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ABSTRACT 

The alpha-ccllirlose content, Iiolocellulose content and crystallinity index \ycre measured 
for  thirteen hardwood and five softn~oocl samples, for \rIiich both cell-wall sii1)stance and 
cell-wall tlensities had been measlrretl i l l  an  earlier study. Direct relationships were found 
between crystallinity index, alpha-ccllnlose content, and. cell-wall density. A sinlple method 
of 1nistr1rc.s was uscd to relate the constituent densities to the cell-wall s~rbstance dcnsity. 
Attempts to rationalizc the difference between these calcnlated densities and the measured 
cell-\\)all snbstance densities suggested that the  density of one or more of the cell-wall 
constitnelits is appreciably different, in situ, than that ~~ ieasn red  on the material removed 
froirr tlie cell \\all. 

Aclclitiot~al ketporcls: Alpha-cellulose, holocellulose, crystallinity index, hemicellulose, cell- 
wall substance, hardwoods, softwoods, density, cell-wall density, chemical composition. 

1NTHOI)UCTION 

\'ariatioils in cell-wall density of dry 
wood nlay result froin differences in either 
the proportion, densities, or arrangement of 
the basic cell-wall sul~stances or in the 
iln~omnt of voids within the wall. TT7ilfong 
(1966) suggested that the void volllme in 
the dry cell wall kvould not exceed 5%. This 
opinion was sllpported I)y Kellogg and 
Wangaard ( 1969) whosc measnremeats on 
18 species of hardwoods amd softwoods in- 
dicated a range of void volumes from 1.64 
to 4.76%. 

TVilfong ( 1966) attributed variability in 
wood substance density of unestracted ma- 
terial to differences in extractive content 
and, to some degree, to rclative holocc,llu- 
lost. and lignin content. Stanlin and Sanders 
( 1966) have shown that wood snbstance 
density is related to tlie relative 11olocell11- 
lose-ligniu composition and tllc con~ponent 
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substance densities, provided the measure- 
il~eilts are nlade on the saille material. Real1 
(1972) determined the density of various 
heniicellulose components of 110th hard- 
~vood ant1 softwood species. IIe used these 
values, together with available estimates of 
cellnlose and lignin densities from Stan~m 
( 1964, 1969) to calcl~late wood substance 
density. Reall used a constant value for 
cellulose dcnsity of 1.52 g/cm3, but recog- 
nized that densities for cellulose may range 
from 1.47 to 1.59 g/cm" for unordered to 
ordered cellulose (Treiber 1957). Thus, one 
~vould anticipate that variations in cellulose 
crystallinity \vonld Ile reflected in a change 
in both cell wall and cell-wall substance 
density. 

Kellogg and IVangaard ( 1969) implied 
such a relationship in relating cell-wall 
density to strain-clepcndent mechanical prop- 
erties. In a recent study on thc relationships 
between cellulose crystallinity and various 
\vootl properties, TT'ell~vood et al. ( 1974) 
also implied a strong relationship to cell- 
wall density, but to our knowledge no one 
has attempted to directly relate these two 
propcrtics. Others have reported relation- 
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FIG. 1. Relationships between cell-wall deilsity and crystallinity index. 

shipsbetweell the inechanical I~ehavior of 
wood and crystallinity (Murphey 1963; El- 
osta and \\7ellwood 1972). 

The objectives of this work were, first, to 
directly evaluate the influence of variations 
in cellulose crystallinity on cell-wall density 
and, second, to evaluate the accuracy of de- 
ternlining cell-wall sul~stance density based 
on the densities of the separate constituents 
and their relative proportions. 

hIATERIALS AND hlETH0I)S 

R4aterial from the thirteen hardwoods and 
five soft\voods was still available from the 
earlier study of cell-wall density by Kellogg 
and \Vangaard (1969) and this provided 
essentially all the experi~nental material, as 
well as cell-wall density values, for the 
present investigatio~~. All measurements 
were ~ n a d e  on extractive-free material. Rel- 
ative crystallinity expressed as crystallinity 
index was determined on wood meal sam- 
ples from all 18 species following the X-ray 
technique described by El-osta and Well- 
wood ( 1972). The constituent proportions 

of the major chemic:ll components were also 
determined on matchstick size splinters. 
Peracetic acid holocellulose was obtained 
employing the technique used by Leopold 
(1961), part of which was further reduced 
to alpha-cellulose following TAPPI Stan- 
dard T203 0s-61 method (1961) scaled to 
accommodate micro-amounts of material. 

