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Introduction

1 All the figures are for conifers and on dry wieght basis.

Major constituents of wood are cellulose, lignin and hemi­
celluloses. Small amounts of pectic material, starch and other extra­
neous substances are also present. The ash content of wood seldom 
exceeds 0,5%..) (2) o Normal hardwoods and softwoods usually contain 
42?2 percent of cellulose. The lignin content of hardwoods varies 
from IS to 25%, while in softwoods the range is 25 to 35%. A partly 
acetylated5 acidic xylan accounts for 20 to 35% of the wood of hard­
woods, with a second hemicellulose, a glucomannan occuring in small 
amounts. A partly acetylated galacto-gluco-mannan makes up almost 
20% of coniferous wood, but the xylan, .in this case, comprises only 
10% of the total wood substance(2).
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In a typical wood cell, the primary wall forms an envelope 
for the secondary wall, which in turn, encloses the lumen. The pri­
mary wall, as well as the intercellular substance, are highly ligni­
fied (71 per cent lignin and 14 per cent pentosan in Douglas Fir) , 
whereas the secondary wall is largely cellulose ( over 50% in 8^ 
and slightly less in layer) , though lignified ( 13 to 25% in 
$2 and 11 to 13/j in layer). The hemicellulose content is about
20% in the primary wall, 25 to 30% in the So, and 30 to 35% in the 

layer ( 37)—. Regions of. approximately parallel change alternate 
with less ordered regions in the secondary wall cellulose. The 
molecules in the crystalline regions and to a certain extent, in 
the amorphous regions, are held primarily together by a large 
number of hydrogen bonds while Van der Waal’s forces probably make 
some contribution to the cohesion.
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Variou-e typ^a of treatments have been used to dimen­
sionally stabilise wood(3)» One of the more successful me­
thods is to bulk the cell walls with polymeric materials 
occupying the space where moisture could penetrate. If the 
polymer, has a specific gravity of unity, approximately 30 
percent of the weight of the wood is required for complete 
bulking (4) . 'wood has been impregnated with polymeric solu­
tions or emulsions, and polymerised products and monomers, 
which have been polymerised in situ by irradiation or con­
ventional chemical methods, while polymer-impregnation of 
wood has been in use for many years, the in situ polymeri­
zation of monomer has gained prominence only recently and 
is the subject matter of this proposition.

One of the properties of wood is that it changes dimen­
sions during moisture absorption or desorption. It is known 
that the. cell walls undergo this change, while the size of 
the -cell lumen remains relatively constant. When wood is soa­
ked in a non-polar liquid, only the- cell cavity is- filled* 
When a polar liquid is added however, some of the hydrogen 
bonds are broken, the cell Structure relaxes, and the liquid 
penetrates the cellulosic secondary wall and is deposited 
therein. The extent of swelling is roughly equal to. the am­
ount of liquid deposited inside the cell wall. The affinity 
of cellulose for polar liquids is due to its large number 
of hydroxyl groups. Amorphous regions are more hygroscopic 
than the crystallites, while lignin, is- the least hygrosco­
pic -component of wood because of its lower concentration of 
hydroxyl group(1). .
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3. No grafting onto the cellulose chains takes place 
without the penetration of cell wall by monomer (u,7,10,13, 
15) • However the use of swelling agents causes the attenua­
tion of hydrogen-bonding between the cellulose chains.The 
consequent change in the physical properties of wood, such 
as decrease in tensile Strength and anti-shrink efficiency, 
c >uld not be compensated by the small amount of cellulose- 
vinyl copolymer which formed as a result.

4. The existence of-graft copolymers of vinyl monomers 
and cell wall-cellulose in swollen wood is now accepted.The 
usual practice has been to assume the amount of copolymer

Several apparently independent groups began studies of 
radiation polymerization of vinyl monomers in wood about a 
d-ecade ago. Application of catalyst—heat technique followed 
soon after. Reviews of these studies have been published 
periodically (b ,13,14,21,25,27,40) and only the results re­
levant to the present paper will be stated here.

1. Vinyl monomeis, e.g,, styrene, being non-polar in
nature, do not swell the wood and fill the cell cavities only 
(7,8,9,10,13,14). While the blocking of the cavities by the 
homopolymer retards moisture absorption, no true dimensional 
stabilisation takes place , and anti-shrink efficiency achi­
eved is negligible. The stabilisation thus achieved must be 
considered to be due to an internal coating (u).

