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fonation gave the cell wall a somewhat "spongy" character. Ad­
ditional compression tests on sulfonated sarnple blocks 
confirmed fuis effect. 

Shear: 
The shearing device used in this study was designed in such a 
way that two pairs of radial-longitudinal (RL) �p�l�~�e�s� are �.�c�r�e�~�t�e�d� 
in the specimen. The reason for choosing the radtal-Iongttudmal 
plane is to ensure that the shear failures take place across the en­
tire growth ring including early- and I.atewood. These shear 
planes occurred, in most cases, successlvely (mode I), or less 
frequently, concurrently (mode II), .as shown in Fig. 4. Most of 
the failure planes occurred successlvely because of the hetero­
geneous nature of wood. In both failure modes, after an elastic 
phase (a), the shear stress reached a yield point, A, where .small 
fissures developed mostly in the mlddle of the bottom side of 
the sample block. As the shearing 10ad increased more fissures 
developed and the shear stress attained a plateau (b). In mode l, 
the shear stress dropped sharply when the first two failure 
planes appeared (point B), after which a second stress plateau 
occurred (c). As the shearing progressed, a second pair of shear 
failure planes developed at point e where the shear stress fell 
suddenly. When the two pairs offailure plane occurred simulta­
neously (mode II) the' stiëss pla:teïm profonged farther than that 
in mode I. The shear stress disappeared as the failure planes de­
veloped. 

5 

1 C4, Sulfon.1ad 1 

0,30 0.35 DAO 0.45 0.50 0.55 0.60 0.65 0.70 

Compression strain, mmlrnm 

Flg.3. Effecl of compression on permanent deformation 

10 

�o�~�~�~�-�-�~�-�-�~�~�~�~�~�~�~� 

o 0.01 0.05 0.15 0.20 
Straln, mm/mm 

0.10 0.25 0.30 

Fig. 4. Typical shear curves 

We used shear modulus (G), yield stress ('ty)' maximum stress 
('tmax), yield energy (Ey) and total energy (E:) to characterize 
the shear behavior of the pre-compressed wood specimens. The 
shear yield stress, defined as the offset stress at 1 % strain, is less 
than the maximum shear stress (Fig. 4). The yield energy is the 
energy consumed up to the yield point, A, and the total energy 
is the accumulative energy up to the completion of shear failure 
at about 27% shear strain. The mean coefficient of variance of 
the above 5 parameters were 6.3, 5.5, 16.3, 18.8 and 14.9%, re-
spectively. . . .. 
Figs. 5-9 present the vartatIons of shear properties as a function 
of pre-compression strain. In �~�e�n�e�r�a�l�,� the radial �c�o�~�p�r�e�s�s�i�~�n� 
had little effect on shear propertles when the compressIon stram 
was less than 50%. This is because most of the compression en­
ergy is absorbed by the flexible earlywood fibres. pue to tI;teir 
high flexibility the earlywood fibres would suffer httle physlcal 
damages. Meanwhile, the thick-walled Iatewood fibres would 
be relatively unaffected. But the shear properties feU sharply 
when the compression strain reached about 60% where signifi­
cant structural damages occurred in both earlywood and late­
wood. The drastic changes in shear properties indicate the 
failure oflatewood fibres. The possible failures include mainly 
buckling and separation of radial files of Iatewood and early 
wood fibres as weU [14]. 
The pre-compression conditions had significant influence on 
the shear characteristics. Among the treatment conditions, sul­
fonation had the most significant impact on shearproperties. In 
fact, sulfonation facilitates fibre separation by softening the 
lignin in wood [19,20]. Pre-compression at l20ae had much 
less effect when compared to the sulfonation. At �l�o�w�~�r� com­
pression temperatures of 22ae and 80°C the changes m shear 
properties were comparable when the compression strain was 
about 50% or less. But the differences became statistically sig­
nificant at high compression strain of 60% or higher where im-
portant physical damages to the wood matrix are expected to 
occur. However, compression at 80°C had minimum effect in 
reducing the shear properties (Note that fuis pre-compression 
temperature yielded the largest �p�e�~�a�n�e�n�t� �~�e�f�~�r�m�a�t�i�o�~�,� Fi&. �~� 
shows. Speculatively, the thermosetting of hgnm at 80 C mml­
mized the compression effect on the wood matrix (e.g. fiber col­
lapse and separation), thus minimizing the adverse impact on 
the shear properties'. 
The relations between pre-compression energy and shear prop­
erties such as shear yield stress, maximum shear stress, shear 
modulus, shear yield energy and total shear energy, are present­
ed in Figs. 10-14, respectively. In these illustrations we use the 
specifie compression energy, defined earlier as the ratio of com­
pression energy to volume of specimen (MJ/m3), to express the 
correlation. 
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As seen in Figs. 10-14, the shearproperties ofwood specimens 
are c10sely associated with the specifie compression energy 
consumed by the specimens in the pre-compression processes. 
This finding suggests that the changes in shear properties are 
highly related to the energy applied during the pre-compression 
of wood samples, and that shearing test could be used to char­
acterize the physical damages in wood. 
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CONCLUSION 

