa) Allowuble stress (Mpa) Reference resistance (Mpa)
Kapur E 228 225 322 ?\'lf
T2 210 0.7 5.5
IZ 195 {98 273 694
I IRD iSG 249 632
t 163 I6.3 204 57.40
[ 150 150 Ja 508
113 125 17.5 44.6
120 120 152 38
Neacia mangiim ISR 150 82 L6339
’ - 133 135 227 57.7
H £ 120 j2.0 2013 : 515
E 115 H0.5 17.8 454
E 90 9.4} | 5.4 39.2
E7S 7.5 IRA)} 33.0
£ o6l 6.0 LN 26.8
Ialcata E 150 15.0 222 56.3
E 135 133 19.7 50.2
. E 120 12.0 17.3 439

: E 103 10.3 4.9 378 )
90 9.0 12.4 31.6
Rubber wood E 165 16.5 26.6 67.7
E 136 15.0 24.2 . 61.3
E 133 13.5 21.8 55.3
E 120 12.0 19.3 491
E 103 10.5 L6y 43.0
E 90 9.0 14.5 6.8
Maesopsis eminii E 210 20 38 : 80.7
: E 195 - 19.3 293 A
E 180 - 8.0 26.9 £ - 683
E 1657 165 245 T 622
E 150 13.0 22.0 36.0
E 33 135 19.6 498
E 1200 2.0 17.2 436
E 103 10.5 147 374
i i
! \
I ;
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Abstract The effects of ozone treatment were investigated
to improve the process of liquefaction of wood with
polvhydric alcohol solvents. The liquefied wood having a
high wood to polyhydric alcohol ratio (W/F ratio) could be
prepared by using the wood treated with ozone in the liquid
phase. The liquefied wood with a W/F ratio of 2:1 had
enough fluidity to act as" a raw material for chemical
products. To get some information about the effects of
ozone treatrhent toward the wood components. cellulose
powder and stcamed lignin were treated with ozone and
liquefied. In particular. ozone treatment in the iquid phase
was found to be effective for wood and cellulose powder.
On the other hand. steamed lignin self-condensed during
liquefaction after treatment with ozone in the liquid phase.
Thus; ozone treatment provided lignin with reactive func-
tional groups, and caused the subscquent condensation
reactioh. Although lignin was converted to a more condens-
able structure by ozone treatment. the condensation reac-
tion was found to be suppressed for wood during its
liquefaction. The wood liqueficd products displaved good
solubilities in N N-dimethyl formamide (DMF) even after
treatments of long duration. 1t was suggested that one of the
main effects of ozone treatment toward wood was the de-
composition of cellulose.
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powder - Steamed lignin - Condensation reaction
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lntroductio!{

In recent yetrs. much efforts has been expended on the
utilization of low-grade woods as a new source of raw
materjals for preparing resins. and new technologies and
products have been developed for the liquefaction of

wood.! Many studies have ‘pursued the application, of

liquefied wodd to wood adhesives and some molding mate-
rials.>® We have prepared liquefied wood from Japanese
cedar, which is expected to be used wideiv in Japan. and
investigated the preparation of liquefied woodepoxy resin
and its application to wood adhesives.” One of the most
important objects of the application of hquefied wood is

_increasing the wood contents within final products. How-

ever, to_fdate the wood content of liquefied wood is known
to be limited to low levels because condensation occurs
among the degraded wood components concurrently during
liquefaction. It was concluded in our previous report that
lignin was solubilized in some organic solvents in the initial
stage, followed by liquefaction of cellulose and gradual
solubilization. followed by condensation of the liquefied
cellulose and lignin to form an insoluble residue.”