2, To bulk the cell wall, a swelling agent must be used
to open up the cell wall structure , so that the monomer can 
be deposited in the less ordered regions of the expanded ce­
llulosic network (V',7 ,8 ,9 ,10,11,13 x13,14-) . bwa.13.ing agents 
used include water, methanol and dioxane among others. ,



• I to I*

•1

s c:

5

being equal to the impregnant remaining in the wood-polymer 
combinatidn'-hf ter exhaustive extractions with sovents in 
which homopolymer is soluble (4,0,9,11,12). However Gibson, 

. .. et al- (lb) and Siau, et al, (4) pointed out that some homo­
polymer might be rendered inaccessible to solvents by virtue 
of its location within the cell wall network. Laidlaw, et al 
(17) delignified the specimen after the extraction of homo­
polymer with suitable solvents and then hydrolyzed the resi­
due. Subsequent extraction yielded a modified polystyrene 
which was shown by infra-red studies to contain hydroxyl gr­
oups indicating that grafting took place on the polysacchari­
de components of' tlie cell wall.

5. The grafting characteristics of lignin in wood have
not been investigated thoroughly. Laidlaw et al (17) showed 
that styrene did not form a graft copolymer with hardwood 
lignin . Gibson et al (16) suggested that softwood lignin 
might form a graft copolymer• with methyl methacrylate. Koshi- 
jirna and Muraki showed that styrene did not form a graft 
copolymer with hardwood; lignin.(18.) but grafting took place 

...« .,***. • ♦ • ******

on softwood lignin (Pinus densiflora) (42). They also showed 
that methyl methacrylate was ^easier--than styrene and vinyl 
acetate, the other monomers they Used J to gfaft oh1 the pine 
lignin. Veith birch lignin,-styrene ;and vinyl‘ace tate"'did not 
form .grafts (41). In all their studies', Koshijima- and Muraki 
used hydrochloric acid lignin. ' .,-7 “

’ ' . • • ... • • -

0. ’ Most of the properties of wood-polymer combinations
are superior to those of. untreated wood-, with the possible 
exception of nailibHity and impact resistance. -A number of 
properties including, hardness ,- static bending, -shear-strength , 
compressive strength-, •• toughness/abrasion resistance and 
water absorption, .have been tested.-borne of "the" results are 

.reproduced: in the table 1. In'general these properties are 
enhanced more in lower.• strength wood. Also the more is the 
polymer content, the greater is the property change.
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Frequency of grafting vinyl monomer onto wood cellu­
lose has not been qualitatively determined. However, studies 
on cellulose and its derivatives show that comparatively a few 
grafts are obtained.

7. Accounts of contributions of homopolymer in the cell 
cavities and homopolymer and/or graft copolymer within the 
cell wall to the change of physical properties of wood have 
been presented. Ramalingam et al (12) found preswelling (and 
thus grafting) unnecessary for the production of wood polymer 
combinations. They found no difference in any of the proper­
ties measured, between swollen and nonswollen wood. Haff et al 
(15) found that non-swelling impregnation condition ultimately 
led to lower water absorption than preswelling condition. 
Gibson et al (16) obtained a negative anti-shrink efficiency 
with dioxane treated wood at low polymer loadings.

On the other hand Siau et al (4) concluded gamma-irra­
diation-produced graft copolymer was more effective than 
similarly produced homopulymer in improving dimensional stabi­
lisation and tangential strength. Ramalingam et al (12) found 
that grafted material had a much more uniform sheen and grafted 
polystyrene was not soluble in aromatic solvents while homo­
polymer was. According to Youngs (24), research at the British 
Forest Products Research Laboratory indicated that without 
cell wall penetration the results were unsatisfactory. Siau (25) 
credited the grafting for the high dynamic modulus values 
he obtained with polystyrene-wood and poly(methyl methacrylate)- 
wood,combinations. He also found anti-shrink efficiency values 
of 25.1 and 40.3 per cent for polystyrene -wood and poly (methyl 
methacrylate)-wood combinations respectively. The much higher 
anti-shrink efficiency of the poly(methyl methcrylate)-wood 
combination was attributed to the slight polar nature of methyl 
methacrylate and as a consequence, to its ability to swell 
and open up the cell wall structure.
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Pine Styrene. Increased

-do-
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+ 50

+ 200
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- 177.3-do-
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Kent et al(13, 
14,19,20“J
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Table 1.’PROPERTIES OF SOME WOOD-POLYMER COMBINATIONS.

