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Mechanical stress grading of tropical timbers without regard to species 

Recelvl:u: March 12.200-1 ' .-\lCl'ptcU: JUtlC 22,200-1 

Abstract Some reports have shown that for single species 
the c,)rrelation between modulus of elasticit\· (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 elf spc:cies with a total Dumber.of 109.+ 
pieces measuring 60 x 120 x 3000 mm, were tested in static 
bending. The MOE \\'a~ measured flat wise, while MOR was 
tested edge \\'ise. Statlsllcal analysis of linear regression 
with a dummy model and anillysis of covariance were used 
to analyze the role of l\lOE and the effect of species on 
prediction of MOR. The analysis sho'1ed that using MOE 
as a single predictor caused under/overesti'mation for one or 
more species and/or ;groups of species. The accuracy of: 
prediction would be increased with species identification. 
An allowable stress and refei'ence resistance for species 
and/or groups of species \\ere 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. 
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. Tropical timbers Allowable stress· Reference 
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Introduction 

Be1ng a natural milterial. wood has large variations of 
strength and stiffness properties among species and even 
among pieces in Olll:: species. The variations of strength and. 
stiffness are caused by defects or imperfections like knots; 
(n~mber. size. and location in each piece O.f timber). slope 
of 19min, and interlocked grain. To guarantee structural 
safety, prediction of limber strength is necessary. The 
strength characteristics ,I(' a piece of timber 5hould be evalu­
ated by nonclestrllc{i\l' methods. It can be done through 
visual grading or mechanical grading or by combination of 
such methods. For simplicitv and economy, pieces of timber 
of similar mechanical properties are pla'ced in categories 
called stress grades. l 

Most tropical C(lllt1!rj~s are blessed with a hiodiversity of 
;natural resources \\ hieh means that hundreds or thousands 
of timber species are ;I\;tibhle for construction. In such 
cases, the applic<ltiilll uf \ Isual grading is complicated clue to 
the difficulties of 'pecic, identification and checking of the 
imperfection condition. Predicting the strength of wood on 
a scale thlilll2'h dellsity slwws a poor coefficient of 
determinHtion (I( I. ,\ stlld~' on Norway spruce (Picca ahies) 

reported that the I( \eIIUL' 01 the rel;lliol1ship bet\\een den­
sitv and bendin2 ,Irengtil was in the range of O.16-0AO 
wl~i1e the R' \,;ll~IL' nlll;e relationship be(\\~en the density 
and knots \Va, Il..';-':. I Ie 1\\ ever. thl' stU'fness. which is nor­
mally expressed ;1" thL' mudulus uf elasticit\· (MOE), is b\' 
far recognized as {ill.' best prl'dictor of strel;gth.: The 1110~t 
common method 01 'IlIlilh: l1l<1chine-!!rndl'd lumher is to 
measure MOE.' ThL' N \ ,lJue of the 1~laLionship between 
MOE and bendin:: ,IIL'II::111 IIl10duius of rupture (\10R)] of 
Norway spruce \"t' III Ih,' rang.: of O.'iI-O.72.:· Previous 
studies hmc sl1<m,',]1i1c II' \;due hctw.:en "tOE in Ilalwise 
timber and MOl{ \"1~ (U,I lur '\Wcill IIli/lIgilllll limber and 
0.53 for mixed tlcI11i(:iI \\i)\ld.' Combining 1\IOE \\ith knots 
and olher d;lla gainL'd slight II11pW\el11(ll! ill (I~(' relation­
ship h<.:l\\eL'1l "tOE <l1ll1 \!Ol{. 

In the ;lpplic:llll'll tll Ilmher gr<iding and streng1h da'ises, 
tile ~tre!1gth il( ;1 PtL'CL' (\1' lil11her regardless cll spL'ciL':-> 

could hI..' prediCll'd ;lIld l'i:lssiliL'd through 1!.tI:f~wril1g the 

http:O.'iI-O.72
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MOE. Most species arc groupcd together and the timber 
performances from such species arc treated similariy. 
With reference to the availability of timber for structural 
purposes consisting of many species in tropical countries. 
the <lpplication of mechanical stress grading needs to he 
evaluated. 

The ohjective of this study was to evaluate thc applica­
tion of mechanical grading to tropical timber, which consists 
of timber fwm natural forest. timber from plantation forest. 
hardwood as well as softwood. It is expeCted that tile results 
can he utilized 111 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 aro/1wtica Gaertner f.), 192 pieces of 
a group of meranti or Shorea sp., and 314 pieces of mixed 
unknown species namely "borneo" timber] hard~60d from 
plantation forest [120 pieces of Acacia mal1gillln, Willd: 
60 pieces of falcata (Paraserial1thes Jalcataria, L. Nielsen). 
60 pieces of rubber wood (Hevea brasiliensis, Willd), and 60 
pieces of Maesopsis eminii, Engler]. ana softwood from 
plahtation forest [168 pi~ces of Pinus /l1erkllsii, J~nghuhn & 
de Vriese. and 60 pieces of agathis (Agathis damrhai·a. Lam­
bert Rich)]. The specimens were 60 X 120 X 3000'(L) mm 
when air-dried. For any piece of lumber. thc imperfection 
condition was evaluated based on the visual grading system 
of Indonesian Standard for Construction Timber (SNI 03­
3527).° Based on the pia!l1eter of the knots, slope of the 
grain,: length of the wane. and oth.er visual grading param­
eters. ;the timber was classified into the thr~e categories of 
class A class B. and that rejected as structural timber. Only 
timber that was classified as timber suitable for building 
construction was used as specimens. 

The MOE in ftatwise configuration with center-point 
loading was measured using a simple machine with a 
deftectometcr that can magnif\' the rcading about 40 times. 
In the measurement of MOE Ilat wise. the span was 
2730 mm and the applied load \\'as ~) kg. Before meitsuring 
the MOE ftat wise. the machine was cliibrated based on 
a certified dial gauge. The specimens wcre thcn tested 
in ftexural bending with three-point loading edgc wise with 
a universal testing machine \\ith a capacity of IOO tons. 
following the procedure of ASTM D 19S.' 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 IYX. and ASTM 
2915.' 

Regression analysis \\'as lIsed tu ;In;!Iyze the relationship 
between 1\101-: Ilat wise and i\IOR "r the timher. Hased un 
the regression clnalysis. the allo\l(\hlc stress fur the tropical 
wood and tile stress clas~iflcation \lere establisIH:d. The 
effects of timber species on the rvlOR of timber were an,l­
Iyzed using analysis of cO\arianc'.' (ANC'OVA) with 1\IOE 
as the cm<lriant \ <triable and the model as shown in Eq. I: 

)I" =,11 + r. + li( X" - A) -"- I (I) 

whcre Y" is the measured MOR of species i and sample 
number;.,I1 is the average MOR. T j is the additive effect of 
species. /1 is the regression coefficient that expresses 
the dependency of MOR on MOE, X'I is the measured 

-I 

I 
! 

MOE. X is the average MOE. and E ji is the error of sample 
number; of spccies i. 

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

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

For 

H,: r, * O. there is at least one species that 
signi5cantly different MOR value to the others. 

shows a 

The prediction of strength characteristics of the timber 
was analyzed through a model as described by Eq. 2: 

Y" = Ziiaj + J( X,,) + E" (2) 

where zij is the dummy variable of species i, ai is a constant 
of the dummy variable and, J(Xij) is a function of the rela­
tionship between MOR and MOE. Two hypotheses were 
used as: . 

1, Ho: 131 = 13, = 13,· ... = /3,k =" 0, species and MOE'jpr:ovide 
no significant effect to MOR. i . 

HI: :3 13k * O. at least one species andlor MOE provide 
significant effect to MOR. 

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

, I 
Strength characteristics based on the allowable' stress design 
(ASD) and load and resistance factor deSIgn (LRFD) were 
established following ASTM D 2915H and ASTM D 5457." 
respectively. 

Results and discussion 

Modulus of elasticitv and bending strength performance 
of the timber 

MOE and MOR 8f timber are the two parameters usuallv 
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. caL'sed by density and imperfec­
tions. i.e .. knots. slore of grain. and interlocked grain. 

The lowest \'alue of \IOE was 4.1 GPa found in AC<lcia 
1I1{{lIgilln/ from the plantcltion forest a[1ei the highest \las 
~S.) GPa found in mixed unknown timber from natural 
furest as shown in Table I. The weakest value of MOR \las 
Ill.S MPa found in agathis from plantation forest and the 
strongest was 1.'4.~ MP;I found in shorea sp. from natural 
forest. Generally. the range of MOE and MOR \',dues of 
timber rrom natur,il I'orest IS wider than that of timber rrom 
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Table I. Modulus of and modulus of 	 of Ic~tcJ timher 

Specimens MOE (Gpal MOR ([\11',,) Moisture cOlltent (')h) 


Min. \.1ax. Mean SD Min. \.1ax. Mean SD Min. Max. Mean SD 


H art! wood from 
"a(Ural forest 

Borneo l!!llher 
ShOle;, 'I'. 
Kapur 
Plallied f,,~t ~gnl\\ i!l~ 

hardwood 
/\c{fcia 111t1Il,r;itull 

Falt'alil 
Rubber wood 
M(I('so!,si.1 cminii 
TOlal' hardwood 
Planted fast-growing 

soft "'oml 
I'II1US II/C'rkusii 
Agathis 
Tropical timber 

(total) 

'd 

K,J 

53 
N.~ 

~.I 

4.1 
0.2 
6 . .'1 
55 
4.1 
5.6' 

5.6 
7.6 
4.1 

2S.~ 

21;.5 
2)'1 
2KJ 
22.1 

15.8 
13.0 
11.6 
22.1 
28.5 
21.7 

21.7 
16.6 
28.5 

1'1.1 

1:)3 
I~.'! 

