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ABSTRACT 

Higb resolution s o l i d  a ta te  13C CP/MAS WPtR has been usad to  
study poplar yood samples k f o r e  and a f t e r  at ran  trea-t. The 
principal  structural c w n e n t s  of vood have been characterized 
and the ruin ef fec ta  of the rapid steam hydrolysis process 
(hydrolysis of the h d c e l l u l o s e s ,  depolywrirrrtion of the l ignin)  
were discussed. Rridance of molecular-level interact ions batween 

the principal  ccmponents have been obtainad fram T ' relaxation 

t h s s  of protona belonging to the corresponding species. 

IWTRODUCTION 

the d i n e d  use of high-povcr proton 

apinning (MAS) and cross-polarization 

to high resolution 13C I#R in the so l id  

I n  the last decade, 

dacoupling, MgiC angle 

(CP) bas opened the route 

statel-'. 13C CP/MAS NXR vhich pem.€ts d i r e c t  observation of 
carbon nuclei in the s o l i d  s t a t e  gives information on the c h d c a l  

and physical structure of polymers and coals which a m  d i f f i c u l t  

to obtrFn by other means. 
t 

Affi l ia ted with the UniversitC Scientifique,  Technologique e t  

nidicale  de Grenoblc. 
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216 TMELY AND V I W N  

This technique has also h e n  used for characterization of 

mod and its components. Uany 13C CP/M NHR studies of Yood's 
major components have been reported recently . The principal 
cclrponent of wood, has been characterized with 13C 

C P / W  NnB by a numbor of q r u ~ p s ~ - ~ ~ ,  the mrphology and crystal 
structure of different celluloses being discussed. The studies of 

another component of vood, lignin, have also been reported using 

I they shawad that lignin structure is 

dependent both on the isolation method and on the lignin origin. 

The wood itself has been analysed by I3C CP/HAs NMR. This 

technique has bean applied to a pine uocd sample before and after 

steam OxplOSiOn treatment in order to investigate the relative 
amounts of and interactions between the thraa major components. 

me 13c w spectra of various preparations of lignin, 

holacellulose, hemicellulose and alpha-cellulose have been 

analysed and provide evidence for a lignin-carbohydrate 

. ~ o c o n t ~ y  it w a s  demonstrated that 13c CP/W W)IR is complex 

a valuable technique for the study of wood pulpz3 or kraft pulping 

kineticsz4. Tho spectra of ash wood m d  spruce vood have been 

. E a t c h e r  at ,." have studied the reported and discussed 

codification of wmdy tissue ; Taylor et &.26 have shoun a 

pronounced narrowing of resonances in the exploded spruce 

spectrum. This of resonance signals was interpreted as 

arising from an increase in tho crystallinity of cellulose after 

tho explosion treatnKtnt, according to evidencr obtained frop X-ray 

studies. 13C CP/W EWR a~lyris and enzymatic hydrolysis wre 

also used to characterize the products of pretreatment procedures 

designed to enhance the enzymatic conversion of pine vood biomass 

6-19 

cellulose, 

17-20 th i s  techniquo 

21,22 

17,25,26 

to sugarz7. Teejaer at 1. z8*29 have applied l3C a/- N m  
spactmscopy to the study of spin-lattice relaxation t h e 8  Tl of 
protons in native and steam-exploded birch wod. Thoy showed that 

the steam-explosion autohydrolysis of the wood resulted in 
destruction of the super netvork and differentiation between 

lignin and cellulose in the spectra. 
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STEM EXPLODED POPLAR WOOD 21 7 

In the following, the study of s t ruc tura l  composition of 

poplar yood "Populus Trenula" and its coDlponents separated a f t e r  

steam explosion treatmsnt are presented using 13C CP/US NplR 

spctroscopy. During the reaction, the hemicelluloses are 

hydrolysed and the l ignin is depolmrised.  A t  the end of the 

process, the samples are explosively discharged and an extra 

mechanical defibration is obtahed. 

Material 

?reshly cu t  poplar wood chipa .Populus tremula", supplied by 

the Centre Technique du Papier, Grenoble, Prance, were treated 

with superheated steam (40 bars, 249OC) for di f fe ren t  times. A t  

the end of the steaming the wood chips vere explosively 

dischugcd. 