+ 50(birch)
+ 30(podo)

- 2.9- 0.7
Sugar 
maple 
sapwood.

Birch, 
podo.

nomers in­
cluding

styrene ,

Polymer 
system

Property 
measured.

Compressive 
strength 
Bending 
strength
Toughness 
Abrasion 
resistance,

Tensile 
strength.

Change in pro­
perty ,c/o

Moderately 
improved.

Gioson 
et al(lb)

Styrene 
Methyl 
methacryla­
te 
Diaminoe­
thyl metha­
crylate .

+ 50
+ 200
+ 100

Methyl me­
thacrylate , 
MMA-dioxa­
ne -water .

Abrasion 
resistance.
Anti-shrink
efficiency.

Anti-shrink
-do-

-do-
+ 70

Not appre­
ciable 
change.

Ponderosa Styrene- 
pine sap- dioxane­
wood. water.

Bending 
strength 
Compressi- 
be strength 
Water absor- Decreased, 
ption.

Mechanical 
(static be­
nd ing, max. 
crushing 
strength. 
hardness) 
^nti-shri- 

nk efficien­
cy.

Kenaga 
et al(t>)

Karpov 
et al(B)

Many spe- Many mo­
des in­
cluding 
pine,birch, 
sugar ma- vinyl acetateHardness 
pie, white methyl me- 
oak, etc. thacrylate, 

styrene-ac- 
rylonitrile,
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+ 200
00

Decreased.

05+

Meyer(27) + 3 50

20+

33
Miettinen(23)

Improved

-- do-

+ 90

Increased.

80+
20+

8

Siau et al 
(4,W>T

Krasnovit- 
skaya(20)

Oriental 
woods

Yellow 
birch 
sapwood

Birch 
veneer

Methyl 
methacry­
late.

Fiber stress 
at propor­
tional limit

Shear 
strength

-do-
-do-
-do-
-do-

Loos and
Kent(22)

ha ma lin­
gam et al(12)

Yellow 
poplar

Yellow 
poplar

Methyl 
me the cry- 
late , 
styrene­
polyester
Styrene- 
alcohol- 
water

Compressive 
strength 
Bending 
strength 
Water 
absorption

rengh 
Compressive 
strength 
Shear strength 
Tensile strength 
Hardness 
Abrasion 
resistance

strength
Hardness

Red 
pine 
sapwood

Styrene­
methanol 
Styrene- 
dioxane- 
water

Hardness
parallel to
grain:
Mod.of elas-

Investigator | Species 
________ I_____ J measuredI _____

Finnish 
birch, 
alder,as­
pen, pine

Methyl me- Bending st- 
thacryla­
te , 
stryene- 
polyester

Methyl
methacry­

heartwood late.

Improved
-do-

JPolyrper 1 Property 
jsystem

1 Change in 
j property,^

Styrene, 
acryloni­
trile

Bending strength 4- 50 
Anti-shrink

Resistance to 
biological 
attack.
Anti-shrink
Young1s 
modulus
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Huang et al (10) found one polystyrene chain. grafted onto 
one in 10 to 20 cellulose chains using cotton linters. Kra- 
essig (29) states that at best there is one polystyrene bra­
nch per three cellulose molecules in the polystyrene-cellu- 
lose graft copolymers. Yasuda et al (31) .prepared graft co­
polymers of cellulose-acrylamide, cellulose acetate-styrene 
and cellulose acetate-methyl methacrylate. It was found that 
a very small fraction of the cellulose chains had graft/fco- 
polymerized. Stan, ett (30) found that copolymer branch is 
very long compared to^cellulose chains, and therefore, the 
branching has little effect on the physical properties of 
the mechanical mixture of homopolyrner,cellulose and lignin.

9. . Both gamma-irradia.tion and catalyst-heat techniques
have been used for producing wood-polymer combinations- Ross 
and Hodgins (13) found no evidence that radiation polymeri­
zed combinations were in any way superior to those produced 
by the catalyst-heat technique. Meyer(27) found no difference 
between compressive strength and hardness of samples trea­
ted by gamma radiation, and rad io-frequency and oven heating 
of catalyzed monomer (methyl methacrylate). It confirmed Ra- 
malingam et a Is (12) finding that bending strength was same 
for both radiation and heat polymerized samples. Biau and 
Meyer (28) found no significant difference between heat and 
radiation polymerized yellow birch-methyl methacrylate com­
bination when tested for compression perpendicular to grain, 
shear, permeability, diffusion coefficient and anti-shrink 
efficiency. The surface hardness of radiation polymerized 
material was 25 percent greater than that of heat polymeri­
zed material possibly, due to preferential evaporation of 
monomer from near the surface during polymerization. Heat 
polymerized samples were easier to saw and surface, indica­
ting that there might be some physical difference between 
the polymers. •
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SUPERIORITY OF GRAFT COPOLYKRS.