RESUI,TS AND DISCUSSION 

The values of cell-wall density, crystallin- 
ity index, holocellulose yield, and alpha- 
cellulose yield are shown in Table 1 for all 
18 species. Regression analysis revealed a 
highly significant correlation ( r  = 0.838) 
between cell-wall density and crystallinity 
index, as shown in Fig. 1. Considering the 
number of factors outlined earlier that will 
contribute to variations in cell-wall density, 
the effect of cellulose crystallinity is clearly 
evident. 

Cell-wall density was also found to be 
correlated to a slightly lesser degrce ( r  = 
0.745) with alpha-cellulose yield. As the 
alpha-cellulose content increases, it is pos- 
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FIG. 2. Relationships t~ctween cell-wall density and l~olocellulose yield. 

sible for the proportion of higher density 
crystalliile cellulose to increase. Figure 2 
shows the relationship between cell-wall 
density and holocellulose yield, in which 
thcre is a distinct difference between the 
hardwoods and softwoods. This is unlikc the 
relationship between cell-wall density and 
either crystallinity index or alpha-cellulose 
yield which showed a contin~~uin of be- 
havior. At a given holocellulose content, 
the softwoods have a markedly greater cell- 
wall density than the hardwood species. 
LVithin the hardwoods there is, however, a 
highly significant correlation between cell- 
wall density and holocell~ilose yield. A sim- 
ilar trend exists within thc softwoods, but 
the correlation does not attain formal statis- 
tical significance. We must look to the 
distinct differences in the composition of 
the cell walls of hardwoods and softwoods 
for ail explanation of this behavior. Since 
the relationship with alpha-celli~lose content 
is a continuum, and that with holocellulose 

content is not, one obvious possibility is the 
nature of the hemicellulose fraction. 

Beall (1972) has reported substance 
densities for two hardwood and five soft- 
wood hemicelluloses. The softwood hemi- 
cellulose densities were markedly greater 
than the hardwood hemicelluloses as a 
group. He also calculated wood-substance 
densities from a consideration of the con- 
stituent fractions of the chemical comno- 
nents and their respective densities, and 
compared his valuer with the cell-wall den- 
sities reported (Kellogg and Wangaard 1969) 
for these same seven s~ecies.  The difference 
between these values was found to be less 
than 1%. Expression of the difference as a 
percentage is somewhat misleading. If the 
possible range in values is small relative to 
the mean value, then noor estimates of an 
expected value will appear as a small per- 
centage error. In this case, the average error 
in 13eall's estimate is only %% compared to - 
a range of measured cell-wall density of 
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T A I ~ L ~ :  1. De:~.~it!/, c~.! /~t( i l l ini t~~ index, aizd yield of carbohydrate fractions for 18 species 

Species  Cel l -wal l  C e l l - w a l l  C r y s t a l l i n i t y  H o l o c e l l u l o s e  Alpha- C a l c u l a t e d  C a l c u l a t e d  
s u b s t a n c e  d e n s i t y 1  index2 y i e l d 2  c e l l u l o s e  c e l l - w a l l  c e l l - w a l l  
d e n s i t y 1  (g/cm3) (%I (%) y i e l d 2  subs tance  d e n s i t y  
(g/cm3) ( X )  d e n s i t y  (g/cm3) 

(g/cm3) 

 assw wood 
(YiLia o m e r i c m a  L.) 1.515 

E a s t e r n  cottonwood 
(I'opuZus d e l t o i d e s  B a r t r . )  1.517 

White ash  
(2.%&n?~s mnpr icma L.) 

Yellow poplar  
( L i i , i L ' d e n . i r ~ n  t u l i p i  f e r a  I 

Black c h e r r y  
( P n o n t s  s c r o t i n u  Ehrh . ) 

Hard maple 
(Acer saccharwn Marsh.) 

Red maple 
(Acer &rzm L . )  

Beech 
( ? u p s  grundifo l  i a  Ehrh.) 

Paper b i r c h  
(Betula  p a p y r i f e r a  Marsh.) 

Red oak 
(@.arcus A r a  L.) 

