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Development of the Mechanical Pulp Fibre
Surface as a Function of Refining Energy

H. KANGAS, T. POHLER, A. HEIKKURINEN and M. KLEEN

Thermomechanical pulps were produced by refining sprice wood (Picea abies) chips at various specific energy consumptions. The surface morphol-
ogy and chemistry of isolated fibres were studied. Different types of fines, i.e. flakes and fibrils, were chavacterized chemically to obtain information
about their origin in the fibre wall. After the two mainline refining stages, 85% of the S2 fibre wall laver was revealed, The lignin coverage of mainline
fibres was higher and the surface content of polysaccharides was lower than that of reject line fibres. Surface extractives were almost totally removed
during screening. At a low energy consumption, fibrillar fines were formed from the outer fibre wall layers (P+51), but the content of secondary wall
material increased as a function of refining energy. During mainline refining, the flake-like fines originated from compound middie lamella (ML+P)
while, in reject refining, they were also released from the outer secondary wall layer (51).

Nous avons produit des pétes thermomécaniques en raffinant des copeaux d'épinette (Picea abies) & divers degrés de consommation d'énergie
spécifigue. Nous avons émdié la morphologie de la surface et la chimie de fibres isolées. Différents types de fines (flocons et fibrilles) ont été
caractérisés chimiquement afin d'obtenir des donndes sur leur origine dans la parot de la fibre. Quelque 85 % de la couche 52 de la paroi est apparue
apres les deux premiers étages du circuit de raffinage principal. Le recouvrement par la lignine des fibres du circuit principal drait plus étendu et la
tenenr superficielle en polysaccharides était inférieure & celle des fibres du circuit des refus. Les matiéres extractives superficielles ont éié presque
totalement élimindes lors du classage. A une faible consommation d'énergie, les fines fibrillaires étaient formées & partir des couches extérieures de la
parai des fibres (P+51), mais la teneur en matidre de la paroi secondaire s'est accrue comme fonction de l'énergie de raffinage. Pendant le raffinage
dans le circuit principal, les fines floconneuses provenaient de la lamelle mitoyenne composée (ML+P), tandis que pendant le raffinage des refus, elles
se détachaient aussi de la couche extérieure de la paroi secondaire (S1).

iINTRODUCTION

important. At the same time, the entire manu-  ties of papermaking pulps are very important,

The high demands placed on the quality
of mechanical printing papers have made the
properties of mechanical pulps increasingly
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facturing process needs to be as cost-effective
as possible. In this, process development plays
a key role. The physical and chemical proper-
ties of mechanical pulps and their influence on
paper quality have been much studied, but fess
attention has been given to the pulps’ surface
properties. Many studics have been conducted
on the development of fibre properties during
the pulping process, including the development
of surface properties [ 1-6]. The surface proper-

since they may influence fibre charge, fibre
bonding, wettability, adsorption, adhesion and
consumption of papermaking chemicals. Pulp
surface properties can also influence paper
manufacturing and finishing operations such as
coating and printing.

The refining process can be divided into
two stages: fibre separation and fibre develop-
ment, which can occur simultaneousty [71. In
the fibre separation stage, wood chips are
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broken into smaller particles. Fibre develop-
ment proceeds via delamination and peeling of
the fibre surface, Outer fibre wall layers, lLe.
primary wall (P) and outer secondary wail (5/),
are peeted off, leaving the inner secondary wall
(8;) exposed. The properties of fibre surfaces
change naturally as refining progresses. In a
two-stage refining process, fibre separation and
fibre development usually occur in the first
stage, and fibre development continues as the
main process during the second stage and dur-
ing reject refining also.

Fines material is generated during both
fibre separation and fibre development, its
physical and chemical properties depending on
its origin in the fibre wall. Lignin-rich flake-
like fines and ray cells arise mainly during the
first phases of refining, white fibrils containing
more cellulose are formed during the peeling of
cellulose-rich inmer fibre wall layers [8]. The
properties of fines greatly influence their effect
on paper quality, since flakes are known to en-
hance the light-scattering properties of paper,
while fibrils are important for strength proper-
ties [9].

The morphology of mechanical pulp fi-
bre surfaces can be studied by microscopy, for
example with a scanning clectron microscope
(SEM) [1,3,10,11]. A SEM equipped with a
field emission gun (FE-SEM) produces images
of fibre surfaces at high magnifications and can
be used to study fine surface details. The sur-
face chemical properties of mechanical pulps
have been studied traditionally by means of
electron spectroscopy for chemical analysis
(ESCA, also called X-ray photoelectron spec-
troscopy) [12-19]. ESCA can provide informa-
tion about the surface down to a depth of 5-10
nm. Time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) is even more surface sen-
sitive than ESCA, giving information from the
first molecular layer of the surface (~1 nm).
ESCA can be used to obtain quantitative infor-
mation about the surface coverage of extract-
ives, lignin and polysaccharides on pulp and
paper surfaces, while ToF-SIMS yields only
qualitative or semi-quantitative data on the su-
face composition [20-22]. However,
ToE-SIMS gives detailed stroctural informa-
tion about the surface compeounds and thus can
complement the information given by ESCA.