14.2 
1.):-: 

:-:.9 
87 

\0.6 
12.0 
13.6 
12.6 

12.9 
12.0 
13.3 

4 I 

·11 
J.tJ 
1.7 
2.9 

2.1> 
I.l 
3.0 
:u 
4.5 
3..~ 

J.h 
7 0 
~,~, 

4.3 

u:-: 

.10.0 
D.N 
:no 
11.6 

11.6 
15.:i 
294 
285 
11.6 
10.g 

154 
10.8 
!O.R 

1)0 

lOKO 
134.3 
107.(, 
92.0 

'12.0 
48:() 
5G:7 
70.8 

134.] 
672 

55.'1 
67.2 

1343 

'1'1.:-: 

62.t; 
5).1 
56.1 
~1.6 

-12.2 
n.] 
43.9 
..\5.8 
54.7 
37.1 

34.2 
44.6 
50.6 

2(U 

15.4 
20.1 
22.2 
D.I 

15.1\ 
8:1 
7.9 

10.2 
20.1 
11.8 

8.6 
! 2.3 

?20.0 

a'l 

14.3 
13<) 

14.1 
12.9 

12.9 
1.3:2 
14,4 
13.'1 
12.9 
13.8 

14.5 
13.8 
12.9 

l:-:A 

184 
16.7 
17.9 
IN.8 

16B 
17·9 
18.7 
18.8 
1R8 
18.1 

17.6 
18.7 
18.8 

15.5 

155 
14.9 
16.1 
15.6 

15.2 
14.8 
16.3 
16.2 
15.6 
15.8 

15.9 
15.7 
15.7 

1.'1 

1.5 
1.3 
1..'1 
I.l 

1.2 
0.9 
1.0 
14 
1.2 
1.2 

1.0 
lJ 
Ll. 

SD. standard de"iation 

Table 2. Goodness of fil distribution to the timher 

Specimens MOR 

Log-normal Weibull Normal Weihull. 

Timber from natural foresl 67 100 
Borneo limber 69 100 
Shorea sp. 100 79 
Kapur 60 100 

Planted fast-gro-king hardwood 85 85 
Acacia /lWllgilllll . 100 100 
Falcata 185 80 
RUbber. wood 65 100 
;\fa(!so{isis (!lIlinii 69 100 

Hardwood 84 99 

Planted last·growing softwood 100 87 
Pilllls lIIerkllsii 100 9f 
Agathis 94 go 

< .' 

Tropical timber (total) 91 96 
'---' 

plantation forest. The wide range of such values of timber 
from natural forest mHy 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. It is reasonable to expect that the range of MOE 
and MOR of mixed tropical timber is wider than that of 
timher from plantation forest where the trees are well culti­
vated and homogenous. 

Parametric distributions. namely. normal. log-normal. 
and \\eibull distributions were applied to evaluate the dis­
tribution. Based on the frequency analysis. the apparent 
distribution was also analyzed to obtain the goodness of fit 
of tht' parametric distributions. i.e .. normal distrihution. 
Ill~-nllrmal distribution. and the cumulative Weibull distri ­
bution.: ' II is not easy to recognize the fit of the parametric 
distributions to the actual frequency plots of the timber 

47 H.:l 68 100 
56 100 51 56 
92 )5 100 73 
50 71 100 72 

100 	 . <)7 100 98 
71 65 100 ; 69 

100 	 100 86 ; 100 
56 95 86100 . 
55 lit! 100 82 

100 90 100 100 

7:- 6(, 100 60 
R7 'if 100 73 

100 100 82 90 

:-:11 73 100 1\6 
.. ..----~~-

generalized for all timber. Some species have a high good­
ness of lit 10 the normal distribution. some to the log-:lOrmal 
distribution. and others to the Weibull distribution as 
sl1Llwn in Tablc 2. The parametric distribution and actual 
frequcllcv of the :vIOE and MOR of the tropical timber are 
shown in Figs. I and 2. Selecting the best fit distribution for 
the actual frequcncy values is important. especiallv for the 
!Ll\\er tail values in the establishment of allowab!e MOE 
~lI1d MO R. In ASTi\1 [) :'-157. the distriburion of timber is 
asslImed to he a WClhllll distribution while the European 
standnrd tends to assume a log-normal distribution." 
\\ilh rdL't'cnce to Fig. l. fnr the lower tail values. the 
k'g-normul and Wei hull di51ributions provide heller filS 

than the normal distribution. but for Ihe othcr plols the 
klg-llOrmai distribution seel11S beller than the Weihull 
distribution. 



,Fig, 1a-,c. Parametric ':distribu· 
tions of modulus of !el~sticit \' 
(MOE) for group of spe~ies (;, 
tropical timbers. a Normal di;;ll,· 
hution. b log·normal distribution. 
c Weibull diStribution 
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Tllhlc3. The distrihmioll ilnd their firth Iilllit 

Specimelb MOE MOR 
••_M___________• 

Log-Ilornlal Weihnll Log-normal Wcihull 
_._-­

i. 1(, '/ II NIH):;' i. $ 1<"" 'I fI l\hl';' 

T1!l1hcT 1.10111 natural 2Jll-: (L~6 '1.1 Ih.:" -1.5 '1.3 4.04 0.33 2').X 66.6 .)4 16.:" 
fOfC'!'It 

BUrilen t 'Ill her 2.6') Ol6 9.-1 Ih.1-: -1.6 I)Jl 4.11 1124 :Ili4 6X5 -It) .~K7 

Shun:a 'po ~.67 0.26 :-;,' 16..' 44 /\5 3.1)1 045 20.7 62.2 25 :10.6 
K"pllr sp. :;:.60 0.32 I.X 1:'.7 3./\ x.) :3.1)) (US, 26.6 62.7 :l.O 21'.X 
Plankd fasl­ 2.2-1 (UII ~, 10.1-: 4.1 :' ..:1 3,nH 0:31 224 -I().2 .,.6 21.3 

t:!"il\\'ing Ilardwood 
/\(:acia "l;lnkili/~, 2.1:' O.2X :;.1 Y.X 4.2 4.9 3.01-; '0.36 19.6 47.2 5.1 I (J3 
ra Ie:.! ta 2.16 0.16 6.' ')4 (l.X 0.6 3.40 0.24 195 36.0 4.2 17.9 
Ruhher wood 2,:i2 0.27 6.= I J.() 4.3 6.0 3.77 O.lR 30.') 47.1 6.4 31.2 
;\-{U('.\OI),\i.\ eOlinii 245 0.37 7.2 13.2 -1.-1 7.7 3.XO 0.12 30J) 49·1 5.3 30.) 
Hardwood 2.56 0.':1 15.1 3.h 7.0 3.1)4 0.36 20.3 61.1 ~t2 2-12 
Plan led fast­ 2.51 0.2:' 7,t', 13.X -1.7 7.6 3jA 0.31 19.X 41.1 3.7 IY.6 

gn)\ving softwood 
: {'il1l!.\' I11crlwsii 2.52 0.27 7.6 14.2 -1:3 . 7.3 3.50 0.25 21.2 3;7.-1 -1.7 21.3 
Agathis 2.47 (l.II) 1'.4 12.9 6.2 X4 3.74 Oj3 18.7 Sill 2.7 14.2 
Tropical timber (total) 2.54 0.32 7.~ 14.7 '~...,.( " > 7.1 3.1;5 0.3X 235 56.0 :1.1 22.fl 

I.. Mean of log-normal distribution: .,.. standard devialion of log-normal distribution: I) . scale parameter of Wc:ibull distribution: (C shape 
parameter of Weibull distribution: /<"". fifth percentile limit 

·Pb!:Iti'..,..IiIoltlt<tllQd 
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;~ld~NNtrlt'QId 

o 

b 

Fig. 2a--c. Parametric di,tnbu· 
tions of modulus of rupture 
([,vIOR) [or group of SpeLlo 0' 
tropical limber;;. a Normal dietr'· 
butioll. h log-normal distrihulInn 
c Weihull distribution 

a 

For ",aeh species nr ~r()tq' "I "I't'l·il'''. Ih,' Illl',11I ,\Ild the 
standard deviation olthe 1(l~'I1(lrl1lal distrIbution. Ihe shape 
ami seale parameter 01 lhe \\c:ihull di~trihlllillil. as well as 
the fifth percentile limit WL're ealculatc:d and arc presented 
ill Table 3. An obsernllion to the lower tail (ll the distribu­
tion is important in order Itl rL'duce eIT()r in the establish­
l11L'nt 01' ;tlillwahic slres'. ;\IIlhlu~h the g()odness of lit of the 
panlll1ctric disirihutiulls 10 tilL' actual fr,:quL'ncv of MOE 

50 '00 ISO 
Mooulus 01 rupture (MPa) 

O+-~~~---T~--~--~ 

~(i,! ..c 

" ~G,6 .. 
:; 0,4 

" E 
~Q,2 

10 !O 3(1 40 

Modulus 01 elas!tclt'{(GPa) 
C 

SO 100 

Modulus 01 rupture (MPa)
b c 

c\nd MOR of the timher could not he specified as shown in 
Table 2 and I and 2: the rlifference ~)f the lifih percen­
tile limit of both the log-nomH)1 and Weibull dismbuliol1> 
\\,,'re rel<1tiveh' small as shown in Tabll: 3. As described 
abO\e the fifth percentile limit of the ['vIOE and \IOR 01 
limber from natural forest was also higher than pl,ltlt,:Li 
limber. The ~"OE or planted sllft\\tlod \\i\S higher Ih~ln thaI 
()f planted hardwood, while the sl rL'll~lh (If phllllLd hilrd­

V1(Jlof ... I ....l .. rt1OtO>oC 

'_"'K.. "",,(J3J!: 

'Pirud/NMdNIVW_ 

- .. ;$Qi'tw* 

P\oII"'~ 

10 20 '" '0 

Modulus 01 elaslitity (GPa) 

SO I.. ,s. 
Modulus 01 ruplure IMPa) 
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TlIhle 4. The allowable 

Sp.:cimCl1s 1';lr<lIllclric (distrihution) N,H1param"lric 
----.- ­ ....---~-.... ­

5'X, I'E Wc:ibull 5 t X} PE 5<X, PE :'1% TL II 

Timher from natLlr;" forest 
BortH:o timber 

12.112 
11'.·1.' 

