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Cross-sectional structure of the secondary wall

of wood fibers as affected by processing
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Understanding the arrangement of wood polymers within the fiber wall is important for
understanding the mechanical properties of the fibers themselves. Due to their high load
bearing ability, the arrangement of cellulose fibrils within the cell wall are of special
interest. In this work AFM—Atomic Force Microscopy—in combination with image
processing has been used to obtain more information about the arrangement of cellulose
aggregates (fibrils) in the secondary cell wall layer of spruce wood. The effects of chemical
processing on the arrangement of these cellulose aggregates were also studied.
Enlargement of cellulose aggregates was found in the initial phase of the kraft cook. This
increase in cellulose aggregate dimensions depended mostly on temperature for treatment
temperatures above 140◦C, regardless of the amount of alkali present. Although
hemicelluloses are lost to various degrees under alkaline conditions, the increase in
cellulose aggregate size was mainly related to thermally induced rearrangement of the
cellulose molecules. The mean side length of cellulose aggregates was found to be around
18 nm in unprocessed wood and 23 nm in processed wood. The cellulose aggregates were
assumed to be square shaped in cross section in both cases.
C© 2003 Kluwer Academic Publishers

1. Introduction
Wood fibers are complex biocomposites built up of
wood polymers whose complex composition give rise
to a superior weight to strength ratio. After processing,
however, structural defects in the fibers reduces their
strength-bearing capacity. Reasons for this are found at
both the fiber and ultrastructural levels. Knowledge per-
taining to the ultrastructural changes occurring during
processing is still limited.

The cell wall can schematically be viewed as com-
posed of parallel cellulose aggregates within a ma-
trix of lignin and hemicelluloses [1, 2]. The cellulose
molecules are arranged into microfibrils approximately
3–4 nm in diameter, which in turn are aggregated into
larger features called cellulose fibrils or cellulose aggre-
gates 20–25 nm in diameter [3–5]. Mechanical investi-
gations of the wood polymers show that there are strong
interactions between the hemicelluloses, xylan and glu-
comannan, and the other wood polymers, cellulose and
lignin. Studies of the softening behavior of glucoman-
nan and xylan suggest that xylan is more associated with
lignin while the glucomannan is more associated with
cellulose [6]. This has also been supported by spectro-
scopic studies using the so-called dynamic FTIR [7].
Such an interaction is also in accordance with the pro-
posal of Fengel, that some of the hemicelluloses are
incorporated within the cellulose aggregates [5].
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On a larger scale it is rather clear that the cell wall is
organized in a lamella arrangement of cellulose aggre-
gates and matrix material [1, 8–10]. There is still some
disagreement as to whether the lamella structure has a
concentric [10–13] or a radial [14] orientation.

In chemical pulping the aim of the pulp liquor is to
delignify the wood, in particular the middle lamella, to
make it possible both to separate the individual fibers
and produce a strong and durable fiber product. The
pulping liquor promotes degradation and dissolution of
the lignin, although at the same time the polysaccha-
rides are attacked. The chemical interaction of the cell
wall components with kraft pulp liquor, which consists
of sodium hydroxide and sodium sulfide or more cor-
rectly hydroxide and hydrosulfide ions, is well known.
On the other hand, understanding of the effects of chem-
ical processing and especially the effects of the pulp
liquor on cell wall ultrastructure is still limited.

