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ABSTRACT 

A linear relationship was found to exist between the pcsrc,entage of acid-insoluble lignin 
content and both the pennittivity and DC condrlctivity of vact~unl-dried woods, woods 
conditioned at 65% relative humidity, and in both of the two inajor grain directions. This 
study shows that dielectric measurements could be developed :into a nondestructive analytical 
tool for estimating acid-insoluble lignin content in woods. 

Additionul koyzcortls: Perlnittivity, I)(; conductivity, Klasom lignin, nondestructive analysis, 
specific gravity. 

INTRODUCTION a mixture of milled wood cellulose and 

The iilterdependence of certain properties 
of wood and its components, such as density, 
fiber length, interfiber bonding (Gallay 
1961 ) , and permittivity (Calkins 1950) is 
generally recognized. Since the individual 
properties of wood and wood components 
are very conmplicated in nature, the recog- 
nition of the interdependence between 
these properties is in many cases, only quali- 
tative (Gallay 1961). 

In determining the physical and chemical 
properties of wood and its components, sub- 
microscopic structure plays an i~nportaimt 
p u t .  Each wood component contributes to 
electrical polarization differently because of 
differences in polarity of molecular chains 
and segments, individual structures, and 
orientation in a field. For example, cellu- 
lose consists of crystalline and iloncrystalline 
zones. Cellulose molecules are laterally 
1)ound by secondary valence forces, par- 
ticularly hydrogen bonding, and the 
hydroxyl groups resulting from this bollding 
are polar and respond to the application of 
an electric field in a certain fashion. It  is 
well recognized that lignin is noncrystalline 
and this component in wood contributes to 
electric polarizkition in quite a different 
niainler from cellulose (Venkateswaran 
1972 ) . 

Previous electrical n~easurenments (Ven- 
kateswaran 1972) on pcllets prepared from 

~nilled wood lignin of varying proportions 
showed that a linear relationship existed 
between the permittivity and percentage of 
lignin in the pellet. 

The present work is an extension to 
woods covering a wide range of acid- 
insoluble 1il;imin contents (1533%)  to see 
if a sin~ilar linear relations hi^ exists. and 

A 

if so. whether the li~rniil content in wood 
u 

could be measured nondestructivelv bv , 
dielectric measurements. I t  is assumed that 
the geometry of samples of different species 
prepared in the same grain direction is 
equal. 

Explumtion of specific pe~mit t iv i ty  

The r,ltio of the capacitance of a 
condensel- with a dielectric to its geo- 
metrical capacitance is called the relative 
perinittiv~ty of the material. For a porous 
substance, this ratio is not the relative 
perinittivi~ty of the material itself since it 
depends upon the amount of voids in the 
substance. This ratio for the substance 
itself is termed the specific relative permit- 
tivity. This is referred to here as 'the 
specific p~crnmittivity' (Venkateswaran 1972). 

IZXl'ERIhfENTAL PROCEDURE 

Preparation of samples 

For electrical measurements, wood sam- 
ples between 0.5 and 1 nmm thick ;ind 5 cm 
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TAHL~: 1. S ~ I C C ~ ~ S  of 2~i00~/6 studied it1 this work and their densities 
- 

I d e n t i f i -  I 
c a t i o n  Common name S p e c i f i c  name Dens i t y  A c i d  
number (g/cc) i n s o l u b l e  

l i g n i n  
con t e n t  
( O / o )  

Trembl i n g  aspen 

Ye1 low b i r c h  

Doug1 a s - f i r  

Red p ine  

Basswood 

Manitoba maple 

White e lm 

Sugar maple 

White spruce 

Red oak 

Eastern w h i t e  p i n e  

B lack  wa lnu t  

Beech 

Eas te rn  hemlock 

Red j u n i p e r  

PopuZus tremuZoides Mi chx. 

BetuZa aZZeghaniensis B r i  tt. 

Pseudotsuga menziesii  (Mi r b .  ) 
Pinus resinosa A i  t. 

TiZia mericana L. 

Acer nepndo L .  

UZms mnericma L.  

Acsr saccharurn Marsh. 

Picea gZauca (Moench) Voss 

Quercus ruhra L.  

Pirizis s trotus  L.  

JugZms nigra L. 

Fagus grmdi  foZia Ehrh. 

Tsuga canadensis ( L .  ) Carr .  

Jmiperus  virqiniaria L. 