1.1.19 
11'.76 

I~09 

19AN 
12.62 
IXIIl 

(1,036 

1>.071 

Shorca sp. 
Kapur 
Planted hardwo"d 

<),XI 
I.UI 
iii 1.1 

<),X6 
12,67 
111,67 

9,90 
1.1,75 
111,71 

'UX 
14:;2 
IfUx 

11.042 
(Ull :'I 
rum 

Acacia 1I1UIlgilllfJ 7 i(, Y.3~ S,57 7.X6 OJliG 

Fillcala S,5~ 9.21) K-l,l S,II) IUl30 

R~lbber \\ ood I·P'6 14,71 15,26 15,10 (U))O 

MlIcs('l'sis 1'11!illii 

Hardwood 
1·1'\2 
tlS2 

14.2'1 
1252 

14$6 
11.62 

1443 
lUx 

(Um; 
(Ulli 

Softwood \).3l 9.43 9,21) Sl)'i O,02S 

Pil1l1S lIIerkll.\ii 1111.1 I (J, I () HUS 10,1.1 (Ul22 

Agathis 
Topical timb"r (toWI) 

6,76 
10.x6 

H,<)(J, 

ILI'i 

Hl.) 
1(), 'II 

6.02 
10,71) 

(!.O61 
OJJl4 

PE. point eSlimate: TL. tolerance Ihnit: I), rcimivc differencc between nonparametric point <:slilnate 
limit (NTL) which was expressed ;;,s (NPE·\TL)f\PE 

wood was higher than that of planted softwood. These 

prop~rties may be affected by the different characteristics 

of the timbers. Two distinct conditions that might affect 


, MOE and ~OR are the presence of tracheid in softwopds 

and vessels In :hardwoods and the differcnt formations of 

knots in both, I,.' 

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

The ba*ic concept of ASD is that ;the working stress in the 
membe'r of a structure should be lower or the same as the 
pr6duct of allowable stress of the member and correspond­
ing duration of loading.') The allowable stress is t he strength 
characteristic with the reduction of the safet\' factor. For 
example. in Indonesia. as well as in the USA. the safety 
factor of bending strength is 1/2.l.kl' Based 011 ASTM' and 
European Standards. 14 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 non parametric procedures,' 

As mentioned above. the distributions of the timber 
could not be ea:;;ily distinguished, For parametric proce­
dures. the allowable strength of timber specics ;l11J 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. i.e .. Ilonparametric 
point estimate (NPE) based on interpolated data. and 
nonparametric lower tolerance limit (NTLl based on order 
statistics. The width of the contident.·,; Inl<:nal is a 
sufficiently smail fraction of the mean with the '"<llues in the 
range of O,t1l6 to (l.067, In such a CLlnliitioll. the allowable 
value of modulus of elasticity :s the mean of !'vIOE as shown 
in Table I,' 

Through parametric and nonparamc·tric procedures 
with the condition as mentioned ahme ,lI1d considering tile 
safety factor of bending in 10 years loading llf 2.1.") the 

strength characteristic and allowable strength is presented 
in Table; 4. With the sufficiently small values of the relative 
differen:Ce between NPE and NTL. the value of NPE as 
shown in Table 4 is the allowafule. 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 ;S;PE or NTL. 

The reference resistance for LRFD of the timber was 
calculated ba~ed on the format conversion and reliability 
normalization factor as mentioned il'\ ASTM D 5457.~ For­
mat conversion used the ASD load durationndjustment

1 • 

factor of 1.15. LRFD time effect factor of 0.80. and specified 
LRFD factor for bending of 0.85.'The calculation based on 
reliability normalization factor was conducted using an 
assumption that the distribution was a Weibllll distribution. 
although the !!t)odness of fit of the Weibull distnbution for 
some species or group of species were lower than 100% as 
shown in Tahle 2. In the reliability normalization factor 
procedure. sample size and coefficient of variations are the 
decisive factor" • 

The referelKc resistance of a species or group of species 
established thwugh format conversion seemed higher than 
the one thrnll~h reliability 1l0rl11ali,:atiol1 as sh()\\11 in Table 
5. When th..: e'"dficiell! of varia lion of the strength of a 
species is re!ali\cly high. the reference resiSl<1nce based on 
the reliability normalization would be much lower than the 
one from formal conversion due the reverse position of the 
coeilieient of \ ariation in lhe reliability normalization equa­
tion. Such phenomena indicate that the application of 
LRFD b~ls,~d 011 the reJinbilitv nmlllaliz,Hion factm for 
tropical tllll11er~ lIeeJs n:ore slllciv. 

With refereilce tll Tables 1.4. and ), the application of 
allowable stress and rdcrcnce resistance for species and/or 
group of specie'S \\ill mean very safe but incnicic'l1t liSe of 
the limbe! dUe' tn the usc of the lifth I'crl'el1tIie 01 the 
distribtHil1l1s <llld/or statistical l1onpill'alllt.'tric \allle~ as the 
predictnl \,tlUe'S, 

http:Standards.14
http:1/2.l.kl
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Table 5. Reference re,istance of the of timber for load and resistance faclor based on ASTM 0 5457 

Specimens Format conversion Reliability normalization 

Parametric Nonparametric 

5% PE Weibull 5% PE log~norlllal 5% PE 5{~~ TL 

Timber (rom natural fore,( 
Borneo timber 
Shorea sp. 
Kapur 
Planted hard\\'oou 
Acacia J!I{{II,t;ilfIH 

Falcata 
Rubber wood 
Maesopsi,\' ("Illinii 
Hardwood 
Softwood 
Pinus lIIerkusii 
Agathis 

Tropical timber (total) 


:1205 
46.XI 
24.<)2 
:14.1>2 
25.76 
1').71 
21.<14 
37.74 
:;6.RH 
29.2() 

23.70 
25.76 
17.17 
27.58 

3604 
--17.65 
25'()4 
32.18 
2?-1O 
23.70 
2~.60 
37'.36 
36.30 
31.80 
23.95 
25.65 
22.61 
28.42 

.,3.25 
-1'1.48 
25.15 
3747 
27.20 
21.77 
2141 
3X.7h 
37.74 
29.51 
23.60 
2637 
17.80 
27.71 

32.05 2(,.71 
45.'17 41.'15 
2408 16.83 
36.gX 20.70 
26.37 18.98 
1').96 16.<10 
20.1>() 17.19 
3R3) 33.51 
36.65 29.99 
2l).16 23.41 
22.73 17.36 
25.7<1 22.18 
16.01 14.27 
27.33 20.93 

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

Specimens l'umber of samples Coefficient of determination (R~) 

Timber from natural forest 566: 0.56 
Borneo limber 314; 0.53 
Shor<:<l sp. 192 0.64 
Kapur (,0 0.71 i 
Planted hardwood 300 0.57 . 
.ltilt'lil !1!lIngiulll 120 0.71 
Ld':<lld 60 0.63 
I{uhhl:r wl,od 60 0.1>1 
\/al'So/l,"l-\ CJ1lil1ii 60 0.64 
Planled ,oflwood 228 0.36 
Pinus mcrkusii I 168 0.60 
.·\",llhi, 60 0.68 

Application gradinf! rq:<l1'lllcss of species conception for 
the tropical til11her 

Some difficulti.:s appL';llcd when visual grading the tropical 
timber due III Ihe \ an.:t\ of li,mber species and their 
embedded charaderi'~1 ic, Slwn:a sr. consists of 19-1 species 
of which 163 species <l1L' ruund in Melanesia. [, It was also 
reported that [rom -lU() pieces of mixed tropical timber. 
namely "Borneo." 2; 'peues were found with a wide range 
of density ane! :'M<:n~th "I til<.' limber.' Visual grading for 
predicting the strengt h I hrough <-,valuation of imperfections. 
being expressed ;IS I h.... ""I renglh ratio" of clear straight­
grain. small specillll'l1<'; 01 ;t 'pecies. is difficult to apply to the 
tropical speci<.'s in "lIch L·ollliitiol1S. 

The MOE is In 1.11 lite b.:st p!'edictor of MOK2 Some 
studies of ~in~k 'pc'Li," Icpllrl<..'d a relatively strong rela­
tionship between \lUI <llld \1<)1{ of Ihe limber.'~' Table 6 
shows the r<.'la!iu!1~hip bL't\\L'C'1l MOE flat wise and strength 
of Ihe limber of ~()IllL' 'I'c'cics and groups of species. The 
coefficient of determinatlull (/?') of the rdationship be­
tween MOE and \J()I{ ()1 the known single speci6 was in 
the range of (lh() til I!. 71. but it was lower for the mixed 
species. When all (If tile "pc'cill1ells were taken inlo account. 

y. H8X' 4.47.R' = 055 

160 
• 1\arural hardwood 

140 • Plarled hardwood 

' Soliwood 
;;: 120 ...~ 

~ 100 

'" 

Q. 