This study used atomic force microscopy (AFM) to
examine closely the morphological arrangement of cel-
lulose aggregates within the secondary wall of wood
fibers, and to examine the changes occurring at this level
due to processing under conditions equivalent to those
in an ordinary kraft cook. The morphological changes
were then related to the chemical structure of the pro-
cessed wood by looking at changes in its chemical
composition.
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2. Materials
From fresh undried Norway spruce (Picea abies) sam-
ples, 40 mm in the longitudinal direction and one annual
ring in the transverse and radial direction were pre-
pared. Each of these rods was further cut into smaller
pieces about 8 mm long. The samples were thereafter
cut in two halves in order to obtain two adjacent sam-
ples sharing a face: one sample was pulped and the other
was kept as a control. This procedure was adopted to get
comparable surfaces for the AFM investigations, and
five sets of such samples were made. The unprocessed
control samples were labeled 1w to 5w respectively.
The corresponding experimental samples, labeled 1p
to 5p, were processed using an ordinary kraft cook se-
quence, with a start up cycle of 100 min from 20◦C to
170◦C (Fig. 1). The wood to water ratio was 1 : 4, the
effective alkali was 19%, and the sulfidity was 40%.
After processing the samples were kept wet to prevent
changes in the ultrastructure due to drying. All sam-
ples were then rapidly frozen in liquid nitrogen, freeze-
dried, embedded in epoxy-resin (TAAB 812), and cut
into 0.5 µm thick cross sections using a rotary micro-
tome (Leica Jung RM 2065). The cross sections were
placed on round object glasses approximately 1 cm in
diameter.

To investigate the specific effects of temperature and
alkali in the kraft cook, five additional wood pieces
were prepared in the way described above. These un-
processed control samples are referred to as 6w to
10w. The corresponding experimental samples of the
rods, 6p to 10p, were treated in water for 30 min-
utes at 50◦C, 100◦C, or 150◦C. Alternatively the sam-
ples were treated in an alkaline environment (effective
alkali 100 percent) at room temperature for 30 min-
utes or at 150◦C for 30 minutes (Table I). The relative
composition of polysaccharides in the wood chips after
this treatment is shown in Table II. The experimental

T ABL E I Processing conditions for the part of the samples that were
processed in the study of the effect of temperature and alkalinity on the
cellulose aggregate dimensions

Sample Final Processing
number temperature (◦C) time (min) pH

6p 50 120 Deionized water
7p 100 120 Deionized water
8p 150 120 Deionized water
9p 50 120 Effective alkali 100%
10p 150 120 Effective alkali 100%

T ABL E I I Relative composition, percent, of polysaccharides in the processed wood chips

Samples 6p 7p 8p 9p 10p

Processing 50◦C Deionized 100◦C Deionized 150◦C Deionized 50◦C Effective 150◦C Effective
conditions water water water alkali 100% alkali 100%

Polysaccharides
Arabinose 1.7 1.7 1.7 1.7 1.6
Xylose 8.1 8.1 8.0 7.0 7.0
Mannose 18.3 18.0 18.1 13.9 12.3
Galactose 4.4 4.4 4.0 3.5 2.7
Glucose 67.4 67.8 68.2 73.9 76.4
Total 100 100 100 100 100

Figure 1 Processing conditions for the samples that were processed
in a kraft cook sequence; circles represent processing temperature and
squares represent lignin content of wood.

cross sections were then prepared in the same way as
described above for the kraft cook samples.

3. Methods
The embedded wood cross sections were examined
with AFM using TappingModeTM. A NanoScope� Illa
DimensionTM 3000 with standard tapping mode probes
was used. The specimens were scanned using a tip with
a radius about 10 nanometers. The length of the can-
tilever was 125 µm, the spring constant was 42 N/m,
and the resonant frequency was 330 kHz. The sam-
ples were scanned at ambient temperature and humid-
ity. Images were taken in both height mode, in which
the deflection of the cantilever is directly used to mea-
sure the z position, and in phase mode, where the phase
lag of the cantilever is used to determine differences in
material stiffness.

For each sample a few fibers in both the early- and
latewood were randomly chosen and analyzed. For
each fiber two images from independent, positions were
examined.

Image processing software (called IMP), developed
at the Center for Image Analysis in Uppsala [15] and
based on the watershed algorithm [15, 16], was used for
evaluation of the AFM images. After detection by the
software, each individual aggregate area was calculated
in pixels, which then was transformed to nm. From the
mean area values of the aggregates their widths can
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be calculated, assuming a square cross-section for the
cellulose aggregates.

The shape of the tip influences the apparent width
and height of the cell wall features, with low areas ap-
pearing smaller and high features appearing larger. The
enlargement of the AFM probe is hard to calculate with
high accuracy because several factors are involved in

Figure 2 An illustration of how the enlargement (b) effect is calculated.