~ e ~ i o w  b i r c h  
( B e t u l a  aZZeghaniensis 
B r i t t o n )  1 .511 

White oak 
(Ouercus a l b a  L.) 1 .513 

Shagbark h i c k o r y  
[ ! 7 u r y ~ z  o u a t a  ( M i l l . )  R .  ~ o c h . ]  1 .508 

E a s t e r n  w h i t e  p i n e  
iPin?*s s t r o b u s  L.) 1.524 

Red spruce  
(Piceu rubens  Sarg . )  1.529 

E a s t e r n  hemlock 
[ ~ s u ~ a  ccmadensis (L.) 

Carr  . ] 1.517 
Spruce p i n e  

(Pinus  gZa3ru Wal t . )  1.529 
L o b l o l l y  p ine  

(Pinus  t a e d a  L . )  1.529 

' Data from Kellogg and Wangaard (1969). 

Averay,e based on two measurements, uncorrec ted  f o r  11-in. 

2.8%, or 20%' of the possible range. Ex- 
pressed in this way, the agrcement between 
the values is not as dramatic. 

However, encouraged by Beall's observa- 
tions, the cell-wall substance density for 
each of t l ~ c  18 species was estimated using 
the constituent densities assumed by Reall 
as shown in Table 2 and the constituent 
fractions calculated from our determina- 
tions of chenlical composition. These values 
are s l~o~vn  in Table 1. The hemicellulose 
content was taken as the difference between 
l~olocellulose and alpha-cellulose yield, 
while the lignin content was estimated by 
subtracting the l~olocellulose yield frorn 
lulity. Figure 3 sho~vs a plot of the rela- 
tionship I~etween calcl~lated cell-wall sub- 
stance drnsity a i d  measured cell-wall dcns- 

ity. Although a strong rclationship exists 
for the hardwood species, i t  is clear from 
the distinct difference between the slope 
of the relationship and the line of equiv- 
aleilcy that these arc not equivalent param- 
eters as Beall has suggested. The apparent 
similarity he found between these same 
parameters was fortuitous. The four hard- 
woods he worked with had measured cell- 
wall densities close to the average value for 
the hardwoods (1.460) and therefore, as 
seen in Fig. 3, will differ little from the 
calculated cell-wall substance densities. 

The cell-wall substance densities that had 
been calculated were next corrected for the 
cell-wall void volun~cs estimated for this 
same experimental material by Kellogg and 
Wangaard (1969) in order to obtain esti- 
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Frc:. 3. Hclatio~lsliips between ci;lculated cell- 
will1 snl)stancc dcndty and n~casured cell-wall den- 
sit)-. 1,inc of ccll~ivalrncy is slio\vn. 

mates of the dry cell-wall densities listed in 
Table 1. Figure 4 is a plot of these cal- 
culntccl cell-wall dc~lsities against the mea- 
sured cell-n7all densities. Statistical analyses 
revealed that the slopes of the separate 
relationships for the hardwood species and 
softwood species did not differ significantly 
1:roln the slopc, of the line of ecluivalency. 
Thus, it \voultl appear that the concept of 
void voltune in dry cell walls is supported 
and that this is the corrcct comparison of 
parameters to make. I t  is also obvious that 
the calclilated ccll-wall clensitics are too 

TAIILE 2. ils.\umcd r;alues for con.sfit~tent der~sities 

Cons t i tuen t s  Cons t i tuen t  d e n s i t y ,  g/cm3 

Hardwoods Sof woods  

Alpha-cel lulose 1.520 1.520 

Hemicel lulose 1.457 1.666 

Lignin 1.366 1.347 

Source: B e a l l  1972. A l l  va lues  determined by a 

suspens?on meLlio,l. 

- 7  -7-- -7 

1 I t I V  I '  ' 7  

M E A S U R E D  C E L L  - W A L L  D E N S I T Y ,  g / c m 3  

FIG. 4. Relationships between calculated cell- 
~oal l  den\ity and lnearuicd cell-wall density. Line 
of equiv,~lcncy 15 \llown. 

low, particularly for the hardwoods. A com- 
parison of calculated and measured cell- 
wall substance densities, as show11 in Fig. 5, 
reveals the same discrepancies. These dif- 
ferences mav result from several sources of 
error. One or more of the co~lstitue~lt sub- 
stance densities may be in error, the con- 
stituent proportions may be incorrect, or 
the physical state of the constituents, in situ, 
inay bc different from that when physically 
separated fro111 the cell wall. We will now 
consider the possibilities for each of these 
sources of crror in turn. 