Extractions 

Exploded vood samples Yare fractionated according t o  

Figure 1. The hemicelluloses were dissolved in d i s t i l l e d  w a t e r  a t  

roan temperature ( 2  x 500 m l  when s ta r t ing  vith 50 g equivalent 

dry weight of wood chips).  The water extracts ware concentrated t o  

200 m l  and freeze-dried. During concentration an insoluble 

fraction appaared which vas ramooad by centrifugation. This 

insoluble fraction was called liqnin-carbohydrate -lax (L.C.C. 1 

Water-extracted steam exploded material yu continuously 

extracted in a Soxhlet by refluxing dioxan-water during 48 hours, 
in order to --m the depolymrizad l iqnin uhich was solubilized 

(azeotropic -sition : 62/18, dioxan/water respectively). 

13C CP/I(As NMR e x p e r h n t s  -re performed a t  50.328 I4Ez on a 

modified Brukar spectrometer fnterfaced with a N i c o l e t  1180 and an 

Oxford cxyamagnet (4.7 T). Quadrature detection was employed and a 

single Rp m i l  vhich is doubly tuned for both 13C and t i .  A carmaon 1 
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SOLVENT 

C E W L O S E  + LIGNIN H E M I C W S E S  + P f o L s  

EXTRACTION 

(AcOEtf 

A 
CELL[MSE LIGNIN 

A 
SIMPLE BEpLlCELLULOSES 

P-LS 

Figura 1. Practionation schamp of autohydrolysed poplar wood. 

1 
13C am3 E R? f i e ld  strongth of 50 Riz waa ~ l o y e d  to fulfill the 

Iiartmann-Iiahn Condition. Spinning rates usinq a boron nitride 
mtor u u e  in w e t  cases 2.5 mz. 'She proton spin-lattice 

relaxation t h s  i n  the rotating frame T w e  obtained from a 
plot  of the aaqnie.de of the carbon magnetization as a function of 
the carbon-proton contact tim. 

1 f  

All spectra presentad in F i g u r e s  2-3 w e r e  recorded w i t h  a 

contact t h a  of 1 D., 25 IIU of data acquisition (1 K data points 

zerofil led t o  8 K) and a pulse delay of 5 s. 
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Untreated wood 

The I3c -/MAS N P ~ R  spectrum of poplar wood is presentad in 

Figure 2a. It is dominated by cellulose resonance signals. 

C h d c a l  shifts for specific carbons in the cellulose, as 
indicated in Figure 2a, were attributed to resonances at 

approximately 65, 72-74, 83-89 and 105 ppm. In addition to 

cellulose signals, the spectrum of poplar yood has less intense 

but distinct peaks at 7, 21, 56, 120-145, 153 and 172 p p .  The 

acetyl groups from hemicellulose components daminate the peak at 
21 ppm (nrthyls) and that at 172 p p  (carbonyls). 

The presence of hemicelluloses is also confirmed by the 

upfield shoulder at about 103 ppm (C-1) and a background between 

50 and 90 p p  (C-2,3,4,5,6)". This is confirmed in Figure 3b 

where the 13C CP/p(As spectrum of freeze-dried water soluble 

hanicellulose extract is shorn. 

As in the spectra of pine, ash and spruce wood reported 

earlier , distinct resonance signals are observed for 
the l ignin  component. The peak at 56 p p  most likely wrresponds 

to Ar-ocA3 methyl carbonsl'l. The peaks at about 122 and 135 p p  

correspond to unsubetituted and alkylated aromatic carbon 

resonances, respectively. The peak at 153 p p  is that of 

oxygen-substituted aromatic carbons. Phenolic and mathoxyl 

17,20,21,23,24 

substituted -tic structures that are part of the lignin 

struct- contribute to th i s  peak. 

Finally, the small signal at about 7 ppm may arise from the 

terminal CII groups of the aliphatic chains. 3 

Exploded poplar wod samples 

The steam explosion treatment is one of the metbodr leading 

to separation of y00d in its three major c-nants30. This 

treatmnt involves brief contact of  wood chips (generally 60 s) 
with suparheated steam (3040 bars, 230-250'C) in a reactor, 
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Figure 2 .  13C CP/W NHR spectra of poplar vood recorded for (a) 
coarsely divided untreated chip8, (b) and (c) water extracted 

exploded samples pretreated a t  40 bars during 90 and 165 s, 
respectively, (d) water extracted samples pretreated at  40 bars 

during 165 s w i t h  additional chlorite bleaching. 
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S T W  EXPLODED POPLAR WOOD 221 

followed by explosion due to a rapid decompression. Such a 

treatment leads t o  physical and chemical m d i f i c a t i o n a  permitting 

greater access ib i l i t y  of the d i f f e r e n t  collponcnts t o  wlvents and 

to chemical or enzymatic hydrolysis. A diagram of poplar yood 

corposit ion and separation by s e l r c t i v e  dissolut ion a f t e r  the 

steam hydrolysis process is shown in Figure  1. 