Figure 3 An AFM image of a native spruce latewood fiber (height mode).

the result, factors such as the tip radius, the radius of the
features imaged, the depth of the valleys between in-
dividual objects. A rough estimate of the enlargement
effect is however possible. Knowing the angle of the
tip (10◦) and an average value for individual cellulose
aggregate height (8–14 nm) from the AFM software’s
roughness function, using ordinary triangle trigonome-
try the enlargement effect was estimated to be 2 ± 1 nm
(see Fig. 2).

4. Results
Fig. 3 shows a cross section of a native latewood spruce
fiber taken in the AFM height mode. In this image lu-
men and the thick fiber wall are clearly visible. The dif-
ferent layers of the cell wall, such as the middle lamella,
the primary wall, and the secondary wall (with the S1,
S2 and S3 layers), are also evident as is the concentric
lamella arrangement in these walls. It is obvious that the
direction of the lamella follows the tangential curvature
of the cell wall. Fig. 4 shows an image of part of the S2
layer in a wood fiber from sample 1w taken in the AFM
phase imaging mode. In such a phase contrast image,
lighter areas correspond to regions of higher stiffness.
These areas also correspond to portions that are higher
than the surrounding regions. These lighter areas are
likely to be associated with cellulose aggregates, which
are known to be stiffer than the hemicellulose-lignin
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Figure 4 Part of the S2 layer of a native spruce wood fiber, sample 1w. The individual cellulose aggregates can be seen (phase mode) and a few of
them are marked for visualization.

matrix [17]. The sizes of these lighter areas range from
approximately 10 to 30 nm, of the same order of size
as expected for cellulose aggregates [5]. Regularity is
also evident in the micrograph, which corresponds with
the tangential directions of the fiber wall and could be
interpreted as lignin lamellation, where the lignin is the
dark areas in between the rows built up of cellulose
aggregates.

From cuts made in two different directions it was
apparent that the cuting itself had no influence on the
structure examined.

Fig. 5 shows an AFM phase image of the S2 layer of
sample 1p, corresponding to the initial phase of a kraft
cook with respect to lignin extraction [18–21]. Individ-
ual cellulose aggregates are visible in this micrograph;
although it sometimes appears as if several aggregates a
grouped in a row. In both Figs 4 and 5 example of indi-
vidual cellulose aggregates are indicated. Visual com-
parison of the two images (Figs 4 and 5) gives the im-
pression that the cellulose aggregates are larger in the
processed sample (1p) than in the control sample (1w).
This phenomenon appeared in each of the sample sets
and suggests that enlargement of the cellulose aggre-
gates had already occurred in the initial phase of the
kraft cooking process.

To study the influence of kraft cooking variables on
the enlargement of cellulose aggregates, tests at dif-

ferent temperatures and alkalinity were performed ac-
cording to Table I. Fig. 6 shows an AFM phase mode
image of part of the secondary cell wall layer of sample
10p, a wood sample heated to 150◦C at very high alka-
linity. The individual cellulose aggregates are clearly
visible and were found to be larger than those in the
corresponding control sample (Fig. 4). Enlargement of
the cellulose aggregates was only found in samples 8p
and 10p, which were processed at high temperatures
(150◦C). Samples treated at lower temperatures, even
at high alkalinity, revealed no such enlargement. This
indicates that the enlargement effect is primarily re-
lated to the high temperature in the kraft cook, although
some hemicelluloses were dissolved in samples treated
at lower temperatures (Table II).