From the above the following conclusions 11137’1)0 drawn:

2.

Le •- Deposition of homopoly ’mer within the cell cavities 
deoreason the rates of water absorption and change of dimen­
sion and certain strength properties are enhanced. However 
no true dimensional stabilisation is achieved and substan­
tial amount of homopolymer (about 100 percent of the weight 
of wood) has to be deposited to obtain any significant- change- 
of physical properties.

There is evidence that although radiation levels of
7 '10 rads or greater definitely degrade..wood and decrease its 

toughness, dose levels below 10° rads show indications of 
a slight increase in some properties, biau et al (4) sugg­
ests that decrease in hygroscopicity of wood at low doses 
of gamma radiation may be due to crosslinking of hemicellu­
lose or cellulose. Leavitt (33,34) was successful‘in cross­
linking cellulosics by the use of high energy beta-radia4>io-n 
from a van de Graaff generator. He achieved notr crosslinking 
with irradiation at low dose rates from a cobal’t-t>0 gamma 
source.

- ? 3$)

Giau (23), working with polystyrene-wood and poly 
(methyl methacry1-ate)- wood, combinations (homopolymers) con­
cluded that the increase in the strength properties were not 
appreciable because of the low elastic moduli of the polys­
tyrene and poly(methyl methacrylate) compared to that of cell 
wall substance. He further stated that a considerable por­
tion of the. observed improvement apparently resulted from a 
thickening of the cell wall which increased their buckling 
stability under compressive loads. His finding of high dyna­
mic moduli of elasticity of thecombination could not be ex­
plained -on the basis of the addition of homopolymer fraction 
of the wood. The wood fraction became stiffened in some way 
as a result of the treatment indicating that a composite of
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GRAFT COPOLYMERIZATION OF DELIGNIFIED UOOD.

■

L

a look into the contribution of lignin to the strength 
properties of wood is necessary. The primary functions of lig­
nin are to bind the cells together through the middle lamella,

Are there other ways by which nonpolar monomers can 
penetrate the cell wall? Selective removal of one of the wood 
components may create voids within the cell wall where monomer 
can be deposited. If lignin, an amorphous, complex, three- 
dimensional material, which sheaths and intermingles with 
the cellulose, is extracted, a permanent void may be created. 
Monomer may penetrate such voids under capillary pressure 
and a thorough intermingling of monomer with cellulose may be 
expected facilitating more frequent grafting

interacted cell wall and polymer was created (suggesting 
that some swelling did occur, especially inthemethyl metha­
crylate treated wood). Choudhury and Hermans (35) showed 
that in the case of 20 percent polystyrene grafted to cellulose 
fibers, the wet strength was increased by 10 percent and 
the modulus of elasticity by 100 percent.-

It has already been pointed out .that polymer weigh­
ing less than one-thired as much as wood may completely bulk 
the cell wall. As such true dimensional stabilisation should 
be obtained and if sufficient grafting is achieved, the re­
sultant stiffness of the cell wall due to the formation of a 

- three-dimensional network, should enhance certain properties 
of wo.od-polymer combination^nore efficiently. However, to 
.date no process has been discovered which results in a high 
frequency of grafting to the cellulose molecules- in wood-» To 
achieve copolymerization swelling agents must be used, and 
as we have seen, the very use of'these agent weakens the wood 
to the extent that in most cases it outweighs the strength 
contributions of the infrequent graft copolymers so far ob­
tained .
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to stiffen the cell wall by acting as a reinforcement mate-  
rial and to impart wet strength to wood.

It may thus be said that delignification of wood , 
followed by monomer impregnation and polymerization in situ, 
is a feasible process and would produce superior wood-polymer

Ali (38) , working vzith yellow poplar, showed that lig­
nin affects compressive strength strongly. It was postulated 
that the lateral stability to the cellulose chains provided 
by lignin was responsible for the effect. Toughness increases 
with the decrease in lignin and concomitant increase in ce­
llulose. Abrasion resistance increases with the increase in 
lignin through its contribution to the specific gravity of 
wood. Tensile strength is not influenced by lignin.