The following samples were examined : 

untreated wood ; water extracted exploded yood samples ( t reated 

for 90 s and 165 s at 40 bars) ; w a t a r  soluble hemicdluloses 

after removal of phsnolic conpounds ; dioxan/ w a t e r  soluble 

l ignin  ; lignh-carbohydrate f r ac t ion  (L.C.C.) ; insoluble 

ce l lu los i c  material  a f t e r  ch lo r i t e  bleaching. 

The e f f e c t  of steam explosion is e a s i l y  observed on Figure 2 ;  

the disappearance of signals a t  21 and 172 p p  as w e l l  as l i n e  

sharpanFng ohow that aftu 90 8 of treatPvnt a t  40 bus, mst of 

the hemicelluloses are rauxred during w a t e r  washings. This is 

confirmed by acid hydrolysis and conventional sugar d a t e d -  

nation3'. A f t e r  165 P of treatment under the same conditions ( 4 0  

ba r s ) ,  t he  13C CP/W spactrun (Figure 2c) s h m  a =re pronounced 

signals a t  56 and 143 p p  which could be explained by recon- 
densation of degradation products (i.e. f u r f u r a l  or h y d m q t h y l -  

furfurall on the l ignin.  

I f  wa coppare the carbohydrate s igna l s  of spectra reported h 
Figure 2 we can notice that the steam treatment induces hpor tan t  
in t ens i ty  changes i n  C-4 signals which occur betwean 80-90 p p ,  

' due to the  r e w v a l  of the h d c e l l u l o s e s  (C-4  of 4 4 -  glucun>nic 

residue) and to a small extent to the p re fe ren t i a l  hydrolysis of 

m r p h o u s  cel lulose,  a r e a s  c r y s t a l l i n e  ce l lu lose  is more 
r e s i s t an t .  

Smaller changes in the region 60-65 ppm CM a l s o  be explained 

by the r-val of the hemicelluloses and disappaaxance of C-5 

xylose signal.  

The Podification of the l ignin is eaa i ly  obsarped on spectra 

of Pigura 2 .  F i r s t  of a11 the l ignin is p a r t l y  removed as it CM 
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2 22 TRCELY AND V I G W N  

be seen on Fiqure la and 2b. After 165 P treatlant t i m a ,  thore is 
an increase of r t h o x y l  signals (56 pm) and a signal around 

146 p p  appeared vhich could be explained by recondensation 

ructions ( P i g u m  2c). The raurval of the liqnin is clearly 

confimd by colnparing spectra of Figure 2c and 2d. An exploded 

sample (40 bars, 165 s) has been bleached according to Wise at & 
and the disappearance of characteristic signals at 56 

p p  and in the 110-160 ppm reqion confirmed that all the 1iqni.n 

hAs baen 0xidiz.d. 

In Pique 3 arc  shown solid state I3C CP/UAS spctra of 

soluble fractions which ware freeze-dried. The spectra are less 

rmsolvod than the corresponding ones obtained by high resolution 
p.=.r. in solution, but we can nevertheless recognize MO. of the 

specific hdcellulo8e or lignin carbons. For example, Piqurc 3a 

s h m  the 13C spectrum of extracted lignin with characteristic 
signals at 56 p m  (CMe carbon signals) and 149 p p  (p.tl.10~~- 

substituted C-3 carbon a w l  ; poorly resolved broad signals 

between 110 and 140 p p  could be also detected. 

Figure 3b sham the I3C spectrum of the water soluble 

hemicellulose fraction. Wa can eaaily recognize the acetyl carbon 

signals at 11 ppla (methyls) and 172 ppm (carbonyls). 

Moreover, characteristic ancmeric carbons could be visualized with 

C-1, at 93 ppm and C-lg at 98 ppm correspondhq to the 

reducing xylose, and a broad signal at 100-105 p p  which 

corresponds to the anaQaric carbons involved in a glycosidic 

linkage but in differant environment, with or without acetyl qroup 

in the C-2 or C-3 position, w i t h  or without 44Me glucuronic acid 

residue linked in C-2 position. 
Figure 3c shows the 13C -/WAS spectrum of a lignin- 

carbohydrate nnplex fraction. This Lcc has not bean characterized 
but we can recognize in the I3C spectrum some specific signals 

correspondfng either to l ignin or hemicellulose carbon at-. 