‘Ozone is one of the most powerful oxidizing reagents. In
this reésearch. ozone was used for the pretreatment of wood
before liquefaction so as to activate wood components. [t 1s
known that the ozenation of lignin resulis in devivatives of
muconic acid. which have two conjugated double bonds
terminated by two carboxyl groups. Bec:use many chemi-
cal reactions can be based on these structures. some effects
of the liquefaction process can be expeciad. In particuiar,
because the condensed residue contained a lot of aromatic
compounds. it was expected that the condensation might be
suppressed by cleaving of the aromatic rings of lignin with
ozone. The pretreatiment of wood wus conducted in the gas
phase or in some organic solvents. After that. each ozone-
treated wood was liquefied using a nunure of ethylene
glveol oligomers and glycerol as solven: In addition. 0zo-
nized cellulose powder and steamed higrn were liqueticd.
and the processes of their liquetactions woe compared with
that of wood. The solubilities of the ligucticd products in
NN-dimetiv] formanide (DMF) were cvamined, and the
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molecular weight distributions of their DMF-soluble con-
stituents were evaluated.

Materials and methods
Materials

The meal ot
Juponica .
plarvphivile Sukatchey var japonica Hara) were pxcparnd
as softwood and hardwood samples. respectively, as raw
materials for liquefaction. Cellulose powder (Sigma-
Aldrich. UUSA)Y and steamed lignin were used as.model
samples of the main wood components and were also used
as raw materials for liquefaction. The steamed lignin was
prepared from wood chips of white birch. The chips were
steamed for 13minat 180°C. extracted with water at 60°C.
and then extracted with methanol. The methanol-soluble
part was dried under vacuum after removal of the methanol.

heartwood Tapanese cedar (Crepromeria

and used as the steamed lignin. All other chemicals
were reagent grade. and were used without

purification.

Ozbne treatments ih gas phase

Each material (15¢g) was placed into a 150 liter polyethvlene
plastic bag after drying at 1053 C for 24 h. An ozone genera-
tor (DMA-10BDF, Ishimor. Japan) was used with an
oxygen flow rate of 500ml/min. and the generated ozone
concentration was 3%. The gas flow was introduced into

the bag with shaking for 4.08h. and the total amount of

ozone introduced was 7.7g. The weight increases after
'ozone treatments were determined 10 be 0.065-0.073¢ per
gram of four kinds of samples: Japancse cedar. white birch.
cellulose powder. and steamed lignin. After allowing the
samples to stand at room temperature for 1 week. the
samples were liquetied in a similar manner as that used for
untreated matenials.

Ozone treatments in higuid phase

Each material (15g) was placed into a three-necked {-liter
flask and mmersed in a mixture of T 4-dioxane (300 ml) and
methanol (600ml). The same vas flow as described earlicr
was bubbled into the solvent with stirring for 4.08h at {)‘C
and the total amount of ozone introduced was 7.7g. The
weight increases after ozone treatments were determlmd o
be 0.229g.0.199¢. 0.213 g and 0.301 ¢ per gram for Japanese
cedar. white birch. celivlose powder. and steamed henin.,
respectively.  After the samples
liquetied.

suction  drving. were

Liguelaction of wood and related compounds

Wood and related samples were dried ac 103°C oy 24h

before they were used. Each dried simple was placed ina

Don}. and the meal of white birch (Betula

further
*inan oven at 105°C for 24 h.
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two-necked Nask. cquipped with condenser and mechanical
stirrer. after it was mixed with polyethylene glycol (average
maolecular weight 400). glycerol. and sulfuric acid. The
weight percentage of glveerol in polyhydric alcohols was
20%. The amount of sulfuric acid used as catalyst was
3wt % on polyhvdric alcohols. The mixing ratios of wood
materials and polyhvdric alcohol were 2:3. As for the lique-
faction of ozone treated Japancse cedar. the mixing ratios
were Chammd to 2:3. 11 53:2. and 2: 1. The misture was
reacted @t 130°C cmd small amounts of liquefied product
samples were taken at regular intervals during liquefaction.
The viscosities of the liquefied products were measured
with an  Advanced Rheometric  Expansion  System
(Reometric Scientific. USA ) at a [requency of [ Hz