1 
Vacuum-dried specimens. 

in diameter were prepared from logs sub- 
merged in water. Salnples were prepared 
such that the field could be applied along 
and perpendicular to the grain direction. 
Measurements were made in triplicate, 
using three specimens of each species of 
wood. Table 1 gives a complete list of the 
names and vacuum-dried densities of the 
woods ailalyzed in this study. These same 
sainples were used for chemical analyses 
and their acid-insoluble l i g n i ~ ~  contents are 
also indicated in Table 1. 

Rlectrical ant1 chemicul n~eusurements 

Capacitances of all wood samples ( 5  cm 
diameter, 0.5 mrn thick) at lo4 Hz were 
rrleasured using a GR 1615A capacitance- 
conductance bridge. The DC conductivities 
(k,,,.) were computed from the resistances 

oratory ( a modification of Calkin's electrode 
arrangement ( Venkateswaran 1972) ) . 

The electrical properties of samples dried 
at rooin temperature and in vacuum (less 
than 10 -' Torr.) for at least 16 h were 
measured first. The same samples were 
then conditioned at 20 C and 65% relative 
humidity in a co~ltrolled humidity room and 
the same properties were again determined. 

Lignirl content was determined following 
Tappi standard T13 m-45. The hemi- 
cellulose content in various woods was 
determined first by isolating holocellulose 
and the11 determining the hemicellulose 
fractions, following the method of Wise et 
al. ( 1945). Lignin and hemicellulose frac- 
tions are expressed in percentages of the 
total moisture-free weight of wood. 

DATA ANALYSIS 

(determined by a 610C Keithley Electrom- T,, the electriml properties of 
eter) ~ n d  linear din~ensions of all the wood substallce in two different pieces or 
sannples. The electrode gap required to species of wood, the measured parameters 
calc~ilate the permittivity ( c )  and density should be corrected to a common density, 
( d )  of each sample under test was obtained since the electrical properties of a porous 
with ail electrode system made in this la\>- material such as wood vary with the amount 
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LlGNlN CONTENT (I#) 

Frc:. 1. Relationship 11etwer.11 acid-insoluble lignin content and specific pernlittivity of woods. (See 
'1';~1)1(. 1 for species idcntific;ltioll.) 

of void space in a given volume. A cor- 
rection for the permittivity to an arbitrary 
density may be made using equation (1 ) .  
In this study a correction to a density of 1.53 
g/cc was made ( Venkatcswaran 1965) : 

where t, is the specific permittivity 
[Venkateswaran 19691 at the density of 
wood substance d l  (= 1.53 g/cc) and co is 
the measuretl permittivity at density do in 
glcc. 

Strictly speaking, the conductivity values 
should also be corrected to the density 
of wood substance. A previous study 
( Venkateswaran 1970) in this laboratory 
sl-lowed that density and conductivity of 
various woods are not linearly related, that 
the variation of resistivity with density 
differs from species to species, and that a 
correction for density shows that the effect 
of density on log conductivity is very 
small, ( - 2.0% ) . Consequently, the cor- 
rt,ction due to density has been neglected. 

RESULTS AND DISCUSSION 

To illu:;trate the interdependence of the 
iignin content and electrical properties of 
wood, pe~~nittivity and DC conductivity are 
used. Figure 1 shows the specific permit- 
tivity of vacuum-dried woods (with a lo4 
Hz field applied perpendicular to the grain) 
plotted against the percent acid-insoluble 
lignin in wootl. Figure 2 gives the relation 
l~etween lignirl content and DC conductivity 
of these woods. The numbers on these 
figures correspond to the number assigned 
to each speries in Table 1. 

Woocl cc~ntains 1540% lignin (Bcrzins 
1966) ; this study covered the range 15-35%. 
For this range, the relationships between 
electrical parameters at 104 Hz and 20 C 
and the percent lignin content may be 
empirically expressed as: 

kdc = mlL + kl (3)  

where t1 : ~ n d  k,,, are the specific permittivity 
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LlGNlN CONTENT ( % )  

I r c : .  2. Relationship I)et\i~r.c~rr acid-ilisoll~blc lignin contcwt .untl IIC conc l~~c t iv i t~  of \i,ootls. (Sce 
'Tal)l(~ 1 for s1)c.c.ic.s itl(.ntificatio~~. ) 

ant1 DC conductivity of woocl at u lignin 
colltent in the range stutlied, L the percent 
ligniti ill \vood, nl the slopc (clcterminetl by 
regression ailalysis) and e l1  and k, the 
specific pernlittivity and DC conductivity 
of wood at 15% ligllin colltellt (Figs. 1 and 
2 ) .  The minus sign in Etl. ( 2 )  indicates a 
llegative correlation. 