" 80 
'Q 
~ 

60" ..," 
" 4(l

::E 

20 

10 15 20 25 30 

Modulus of elasticity (GI'lI} 

Fig. 3. Reh.lioll,hip or !\!()E <Iud MOR ill! group "I of trupical 
timbers 

Ihe R' valu<.' was (l.S:" a~ shown in Fig. -'. 'file g' \alue of 
softwood repr<.'sented bv Pinus lIIa/-;llsii and agathis was 
0.36. Although the value was quill.' small. it \\<\, hetlL'r than 
combining Ihe data or filllls IIlcr/-;lISii \\'ilh !nic'.lla of which 



" 
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Tahle 7. Equations for predicted MOR based 011 MOE or tile timber 

Specimens or group of specimens Regression line 

Borneo MOR IO.h7 + 3.11 1\10E 
SIl<lrea sp. MOR ·UI J.II MOE 
Kapur MOR 7.6-1" 3.11 MOE 
.-\erreia Jlllll1gilfllr MOR ~ I U,6 + 3.11 MOE 
Lltc'ia '\101< ~ :U,6 .t. 3.11 MOE 
Rubber \\ ,,"d i'>IOl< 7.5-1 + :l.11 MOE 
"'I!lf"IJ/J.,is t'JJlinii MOR = -176 + .~.II MOE 
!'jlll/.\ IIlf'rku\i, MOR = 9N) 3.11 MOE 
A 2:;'lhi, MOR ~ :un 3,1 I MOE 

the mean \alue of the strength was' similar to those of 
Acacia l/laligillllL rubber wood, and Maesopsis ell1inii 

RCfrom the hardwood. The value of the relationship 
between MOE and MOR of slich a combination was less 
than 0.30. 

Because the R= value of MOE and MOR of all timber 
sp~cimens in this experiment \.vas 0.55. MOE is a'good 
predictor of MOR. although the application of using MOE 
as a single variable would cause the over/under,estimation of 
MOR. at least for one species as expressed by the high value 
of allowable stress F calculated~lI1d a very small significant 
value, The hypothesis that at ieast there is a species pfovid­
ing aMOR value significantly different from others 'could 
be acceplcd. 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 
MaR through MOE from 74.2% (R2 = 0.55) to the range of 
77.5% (R= ,= 0.60) to 84.3% (R' 0.71). 

Tbe prediction equation of MaR based on iMOE was 
obtained through the regression dummy analysts 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 
signiflcant effect on MqR with the high calculated value of 
F 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 shown in Table 7 and Fig. 4. Using MOE 
as the strength predictor regardless of species will overesti­
mate MOR for softwood. especially Pinus merkltsii. as 
shown in Fig. 4. 

Although the timber from natural forest is still dominarit 
in the timber constI'uctioll industries in some tropical areas. 
promotion of the utilization of planted timber. especially 
fast growing species. has been disseminated for some de­
cades. Becallse the selection cutting policy has been applied 
since the early 19i'\Os. the mailability of some selected 
species for timber construction has decreased, In many 
cases. rough visu,~1 grading and small cIe"r specimell test 
results have been applied for predicting the strength of the 
timber. For the unknown species from natural fores!. it is 
classified as a second class limber although it covers a wide 
nmge of strength.' The utilizatiull of timber from fast grow­
ing trees is not yt't popular due to the opinions Oil such 
timber as being of low grade !In' construction. With such 
background. t.he application of mechanical timber stress 

160 --Borreo 
, , , - Soorea 

l.w ---Kapur 
-tr- A£oeia 11ll~ 

;. 120 -B-Fak:ata 
..e 

::: 100 
" 
Q. ­
;: 80 

-<r- Ruberwood 
" 

,~ 

~Maesopsi;erriniL 

)i;. pm; rrerkusi 

Agaihli. *' 
';; 

60" 
" "" 
:; '" .w 

20 

0 

0 10 IS 20 25 30 

MoowI1li of elasticity (GPa) 

Fig. 4. Regression line of MOE and MOR for species and group of 
species oC tropical limbers ' 

160 

140 

Regression Ime : 
;. 120 Y 3.52 X + 6.66, R' 064 
:::<' 

::: 100 
.:: 
;: 80 
';; 

60" 
'>0" -" .w. .... 

Allowable stress line2~ 
=5%EU/2.1. J 

0 -----~~~..-~.~--. 

0 10 15 20 ; 25 30 

Modull1l of elasticity (GPa) 

Fig. 5. Rc:~rc:"i"n line. )<}o exclusion limit. and allowable stress line of 
tropical Ilard",\od 

grading tu tropical pl~wtcd timber, based on MOE with 
regard In ;lIl;.\OI rcgardless of species is very important. 

Estahlishn1l:nt 01 timhcr strength classes 

Although the rcgression line of agathis is close to hardwood 
as slwwll in FI~. -I and Table 7. there is a tendency for MOE 
to prcdlct lu\\c'! \'alucs of MOR than those of hardwood, 
With c!ln~idClatilln I hat PillllS merkllsii and agathis would 
bc o\·erc:s\lm;ilcd. the :imber strength classes regardless of 
.;pecie'i W(j'i l''iI:lblishL.''d on!\' for hardwood with the regres­
sion linc and thl.' :'i'\. cxclusion limit as shown in Fig. :'i. 
Exclusi()n of tht.' values of softwood from the equation as 
shown ill Fig..~ il11pnl\cd the relationship of \[OE and 
rvlOR to ().()..f ;I'; showil in Fig.. 5. The strength class~s of 
timber were deri\cd ba~ed on S'Yu Exclusioll limi[ (R",J of 
ASD alld LRFD ;IS ~h(l\\n in Table K The referellce r~sis­
tance was l:slil11aIL.'d Ihroug.h i'ormat conversion with a load 



Table II. Timber strength classes for ASD and I.RFD hi.scd 011 l11e'chanical strcss grading for 
hardwood timber of 

Grade MOE (GPa) Allowable "ress (tv1Pa) Reference resistance (MPaj 

E 25) 
E 2·t(} 
E 225 
E 210 
E I liS 
E INO 
E 165 
E 150 : 

E 135 
E 120 
E 10') 
E l)(J 

E 75 
E'(i() 

25.:1 
24.0 
22.5 
:21.0 
195 
IN.O 
16.5 
15.11 
13.5 
IVI 
10.5 
l).O 
7.5 
(i}) 

37.3 
3-11 
.:r2.~ 

'lO.O 
17.-1 
25.::: 
22.~ 

~()..\ 
17.l) 
15.5 
1-'.0 
10.6 
K2 
5.7 

9-I.X 
X6.7 
til.X 
76.2 
6S1.o 
6~.1 

)7.9 
:i1.7 
45.5 
?'Y.J 
33.1 
26.li 
20.7 
I-IS 

adjustment factor of US. a LRFD time factor of 0.80. and 
a ratio of live to dead load effects.of 3. and specifkd a 
LRFD resistance factor for bending of 0.85. The format 
conversion reference resistance is computed with the design 
equation·

j as below: 

LFRD: <J( 1.2D + 1.6L 

ASD: 

where i, is tht: time effect factoL tfJ is the resistance factoL R" 
is tilC reft:r.:ncl." resistance, D and L are the dead and live 
load effects. respectively, Kd is the load duration factor (for 
ASD). and·/-, is the allowable stress (for ASD). 

The format conversion refert!nce resistance is computed 
by multiphing thl." ASD resistance by the format conversion' 
factor (K,l. \\herl." it is calculated as: 

K, = (R, J I: <1\ 

where tfJ. i~ the ~pecifieu LRFD resistance factor. 
Till." 11rnj1("l..'d strength classes of the timber provides 

widl..'r stlcll!!th classes than common grades for machine­
graueu IUlllill."f iestablished bw the Ame'rican Forest Product 
SociCly' "Illi Ih'(" .i;lpanesc s;andard for timber structures. I" 

The upper parts of the proposed strength classes are occu­
pied by I he hilliJwood from natural forest which is usually 
Cllt ill o\L'i'5 \',',(1"''; while the plal;led hardwood is mostly 
cut at bCI\\l"L'1l It) <l1](j 25 years, depending on the species 
and the purpOSl" or t he plantation. With reference to Tables 
-I and 5. thL' all(l\\ahk stiffness and strength properties of 
planled h;nd\\ll(l(l limber are almost the same as those of 
softwood III ,uhtlilpical areas.I.H, 

In prill'llc:! ;ljlplic<ltill11. timber identification is not easy. 
l'speci:tll\ 1,,1' I11I\Cci tropical wood and shorea sp.. which 
consists IH hundrcds species. Therefore, timber strength 
classes tklt ;11'1' regardless of species are desirable. When 
a limber sl'l'ciL's is IIot well recognized bv ciesigners. the 
til11bl."r stre'llgth classes that are regardless of species as 
showll ill [;[hle' l' ~h{)uld be applied because tlley are more 
CllIlSL'rV<l;r'L' 111;111 till: strength classes for specific species as 
shown ill 1:lhk 9. With various spccies in it group. the 

timber strength classes for a group of species. namely 
"Borneo" and shorea sp., were not proyided. [n the design 
stage. the timber strength classes that are regardless of spe­
cies 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 tre~ and those obtained during the production 
process. The MOE and MOR of timber were in wide ranges 
and the distributions of the m~chanical performances 
did n<{t clearly fit one parametric distribution. i,e .. normal. 
log-MrmaL or Weibull distribution: The allowable stress 
for timber produced inefficient prediction. To effeCli\eh 
utilize timber as a structural materiaL timber grading can 
be applied visually and/or mechanically. With \arillUS 
timber species available and technical difficulties ill a]1p"'­
ing visual grading. mechanical grading with MOE as the 
predictor has been studied with regard to and regardkss of 
species. 

The ANCOVA statistieal analysis showed that using 
VIOE as a single variable for predicting MOR caused 
under!overestimation for one or more species <lIlLil1l 

groups of species. The percentage of the accuracy or predic­
tion would be increased with species identificatioll. TilL' 
analysis model with dummy regression found that .It k:I'[ 

one or more species showed a significant effect 011 MOR. It 
was abo fou nd tha t PillllS merkllsii. as a tropica I soh \\\ 1( lli. 
produced a significantl\" different MO R for til\." Sdml' 7\.! t ) I-' 
\\hell compared "jlh other timber. 