Measurement of residue content

The extent of liquefaction was evaluated by determining the
residual content. Each small sample of liquefied products
was diluted with an excess amount of DMF and was filtered
off on a GA-100 glass filter paper (Toyo Roshi Kaisha.
Japan). Insoluble residues were rinsed with DMF and dried
The residue content was deter-
mined as the weight percentage of DMF- msolub e residue
o lhﬁ: ra\\ starting materaal

Fourier transform infrared measurements

Fourier transtorm infrared (FT-IR) spectra were recorded
on a PerkinElmer Paragon 1000 (PerkinElmer. UK) FT-IR
spectrometer by using the KBr pellet method. -

! ;

el permeation chromatography analysis

Gel permeation chromatography (GPC) of DMF-soluble
components was performed by using a Waters 600E
multisolvent delivery svstem with a Shodex KD-2002
column heated at 30°C. DMF containing .01 M
hthium bromide as elucat. Detection was achieved with a
differenual refractometer (410 Dilferential Refractometer.
Witers. USA). The molecular weights of the liquefied
products were roughly estimated based on polvethvlene
alveol standards.

using

NX-rav diffraction analvsis

N-ray diffraction patterns of the samples were recorded on

a4 RINT-Ultma diffractometer (Rigaku. Japan) equipped
with o reflection-type goniometer. using CuKe radiation.

lirdexes (Cly were calculated from the
ratios of peak arcas due o the ervstalline region to total
arca of the Xeray diffraction patierns.”

Fhe ervstallimty
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Fig. 1. Dimethyl tormamide (DMF) solubility (expressed as residual
ratio) of untreated Japanese cedar and ozone-treated Japanese cedar
during hquefaction as functions of reaction time. with a wood to
polyhydric alcohol ratio (W/P) of 2,3, Sample A (squares), untreated
Japanese cedar: sample B (déamonds). ozone-treated Japanese cedar in
the gas phase: sample C (triangles), ozone-treated Japanese cedar in
the liquid phase :

=

Results and discussion
Dissolution behavior of wood and ozone-treated ond

Wood and ozone-treated wood were liquefied, and their
dissolution behaviors into DMF were compared. The wood
to polyhvdric alcohol ratios (W/P ratio) were 2:3. In Fig. 1.
the curve labeled as sample A (hereinafter expressed as Fig.
IA) shows the dissolution behavior for untreated Japanese
cedar as § function of reaction time. The liquefaction pro-
ceeded rapidly at the beginning. The residual ratio reached
about 20% within 60 min. However. the condensation reac-
tion. which produced insoluble components, took place
after 150min when the minimum residual ratio was ob-
served. It reached 80% at the reaction time of 480min.
Figure 1B shows the results of ozone treatment in the gas
phase. The rate of liquefaction was similar to that of un-
treated wood up to 150min. However, the residual ratio
continued to decrease after 180 min when the condensation
reaction started in the case of untreated wood. Subse-
quently, the residual ratio remained constant at about 5%
for the additional 150 min. After 330min. the condensation
progressed abruptly and the residual ratio exceeded 60% at
the reaction time of 480 min. Figure 1C shows the results of
orone treatment in the liquid phase. The results were al-
most the same as those for treatment in the gas phase.
However. the minimum residual ratio was further de-
creased and wood components were completely hquefied
within Z40nun. It was shown that the condensation couid be
suppressed 1o a large extent by ozone treatment. Conse-
quently, the ozone-treated wood was completely liquefied,
and its good salubility was maintained for tonger than that
of the untreated wood. These results suggest that the wood
content within the liquetied wood could be increased by

using  azone-treated  wood. Therefore. preparations of

liquetied woods with a higher wood content were attempted
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Fig. 2. DMPF solubility of ozone-treated wood in the liquid phase dur-
ing liguetaction as a function ol reaction time. Sample D (filled circles).
Wi ratio 1:1: sample E (circles). WiP ratio 3:2: sample F (crosves).
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Fig. 3. DMF solubility of untreated white birch and ozone-treated
white birch during liquefaction as functions of reaction time. with a
W/P ratio of 2:3. Sample A (sguarev). untreated white birch: sample
B (diamaondy). ozone-treated white hirch in the gas phase: sample
C (eriangles). ozone-treated white birch in the liquid phase