Note that Eq. ( 2 )  or ( 3 )  is applicable 
only for a range of 15-3,5% lignin. A general 
ccluatioll relating 0-100% lignin and the 
corresponding permittivities was not at- 
tempted since \vood havitlg lignin content 
less than 15 or more than 40% does not 
colnn~only exist in nature and conseclueiltly 
extrapolated values could not be compared 
\vitli experimental results. 

The correlation coefficient and sta~ldard 
errors of estimate of the interdepelide~~cc 
l)et\vecn c.lectrica1 properties and cllclnicnl 
colliposition are given in Tablc 2. Tllcse 
values are 1-nostly quite higll, showing th:~t 
the associatioil l~etweeti these cltlantities is 
highly significant. 

The specific permittivity iuid colltluctivity 
of woocl sa~nples with the field parallel to 
the grain tlirection and of the same s:w~ples 
conditioned at 65% relative htumitlity also 
correlated well with ligilirl content. Co- 
efficients of correlation of these results are 
included in Table 2. 

l'llere was little correlation (0.2) l~etweeu 
l~emicellulose fraction and specific permit- 
tivity of the \vootls stildied. No relatioil- 
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TAULE 2 .  Correlation coefficients of interdependence of electrical p~operties and chemical composi- 
tion of woods 

Wood P r o p e r t i e s  
C o r r e l a t i o n  Standard 
C o e f f i c i e n t  E r r o r  o f  

e s t i m a t e  

1. L i g n i n  - s p e c i f i c  p e r m i t t i v i t y  0.985 0.10 

(F; vacuum-dried samples) 

2 .  L i g n i n  - s p e c i f i c  p e r m i t t i v i t y  

(F, vacuum-dried samples) 

3. L i g n i n  - s p e c i f i c  p e r m i t t i v i t y  

( F l  1 a t  65% r e l a t i v e  h u m i d i t y )  

4. Hemice l lu lose  - s p e c i f i c  p e r m i t t i v i t y  

( F 1  I vacuum-dried samples) 

5. L i g n i n  - D C  c o n d u c t i v i t y  

(FL vacuum-dried samples) 

6. L i g n i n  - DC c o n d u c t i v i t y  

(FI a t  65% r e l a t i v e  h u m i d i t y )  

' F L  = p e r p e n d i c u l a r  t o  the  g r a i n  

2 
F ,  = p a r a l l e l  t o  t h e  g r a i n  

ship was observed between ash content 
(Rerzins 1966) and electrical properties of 
vacuum-dried woods. In the vacuum-dry 
condition, small percentages of metallic 
elements in wood are randomly distributed, 
and this distribution has little or no effect 
on capacitance or conductance. 

ANALYSIS OF ERROR IN DIELECTRIC AND 

ACID-INSOLUBLE LIGNIN DETERMINATIONS 

The dielectric measurements involved 
measuring the diameter, thickness, and 
vacuum-dry weight of a sample, and its 
capacitance and conductance. The diameter 
and thickness of the sample were deter- 
mined within 20.1 mil (20.00254 mm). 
The sample was weighed on a balance of 
0.01 mg sensitivity. Errors in capacitance 
were *0.01% and in conductance 1.0% of 
the dial readings for a sample. With these 
measured values, the error in calculated 
permittivity and conductivity is estimated 
to be less than 0.5% (Venkateswaran, to be 
published). 

The reproducibility of permittivity on the 
same sample and the variation of permit- 
tivity between samples prepared from dif- 
ferent logs of the same species are given in 
Table 3. 

Acid-insoluble lignin values of all the 
samples determined separately are also in- 
cluded in this Table. The standard devi- 
ation of acid-insohxble lignin values is 
higher than that of permittivities. This 
difference could arise from the errors intro- 
duced in various experimental steps (sev- 
eral washii~gs and filterings) involved in the 
acid-insoluble lignin determination. 

Acid-insoluble lignin in a piece of wood 
is usually determined by preparing a 
homogeneous mixture of ground wood pass- 
ing through a 40-mesh screen and retained 
on a 60-mesh screen. Lignin content deter- 
mined in duplicate from this homogeneous 
mixture for beech agrees within 0.5%, while 
lignin contents of beech samples prepared 
from different logs show a higher variation 
(Table 3 ) .  The lignin content of wood 
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TAULE 3. I)etl\ity, pennittiuity, ant1 acid-insoluble lignin content of beech 

Sample Dens i t y  Measured P e r m i t t i v i t y  a c i d  i n s o l u b l e  Remarks 
number (g /cc )  p e r m i t t i v i t y  c o r r e c t e d  t o  l i g n i n  

1.53 g l c c  ( % )  

Standard d e v i a t i o n  o f  A, t o  C 

Standard d e v i a t i o n  o f  D t o  G 

Standard d e v i a t i o n  o f  a1 1 samples 

20.9 
same sample 

20.8 samples f rom 

21.1 one l o g  

21 .o 

samples f rom 
ano ther  t r e e  o f  
the  sdme species 

from different trees of tlie same species, 
and from trees of different species varies as 
nluch as 2-776 (Brauns and Brauns 1960; 
13erzins 1966). 