For a given compression condition (temperature or sulfonation) 
compression strain of low magnitude, about 50% or less, there 
is little changes in strength characteristics. However, the prop­
erties decrease with increasing compression temperatures or 
with sulfonation. 
As results of compression, permanent deformation is affected 
by the temperature and sulfonation. Compression at 80°C pro­
duces the greatest permanent deformation when compared to 
other temperatures. Sulfonated specimens have the lowest per­
manent deformation. 
With the shearing technique used in this study, the shear planes 
occur, in most cases, successively, or less frequently, concur­
rently. 
Cfenerally, radial comp~ession ~~ little effect on shear proper­
ties when the compreSSlOn stram 1S less than 50%. Beyond this 
compression strain the shear properties fall sharply, indicating 
significant structural damages in both early- and latewood. 
The pre-compression conditions have significant influence on 
the shear characteristies; the influence of pretreatment by sul­
fonation being the most significant. 
Shear properties Ofwood specimens are closely associated with 
the specifie compression energy consumed by the specimens in 
the pre-compression processes. 
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Appendix 2 

o "Effect of Sulfonation on the Compression Behavior of Early -and 

latewood" 

The paper has been published in Pulp and Paper Canada 105 (12): T273-277 

(2004), and was presented at 89th Pulp and Paper Annual Meeting in Montreal, 

QC, Canada (Jan. 28-30, 2003). 
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Effect of sulfonation 
on the compression behaviour 
of early - and latewood 
By C. MAo, K.N. LAW AND B.V. KOKTA 

IWI 000 i. a biologk>1 mat<riaI that 

. . 

exhibits great variety in properties. 
The variation occurs between 

. .. species, between trees of ma. same 
species, and even within a single 

tree. One of the most striking variations amongst 
conifers in the temperate zone is the presence of 
earlywood (EW) and latewood (LW). The influ­
ence of these wood tissues on papermaking has 
long been recognized [1-6]. In general, the EW 
fibres being more flexible and conformable due 
to their thin cell wall produce a sheet with high 
density and good bonding, while the LW fibres 
having significantly thicker cell wall produce 
paper with high bulk and poor bonding. 

In mechanical pulping the EW and LW fibres 
separate and develop differently [6-9]. Fibre split­
ting or axial trans-wall failure and cross-axial 
breakage of EW fibres are common in refining. 
On the other hand, LW fibres are more resistant 
to such failures. Additionally, the so-called sie eve­
rolling of cell wall layers is often seen only with 
the thick-walled LW fibres [7, 9]. Due to their 
morphological differences the EW fibres have 
higher energy absorption [10], but require 
greater refining energy [6] for a given pulp free­
ness as compared with the LW fibres. 

The mechanical properties of wood can be 
modified to make it more amendable in mechan­
ical pulping, improving its papermaking charac­
teristics. The most common techniques used to 
change the mechanical behaviour of wood 
include thermal [11-13] and chemical [14-17] 
treatments. In chemimechanical or chemither­
momechanical pulping, a question arises whether 
the EW and LW differ in chemical reaction when 
treated under the same conditions. It is also of 
interest to know how a chemicaltreatment such as 
sulfonation affects their mechanical behaviour, 
particularly under compressive load, which is one 
of the two major refining forces. The present work 
tends to shed sorne light on these two aspects. 