by using ozone treatment in the hiquid phase. Figure 2 shows
the comparison of the residual ratio during liquefaction
with three different W7# ratios. In Fig. 2D (W/P rano =
1:1). the residual ratio reached 15% at the liquefaction time
of 120min. Although the liquefied wood contained this
amount of residue. it had enough fluidity {1.40 x 107 Pacs
at 25°C) to act as a raw material for chemical products. It
should be noted that the liqueficd wood with a W/P ratio of
[:1 could be prepared by using the ovone treatment without
applying other special methods. such as those reported in
our previous works.™ Figure 2E and 2F show the results of
the cases with W/P ratios of 3:2 and 2: 1. respectively. The
nigher wood content caused the decrease of hiquetuction
rate. The mintmum residual ratos for Fand F ol Fig, 2 were
30% and 35%. respectively, However, even the liquefied
wood which contiined more than 669 of wood (11 P
2: 1y had enough fuidisy (348~ 10 Pas at 25'CY to be used
as raw material for chemical products,

Figure 3A shows the hiquetfaction resudt for untreated
white birch as the tunction of reaction tme. The hquelie-




tion proceeded promptly at the beginning and the residual
ratio reached 27% at the reaction time of 120min. How-
ever, the condensation reaction took place at that time. and
the residual ratio increased to 90% at 480min. Figure 3B
shows the resuits of ozone treatment in the gas phase. The
liguefaction proceeded faster than in the case of untreated
white bireh, and the minimum residual ratio was shown at
the reaction time of Yhmin, After that, the condensation
reaction took place and the process proceeded to resemble
the case of the untreated sample. Figure 3C shows the
results of ozone treatmentiin the liquid phase. The liquetac-
tion proceeded faster than the untreated and gaseous
ozone-treated samples, and the residual ratio reached 6%
after 1S0min. However. the condensed residue suddenly

- incrcased at that point and the residual ratio increased to

35%. Once the residue was formed, the residual ratio in-
creased in a fashion similar 1o the other two cases. [t was
shown that the condensation reaction of the liquefied wood
for white birch could be suppressed by ozone treatment as
in the case of the softwood, and the remarkable effect was
observed for the ozonation in the liquid phase.

The ozone-treated hardwood was liquefied faster than
the untreated one as mentioned above. However, because
the condensation reaction was also. enhanced by ozone

- treatment, complete liguefaction was not achieved. On the

other hand. ozone-tieated softwood was cox;hpletely lique-
fied. and its good solubility was maintained-for a wider
range of tiquefaction periods as shown in Fig. 1. Therefore.
it could be said that the ozone treatment was more effective
toward the softwood than toward the hardwood.

lril]uence of ozone treatment on wood raw material

‘ i

In Fig. 4. A, B. and C show the IR spectra of untreated
Japancse cedar. and ozone-treated Japanese cedar in
gas and liquid phases. respectively. There was no difference
between A and B. This fact suggests that the main
functional groups of wood did not change greatly as a
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Fig. 4. Infrared (IRY spectra ol untreated Japanese cedar and nzvnc«
treated Japanese codar Samples AL B and C as for Fig. 4
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resull of ozone treatment in the gas phase. Figure 4C dis-
plaved the increase of intensities of the band at around
173)cm ', showing that carbonyl groups were produced
during ozonation. However, further differences were not
obscrved.

In Fig. 5. AL B.and C show the IR spectra of untreated
white birch. and ozone-treated samples in gas and liquid
phases. respectively. Figure 5B displays a decrease of the
mtensity of the band at 1609¢m ™. showing that the aro-
matic rings of lignin were eleaved during ozonatign. In Fig.
5C. it was observed that the intensity of the band at around
1730¢m ' increased in a similar manper as observed for
Japuancese cedar.

