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Scanning probe microscopy of pine and birch kraft pulp fibres
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Abstract

Fibres of the conventional pine and birch kraft pulps were characterized by scanning probe microscopy (SPM). The surface characteristics
of these pulps taken at the early stages of pulping were compared with those from later stages of pulping (with or without subsequent oxygen/
alkali delignification). It was observed that during delignification a granular surface structure was replaced by a fibrillar surface containing
various disruptions. The granular and fibrillar regions were particularly well resolved by using phase imaging in tapping mode of SPM. It was
concluded that the granular structure corresponded to surface lignin since the decrease in the relative amount of the granular phase correlatec
well to a decreasing kappa value of pulps. The surface concentration of lignin, e.g. at the end of pulping was much higher than the bulk lignin

concentration. Eventually individual microfibrils (estimated diameter ranging from 0.01 tquén3vere observed for both pulps in the
cases where delignification was almost comple@d 999 Elsevier Science Ltd. All rights reserved.
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1. Introduction homopolysaccharide consisting @-(1 — 4)-linked b-
glucopyranose moieties aligned in bundles, so-called micro-
In a tapping mode scanning probe microscope (TM-SPM) fibrils of 100-500 cellulose chains. Hemicelluloses are
the cantilever is excited into resonance oscillation with a slightly branched heteropolysaccharides consisting of
piezoelectric driver and the oscillation amplitude is used as different monosaccharide units such asglucose, -
a feedback signal to track the surface topography. The phasemannosep-galactosep-xylose andr-arabinose. Lignin is
imaging technique is a special imaging mode of TM-SPM. a polymer of phenylpropane units linked to each other in
The phase of oscillation of the cantilever changes when thevarious types of ether and carbon-to-carbon linkages. The
probe encounters surface regions of different adhesion, stiff-main goal of pulping is to break down most of these
ness or viscoelastic composition. Generally, close to zero orlinkages, which results in a simultaneous depolymerization
slightly negative phase shifts refer to a stickier (e.g. more and dissolution of lignin.
hydrophilic) or softer surface, whereas a positive phase shift The pulp fibre research with SPM has mostly focused on
indicates a relatively harder or stiffer surface. Phase imaging model celluloses at nanometer scale [13—17] and studies on
has recently been applied on different materials including the properties of the isolated polymers [18,19]. Especially,
detailed studies on the factors affecting the phase contrastdetection of differences between hemicelluloses and
i.e. the absolute (free) amplitude and damping ratio of cellulose has been difficult at the mesoscopic level because
tapping, the role of adhesion as well as the nature of the of the heterogeneity of the surface. Individual microfi-
viscoelastic tip—sample interaction [1-10]. Closely related brils are linked by hemicelluloses and lignin and it is
to our study, Chernoff [1] has published phase images of supposed that the actual morphology and chemical behavior
wood pulp fibres revealing a fine structure and material of lignin and related substances under pulping conditions
contrast which were barely seen in the topographical data.are strongly influenced by surrounding organic and
Two different phase regions were observed: (i) light amor- inorganic matrices. In intact wood polar cellulose fibres
phous material, suggested to be hydrophobic lignin, and (ii) affect lignin morphology [18].

microfibrillar dark material, hydrophilic cellulose. In spite of the relevance to the pulp and paper industry it
The main chemical constituents of wood are macromole- has proven difficult to relate chemical and morphological
cules [11,12]). Native cellulose is a linear (ca..B) structure of wood, although the main chemical constituents

of wood, i.e. cellulose, hemicelluloses and lignin are well
*Corresponding author. Tel+358-2-215-4252; fax:-358-2-215-4706. characterized. Because the exact location of each component
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Table 1

Some characteristics of the pulp samples

Arithmetic Length of fibre (mm)

SChWNscosity (cnt/g)

Yield (% on wood)

Bulk lignin amount (%)

SCANappa number

Cooking time (min)

Sample

0.96
0.81

1101
1047

45.59

4.11
2.30

10.92

27.4

10
200

Birch 1

43.95

15.1

Birch 2
Pine 1

1.80
1.4¢

1012
366"

56.58
35.74

72.8
3.2

10
220

0.48

Pine 2

#SCAN-C 1:77.

b SCAN-CM 15:88.