Tile harclwood timber strength classes had hl."l."l1 P'''­
posl'd to support the application of mecha nicalt imber ~Irl"S 
grading. To anlicipate the application of tllc LRF]) CllIICl']ll 

in gillbill develo~1l11ent. a reference resistance b:lSL'd 011 

str.:ss-gr~ldcd timber has al:"o been established thrllugh 
IlHlrl' 'l'se,m:h studies ill strength characteristics or tropical 
timher. 

http:effects.of
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( ira,k tvlOE 

Kapur E 22.' 21,5 .12.2 XU 
['2111 :' 1.11 ~t).7 75.5 
[ lY5 IY..' _~7 ..~ (i'.u 
F IXO IX.O 2~.Y ():,,2 

E II,.' 1 I •.. , ~2.4 .''I.U 

1 15O LUI 211.11 50.X 

Ie L'~ I.' ..' 17 ..' 44'() 

E 1:'11 1:'.11 I ~.:: 3:-14 
. l:'ariu l1/(tllgililll E 1-;11 15.<1 2:'.~ • (i:l. 'I 

E I:;~ I !, -,__ . I ':>7.7 
E 1211 11.0 20.3 5U 
E II:' 10:' 17.1-' 4S4 
E ')0 'I.1i 1:",-\ :W~ 

E 75 75 13.0 33.1) 

I·"kata 
E hO 
E 150 

6.11 
1:;11 

10.5
" ., 

26.1\ 
sed 

E 11~ 1:;5 19.7 SO.2 
E 120 11.0 In 439 
E 10:' 10.5 I·t') 37.1\ 
E 90 <) .Il 12.4 3Lh 

R ubbcr wood E 165 16.:' 26.& 67.7 
E 150 15.0 24.2 fi1.S 
E IJ5 13.5 21.:-: 5).3 
E 121l 120 IY.:" 49.1 
E 105 Ill.:" 16.'1 ·:1:'..0 
E YO <)0 14.5 36.H 

\/IIC.\()[,si., ell/illii E 21.0 21.0 3l.X RO.7 
E l~:' 1':)5 2,:).'-, 7-1.5 
E I~() u·ui 26.<:1 6~3 

E 16.' 16.5 245 ·62.2 
E 150 15.0 no :'().(J 

E 13~ 1.,.5 1<:1.6 -IlJ.1-' 
E 120 12() 17.2 -I~.6 

E 105 10.:\ 14.7 :'1.-1 
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Abstract The effects of ozone treatment were investigated 
to improve the process of liquefaction of wood with 
polyhydric alcohol solvents, The liquefied wood having a 
high wood to polyhydric alcohol ratio (WI P ratio) could be 
prepared by using the wood treated with ozone in the liquid 
phase, Th~ liquefied wood with a WIP ratio of 2: 1 had 
enough fluidity to act as' a' raw material for che.mical 
products. trc get some information about the effects of 
ozone treatment toward the wood components, cellulose 
powder and steamed lignin were treated wilh ozone and 
liquefied. In particular. ozone treatment in the liquid 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 liq'uid phase. 
Thus~ ozone treatment provide~ lignin with reactive func­
tional groups. and caused the subseqw,;nt condensation 
reaction. Although lignin was converted t() a more condens­
able structure ozone treatment. Ihe condensation reac­
tion was found to be supprcssed f()r I\{loci during its 
liquefaction. The wood liquefied proLilich displaved good 
solubilities in N.N-dimethyl fonn,llnidc 11)[\'1 F) even after 
treatments of long duration, It was sllgi!CSI..:d that one of the 
main effects of ozone treatment tow;jrd w(lod W<lS the de­
composition of cellulose. 

Key words Liquefied wood· OZOIlC Irc<ltl11L'nt . Cellulose 
powder' Steal~led lignin' Condcnsation j,_,;tClio!l 
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Introduction 

In recent ye~rs. much efforts has been txpended on the 
utilization of low-grade woods as a nell source of raw 
materjais for preparing resins, and ne\\ technologies and 
products have been developed for the liquefaction of 
wood. I Man:y studies have ;pursued the application. of 
liquefied wood:to wood adhesives and some molding mate­
rials.~3 We have prepared liquefied wood from Japanese 
cedar, which is expected to be used widei\ in Japan. and 
investigated the preparation of liquefied \\'ood'epoxy resin 
and its application to wood adhesives,"' One of the most 
important objects of the application of liquefied wood is 
increasing the wood contents witnin final products. How­
ever. toidate the wood content of liquefied wood is known 
to be limited to low levels because condensation occurs 
ambng the degraded wood components Cl'!lcurrently during 
liquefaction. It was concluded in our prelious report that 
lignin was solubilized in some organic sohents in the initial 
stage, followed by liquefaction of cellu],)se and gradual 
solubilization, followed by condensation of the liquefied 
cellulose and lignin to form an insoluble' residue.r. 

'Ozone is one of the most powerful oxiJizing reagents. [n 
this research. ozone was used for the prerceatment of wood 
before liquefaction so as to activate wooli -:omponents. It is 
known that the ozenation of lignin result" in derivatives of 
muconic acid. which have two conjug:1t;"d dllublc bonds 
terminated by two carboxyl groups,- Bec.:lIse many chemi­
cal reactions can be based on these struL-I~:res. some effects 
of the liquefaction process can be expec'tcd, In particuiar. 
because the condensed residue containe,i :1 101 of aromatic 
compounds it was expected that the COlhl;"nsation might be 
suppressed by c:eaving of the aromatic r::lgs of lignin with 
ozone. The prelreallnenl of wood \\as .:,':'.clucted in the gas 
phase or in Sllll1e organie solvents, ..l.fle: :hat. each ozone­
trea ted wood \\ as Iiq udied usi ng a Ill:" lIr,' Dr e I hdene 
glveol oligomer, ;lnd glycerol as 50"el1: 111 :ldditilll1. 070 

nized cellulos,; p',)\vder and steamed Ii!," '1 \\C'rL' liljuetied. 
and the processes ,II' i hei I' Iiquefaci ions \\, ,'l',)111 parl'd \\i I h 
that of wood, ThL' solubilities of the li,: .. c·tic'd products In 
N.:V-dimelln'l iOllllamide (DMF) \\crc' '\.Imined. :tnd thL' 
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molecular weight di~trihuti'llls or Ihcir DMF-soluhlc con­
stituents were evaluated. 

Mat~rials and methods 

Th" ,ilcart\\(hld I11C<lI 01 .1;11';ll1eSC cL'dar lCn'p/(JlI1erlU 

il/pul/iea D. Dllll). ilnd thc 111l;;iI of "hite birch (Bel/t/a 
III(/I\'pll 1'111/ Su katchc\· vaL iUfillllicli ILl ra) were preparcd, 
as ~oft\~'oocl <lno hardwood samples. respectively. as ra\\' 
l11aterials for liquefaction. C-":llul(bc powder (Sigma­
Aldrich. USA) and ?teamed lignin were used as model 
samples of the main wood cOIllI)onents and were also used 
as raw materials for liquefaction. The steamed lignin \\·a~ 

prepared from woo.c1 chips of while birch. Tile chips were 
steamed for IS min 'at Um°c. extracted with \vater at 60'C. 
and then extracted with methanol. The methanol-soluble 
par.t was dried under vacuum <lrkr removal of the methanol. 
and used as the steamecl lignin.' All other chemicals 
were reagent grade. and were used without further 
purification. 

Ozone treatments ill gas phase 

Each material (15 g) was placed into d I SO liter polyethylene 
plastic bag after drying at lOS C for 24 h. An ozone genera­
tor (DMA-lOBDF. Ishimori. Japan) was used with an 
oxygen flow rate of 500ml/min. and the,generated ozone 
concentration was 3%. The !las flow was introduced into 
the bag with shaking f01' 4.0'8h. and the total amotrnt of 
ozone introduced was 7.7 g. The weight increases after 
'ozone treatments were determined to be 0.065-0,073 g per 
gram of four kinds of samples: Japanesc cedar. while birch. 
cellulose powder. and steamed lignin. After allowing thL' 
samples to stand at room tl'1ll11l'r;lture for 1 week. thL' 
samples were liquefied in a ,imil'lr manner as that uSL'd f'l!" 
untreated materials, 

Ozone treatments in liquid phasL' 

Each material (IS g) was fJlaceu Illto a three-necked I-liter 
flask and immersed in a mixture or 1.4-dillxanc (300ml) <111,1 
methanol (600ml). The same gas now as described earlier 
was bubbled into the solvenl \\ith stirring for 4.08h at 0 C. 
and the total amount of llLl1lle intruduced was 7.7g. The 
weight increases after OZOIK' Ireatmcnts were determincd [,> 

be 0.229 g. 0.199 g. 0.2!3 g. and O.3() I ~ pcr grdm for JapanL'~L' 
cedar. \yhile birch. cellulu'L' pll\\dcl'. and steamed li~'.llin. 

respccti\elv. Aftel suCtill!1 dl\lI1~, the samples \\cIC 
liquefied. 

Liqucracrion 0[' wood and rel~llCti c()l1lpounlis 

Wood and related samples \\L'lL' dried at I05C for :?~ h 
hdorc thL'Y WCfe used, Eacl\ clriL'd ~;ll11ple was pbcecl in ,l 

t \\Io-necKed Ilask. equipped wit h condenser and mcchanical 
stirrer. arkr it was mixed with polyethylene glycol (average 
molecular weight 400). glycerol. and sulfuric acid. The 
weight percentage or glycerol in polyhydric alcohols was 
2()%. The amount (If sulfuric acid Llsed as catalyst was 
3wt 'Y<. 011 polyhydnc alcohuls, The mixing ratios of wood 
materi,d~ and polyhvdric alcohol were 2: 3. As for the lique­
faction Gf ozone treated Japanese cedar. the mixing ratios 
wcre changed to 2:3. I: I. }:2. and 2: I. The mixture was 
reacted 'at ISO"C and small amounts of liquelled product 
samples \\ere taken at regular intervals during liquefaction .. 
The viscosities of the liquefied products were measured 
with an Advanced Rheometric Expansion System 
(Reomc:tric Scientific. LJSA) at a I'requency of I Hz, 

Measurement of residpe content 

, . 
The e'xtent of liquefaction was eval uated by dete,:mining the 
residual content. Each small sample of liquefied products 
was diluted with an excess amount of DMF and \\as filtered 
off on a GA-lUO glass filter paper (Toyo Roshi Kaisha. 
Japan), Insoluble residues were rinsed with DMF and dried 
in an oven at 105°C for 24 h, The residue content \\as deter­
minee! as the weight percentage of DMF-insoluble residue 
to th9 r~w starting ma,terial. 