Influence of ozone treatment on molecular weight
distribution of liquefied wood during liquefaction

"GPC analysis of DMF-soluble material from the liquefac-

tion of untreated Japanese cedar was carried out. and the
results are shown in Fig. 6A. Some peaks were observed at
the low molecular weight region (Mw = 400-1000) after
10min of liquefaction. As the reaction proceeded. a peak
began to develop in the high molecular weight region

A(Mw = 10000-20000). After 150min. when the minimum
_residual ratio was observed as shown in Fig. LA. the peaks
due to high molecular weight components weré clearly de-

tected. Subsequently. as the liquefied products converted to
msoluble compounds due to condensation. the peaks be-
came smaller and disappeared by 480 min. Figure 6B shows
the results of ozone treatment in the gas phase. It was
observed that some peaks were spread over wide ranges
towdrd the lower molecular weight region and more so than
in the case of untreated wood. After 90min. the peak due to
high molecular weight components becamie clearer than in
the case of untreated wood. Subsequently. the liquetaction
procecded slowly and the peaks were clearly detected after
300min when the residual ratio was 5%. Soon afterward.
because the condensation reaction took place. the peaks in

17341.
1609
1503
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Fig. & IR spevira of untreated white boach and ozone-treated white
birch. Smples AL Boaad Cas for Tig, 2
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Fig. 6a—€. Gel permeation chromatograms of the DMF-soluble part of
liquefied untreated Japanese cedar. ogc)ne treated Japapese cedar in
the gas phase. and ozonc-treated .Iapancse cedar in the liquid phase
iuxmo hquefaction. Sample A (solid line). untreated Japanese cedar:

sample B (long-dashed liney. ozone-treated Japanese cedar in the gas
phase: sample C (shorr-dashed line). ozone-treated Japanese cedar in
the liquid phase. Liquefaction time: a 10ming b Y0min. ¢ 150min,
d 300min. e 480 min

the high molecular wcig[{l region became smaller. How-
ever, some of the high molecular weight components
remained soluble in DMF. Figure 6C shows the results of
ozone treatment in the liquid phase. The change of molecu-
lar weight distribution was similar to those found in the
treatment in the gas phase.

The results of GPC analysis of untreated white birch are
shown in Fig. TA. The changes of mojecular weight distribu-
tion were similar o those Taund for untreated “Japancse
cedar. Figure 7B shows the results of ozone treatment in the
gas phase. After 150 min. although the value of the residual
ratio was almost the sanwe as that for untreated sample (Fig.
2}, the low molecular weight peaks appeared larger when
compared with those of untreated wood. Thus, it can be said
that the soluble part of the sample treated with ozone in the
gas phase and then hqueficd contammed larger amounts of
low molecular weight constituents than those found for the
untreated samples. Froure 70 shows the results of ozone
treatment in the Equid phase. After [30min. when the mim-
mum residual ratio (6.0 ) was observed as shown in e,
3C the molecular weight distribution was similar to that of
7AY i spite of the lact that the re-
sidual rato of untreated wood wias 34%. After 300nun. the
chromatogrant was very simifar o Ih:u observed lor treat-
ment e tie gas phase at (30aun (Fig. 78B). These results
indicate that the stare of the condensation reaction was

untreated wood {Fig,
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Fig. Ta—e. Gel permeation chromatoerams of the DMF- somb e part uf
hqueﬁed untreated white birch. ozone-treated white birch.in the gus
phase. and ozone-treated white birch in the liquid phase during quag-
faction. Sample A {solid line). untreated white birch: sample B (/oo
dashed line). ozone-treated white birch in the gas phase: sample (7
(shori-dashed line). ozone-treated white birch in the liquid phusc.
Liguefaction time: a 10min. b 90min. ¢ 1530 min. d 300min. e 4s50min

i

delayed by ozone treatment in the liquid phase. After that,
the peaks in the high molecular weight region (Mw =
10000-20000) became smaller and disappeared withmn
480 min.