MATEIRALS AND METHODS 
Materials: Samples were taken from a 1-metre log 
(above ground) of a freshly felled 65-year old 
white spruce [Picea glauca (Moench) Voss] , 
excluding the heartwood and an natural defects. 
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Whole-wood specimens conslstmg of both EW 
and LW, having a nominal dimension of 
lOxlOxlO mm (in air-dry condition), and con­
taining five to seven growth rings, were prepared 
in such a way that the growth rings were, more or 
less, parallel to the tangential plane. The exact 
dimension of the water-saturated specimens was 
measured using a digital sliding calliper to the 
nearest O.Olmm, at 22°C. The over-all average vol­
umetric proportion of EW was about 78%; LW 
represented 22%. Specimens containing only EW 
or LW measured 10 (longitudinal) x 10 (tangen­
tial) x 3mm (radial) and 10 x 10 x 1.9mm, respec­
tively, were also prepared for certain tests. 
Methods: 
-Sulfonation: Sulfonation of water-saturated sam­
pIes was carried out in a laboratory digester (M/K 
System) using a central composite design, Table 1. 
In the process, 15 specimen blocks (approxi­
mately 8 g, o.d.) were placed in a stainless-steel 
basket and cooked with 1.1 L of chemica! solu­
tion. The initial pH of the treatment liquor was 
about 9.7, which dropped only slightly after cook­
ing. The treated samples were thoroughly washed 
with running tap water and kept in distilled water 
at 4°C for further testing. 

The degree of sulfonation was evaluated by 
determining the acidic groups in the treated sam­
pIes, which were first disintegrated in a blender 
before being refined ina PFI mill (5,000-20,000 
revolutions). The resulting pulps were then treat­
ed with O.lN HC! twice, each for 45 minutes, and 
thoroughlywashed. The acidic groups were deter­
mined by conductivity titration as described in 
[18] by means of an automatic titration system 
composing of a Metrohm titration unit (765 Dosi­
mat), and a conductivity me ter (Thermo Orien 
modeI150). 
-Compression test: We conducted radial compres­
sion tests (relative to the growth rings) using an 
lnstron machine (mode! 4201) in a controlled 
environment (50% RH, 22°C). In most cases, the 
water-saturated specimens were compressed with­
out restraint at a loading speed of 3 mm/min. The 
maximum strain was set at 70%. Data were col­
lected at 5-10 data per second. For each sample 
type, the average test value was calcu!ated using 
the resu!ts of at least five specimens. For compar-
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.:2) REFINING 

TABLE 1. Central composite design of the experiment (19 funs). 

Code value -1.68 -1 0 1.68 

TABLE II. Experiment conditions and results of sulfonation 
and compression of whole-wood sample blocks. 

(CV) 

Actual Temp. 20 48.4 90 131.6 160 AV= 
value oC 90+41.62CV 

Time 5 21.2 45 68.8 85 AV= 
Min. 45+23.78CV 

Con. 0 6.1 15 23.9 30 AV= 
% 15+8.92CV 

TABLE III.Sulfonate and carboxylate contents of earlywood 
and latewood. 

Temp. Time Na2S03 Sulfonate Carbo 
·C min Con.kl% mmol/kg xylate 

mmol/kg 

132 15 15 118.2 121.4 
Early- 132 45 15 170.9 134.2 
wood 132 75 15 193.4 140.9 

132" 75 15 201.1 139.5 

132 15 15 133.0 135.6 
LaIe- 132 45 15 190.9 146.9 
wood 132 45 15 230 153.1 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Temp. Time Na2 Sul. Car. SPI SP2 Toug. 
C· min S03 mmol mmol MPa MPa MPa 