Fig. 7 shows an example of the way in which the
image processing software (IMP) detected and indi-
cated the individual cellulose aggregates by circling
them. From the data provided by the image process-
ing software, the mean sizes of the cellulose aggregates
for wood and the differently processed samples were
calculated (Table III). The mean size was larger for
the processed than for the unprocessed samples, in line
with the appearance of the images. Table III shows the
mean sizes determined for the various samples. These
sizes are in line with the values for cellulose aggre-
gates obtained by other methods [22, 23]. Care must,
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T ABL E I I I Cellulose aggregate size in both wood and processed samples

Aggregate size (nm)

Wood sample Aggregate size (nm) Processed sample Enlarged Unaffected

1w 17.3 1p 23.5
2w 19.9 2p 23.8
3w 19.6 3p 23.0
4w 18.3 4p 21.8
5w 17.4 5p 21.5
6w 18.0 6p 18.2
7w 17.3 7p 17.8
8w 18.3 8p 22.7
9w 18.0 9p 18.3
10w 18.7 10p 23.8
Mean value for all wood samples 18.3 Mean value 22.8 18.1
Standard deviation for all wood samples 0.9 Standard deviation 0.8 0.2

Figure 5 Part of the S2 layer of a processed spruce wood fiber, sample 1p (phase mode). The individual cellulose aggregates can be seen, a few of
them are marked for visualization, and are larger than those in Fig. 1.

however, be taken when calculating the apparent width
and height of objects measured by AFM. The slightly
higher values for the size of the cellulose aggregates
determined by AFM in Table III, as compared with
the results obtained using NMR [22] and SEM [23],
are probably due to the enlargement effect of the AFM
probe, an effect which adds about 2 nm to the values. A
relatively large proportion of the cellulose aggregates
perceived in the images are smaller than 15 nm. This
probably stems from the fact that the image processing

program detects all the aggregates, including those cut
off by the image frame.

The distribution of cellulose aggregate sizes in the
various samples was calculated assuming square cross
sections for the cellulose aggregates. This assumption
was adopted for comparison based on the model ideas
of previous researchers [5, 22, 23]. The comparison of
the distribution of mean values for the unprocessed and
for the processed samples (Fig. 8) shows that in the
processed samples a larger portion of the aggregates
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Figure 6 Part of the S2 layer in a processed spruce wood fiber, sample 10p (phase mode). The individual cellulose aggregates can be seen and are
larger than those in Fig. 1.

are larger than in the unprocessed wood samples. This
confirms the perception gained from the image, namely
that smaller aggregates aggregate to form larger ones
during processing.

5. Discussion
A number of studies have suggested that the mean size
of the cross sections of the cellulose aggregates (fib-
rils) are of the order of 15–25 nm [5, 22–24] assuming
a square cross section for an individual cellulose ag-
gregate. This study supports such findings, i.e., that the
wood cell wall comprises cellulose aggregates which
are embedded in a matrix of lignin and hemicellu-
loses. The individual aggregates have irregular forms
but could on the average be presented as square shaped
for comparison with other studies. The broad distribu-
tion of aggregate sizes could reflect the fact that they
are an assembly of different numbers of cellulose mi-
crofibrils. Also, incorporation of approximately 30%
of the total amount of hemicelluloses inside the cel-
lulose aggregates could make them less well-defined
[5]. This fact probably also implies that the aggregates
are slightly larger than if they were only composed of
cellulose molecules. This fact also makes the space be-
tween cellulose aggregates smaller than if none of the
hemicelluloses were present inside the aggregates, as

evidenced by the distance of only 4 nm between the
aggregates seen in Figs 4–6.

The varying size of the aggregates accords well with
the three-dimensional structure of cellulose fibrils pro-
posed by Boyd [25]. If the enlargement effect were due
to the combination of two neighboring cellulose ag-
gregates, this new structure should have a diameter in
the range of 40 nm. However this is not the case, and
the rather small, 4–5 nm enlargement can be explained
by the three-dimensional model proposed by Boyd and
Foster [26], featuring microfibril bridges between ad-
jacent cellulose aggregates. These microfibril bridges
are likely to associate with one of the aggregates and
form a structure 4–5 nm larger, which fits well with the
experimental values found in Table III. These values
for cellulose aggregates size vary greatly between dif-
ferent samples (Table III). This could be due to a large
natural variability in structure between the individual
wood fibers within an annual ring, as apparent from
other fiber properties [27].