¢ Oxygen delignification.
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dvalues before oxygen/alkali delignification.

in fibre ultrastructure has not been possible to point out, it
has been difficult to measure the interactions between the
chemical components of an individual fibre wall. The aim of
this work was to localize these main components in hard-
wood and softwood kraft pulp fibres and especially to
compare the surface concentration of lignin with its bulk
concentration. A reliable and convenient method for recog-
nizing hemicelluloses from cellulose and, on the other hand,
both of these carbohydrates from lignin would be a useful
tool in monitoring, for example, chemical changes in the
fibre surface during different delignification processes. In
this study, we report an early micrometer scale SPM char-
acterization of wood fibres at the beginning and at the end of
delignification and relate these results to images of the
chemically pure kraft lignin. Special attention was paid on
tuning the measuring parameters in phase imaging.

2. Experimental
2.1. Materials

Pulp samples with varying cooking times were obtained
by laboratory-scale conventional kraft cooking [20] of pine
(Pinus sylvestrisand birch Betula pendulachips (cooking
temperature 17C, which was reached from 80 by heat-
ing with a rate of 31C/min). Selected pine pulp samples were
further subjected to oxygen/alkali delignification treatment
at 90C (reaction time: 60 min, © pressure 5 bar). Some
characteristics of these samples are summarized in Table 1.
Prior to imaging the pulp samples were pretreated with
distiled water and dried on sample stubs covered by
double-sided adhesive tape.

The lignin sample was isolated and purified from the
black liquor obtained from the pine cook having 100 min
cooking time at the maximum temperature. The kappa
number of the corresponding pulp was 13.7 and the cooking
yield 40.4% of the initial wood. The kappa number test is a
standardized indirect method for determining the lignin
content of pulps (SCAN Norm C 1:77). The lignin was
precipitated by lowering the pH value of black liquor to
2.0 with 2 M HCI, separated by centrifugation, washed thor-
oughly with acidified water and dried under an air atmo-
sphere at room temperature [21]. For the measurements, the
brown powder obtained was slightly pressed on double-
sided tape on the sample stub.

2.2. SPM measurements

The SPM images were recorded with a Nanoscope llla
microscope (Digital Instruments Inc., Santa Barbara, CA),
equipped with the extender electronics module enabling
phase imaging in the tapping mode. All samples were
imaged in tapping mode, capturing dual height and phase
images. Silicon cantilevers with a resonance frequency of
250—-300 kHz were used. When engaging the surface the reso-
nance of the cantilever shifted towards smaller frequencies.
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Fig. 1. SPM topographic (a,c) and phase (b,d) images of 10 min cooked (a,b; imagqusijead 220 min cooked and oxygen delignified (c,d; image size
5 um) pine kraft pulp samples. Th&scales for images a—d are 300 nm$,3800 nm and 100

Therefore, before engaging, the drive frequency was setstructure. The phase images resolved, in addition, the gran-
about 250 Hz below resonance. The trace and retrace signalsilar (Fig. 1(b)) and fibrillar (Fig. 1(d)) fine structures of the
were set identical before image capture. Unless otherwisebundles of microfibrils. The diameter of the grains was in
mentioned the set-point amplitude/free amplitude ratio the order of 50—-100 nm and height between 10 and 25 nm.
(Asp/Ag) was between 0.4 and 0.8 and scan rates from 0.7 Fibrils in Fig. 1(d) were about 50 nm wide. The given
to 1.7 Hz were used. The free amplitude varied between 50dimensions were directly measured from the images without
and 70 nm. All images (512 512 pixels) were measured in  considering the tip—sample convolution effect.
air. Scan size varied between 500 nm andub@ Filtering It is evident from Fig. 1(b) and (d) that the granular
was not used during scanning. The measuring unit wassurface structure of the 10 min cooked pine pulp sample
placed on a massive stone table acting as a vibration isolatothad disappeared as a result of 220 min cooking and
to eliminate external noise. oxygen/alkali delignification and that the fibrillar structure
had appeared instead. According to the kappa values (Table
1) the total amount of lignin decreased from 10.9 to 0.5%,