Con. Ikg Ikg 
% 

131.6 68.8 6.1 157.3 117.0 0.98 11.75 2.78 
90 45 15 7B.7 110.9 1.94 17.33 4.62 

48.4 68.8 6.1 33.3 94.8 2.42 20.09 5.05 
131.6 21.2 6.1 118.9 134.5 1.63 14.12 3.75 
131.6 68.8 23.9 212.3 136.5 1.02 10.05 2.83 
48.4 21.2 6.1 20.1 95.6 2.46 21.11 5.70 
90 45 15 98.4 110.9 1.81 17.65 5.16 
90 5 15 42.9 104.4 2.54 21.54 4.94 
90 85 15 91.2 122.3 2.06 16.29 3.78 
20 45 15 29.1 92.9 2.49 22.51 5.03 
90 45 0 8.4 80.6 2.81 20.86 5.56 
90 45 15 98.3 111.3 1.91 17.74 4.58 
90 45 30 95.8 119.9 1.78 14.4 4.05 

131.6 21.2 23.9 155.3 123.3 1.23 12.3 3.38 
90 45 15 97.8 110.1 1.89 17.73 5.06 

48.4 21.2 23.9 35 105.7. 2.62 19.43 5.67 
48.4 68.8 23.9 44.7 117.2 2.28 17 5.04 
90 45 15 98.3 111.7 1.89 18 4.56 
160 45 15 236.9 145.4 0.61 8.01 2.28 

13:z<' 75 15 228.1 154.9 Note: Sul. - sulfonate; Car. - carboxylate; SPI - stress plateau 1; SP2 
- stress plateau 2; Toug - toughness. The standard deviations are 

Note: a - earlywood and latewood were cook separately. 0.343,5.740 and 0.443 for the SPI, SP2 and toughness, respectively. 

20 140 

Temp. (A) riiiiiiiiiiiiiiiiiiiiiiii.l ·120 
«1 16 . 100.5 
D. 80 

A2 
Con. (C) 
Time(B) 