First. let us consider the ~ossibilitv that 
I 

the densitv of one or more constituents is ia 
error. Beall questioned the accuracy of  the 
density value he used for the alpha-cellulose 
co~lstituent. If we use the theoretical maxi- 
inurn value of pure crystalline alpha-cellu- 
lose ( 1.585 g/crn"Stamm 1!364), the rela- 
tionship between calculated and measured 
cell-\vall density appears as shown in Fig. 
6. The agreement between the data points 
and line of eqliivalcncy is considerably im- 
nroved. but even with the use of the maxi- 
~nuni  value the calclilated hardwood cell- 
wall densities are still consistently lower 
than the measured values. As a further 
check on the suitability of the accepted 
cle~nity value for alpha-cellulose, densities 
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FIG. 5. Helationsl~ips between calc111atc.d cell-117all sr~l~stancc. density and mcasured cell-117all srihstance 
tlt,nsity. Line of equi\~alcncy is shown. 

were determined for the availablr alplia- 
cellulose for two softwoods (spruce pi~re 
and lol~lolly pine) and four h:~rdwoocls 
(I)asswood, hickory, red oak, white ash) 
using the licyuid-suspension method de- 
scril,ed Ily Heal1 (1972). The average density 
of the alpha-cellulosc for these six specics 
\\,as follnd to be 1.515 g/cm:'. Since this 
\,illtie is essentially the same as that (1.520 
p'cin:') uscd in our c:llculations, i t  is clear 
that an error in thc accepted density valuc 
for alpha-cellulose is not the cause of the 
o1)served discrepancy. 

In coilsidering the possil~ility of error in 
the dc~nsity values assumed for hemicellu- 
10s~'. we note that Bcall (1972) reported a 

niarkedly lower density value for the acety- 
Sated hardwood heiuicellulose (1.457 g/cik') 
conlpared with the average softwood heini- 
cellulose value ( 1.666 g/cm,'). Since no 
other ol~servations could be found in the 
literatwe to support or refute the low value 

a ion was car- for the hardwoods, verific t '  
ried out on a sanlple of the identical 
birch 0-acetyl-4-0-i~~ethylglucuronoxylan' . 
The density value obtained for this material 
( 1.450 g/cm" was virtually identical to 
that reported by Rcall. Native hemicelln- 
lose was then prepared from the holocellu- 

l Obtained thlol~gll the courteqy of Dr. T. E. 
T ~ ~ l ~ ~ n c l l ,  S.U.N.Y., Sy~ac i~ re .  
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FIG. 6. Relationships between calculated cell-wall density and measured cell-wall density. Alpha-cellu- 
losc. density asslumed to I)r 1.585 g/cm2. Line of equivalency is shown. 

lose material of white ash and basswood. 
The method used was a dimethyl sulfoxide 
extraction described by Rouveng and Lind- 
berg ( 1965). Aftcr extraction, the hemi- 
cell~~lose was precipitated in ethanol. After 
several washing5 with ethanol, the hemi- 
cellulose was brought through an ethanol- 
carbon tetrachloride series to pure CCll 
trom which the density ~ncasurements were 
initiated. The density values obtained for 
replicated sanlples of these native xylans 
were 1.344 g/cmr3 and 1.308 g/cm"or white 
ash and basswood, respectively. The hemi- 
cellulose samples were then evaporated to 
the dry state, dissolved in water, and freeze- 
dried. The freeze-dried samples were sntu- 

rated in CCli and their densities rc-deter- 
mined. In this case, the replicated values 
were 1.416 g/cm"and 1.413 g/cm" respec- 
tively. Obviously the method of preparation 
affects the density value obtained, but there 
is no evidence that the discrepancy in the 
results can be explained on the basis of an 
erroneously low native hemicellulose den- 
sity value. 

No attempt was made to verify the den- 
sity values used for the hardwood or soft- 
wood lignins. 

In considering the second possible source 
of error, there is little chance that errors in 
the constituent proportion values used could 
account for the discrepancy in the results. 
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Thc values obtained are within the range the cell-wall constituents is appreciably dif- 
expected for these substances. Even if the ferent irz  situ than that measured on the 
values were altered by as much as 20k, the material removed from the cell wall. The 
effect on the calculated cell-wall substance inethod of preparation markedly affects the 
density would be small relative to the dis- density of hardwood native xylans. 
crcpancy of the calculated value from the 
measured value. REFERENCES 
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