Dissalution behavior of untreated and
ozone-treated cellulose

Figure 8A shows the DMF solubility of untreated celtulose
powder as a function of liquefaction time. Because cellulosc
powder contains a significant crystalline portion. the rale ot
liquefaction seemed to be slower than that of wood. Altct
90min. 30% of the material remained as insoluble wmdm
It took 270 min for most of the cellulose powder to dissolve.
After that. the residual ratio remained constant at abouw
10%. and the condensation could not be observed within
480 min. Figure 8B shows the results of ozone treatment m
the gas phase. The results are quite similar to tho.o o
untreated cellulose. Figure 8C shows the resulls ol ozone
treatment in the liquid phase. After [0min. the residual

ratio reached 05%  while it was 90% and 80% lor A and I3
respectivelv. The rate of liquefaction was concluded 1o be
faster than A and B. and 80% of the wood components

were solubibized within [20min. Subsequently. the reswdual

ratio decreased as the reaction proceeded. and the residue


http:reslLiu.ti

100
90 1.
80 08 B
0! =
60

40 o
30
20 C a Ol'

10 s © 05;51

: IR .
00 * 50 100 150 200 250 300 350 400 450 500

Reaction time (min)

Residual ratio (%)

Fig. 8 DMF solubility of unucated cellulose powder and ozone-
treated celiulose powder during liquefaction as functions of reaction
time. The cellulose powder to polvhydric alcobol ratio was 2: 3. Sample
A (squures). untreated cellulose powder: sample B {(diamaonds). ozone-
tredted cellulose powder in the gas phase. sample C {(iriangles). ozone-
treated cellulose powder in the liquid phase
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Fig. 9. IR spectra of untreated cellulose powder and csone-ticaied
cellulose powder. Samples A. B and C as for Fig 8

disappeared after 300min. It was indicated that compicte
liquefaction was achieved and the ozone treatment cffec-
tivelv acted on cellulose in the liquid phasc.

Influence of ozone treatment on cellulose

Figure 9 shows the IR spectra of untreated cellulose ()
and ozone-treated cellulose in the gas (B) and higquid ()
phases. respectively. No difference was observed between
A and B. This suggests that the main functional groups of
cellulose did not change by the ozone treatment in the gas
phase as was recognized in the case of wood. However, the
absorption bands appeared at around 1730cm ' in e 9C.
[t was reporied that when ozone was applicd to cellulose. it
induced the formation of carbonyl groups and carboxyl
groups Lo a minor extent.” Furthermore. it wax reported
that gluconic acid was the major product i the lirst stages al
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Fig. 10. X-ray diffraction patterns of untreated cellulose powder and
ozone-treated cellulose powder. Samples A and C as for Fig. &
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Fig. 11. X-rav diffraction patterns of untreated Japanese cedar and
ozone-treated Japanese cedar. Samples A and C as for Fig, 1

ozonation for the model compounds of cellulose.”" This
mformation suggests that the absorption bands at around
1730cm ' are derived from carboxyl groups which were
produced by cleavage of the glycosidic linkage.

To obtain some information abcut the crystallimty of
cellulose. X-ray diffraction of ceilulose and wood was car-
ried out. Figure 10 shows the X-ray diffraction patterns of
untreated cellulose powder (A) and ozone-treated cellulose
powder in the liquid phase (C). It was observed that the
peak intensity due to cellulose 1 increased after ozone
reatment.” The Cl increased from 35.11% to 37.95%. This
suggests that the amorphous cellulose was decomposed
by ozone, Figure 1 shows the X-ray diffraction patterns of
untreated Japanese cedar (A) and ozone-treated Japanese
cedar in the liquid phase (C). The peak area of untreated
wood was smaller than that of the ozone-treated material as
i the case of cellulose. The Clinereased from 17.47% to
15497 by ozone treatment. Thus. it appears that the amor-
phoux celtulose contained in wood scemed (o be intluenced
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Fig, 12a—é, Gel permeation cvinomaloamms of the DMF=so luble part’