3. Results and discussion respectively. This supports the image interpretation that the
observed grains correspond to the surface lignin. However,
3.1. Images of the pulp and lignin samples the possibility that part of the grains correspond to hemi-

celluloses or even extractives cannot be excluded. In the
The images shown in Fig. 1 represent typical surface completely delignified sample the initial bundles of micro-
structures of the pine pulp samples both at the beginningfibrils seemed to have dispersed into smaller units being
of pulping and after an almost complete lignin removal by vertically aligned in the image. Part of the linear structure
pulping and oxygen delignification. These results clearly in Fig. 1(d) could be recognized to be individual micro-
reveal the resolution difference between the height and fibrils. However, part of the fine structure being oriented
phase images. The topographs (Fig. 1(a) and (c)) resolvedperpendicular to the microfibril bundles clearly lacked the
the main bundles of microfibrils and their rough surface characteristics of continuous microfibrils; in fact in this case
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Fig. 2. SPM topographic (a,c) and phase (b,d) images of 10 min cooked (a,b; imageusiged 220 min cooked (c,d; image size ) birch kraft pulp
samples. Th&-scales for images a—d are 300 nm?, 300 nm and 50

the fine structure referred to a degraded surface. Thus, it isthe molecular weight of lignosulfonates may vary for
concluded that the degradation of fibres is a risk factor if the various samples between 400 and 150 000 g/mol (and for
oxygen delignification is continued beyond the removal of pine kraft lignins between 1800 and 51 000 g/mol) [24].
the majority of surface lignin [22]. It should be noted that The birch pulp samples resembled the pine pulp samples
the narrow white sector in the upper part of image 1d most in that the granular surface structure decreased and the
probably represents an imaging artifact. The trace—retracefibrillar surface content increased as a function of delignifi-
phase signals differed strongly from each other within this cation, the structural details being again best resolved in the
narrow sector, whereas elsewhere on the surface the signalphase images (Fig. 2). The diameter of the fibrils was in the
were identical and qualifications for stable imaging were range of 0.04—0.12hm which corresponds to a bundle of
good. microfibrils, individual microfibrils supposed to be ca.
The height image of Fig. 2(a) for the birch pulp sample 20 nm in diameter. The birch pulp sample after 200 min
after 10 min cooking shows fibrils with a horizontal width in  cooking was, however, not purely fibrillar, which is espe-
the order of 0.5—0.7am. From the respective phase image cially well demonstrated in the phase image of Fig. 2(d).
of Fig. 2(b) the mean diameter of the grains was measured toSome grains are still visible on the surface. The same size
be about 35—-120 nm which is close to that observed for the distribution and form of the grains in Fig. 2 as compared
pine pulp samples. If also the convolution effect would be with those seen for the pine pulp sample (Fig. 1) suggests
taken into consideration the estimated diameter would be that they both represent the lignin being initially bound to
slightly smaller (radius of curvatuig of the used cantilever  the fibres and not, e.g. lignin or extractives reprecipitated on
tips was 10—20 nm according to the manufacturer) [13]. The the surface of the fibres. It is worth noting that the total
three-dimensional model for lignin proposed by Jurasek amount of lignin for the samples of 2(a)—(d) was 4.1 and
[23] suggests that a lignin molecule of MW ca. 55 000 2.3% (Table 1) whereas the images indicate an almost 100%
(DP = 300) would have a diameter of some 20 nm. This lignin coverage at the beginning and still ca. 10—40% lignin
correlates to the smallest spherical structures observed incoverage at the end of pulping. The high surface lignin
this investigation. However, it should be kept in mind that content is in agreement with the results reported by Laine
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Fig. 3. Surface of the kraft pine lignin sample. (au&h AFM height (height scale= 400 nm) and (b) phase image (height scald(’).