A recent combination and revision of the 
Tappi methods T 13m-54 and T 222m-54 
proposes that tlie deterinination of lignin 
content (from 2.6 to 19.1%) in sulfate 
pulps should have repeatability of 0.17; for 
the determination of lignin content in sulfite 
pulps (from 6.5 to 28.0%), tlie repeatability 
should be 0.48%. Acid-insoluble ligniil frac- 
tions reported in Table 3 are within these 
linlits. 

Since capacitance measurements are very 
sensitive, any difference in lignii~ present in 
wood would be reflected in the electrical 
polarization. An added advantage is that 
electrical ilieasuremeiits do not destroy sam- 
ples either chenlically or mecl~anically. 

The standard deviations in Table 3 show 
that the accuracy of either the permittivity 
ineasureinent or the acid-insoluble lignin 
nieasurelnent ( *1.5% ) cannot be improved 
appreciably by increasing the number of 
cleterminations. One reason for the devi- 
ation in lignin content estimated 11y the 
two methods nlay arise from small vari- 
ations in the geometry of the samples having 
one grain direction; this variation is sensi- 
tive to electric polarization. Grinding the 
wood to a particular particle size and 

preparing a pellet froni it would reduce this 
geometry problem. This mechanical treat- 
incilt has heen found to alter the fine struc- 
ture of wood (Venkateswaran 1972). 

It  is :il!io possible, as in the determination 
of fine structure of cellulose by permittivity 
ineasurernents (Verseput 1951 ) , that the 
determination of lignin in wood by electrical 
po1ariz;ltion would be different from that 
determined. by a chemical method, since 
polarization is uniquely determined by the 
molecular structure in the original material. 
The estimate of lignin content obtained by 
the sulfuric: acid method need not be cquiv- 
dent  to that existing in a piece of wood 
before chenlical treatment. This was 
pointed out several decades ago by 
Ci~mpbeWl and McDonald ( 1952), who 
found that the estimation of percent holo- 
cellulose as [loo- (sulfuric acid lignin)] 
was in error because of the existence of 
"modified lignin" riot estimated by the 
sulfuric acid method. Our study shows that 
dielectric measurement could be developed 
into an analytical tool to estimate lignin 
content in natural wood. This method of 
~ncnsuri~ig lignin is rapid and nondestruc- 
tive. 

The three major constituents of the wood 
cell wall are cellulose, hemicellulose, and 
lignin, and these constituents are in close 
physical ;~ssociation. Inasmuch as their 



clrcvnical and physical properties overlap, 
sharp separation of the constituents is a 
~nntter of extreme difficulty. There exists no 
c-itraction method lly which one of the 
componmrtsof wood can be removed quan- 
titatively withont affecting the others. 
Tllerefore, a certain amount of scattering of 
results is to be expectetl. As ill the case of 
the interdepende~lce of density, filler length 
etc. ( (:allay 1961 ) , thc interdependence of 
the chemical coniposition and elcctrical 
poperties is also not al~sollltc. 

There arc linear correlations I~et\veen 
Klason lignin c o n t e ~ ~ t  and permittivity, and 
11(: conductivity of wood. These rtllation- 
ships are valid for 110th of the major grain 
tlirections in wood. The correlation co- 
efficie~its show that the association between 
tllese qun~itities is highly significant. These 
rclntio~lships also are valid for woods condi- 
tioned at 65% relative humidity. There is 
little association between the hemicellulose 
fraction and perinittivity of woods. 

1)irlectric measurements call 11e used as a 
ilontlestructive analytical tool to estimate 
the ligilin content of wood. Such an esti- 
mate by electrical polarization may not be 
itlentic;~l to that determilied by a chemical 
inethod since in permittivity ine.1: suremen ts 
the s;inlplc is 11ot destroyed mechanically 
or cheuricully, wlic~reas in the Klason 

method, chemical rnodificatioil ot' lignin 
takes place (luring the separation. 
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