Fourier I ransforl11 infrared measurements 

Fourier transform infrared (FT-IR) spectra were recorded 
on n PerkinElmer Paragon 1000 (PerkinEll11er. CK) FT-IR 
spectrometer by using the J;CBr pellet method. ' 

Gel permeation chromatographY analysis 

(,el pcrmeation chromatography (GPC) of DMF-soluble 
Ctllllp"nents was performed by using a Waters 600E 
l11ultisoh'cnt delivery svstem with a Shodex KD-2002 
column hcaLL'd at SOc. using DMF containing 0.011'v1 
lithium bromide as elw:nt. Detection was achie\ed with a 
c1irrc:n.:ntial rcf;'actometer (4·l() Differential Refractometer. 
Wakrs. USA.). The molecular weights of the liquefied 
products were roughly estimated based on polyethylene 
~he(ll ~talldards. 

~-r;l\ diffraction analysis 

~-ray diffraction patterns of the samples were recorded 011 

,I RI:\T-t 1(1[111;1 diffractometer (Rigaku. Japan) eq,!ipped 
\\ [tb :, relkctillll-type gonidmctel'. using CuKu r:ldi;ltinn. 
Ihe LT\,>lallillil\ iillk':e, (el) WCI"C calculated trl)111 the 
r<ttios (II pL'ak areas dul' 10 I IlL' crystallinc regIOn to llll;ti 
.lrL';1 of lilc :\'1;1\ dilTr;lclillll I'atlems." 
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Fig. 1. Dimcthyl lorlllClmide (DMF) solubility (expressed as residual 
ralio) or untreated Japanese cedar and ozone-treated Japanese cedar 
during liqueiactiol1 as functions o( reaction time. with a wood to 
polyhydric alcohol ratio (WIP) of 2.3. Sample A (squares). untreated 
Japanese cedar: sample B (dial11ond.~). ozone-treated Japanese'cedar in 
the gas phase: sample C (Iriangles). ozone-treated Japanese cedar in 
the liquid phase 

Results and discussion 

Dissolution behavior of wood and ozone-treated wqo~ 

Wood and ozone-treated wood were liquefied, and their 
dissolution behaviors into DMF were compared. The wood 
to polyhydric alcohol ratios (WIP ratio) were 2:3. In Fig. 1. 
the curve labeled as sample A (hereinafter expressed as Fig. 
IA) sho\\,s the dissolution!behavior for untreated Japanese 
cedar as ~ function of reaction time. the lique~action pro­
ceeded rapidly at the beginning. The residual ratio reached 
ahout 20% within 60 min. However. the condensation reac­
tion. which produced insoluble components. took place 
;lfter l.'i()min when the minimum residual ratio was ob­
served. It reached 80% at the reaction time of 480min. 
Figure I B shows the results of ozone treatment in the gas 
phase. Th..: rate of liquefaction was similar to that of un­
tn:aled \\pod lip to 150mln. However, the residual ratio 
..:ontinued to decrease after 180min when the condensation 
reaction stmted in the case of untreated wood. Subse­
quently. the residual ratio rf:mained constant at about 5% 
lor thc addition;;: 150min. After 330rnin. the condensation 
progressed abruptly and the residual ratio exceeded 60% at 

the reaction time of 480 min. Figure IC shows the results of 
monc treatment in the liquid phase. The results were al­
l110st the s;Jllle as those for treatment in the gas phase. 
Ilowcn:!. the minimum residual ratio was further de­
creased ilnd W(lod componel<ts \.. ere completely liquefied 
II Ilhin :-/(ll11il1 It \\as shown that the condensation could be 
supprcssed 10 a large extent by llzone treatment. Conse­
quenth, tilL' (I/lllle-treated wood \\as completely liquefied. 
alld its ~(l(ld solubility was maintained for longer than that 
or the untrc;lIL'd woocl. These results suggest that the wood 
content l\ilhll1 the liqueried wood could be increased 1)\ 
lIsing (l/(ll1e·tre;ltnl wood. Therefore. [1reparations of 
liqudice! ,,(I(,ds \\i.th 11 hi~her \\'oud content wen: a lie 111 pled 
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Fig. 3. DMF solubilil\' of untreited "hite birch and ozone·treatc:d 
white birch during liquefaction as fUllctWllS of reaciion tim1:. wnh a 
WIP ratio of 2:3. Sample A (sqIlMn). untrc:ated white birch: ,ampie' 
B (diamllnds). ozone-trealed "hill: hm-Il in the gas phase: <ample 
C (rrial1gles). ozone-treated while hircll in Ihe liquid phase 

by using ozone treatment in tile liqUid phase. Figure 2 ~ho\\, 
the comparison of the residll~" ratIo during liquefactioll 
with three different IVIP ratios. In Fig, 20 (WIP ratio 
1: 1)_ the residual ratio reached 15% at the liquefaction time 
of 120m!n, Although the liqudi<eu \Iood contained this 
amount of r~sidue. it had enl)ugh ih·idity (1.40 X 1()'Pa'~ 
at 25°C) to act as a ra\l' material for chemical products. It 
should be noted that the liquetled 1\00l1 with a WIP ratio or 
I: I could be prepared by using the ('/nlle treatment without 
applying other special methods. such as those reported ill 
our previous works.~' Figurc ::' E and ~ F show the results 01 

the cast's with H'lfJ ratios of .~: ~ amI ~: I. n,:spccti\el} The 
higher \\O(;c\ content caLlsed lhe' (kncisc uf hqllct:ICtioi1 
rate The minimul11 residual r:lti(ls ror F and F or Fig. 2 WLTC 

JO'7;, and 15%. rcspectin:I\'. 11(\\\c\cL cvcn the lillUdicd 
wood which contained Illore liLln (I()"" or \\'ood (1\'1' 

:2. I) had enou~h nlliJIl~ (),-+~ " i(j~ Pas at 25 'C) to bL' llscd 
as raw material i'or chemical Pll1dllct,. 

Figui'L' lA shows the liquclJL·tioll result for ulltrcllL'd 
whilL' hirch as the lunctillll {II' rcactillll time. The liqudae, 



tion procccdcd promptly at the bcginning and the residual 
ratio reached 27'Y., at the reaction time of 120min. How­

• ever. the condcnsation reaction 100'.. placc at that time. allli 

the residual ratio increased to 90% at 4~Omin. Figure :\8 
shows the results or ozone trcatment in the gas phase. Thc 
liquci"aclilln proct:cded faster (h,in in the cast: of untreatcd 
white hirch. a III I the minimum residual ratio was sh()\\ 11 at 
tht: rt:action tiillC or tJ(imin. After that. thc condensation 
reaction took place ami the proet:ss proceeded to resemhle 
the case or thc untreated sample.' Figure 3C shows the 
rcsults 01 ozonc Ireatl11el1tin the J.iquid phase. The liqudac­
tion procccdcd faster than the ul1treated and gaseous 
ozonc-treated samples. and the residual ratio reached ()o,{) 

after I."iO mill. H(iwever. thc condensed residuc suddenly 
increascd at that point and rhe residual r:ltio increased to 
35%. Once the residue was formed. the residual ratio in­
creasc:d in a fashion similar to the other two cases. It was 
shown that the condensation reaction of the )iquefled 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 o7.0nation in the liquid phase. 

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

. treatment, complete' liquefaction was not achieved. On the 
other hand. ozone-tj'eated soft'wood was co~pletely lique­
fied. and its good solubility was maintain~d ,for a wider 

range of liquefaction periods as shown in Fig. 1. Therefore. 
it could be said that the m:one treatment was more effective 
toward the 50ft\\00d than toward the hardwood. 

lrlnuence of ozone treatment on wood raw material 
I 

In Fig. 4. A. 8. and C show the IR spectra of untreated 
Japanese cedar. and ozone-treated Japanese cedar in 
gas and liquid phases. respectively. There was no difference 
het\\cen A and B. This fact suggests that the main 
runcti()nal group~ of wood did not change greatly as a 

n:slIlt of ozone treatment in the gas phase. Figure 4C dis­
plaved the increase of intensities of the band at around 
1730cl11 1. showing that carbonyl groups were produced 
during (lzonation. However, further differences were not 
ohsel"\'cd. 

In S. 1\. [3. and C show the IR speclra of untreated 
whitL' birch. and ozone-treated samples in gas and liquid 
phasL·" respectively. Figure 58 displays a decrease of the 
intcllSit\ of the band at 160<)cm·'. showing that the aro­
matic rings or lignin were cleaved during ozonatiqn. In 
5C It \\<lS ohserved that the intensity of the band at around 
1730cI11 I increased in a similar man per as observed for 
Japancse cedar. 

Intluence 01 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 oul. and the 
results are shown in 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 re.2:ion 

~ ~ ~ '" 
; ("vI\\' 10000-200(0). After 150min. \vhen the minimum 

"residual ratio was observed as shown in Fig. 1ft.,.. the peaks 
due \0 high molecular weight components werl: Cleady de­
tected. Subsequently. as the liquefkd products coi1Verted to 

insoluble compounds due to condensation. the peaks be­
came smaller and disappeared by 480mil1. Figure 6B shows 
the results of ozone treatment in the gas phase. Itwas 
observed that some peqks were spread over wide ranges 
toward the lower molecular weight region and more so than 
in tlYe case of untreated wood. After 90min.. the peak due to 
high molecular weight components became clearer than in 
the case of untreated wood. Subsequently. the liquefaction 
proceeded slowly and the peaks \\ere clearly detected after 
3()Omin when the residual ratio \\:1S 5%. Soon afterward. 
been lise the condensation n:action took place. the peaks in 
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fig,6a-e. vel permeation chromatograms of the D!vlF,sQlubk part of 
liquefied untreated Japanese cedar. 9zone·treated Japapese cedar in 
the gas phase. and ozon.:-treat.:d Japanese cedar in the liquid phase 
during liquefaction. Sample A (solirlll;le). untreated Japanese cedar: 
sample B (long·dashed lilld. "101ll'·treakd Japallese cedar in the ~!llS 
phase: sample C (si1orr·da'/I('t/ 11111'). 07of1.:·treated Japanese cedar in 
the liquid phas.;. Liqu.:iactioll time: a IOmin, h 90min. c 151)mill. 
d 3()Omin. e 480 min 

t he high molecular \\'eigl~t region became smaller.' How­
ever. some of the high molecular weight components 
remained soluble in D:--'1f. Figure 6C shows the results of 
O7'one treatment in til..: liquid phase. The change of molecu­
IiiI' weight distribution was similar to those found in the 
treatment in the ga, phase. 