VJood-polymer combinations behave in a similar manner. 
The compressive strength and abrasion resistance of the com­
binations are greater even when no grafting takes place.Again 
the increase is probably due to the lateral stability provi­
ded by the added polymer and increase in the overall speci­
fic gravity. However toughness is improved considerably with 
the presence of homopolymer in wood (39) in apparent contra­
diction to the behaviour of lignin. It may be reasoned that 
lignin, a three-dimensional network polymer, is stiff, and 
homopolymers being a linear one, is flexible, and stiffness 
decreases toughness. However graft copolymer of wood and vin­
yl monomer is also a three-dimensional network, and as such 
can be expected to have a lower toughness value. No increase 
in tensile strength was obtained in the absence of grafting. 
Because of the increased stiffness provided by the grafting, 
tensile strength of the wood-polymer combinations should be 
higher and may be considered a distinct advantage otherwise 
unobtainable. Viith delignification complete bulking of the 
cell wall may be expected with consequent achievement of 100 
percent anti-shrink efficiency.
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combinations with properties the hitherto used methods could 
not bring about. This method would allow better intermingling 
of wood monomer and wood cellulose, and-thus result in a high 
frequency of grafting. Ramalingam et al (12) estimated that 
one to two radical sites are generated per cellulose molecule 
when wood is swollen and irradiated with gamma rays. However 
the frequency of grafting taking place is much lower than the 
potential value. Impregnation under low and high vaccum and 
pressure cycles, and by solvent exchange methods^ 0,7,12,13, 
19,40) have been tried. Vapor phase impregnation was also 
used (39) to achieve more frequent grafting. Eo far no succ­
ess was achieved. The conclusion may be drawn that the mobi­
lity of monomer within the cell wall is the limiting factor. 
The active centers created on the cellulose chains could not 
be utilized fully because of the inability of monomer to reach 
all of these sites. It is hoped that this problem can be sol­
ved with the delignification of wood and consequent creation 
of voids larger than that could be made with the help of a 
swelling agent.

Selection of a highly permeable species will ensure 
maximum penetration and impregnation of the control specimens 
and thereby any difference detected in the tests will be more 
meaningful. Styrene is preferable as the monomer, as, its 
highly non-polar nature will ensure that it will cause little 
swelling, if any at all, in the control specimen. Also it 
has been the most widely used monomer for such purposes beca­
use of its low cost and abundant supply.

To verify the above hypothesis, a simple experiment 
with one species and one monomer, and three types of treatment, 
delignification., preswelling, and no treatment, may be carried 
out. Polymerization will be effected by gamma radiation. Rate 
and amount of water absorption and tension parallel to grain 
are the properties to be tested.
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The selection of tension parallel to grain as the 
strength property to be tested is due to the following rea­
sons. ’’Included” homopolymer in the wood-polymer combinations 
has no effect on the tensile strength. Earlier in the paper, 
both the experimental evidence and the theoretical justifica­
tion for such behaviour have been presented. It has also been 
stated that this is the property which should be affected 
most by the frequent grafting. As such a positive result may 
be construed as the most conclusive, though indirect, evidence 
of the production of more frequent grafts and thereby the 
usefulness of the proposed approach. We have seen that the 
present direct methods of the detection of grafts are not 
satisfactory. On one hand, it has been argued that all of the 
intermingled homopolymer may not be dissolved out by suita­
ble solvents thus providing the evidence of grafts where ac­
tually no grafts are present. On the other hand, high tempera­
tures employed in the extraction of homopolymer may be capa­
ble of breaking the covalent bonds between the polymer and 
the cellulose, thus denying the existence of grafts where 
grafts do exist. As such, until a suitable method of detection 
proving the occurrence of grafts is perfected, an indirect 
approach like the proposed oneinay provide a more conclusive 
evidence.

For the swelling treatment an aquous-dioxane-styrene solution 
may be used. Anti-shrink efficiency of 70 percent have been 
achieved with this system by Kenaga et al (o). Delignifica­
tion may be carried out by the modified acidic chlorite me­
thod and the specimens solvent dried according to Ali (38). 
The size of the specimen should be small for the sake of ho­
mogeneity and ease of impregnation. Again All’s specimen size 
for the tensile test may be adopted.
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