et al. [25,26] concerning an ESCA study: during cooking the that the surface is quite homogeneous. Thig,can be
surface lignin content decreased linearly with a decreasing concluded to be constant over the whole surface and the
amount of total lignin (total lignin content-3%), but the only factor contributing to the phase contrast is actually
surface lignin content was about five times higher than the the grain boundaries. The phase image of Fig. 2(d), also
average content of lignin in the fibres. They also concluded representing light tappingAgy/A, = 0.72), does show a
that there might be both reprecipitated lignin and some fair contrast between the light grains and darker fibres,
remnants of lignin-rich material such as middle lamella on which most probably refers to an amphiphilic contrast
the surface of fibres. through locally varyingoy (hydrophobic lignin vs. hydro-
Finally, the structure of the isolated and reprecipitated philic cellulose) rather than to a stiffness contrast. Chernoff
lignin (average molecular mass 2092 g/mol) was studied [1] has reported on a similar kind of contrast for wood fibres
in order to obtain further proof for the presented image although direct comparisons are not possible since the exact
interpretation. As seen in Fig. 3, the structure of the pure tapping conditions are not given in that article.
lignin is granular as expected but the grain size (diameter In moderate tapping the tip—sample interaction becomes
0.2—-0.5um) is much larger than that of the surface lignin of stronger with an increased damping of oscillation. Then, as
the pulp samples shown in Figs. 1 and 2. This indicates thatrecently described [2,6§rs becomes gradually the dominat-
the structure of the bound and dissolved lignin is markedly ing term causing the shift ok.. With this assumption,
different and dependent on a number of factors, including o > o, the Hertz model can be applied; is hence

the separation technique applied. proportional to the sample stiffneSsvhich again is propor-
tional to the tip—sample contact ardaand the effective
3.2. Theoretical considerations of phase imaging modulusE™
The factors giving rise to the image contrast in phase goc AY2E*. 2)
imaging deserve to be discussed further. The spring constant
kofa freely oscillating cantilever will change b’]to anew F|g 1(C) and (d) has been taken under ‘moderate tapping'
effective spring constarid, when the cantilever starts inter- (As/Ao =~ 0.6) conditions. The height image appears
acting with the sample [2]: slightly distorted, whereas the phase image resolves a very
ke=k+o=k+ og+ 0. (1) detajled surface structure down to .individual mic'rofibrils.
Obviously, increasing the contrast in the phase image by
o has been split into two terms; describing the tip— increasing the imaging force through increased damping

sample interaction and corresponding to the tip—contam- results in a decreased resolution of the topograph. No
ination layer interaction [2]. Furthermore, the contamina- clear areas of specific phase shift appear on the surface.
tion layer is dominated by the water content of the As a matter of fact, the dark contrast visible in the valleys
surface. In ‘light-tapping’ imaging slight damping of oscil- between the fibres may refer to local differences in adhesion
lation is usedAsy/A, =~ 0.8) meaning that relatively weak  force and possibly high local water content at the surface.
tip—sample interaction takes place. Then, if a contrast This indicates that in these valleys, despite the moderate
appears in the phase image it is most probably dominatedtapping, the attractive forces (giving rise to negative phase
by o, whereasrs gives only a weak contribution [2,6]. The  shift) are dominating the tip—sample interaction rather than
contrast of the phase image in Fig. 1(b), as an example ofsample indentation, which induces a repulsive force and a
light tapping(Asy/Ay = 0.75), looks rather weak, indicating  positive phase shift.
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