The results of (ire analvsis of ulltreated white birch are 
shown in Fig. 7 A. The changes of molecular weight distrlhu­
tion were similar tu tlio ... L' round ror untreated 'Japanese 
cedar. Figure 7B sIHl\\s the results of ozone treatment in the 
gas phase. After l:50min. although the value of the residual 
ratio was almosl the S<lIl1L' as that for untreated sample (Fig, 
2). the low l11o\ecuLIl' \\el~ht peaks appeared larger \\hen 
compared with thosL' ur untrL'ated wood. Thus. il can be said 
that the soluble part of the sample treated with ozone in tile 
gas phase and then IIquL'f1L'd contillned larger amounb or 
lo\\' molecular \\'eight c(ln;;titllcnts than those found f~w tile 
untreated sample .... II!!lIIL' 7(' ... lwws the results of UL~)nC 
tn.',ltment in tile I:q(,id !,11:I"'<'. f\I'IL'i' 15Umin. wilen the mim­
Illum residual ratiu (h.h";, I lIas ohserved ~;s shown in Fig. 
3C. the ll1o!..:cula:' \\ci"lll di ... trihulioll was similar to that ur 
untreated \\(lud (Fig. ~:\) in spite of the fact that tile' re­
sidual ratio or untrL';lll,d "(lud lias ,,4'}\,. After "OOmll1. the 
clHPI1l,;togralll wa ... \et'\ similar to lhal observed fur Ire,H­

ml'1l1 111 thL' gas ph;I ..." at 15()1111ll ( 7B). These re',ult, 
indieate that the 'iart or 1111' cllnliensation rL';ll'til11l 11;\;. 
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fig. 73-£. <Gel permeation chromatogratnsof the DMF·solllbk part 01 

liquefied untreated white birch. ozone-tre:ated white birch. in the' ~a' 
phase. and ozone·treated white birch in the liquid phase dunng liquc:­
faction. Sample A (solid Iil1e). untreated white birch: sample B (/"11 ~ 
dashed line). ozone-treated white birch in the gas phase: s3m[1k (. 
(slim/-dashed line). ozone· treated white birch in the liquid ph.N 
Liquefaction time: a lOmin. h 90min. c lSOmin. d 300min. e -I"I)l11i[1 

1 ' 
delayed by ozone treatment in the liquid phase. After tilal. 
the peaks in the high molecular weight region Uv'" 
10000-20000) became smaller and disappeared \\ ithin 
480min. 

Dissolution behavior of untreated and 
ozone-treated cellulose 

Figure 8A shows the DlI.[F solubility of untreated celiuiu-,e 
powder as a function of liquefaction time. Because cellulll'" 
powder contains a significant crystalline portion. the rate' '.11 

liquefaction seemed to be slower than that of wood ..-\1\1'1 

90min. 50% of the material remained as insoluble residue. 
It took nOmin for most of the celluJo~e powder to dissoilL'. 
After that. the residu<ll ratio remained constant at about 

10%. and the condensation could not be ohsen'ed \\lfhill 
cJ.80min. Fig!Jre 8B sho\\5 the results of ozone treatmenl In 

the gas phase, Th~ results are quite similar to tho.,' ,': 
unlrcalt'd ccllulose. Figure 8C sl1')w5 the resulb ell (lInn,' 

treatment in th..: liquid phaso;:. After IOmin. the reslLiu.ti 
ratio reached (1:'0;,. while it was 90°,4, and 80'};. lor .A :ll1d II 
respcuI\·eh. The rate of liquefaction \\',lS conL'lllded !II h.' 
laster titan A ,1Ild B. and 80% or tile w(luLl COIllj1lll1l'lll' 
\'.ere Stllubili/L'd Within l'::Omin. Subsequentl\'. till' IL"lcill;iI 
ratio deL'l'L';bed as the reaction proceeded. <lIlel thl' re"dul' 
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Fig. K. DMF solubility of U!llr"al<:d cellulose pnwd.:r and omne· Diffraction angle 28.(D) 
treated cellulose powder dUlling liquefaction as functions of reaction 
time. The cellulose powder to ]1oi:'hydric alcohol ratio was 2:~, Sample Fig. lfl. X'Til}' diffraction patterns of untreated cellulose po\\dc:r and 
A (Sqlfi/HeX). untreated cellulose powder: sample B (dia/1/ollds). ozone· ozone-treated cellulose powder. Samples A and C as for Fig. k 

trdted cellulose powder in the gas phase. sample C (Iriangles), owne· 
treated cellulose powder in the liquid phase 
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Fig. 9. I R spectra of untreated cdlulnse po\\(kr and ,,/pn, ·\rc,tkd 
cellulose powder. Samples A. B, and C as for Fig g 

disappeared after 300min. It was indicated that colllp:cte 
liquefaction was achieved and the ozone treatment eff,,'c 
tively acted on cdlulose in the liquid phase. 

Influence of ozone tre<ltment on cellulose 

Figure 9 shows the IR spectra of untreated cellulo,,; (:\ I 
<lnd ozone-treated cel1ulost: in the ga, (8) and liqUId (t'J 

phases. respectivE"ly. No din"';rence was ohsencd !1Ct\\l'l'll 
A and B. This suggests that the main function," ~'r"\I!,' "I 
cdiulose did not change hy the llzone treatment ill thl' ~;I~ 
phase as was recognized in the case of wood. HU'.\C:ler. the 
absorption hands appeared at around 17:l0cl11 il1 I llC'.1 

It lIas reported that when 01.,)(11;' was applied to cL'llui()se. it 
induced the formation of carbnnyl ~roup;; ,lIlel C,I rho:-; vi 
~r"ups to <1 minor extent. I" Furtherl1H1re. it \Ia' rep(lrtcd 
that ~llIconic acid was the major product in the lirst sta~cs 01 

A 

c 
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Fig. 11. X·ra\' diffraction patterns of untreated Japanese C"d,ll and 
nzonc·tn:ated Japanese cedar. Samples A and C as for Fig. 1 

ozonafion for the model compounds of cellulose." This 
mformatiol1 suggests that the absorption bands at around 
173Ucm I are derived from carboxyl groups which were 
produced by cleavage of the glycosidic linkage. 

Tc} obtai!1 some information abcut the crystallinity of 
c:dlulclse_ X-ray diffraction of ceiluLose and wood I\as car· 
ried out. Figure 10 shows the X-ray diffraction patterns of 
untreated cellulose powder (A) and ozone-treated cellulose 
po\\der in the liquid phase (C). it was observed that the 
peak intensity due to cellulose I increased after ozone 
treatllient." The CI increased from 35.11 % to 37.95°'0. This 
'u~'~eqs that the amorphous cellulose was decomposed 
I" (l/,llle, Figure 11 shows the X-ray diffraction patterns 01 
1IIltrL'~lted Japanese cedar (A) and ozonc-treated Japanese 
cedar in the liquid phase (C). The peak area of untreated 
1\ (loll was smaller than that of the ozone·treated ll1ateri~1i ,IS 

ill till' case of cellulose The Cl increased from 17.17"" to 
I~Ac)'\. hy ,)zone treatment. Thus. it appears that thl' Clmur· 
pllOllS cellulosc contained in wood seemed I,) be intlucnccd 
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Fig. 12a-4 c;.;cl permeation oi1romatognll11' of the DMF-,oluble part' 
of liquefied ,untreated cdlulose po\\ckr and owne-treatcd cellulose 
powder in Ihe liquid phase during liquefaction, Sample i\ (wlid line), 
untreated cellulose powder: sampk C (sh,irI-dilshed lil1e), ozone­
treated cellulose powder in the liquiJ ph,l,e, Liquefaction lime: a 
lOmin, b 90min, c lXOmin, d 300min, e -IXOmin 

by iozone, although it is covered with hemicellulose and 
lignin. the latter of which is more easilv ozonized than 
celluiose,l2 