of hqueﬁed antrealed cellulose ;)0\\dcr and ozone-reated celiulose
powder in the hiquid phase during liguetaction. Sample A (solid line).
untreated cellulose powder: sample C (shor-dushed line). ozone-
treated ceilulose powder in the liquid phase. Liquefaction lime: a
10min, b 90min, ¢ 180 min. d 300min. e 450 min

by lozone, although it is covered with hemicellulose and
lignin, the latter of which is more easily ozonized than
cellulose.”

Influence of ozone treatment on molecular weight
distribution of liquefied cellulose during liquefaction

Figure 12A shows the gel permeation chromatograms of the
DMF-soluble part of untreated cellulose powder during
liquefaction. In the initial stage of the liquefaction. some
peaks werz observed in the low molecular weight region
(Mw = 200-1000). Only the low molecular weight parts of
cellulose were liquefied in this stage and converted to DMF-
soluble components. The peaks of liqueficd products began
to develop in the high molecular weight region (Mw =
10000-20000) with increased reaction tme. The chromato-
gram obtamed after 480min roughly showed all compo-
nents of liguctied products, becouse they were almost all
soluble in DMF as shown i Figo AL Fioure 12C shows the
result of ozone treatment mn the hiquid phase. The results
showed a tendency similar to those of untreated waod from
the beginmng to the end ol the reacton. in the
initial stages of the hiquefacuon, the peaks derived from
celtulose spread toward the lower molecular weight region
(Mw = 200-400) thin those of untreated cellutose,
sugeested that celhulose was partiadly decompaosed during

However,
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Fig, 13, DMF solubility of untreated stewmed hunin and ozone-treated
steamed lignin during liquelaction as functions ol reacton time. The
steamed lignin to polvhydric ratio was 2:3 Sample A (wgrarres ).
untreated  steamed  henin. sample B (dawnonds). ozone-treated
steamied lignin i the gas phase! sample O (rfangles). ozone-tteated
steamed lignin in the liquid phase

these processes. Consequently. ozone-treated cellulose was
completely liquefied. After 300nmuin. large peaks were ob-
served in the high molecular weight region as observed in
the case of intreated cellulose powder. However. this nesult
indicated thaf more cdlulo‘;u could be converted to soluble
components by ozaone treatment. because the residual ratio
was 0% at 30Gnun, while in the case of untreated cellulose
it was 15% at this reacuon time. Simlarly. the chromato-
gram showed almost the same pattern as that of untreated
cellulose at 480min. but it was obscrved that the relutive
mtensjty of the peak in the hight mofecular weight region
was a little smaller than that for untreated cellulose.

Dissolution behavior of untreated and
ozone-treated fignin

DMF solubilitics of untreated steamad Lignin and ozone-
treated ligmin were compared durmny higuciactons, 10 was
difficult 10 propare steamed lignin Hom softwoad such as
Japanese cedar. Pherefores white birch was used as raw
material. Figure 13A shows the resulis for untreated
steamed lignim as a function of liguciuction time. Untreated
steamed ligim s essentially o DAF-~olable compound.
Therefore, duc 1o total solubilinn Cihe rosiduad ratio was 0%
from the beginning of the liquetactuion. Although the viscos-
ity of the tiquelsction product tiereased 1o some extent as
the reaction procecded. the lig completely
soluble cven alter Omin. Figure 138 shows the results of
ozone treatment m the eas phase Beouuse the henin was
soiubie just ke untreated lignin. ihe

nin remained

sostdual ratio wuy 0%

from the beamnmg to the end of the hyuclaction. Figure
[3C shows the results ol ozone treamientn the liquid phase
and shows an obvious distinction trom P 15A oF Bl The
residual ratio was 0% at the begimmna, but condensation
suddeniy ook place after 200min The residual vatio then
iifereased rapidly and reached 100Gt the ceaction time of
420 . Although most wood and cellulose was not soluble
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Fig, 14, IR spectra of, untreated steamed hignin (md ozone-treated
sln,anmd lignin. Samplus AL Boand Coas for Flu 13

in 1.4-dioxane—methanol after ozone treatment, fignin was
completely soluble in this mixture. Consequently.