Wood is a amplicated blend of cellulose, hemicellrtloses and 
lignin. In order to obtain =re information about molecular level 
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S T W  EXPLODED POPLAR WOOD 223 

Figure  3.  13C CP/- RHR spoctra of (a) dioxan-water soluble 

lignin, (b) water soluble h d c e l l u l o s e s  and ( c )  l ignin 

carbohydrate coaplex (L.C.C.) . 
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224 TEKZLY AND VIGRON 

TABLE I : T1f re laxat ion times of protons of  p r inc ipa l  poplar 

wood components and of different samples composition 

ce i iu iosa  Hemicellulose Lignin 

Untreated wood 8.1 6.8 8.0 

7.9 Cel lulose + Lignin 
(40 bars I 90 s) 

9.5 Cellulose + Lignin 

(40 bars ; 165 s) 

Bemicellulose + Lignin (L.C.C.) - 
(40 bars ; 90 s) 

Hemicellulose 

(40 bars ; 90 s) 

(40 bars ; 90 s) 

- 

6.3 

5 -0  

Cellulose ; bleached 

(40 bars ; 165 a) 10.0 - 

8.2 

8.0 

8.4 

9.5 

~~ ~~ 

All re laxat ion times in m s  (experimental error is 2 101). 

i n t e r a c t i o n s  of these three major cons t i t uan t s ,  we measured the  

spin lattice relaxat ion times i n  r o t a t i n g  frame (T 1) of the 

p r ~ t o ~  at- to the corresponding polymers. 

H 

As shown by Schaefex and &.33, high r e so lu t ion  solid-mtate 

13C NHR e x p e r h n t s  can be amployad t o  measure individual spin- 
lattice relaxat ion times in the r o t a t i n g  frame for protons atta- 

ched to d i f f e r e n t  kind. of carbons. This is possible because the 

f i n a l  evolution of the  carbon signal i n t e n s i t y ,  a s  a function of 

t he  contact  t h o  in a cross-polarization experiment, is governed 
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STLM RPLODCD m p w  WOOD 225 

governed by the proton spin-latt ice relaxation t h  i n  the 

rotating fr= T' 
Through the 1 Y '  sp indi f fus ion  relaxation mechanism 34 . proton 

E spin-latt ice relaxatfon times T1f a re  strongly dependent on 

short-range sgatial proximity of the interacting dipole -to of 
protons and thus are  very sensitive to  the holaogeneity of the 

blend. As can ba seen from Table I, the TYf values of m j o r  & 

c-pon-tr in different environmmts are al tered with respect t o  

these values observed for  isolated components. This fac t  

indicates either that mixing is intimate enough so t ha t  relaxation 

of one cwponent is aided by interaction with other nearby 

coPponants or that molecular notions are  a l tered by blending. I n  

both cuas, one is drawn to the conclusion of a signif icant  

intimate nixing on the molecular level. 

The mois4ar - leve l  mixing seams t o  be substant ia l ly  reduced 

for th. cellulose ccrpoa.nt in a sample treated for  165 s 1  as  
i n d i c a t d  by the increase of T A value. This value approaches 1I 
that observed for pure cellulose. EoMver, the ef fec t  of such a 

d-ing phmamon is not manifested in the T value of the 

1i-h -nent. W fac t  can be explained by recondensation of 

lipin during treament which in tuxn leads t o  a change of 

molecular d i l i t y .  The change of molecular mbility may lead to 

a decrease of the T ' value and to corpansation of the e f fec t  of 

d d i n g  phenawa. The increase of the T of cellulose could 

also b. explained by r-val of e i ther  non crys ta l l ine  cellulose 

during pntreatment or  hdce l lu lomas  (acetyl  c ~ t a h b g  

Caponents) leading f ina l ly  to  a wre m a w u s  polyracr. 

17 

1P 
l? 

13C CP/W NpIR spectmscopy appears t o  be a powerful and 

promising technique for  the control of s t e a  exploded b i a s  

materials. u it provides infomation on the yield of hemi- 

cellulosa hydrolysis, on tha lPollnt of dd igni f ica t ion .  and Can 

give valuable &tails on the polypar interactions and on possible 

recondensation occuring during the treatment. 
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226 TEKtLY AND VIGNON 

The apparent increase in c rys t a l l i n i ty  already o b a e d  on 
exploded samples could be due to fas te r  hydrolysis of mmrphOW 

cellulose and increased degzee of order in its ~ r p h o u s  c n m t  

c0mpar.d to more resistant crystal- cellulose.  - 
All 13C CP/ltAS NI¶R spectra were recorded on a spectrameter 

of the g%rpice de R.W.N. da 1'Oniversitl de Nancy I". 
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