AB 
C2 
AC 

:E 12 J ._.,------------------,_._. 
~ 

BC 
B2 
~~~----~--~--~----~--~ 
o 4 8 12 16 20 24 

60 tJÎ 
ln 40 ~ e 8 III ... 20 ! fil .. 

4 0 ln 

.. -20 <l 

0 -40 

Standardized effect 
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 

Strain 

FIG. 1. Standardized plareto chart for sulfonation. 
FIG. 2. Definition of stress of the primary plastic plateau 
(SP11 and that of second plastic plateau (SP21. 

ative purpose, sorne specimens were com­
pressed with restraint in specially made 
device that limits the lateral expansion of 
specimen under compression. 

RESULTS, DISCUSSION 
Factors Affeeting Sulfonation: Beatson et 
al. [19] reported that the total S02' pH 
and reaction time have significant effect 
on the sulphur content of lignin in the 
treated spruce wood. In this study we 
found that among the variables studied 
the reaetion temperature is the most 
influential on the level of sulfonation, Fig. 
1). The effectof sodium sulphite concen­
tration and treatment time are also signif­
icant, but to a Iesser extent when com-

68 III 105:12 (2004) 

pared with the temperature, as the follow­
ing equation (coded values) indicates: 
Sul. = 78.09 + 62.99*Temp. + 14.61*Time 
+ 19.38*Con. + 21.95*temp.2 + 
9.06*Temp.*Time - 6.65*Con.2 (R2 = 
97.2%). The results on sulfonation are 
shown in Table II. 
Earlywood vs. Latewood: The work of Wu 
and Wùson [20] as weil as those reviewed 
in their work indicate that the concentra­
tion of lignin is higher in KW than in LW. 
In contras! to these results obtained by 
chemical techniques, Fergus [21] used 
ultraviolet (UV) microscopy to show that 
the secondary wall of both KW and LW 
have the same lignin distribution, while 
the middle lamella and cell corners of LW 

show significan tly higher lignin concen­
tration in comparison with' the EW. 

In this study, we used the technique of 
sulfonation to see if there is any differ­
ence between the EW and LW by measur­
ing the sulphonate and carboxylate con­
tents of the sulphite-treated wood 
samples. Table III indicates that both the 
sulphonate and carboxlate contents are 
consistently lower for the EW than for the 
LW, regardless if theywere cooked toge th-
er in whole-wood specimens or treated 
separately. This finding seems to follow 
the trend noted by Fergus [21], assuming 
that the sulfonation was uniform across 
the cell wall and its mechanism is similar 
in both EW and LW. Note that the degrees 
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FIG. 5. Relationship of the first plateau stress (SP1) and 
sulfonate content of the whole-wood specimens com-
pressed without restraint. 

FIG. 6. Relationship of the second plateau stress (SP2) and 
the sulfonate content of the whole-wood specimens com-
pressed without restraint. 

of sulfonation may not necessarily reflect 
the actual concentration of lignin, 
because sulfonation reactions depend on 
the reaction conditions and the types of 
functional group in the lignin [22,23]. 
Typica1 Compression Curve and Defini­
tions: A typical compression CUlVe (Iower 
CUlVe of Fig. 2) can be characterized by its 
slope (upper CUlVe of Fig. 2). The charac­
teristic of the elastic region is not consid­
ered here because of its relatively large vari­
ation, which is probably due to the small 
specimens used in the study. The stress of 
the primary plastic plateau (SPI) is taken at 
10% deformation, while the stress used to 
represent the stress of the secondary 
plateau (SP2) is defined as the stress at a 
point that is determined by the slope CUlVe; 
it is located at the point corresponding to 
the bottom of the slope curve's valley, 
which is in the neighbourhood of 60% 
strain. Note that the secondary plastic 
plateau occurs onlywhen the strain exceeds 
50%, particularly in whole-wood specimens 
that have been sulfonated. 
Stress-Strain Relationship: A series of 
compression CUlVes for the sulfonated 
and untreated specimens are illustrated in 
Fig. 3. Each CUlVe represents the average 
of five to seven measurements. The 
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untreated whole-wood (WW) samples 
(culVe a) exhibit a typical stress-strain 
CUlVe as described by others [24-26]: An 
elastic region follows an extended plastic 
deformation and a sharp rise in stress 
(densification zone). The plastic plateau 
is usually described as the collapse of EW. 
However, our experience indicates that a 
lateral displacement of EW fibres and sep­
aration of LW fibres in the transition zone 
also contribute to the plastic deformation, 
when the compression is conducted with­
out restraint. The rapid increase in stress 
at the beginning of the densification zone 
may signify the end of the lateral dis­
placement of the EW and the beginning 
of densification of the EW. 

Sulfonation decreased the elastic and 
plastic stresses (Fig. 3, CUlVe b). What is 
noteworthy is that after a initial densifica­
tion, a second stress plateau appeared at 
about 60% strain. This may indicate the 
weakening effect of sulfonation on the 
LW. This initial failure of LW may be char­
acterized by fibre separation in radial 
direction and/ or bucking of radial file of 
fibres. The second plastic stress plateau 
was usually relatively brief in comparison 
with the first plastic stress plateau. Soften­
ing of wood by heating can also provoke a 

second stress plateau at about 60% strain, 
as reported by Uhmeier and Salmén [27]. 
When the strain increases further the 
stress rises sharply again. 

In the compression of LW, the primary 
plastic stress plateau was not obvious (Fig. 
3, CUlVes c and d), indicating that the col­
lapse of LW was rather graduai in contrast 