101 med. .

Lomponents were
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Influence of ozone treatment on lignin

Figure 14 shows the IR spectra of untreated steamed lignin
(A) and ozone-treated lignin in the gas (B) and liquid (C)
phases. [t was observed that the spectrum pattern of B was
similar 1o that of A. On the other hand. ozone treatment in
the liquid phase effected some changes in the main func-

-tional groups of lgnin. as shown in Fig. 12C. The most

visible difference berween Fig. 14C and Fig. 14A B are the
presence of strong bands obscrved at 1720-1740cm '
derived from C == double bonds. Slmllatly the intensities
of absorptions at 1503¢m * and 1609cm™' due to the aro-
matic skeletal vibrations decreased. These facts suggest that
the effective ozonation of lignin produced derivatives of
muconic acid, which have two conjugated C=0Q doublc
bonds.” 1t could be said that these conversions of lignin
structure by ozonc treatment trigger the condensation
reaction.

Influence of ozone treatment on molecular weight
distribution of liqueflicd lignin during liquefaction

Figure |5A shows the gef permcation chromatograms of the
DMF-soluble part of untreated lignin, Because lignin was
sotuble in DMF as described previousty, the chromatogram
reflected the behavior of all the components during the
liguefaction. The peaks gradually shifted to the high mo-
fecular weight region with mcreasing reaction time. It has
been suggested that the hgnin self-condenses under acidie
conditions.'” Tigure 13C shows the results for ozone treat-
ment in the iquid phase. The molecular werght disiribu-
tions were in the molecular weight

fower region

it can be |
said that ozone reacted with lignin aifectwel\f and reactive :

when
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Fig. 18a—e. Gel permention chramatograms of the DMF-soluble part
of hqupfmd untrcatgd steamed lianm and ozone-treated steamed lignin
in the as phase during hquelachion. Sample A (solid tine). unireated
steamed Tignin: sample C{shert-dashied line), ozone-treated steamed
lignin in the hguid phase. Lrueluction time: a 10min, b 90min. ¢
{80min. d 300min. e 48min

Compared with thosc of untreated lignin at Ihc_ reaction time
of 10min. However. the digtribution shifted much faster to
the high molecular weight; region than in the case of un-
treated lignin. After [8timin. the peaks due to high molecu-
lar weight components were quite evident. Because the -
liquefied products were comuerted to insoluble compounds
due to condensation. the high molecular weight peaks
became small after 80 min.

Conclusions

In this studv. it was found that wood treated with ozone in
gas and liguid phases could be hiquefied more easily than
untreated wood. The liquenied wood with a high W P ratio
of 2:1 could be preparcd by using the wood treated with
ozone in the liquid p and it had enough fluidity to be
used as the rayw maternd tor chenuceal products. These re-
sults suggest that 1t was possible taincrease the wood con-
tents of final products by usme avone-treated woods. To get
some mfarmation aboat the offects of ozone treatment Lo-

b,

ward the waod components. ozonized cellulose and hignin
were alvo ligu andd their hquelaction behaviors were
observed. Ozone ticatment i the liquid phase was effective
for wood and cellulose, that the amor-
phous celiudose was decomposed by the treavient. On the
other hand. the siegnim condensed together during huetac-
tion when i was azonized in the liguid phase. Thisdicated

clicd.

ftwas sugpested
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that the ozone treatment gave lignin reactive functional
groups. followed by the condensation reaction. Although
hgnin converted to a more condensable structure by ozone
treatment, the condensation reaction could be suppressed
during liquefaction. [t was suggested that one of the main
effects of ozone treatment toward wood was the decompo-
sition of cellulose.
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