Hattula [28] has shown that under hydrothermal con-
ditions wood cellulose changes its ultrastructure by
means of two opposite mechanisms, crystallization and
disordering. Under milder conditions, from 130◦C to
175◦C, crystallization of cellulose is dominant, while
at higher temperatures cellulose is disordered [28]. Dur-
ing the kraft cook the temperature reaches 130◦C in less
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Figure 7 The marking of the individual cellulose aggregates by the image-processing program, sample 10p.

Figure 8 The size distribution of cellulose aggregates in unprocessed
and processed spruce wood.

than one hour, which should favor crystallization of cel-
lulose and thus contribute to the enlargement of cellu-
lose aggregates. During kraft pulping and processing of
spruce wood at a temperature above 140◦C, dissolution
of hemicelluloses also occurs (Table II). Also, part of
the lignin is removed from the cell wall during these
conditions [29]. The high alkalinity and the increased
temperature during the cook also affect the physical
properties of the lignin.

The softening temperature for the amorphous wood
polymers is very high in the dry state, ranging between
180◦C and 250◦C [30]. In the water-saturated state there
is a pronounced lowering of the softening temperature

for wood. Spruce wood in the water-saturated state soft-
ens at about 90◦C [31], a behavior assigned mainly
to the lignin [30–32]. Thus under kraft pulping condi-
tions the native lignin will have substantially increased
movement; this is expected to increase the possibility
of two adjacent cellulose microfibril surfaces coming
into close contact and associating to form a larger unit.
Although the kraft cook is accompanied by hemicellu-
lose dissolution (mostly glucomannan), which could be
assumed to promote association, the same dissolution
occurs under alkali treatment at low temperature (com-
pare sample 9p in Tables II and III) without enlargement
of the aggregates. It is suggested that it is in fact that the
lignin network is less constrained at the high tempera-
tures, which is the prerequisite for achieving cellulose
aggregate enlargement.

Synthetic polymers have large length-to-width
ratios and their equilibrium crystal shapes can be cal-
culated from the surface free energies by searching for
energy minimums. When comparing such theoretical
values with experimental ones it can be concluded that
such synthetic polymer crystals are not in equilibrium.
When given enough “thermal stimulation,” synthetic
polymer crystals with such unfavorable length-to-width
ratios are expected to thicken or rearrange, to achieve
a more stable crystal shape [33]. This phenomenon
should also occur with cellulose crystals because they
also have a large, unfavorable length-to-width ratio and
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a less-ordered structure. The amorphous transitions for
semicrystalline polymers are to a large extent dependent
on the crystallinity; crystallites will broaden the tran-
sition regions for the less ordered form [34]. Cellulose
has some weak transitions between 0◦C and 225◦C that
could indicate the possibility of rearrangement given
enough “thermal stimulation” [35]. Such rearrange-
ment could initiate enlargement of the cellulose crystals
and thus an enlargement of the cellulose aggregates. In
the case of thermomechanical pulps (TMP) treated with
both water and heat, an increase in the crystalline struc-
ture of cellulose was also found for temperatures over
130◦C [28].

The results obtained suggest that temperature is the
single most important parameter for cellulose aggregate
enlargement. This conclusion is based on the observa-
tions that enlargement only appeared after treatment
at temperatures above 140◦C, and that no enlarge-
ment was observed after treatments with alkali at room
temperature.

6. Conclusions
Atomic force micrographs of cross-sections of native
spruce wood fibers have shown a structure of cellulose
aggregates ranging from 15 to 25 nm per side assuming
a square cross section. At high temperatures over 140◦
in a kraft cook, enlargement of cellulose aggregates
occurs. The increased temperature apparently provides
the matrix polymers enough energy to soften and gives
the cellulose enough mobility to rearrange; enlargement
of the cellulose aggregates thus takes place. The mean
sizes for the cellulose aggregates showed a broad dis-
tribution both for unprocessed and processed spruce
wood, with a shift of the mean values from 11 to 20 nm
for unprocessed wood, and from 16 to 25 nm for pro-
cessed wood.
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