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 Iiquef8ction, some 
peaks were obser"ed in the lc1\\ l110lecular weight region 
(Mw = 200-iOOO), Only the 1(11\ molecular Ileight parts of 
cellulose were liquefied in this ~tage and converted to OMF­
soluble components, The peaks L'f liquefied products began 
to develop in the high 1110lecul,1r Ileight region (Mw 
10000-20000) with increased reaction time, The chromato­
gram obtained after 480min rt1 ughll showed all compo­
nents of liqllclied products, bel';1Use the\' were almost all 
soluble in DMF ,1S shmlll in Fig :\,-\, F'iglll'e 12(' shows the 
result of ozone treatment in thl' liquid pli,lse, The results 
showed a tendencv similar totll<lsc' (lIUnlre<lted wuod ['rom 
the beginning to the end or thl' rl'Clc'ti(lll, HLl\\'c'I'CL in the 
initial stages of lhe liqudaClll\Il, Ihc' pedks dc'rin:d from 
cellulose spread toward lhe 1()IIe'r Ilhllcculilr IIl'lght region 
(Mil' ?()O--lOO) [hUn those (ll lIntl'c:I1L'd cellu!osl', It II',IS 
suggested Ihat celiulosL' lias 1'.1111;1111 dee')11111 (lsed during 
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fig, 13. DivlF solubilill' of ul1lrealct! sk;!lllc'd il~llil1 ;,11" d/(lI1"~lrc;li"d 
steamed lignin during liquefaction as rU11cl!(Jl1, "I' r":;lcll(l11 time, 'I h..: 
steamed lignin to polvl1ydric ratio lI'a' ~ ,\ S;llllpk A ("/I/;/rn), 

untreated s\<:amcd lignin, sample B Id/;/II)iI!!d,), ()zoIlL~tn::alcd 

steamed lignin in the gas phase: sampk C Ifriulig/n), tlzone-Iteatcd 
steamed lignin in Ihe liquid phase 

these processes, Consequently, ozone,trl',lleJ cdlulose was 
completely liquefied, After 300min, large peaks "ere ob­
senied in the high molecular weight rcgi(\11 as observed in 
the case of 'U1ltreated cellulo'se 'pOlItiC!, HOll eler. this gesuIt 
indicated t~at more celllllos'e'colild l'e cOl1\erted to'soluble 
components 6y ozone treatrnenL hc:elusc' tht? residual ratio 
was 0% at 3()Omin, while in the Cd'c' ,,1 untreated cellulose 
it was 15% at this reaction time, Similarh, the chromilto­
gram shOll'ed almost the same pal\ern ,I ... tll"t (If untreated 
cellulose at -lXOmin, but it was nh',:l'Ied tl1<1t th)? relatilt? 
intenSity of the peak in the higl) l1l(lk-cula! \leight region 
was a Ilittle smaller than that for ;untrc',lled cell,tlose, 

Dissolution ht:havior of untreated dlld 
ozone-treated lignin 

DMF solubilities of untreateJ "tl':Iil1ccl lignin ,\l1d 070nc­
treated lignin IIL'J'c' compared dUlIllc: lil!lId:ldions, It \\a" 
difficult to 1'1\'jlare steamed lignin 11(1111 ",!\\\()od such as 
Japanese cc'dar. !'hetdUle, 1111Ik l'l!,'11 1\ d' used as 1':1\1 
materi8L Figure 13A silows the rc'~1I11' ILl I' un treated 
steamed lignin as a !ullction or liLIllL'idClil'll lillle, linlre,lleci 
steamed iig.:lill is ,~sseillially a 1)\[i-",l[lIbk compound, 
Therefore', due 1<\ :otal soluhilill ;he !c'l,iuairati,) lias ()(;,) 
from the beginlling (II' the liquefactltll1, ,\Ith()ugh the vi5c05­
it\, of the liqueheti()n product ilhTc',I'c',1 hI some extent a,; 
the reactioll pruceClkd, the li:!l1l11 Ic'llldll1l'c! complt?teh 
soluble elc'll ,Iitn IKOl11in, Figure' 1.~ll ,h,,\\, the results llf 
ozone treatl'lcilt in tilt' gas plu" n,',:IU',' tile lignin lias 
solubk jll,': like lilllt'l';llc'd lioll1lll i", ;,',·dll:,J [,,:ti') ',I"~ 0'\, 
from the hL'gllllling Itl tht' c'nd t'l :I'L ilque'i;lClioll, Figure 
13CsI1O\1'; the lesults 01 O/'lile tlc,link'ill llllhc liquid pila ... c 
~lIld sh()\\~ ,til olwiolls distinctioll Ilt'lll I i ,~;\ l)1 13, TIlL' 
rt;sidual r.lIi(l lIdS (n;. dt thL' hC'::11111:ll'-'., !-tIt cLlndt.:llsati"1l 
suddenh t(l()k place "Itel ~Oillllll; I he' Il>idlliti ralil) thL'1l 
in'crc,lsel! rapidlv ,tlld reached 111\'" ,II tilL' i'L'<lc(illll lillll' ot 
-l:\Umin, ,-\Ilhough Illost lIood (111,1 ,','II U 1(1,,' I\;IS 110t sulllbL­
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Fi~, I,t IR spectra of, uIllrc:al"d ,1c~"ll1cd lignin an<J ozonc·lrcillc:d 
st.:,iIHcd lignin. Sampks A. 13. ,mu C :I, for Fig. [} 

in l..+-diuxane··methanol after ozone Ireatment. lignin \\as 
completely solubk in this mixtun:, Consequently. it can be 
said that ozone reacted ",ith lignin effectively and reacti\'e 
Coi~lponents were fbrmed, . 
Influence or O/onl' trc:atme:nt on li~!nin 

Figure 14 shows the: IR sp('ctra of untr..::ated steamed lignin 
(A) and ozone-treated li!,Ulin in the gas (B) and liquid (C) 
phases, It was observed fhat the spectrum pattern of B \\as 
similar to that of A. On lhe other hand. ozone treatment in 
the liquid phase effectcrJ :'ome changes.in the main func­

. tional groups of lignin. 	 ,t~ shc)\\'n in Fig. 12C. The most 
visible difference betWeen I'+C and Fig. 14A.B are the 
presence of strong bands observed at 1720-17'+0cl1l I 

derived from C = 0 dllUbk bonds, Similarly. the intensities 
of absorpt ions a t 1503 C111 and 1609 cm - I due to t he mo· 
matic skeletal vibrations dccn:ased. These facts suggest that 
the effective ozonation of lignin produced deri\atj\"<:?s uf 
muconic acid. which hale two conjugated C=O double 
bonds: It could be said lilat these conversions of lignin 
structure by ozone treatillent trigger the cOl1Ckn~atioll 

reaction, 

Influence of ozone treatme:nt on molecular weight 

distribution of liquefied lignin during liquefaction 


Figure ISA Shll\\~ the gt'lpcrmo:atiot1 chrol11atograms uf the 
DMF·..;olubk part of 1IIllrl',1tcd lillnin. Because lillllill \las 
soluble ill DtvlF as describ~'d prl'\iousiy. the chromatogram 
rc:l1ected the behavior l't ,111 thc CllIllPOIlCIlL5 during the 
liquefaction The peaks gr:tduallv shifted to the high 1110· 

Iecular weight rl.'gion \\Ith illCt'l';\sing rc:actioll time, It has 
been slI!.',Qested thaI the liQl11!1 ,"'If-conden::;es untler acidic 
CllIld it lo'n's.1 , rigure 1.'1C 'l'llllY' the results for ,l/c'lll' trl'at 
menl in the liquid phasc. fhL' l1lulccular I\eight distribu­
tions \Vere in Ihe Ill\l·l'r !llok'L'rdar weigllt rl'glun \1 hell 
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Fig. l~a-e, Gel pcrmeal jL~11 chr_lInal(1~ramS of lh~ D\IF',(llubk part 
Gf liquFfkd 11l1tf'2alccl slc"m1l'~lli~1l11l and o/.()!H:-trc:ll<!ci sl"all1cu lignin 
in the !gas phase during IIql1c:I;I,·II<lll Sample A (solid lille), untreated 
steamed 1ignin: sample (. (,lInn·d",il<'ti lille). olunc·t!'<!ated 't"am.;d 
lignin in the liquid pll;",'. I.I'IUC:I:IClioll lillle: II 10 III Ill, h eJilmin. c 
!t;Omin, d ~(Xlillin. e -I"Plllill 

compared with those ut lIntreated lignin alll]c reaction time 
of lOmin, However. Ihe di~trihlltion shifted much faster to 
the high molecular \\ ci~~l1t: region than in the case of 'un­
treated lignin. After IS(lmin. the peaks due to high l11olecu­
lai' weight componcnh 11~'rc' quile e\'ident. Because the: 
liquefied producb \1 cr~' Ct 1\11 c'rled III insoluhle compounds 
due to condensati{1t1. thL' hi,!!l molecular \\'cight peaks 
became small after '+;-\()l1lil1. 

Conclusions 

rn this stud\'. it IV,I" tuuml th,lI \\<lod treated \\'ith llD)t1e in 
gas and liquid 1,11;1'(" c'dllid he liLJue!i;,:d Iilllre ea~ily than 
untreated \\'oud, Tilc' liCllIl'llcd Iluud \\·ith a high II· P rario 
of 2: I could bc prl'l'drcd hI lIsing the wood treated with 
oZOne in the liquid l'i1;I'c' ,illl! II !1;\d enough 1111idil\ to be 
used as the raIl llI;tlL'rt:ti 1"1 l'ilelllical producls. These re­
sults suggesl that II 11.1' I" "'Ibk' 1(1 increase the \\()od con­

tents or linal prud~ld' '" lI'1l1g L1zone-Ire'ated \\OOe\:;. To get 
somL' infoi'llutilll1 .d·_.ut il1- ,'fkllS or Il/OI1(.' treatment to­
ward the: \\'(l(ll! C(lI11I'(1IICl1h, clZ.ullized cdlul(l"C ~lllcl lignin 
were al,u liquefied, :1 III I tlll'ir liquci',tction beh,lI i,'r:- I\ere 
observed, ()z(1nc tIL':llllll'l1t Illthc liquid phd~c \la, c'ffL'C(ive 
for wood ,lI1d ('elllll,'se, It \\;lS sug!'-csted that th~' aml1r· 
phous n:llulllSl' \\;I~ dCl'llllll"lSe:d b\' thc' trl'atnlL'ilt. l)n the 
other hand, tht' il~'1111l C(1lldCIlScd lu~cthcr duril1~ IILlllcf<1c­
tiol1 whell it 1\~iS ul\llli/l'd ill tl1<' liquid phasl" Thi~ ;Ildi,'ated 
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that the ol.one treatment gavc lignin reactive functional 
groups. followed bv the condensation reaction. Although 
lignin converted to a morc condensable structure by ozol1e 
treatment, tile condensation reaction could be suppressed 
during liquefaction. It was that one of the main 
dlccls or OlOl1e treatment to\\'ord wood was the decompo­
sition 01 cellulose. 
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