to that ofEW (curves e and f). Note that 
the stress was substantially reduced by sul­
fonation (culVe d). When compared with 
the untreated LW, the sulfonated LW 
exhibited a 67.49% reduction in com­
pressive stress of the plastic region. How­
ever, the form of the compression curve 
for the sulfonated LW was similar to that 
for the untreated specimen. It is interest­
ing ta note that there was no second stress 
plateau even when the LW was sulfonated, 
suggesting that there was no sudden fail­
ure. In contrast to the LW, the EW exhib­
it a prolonged plastic plateau (Fig. 2, 
CUlVes e and f), indicating the collapse 
and the significant lateral displacement of 
EW fibres. The drop in compression stress 
in this region was 63.58%. The densifica­
tion of EW progressed without showing a 
second stress plateau. Similar compres­
sion characteristics of LW and EW are also 
noted by Dumail and Salmén (28). 
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FIG. 8. Comparison between compression with restraint 
and without restrain of whole-wood specimens: al untreat­
ed without restraint; bl sulfonated without restraint; cl 
untreated with restraint; dl sulfonated with restraint. 

The stress-strain: relationships of WW 
specimens having various levels of sulfona­
tion are shown in Fig. 4. The stresses in the 
elastic and the plastic zones decrease as 
the degree of sulfonation increases, signi­
fying the influence of chemicaI softening 
of the ceIl wall. As discussed earlier, the 
softening of wood tissue by sulfonation 
provokes a second stress plateau. The 
extent of this stress plateau appears to be 
directly associated with the degree of sul­
fonation, Figs. 4, 6. This second stress 
plateau appears only at large deformation, 
at about 60% strain, at which point the LW 
undergo substantiaI stress, forcing it to 
yield probably in the transition zone. This 
yield point could probably be caused by 
fibre separation and! or buckling of radiaI 
files of LW fibres. 
Relationships of Stress and Toughness 
with Sulfonate Content: The influences of 
sulfonate content on the stress of the pri­
mary plastic plateau (SPI) and that of the 
secondary plastic plateau (SP2) are shown 
in Table II, and illustrated, respectively, in 
Figs. 5 and 6. Obviously, both stresses are 
c10sely corre1ated with the sulfonate con­
tent. The toughness of the compressed 
specimen, defined as the compression 
energy (area under the compression 
curve, Fig. 4) divided by the volume of the 
specimen, is shown in Fig. 7. This proper­
ty is also highly associated with the sul­
fonate content. 

In chemimechanicaI and chernither­
momechanicaI pulping the chips have 
undergone a significant change in 
mechanicaI properties, and their refining 
behaviour would be quite different from 
the untreated raw materiaI. As a resuIt, we 
would expect different refining energy, 
fibre separation mode and pulp quaIity. A 
detailed anaIysis of the effect of sulfona­
tion in chemimechanical pulping has 
been discussed [29]. 
Compression with Restraint vs. Without 
Restraint: RadiaI compression without 
restraint (curves a and b in Fig. 8) pro-
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vides the fibres with a certain freedom of 
lateraI movement, particularly in the tan­
gentiaI direction, reducing the compres­
sion stress beyond about 50% strain. It 
appears that the lateral displacement of 
fibres takes place at about 50% strain. In 
compression with restraint (curves c and d 
in Fig. 8), such lateraI displacement of 
fibres is minimized, increasing substantiaI­
Iy the stress in the densification zone, and 
prevents the occurrence of a secondary 
stress plateau. With sulfonation (curve d) , 
the densification process occurs faster 
when compareE! to the untreated speci­
men (curve cl, indicating an increase in 
fibre collapsibility by sulfonation. 

CONCLUDING REMARKS 
RadiaI compression of a wood block can 
reveal important mechanicaI characteris­
tics of the component elements in the 
wood matrix. Mechanical failure follows 
the theory of weak-link within the wood 
structure. In such a case, the weak zone is 
situated in the EW where the fibres are 
large and thin-walled in comparison with 
those in the LW. In this study, the stress of 
the primary plastic plateau may be used to 
characterize the mechanicaI strength of 
EW while that of the secondary plastic 
plateau characterize the LW. 

Following this !ine of thinking, we 
expect that the EW would break down ear­
lier and faster than the LW in a refining 
system, and that the former would absorb 
most of the mechanicaI energy impacted 
by the refiner bars, and thus suffer higher 
degree of fragmentation compared to the 
LW. This has in fact been previously 
observed in atmospheric refining [9]. 
Refming mixtures oflow- and high-density 
wood would be expected ta exhibit similar 
behaviour as observed for the EW and LW. 

Sulfonation decreases the compression 
stress of both the primary plastic region 
and the secondary plastic zone, and the 
toughness of wood compressed at large 
deformation. There is no fundamental 

change in the form of the compression 
curve of the whole-wood blocks con tain­
ing both EW and LW. However, the soft­
ening effect of sulfonation on both EW 
and LW would promote better fibre sepa­
ration in refining (such as in CMP and 
CTMP), minirnizing fibres breakage, par­
ticularly those in the EW. Hence, soften­
ing of the wood matrix either thermally or 
chemicaIly makes both the EW and LW 
more amendable, providing better distri­
bution of refining energy over the two 
types of tissues. 
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