The aim of this work was 1o find out how
the fibre surface changes, both structurally and
chemically, as refining proceeds. FE-SEM was
used to study surface morphology and ESCA
and ToF-SIMS were used to evaluate the sur-
face chemical properties. Another aim was to
find out how an increase in refining energy in-
fluences the fines fraction. Information about
the development of fibre and fines properties
during refining will help in designing a more
optimal refining process.

MATERIALS AND METHODS
Puip Samples

Spruce wood chips were refined on the
pilot scale into thermomechanical pulp (TMP).
Thick-walled Norway spruce (Picea abies)
from a slow-growth forest stand ~60 years old
was used as raw material. Refining was carried
out on the pilot scale at KCL, Espoo, Finland.
The refiner used was a Sunds Defibrator, Jylhd
Oy, Valkeakoski, Finland RGP 42 refiner oper-
ated with 112 cm (44”) refiner segments. The
preheating time was ~40 s and the refining was
performed in two stages in a single disc refiner
using a rotational speed of 1500 rpm. Prior to
screening, the pulp was hot disintegrated in a
pulper using fresh steam. The temperature dur-
ing hot disintegration was a minimum of 72°C
in the beginning, the time 45 min and the pulp
consistency ~5%. The pilot screen used was
Vaimet-Tampella (Metso, Jyviskyla, Finland)
TAP 50 and the screen basket was a wedge wire
basket with a siot width/contour height of
0.10/0.8 mm in the first screening stage and
0.10/0.65 mm in the second screening stage.
The pulp consistency during screening was 1%
and the reject rate 50%. The reject pulp was re-
fined further in two stages up to a total energy
consumption of 4.9 MWh/t. In the second reject
refining stage, three different energy levels
were used. Six pulp samples from different re-
fining stages were taken for further analysis.
Pulps were stored frozen until needed. The re-
fining process and the conditions used are
shown in Fig. 1. Pulps from mainline refining
are marked with the letter A (Al and A2) and
pulps from reject refining with the letter B
(B1-B4).

Basic pulp properties were tested. Wet
disintegration was performed according to

standard EN IS0 5263 [23], dry matter content
was determined according to EN 20633 [24}
and Canadian standard freeness {CSF) accord-
ing to ISO 5267-2 [25]. Bauer-McNett
fractions were determined according to Scandi-
navian standard SCAN-M 6:69 [26]. Fibre
fength was measured using a Kajaani (Metso
Automation, Kajaani, Finland) FS$-200 instru-
ment.

Some properties of the Bauver-McNett
fractions were also studied. Fibre wall thick-
ness was measured by light microscopy using
semi-automatic image analysis from a wet, lon-
gitudinal fibre preparation (+14 fraction}, Fibre
width and lumen width were measured auto-
matically by image analysis at one representa-
tive location in a fibre. Two hundred fibres were
measured in each analysis. Fibre wall thickness
was calculated from Eq. (1).

Fibre wall thickness
= {fibre width - fumen width)/2 (1)

Coarseness was determined from the
14/28 fraction using the Kajaani FS-200. De-
velopment of the middle fraction was measured
as the specific filtration resistance of the 48/200
fraction. Pulp slurry (consistency C = .01%)
was filtered through a 100 mesh wire (4 = 19.6
cm?) at a constant rate (g = 20-30 mL/s) and the
time (¢) needed to reach a 10 kPa pressure dif-
ference (AP) across the pulp pad was measured.
The S value describing the filtration resistance
of the pulp was calculated from Eq. (2), where
71 is the viscosity of water.

_ AAP
ng>Ct

The character of the fines was evaluated
as the specific sedimentation volume of the
—200 mesh fraction. This reflects the proportion
of fibrillar fines in the fines fraction. The fines
suspension (375 mg o.d.) was centrifuged {10
min, 4000 rpm) and water containing 30 mg/L
CaCly H;0 and 120 mg/L Na,80,4 was added.
Air was removed from the slurry by suction.
The sedimented volume was read after 24 h.

2

Isolation of Fines
TMP was hot disintegrated (85°C, 10 min}
and dilated to 0.5% consistency with distilled
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Fig. 1. Refining of TMP samples.

Fig. 2. Fractionation procedure used to separate fibres and various

types of fines.
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water. The pulp slurry was passed on to the dy-
namic drainage jar (DDJ), which was equipped
with a 200 mesh (76 um) wire and propeller stir-
ring, and the valve was opened. The suspension
was washed with distilled water until 10 L of
slurry had been collected. The fines fraction
passed through the wire, while the fibres were re-
tained on the screen. The various types of fines,
i.e. fibrillar and flake-like fines, were separated
further from each other using sedimentation. The
total fines fraction was allowed to sediment first
for two days, after which the supematant enriched
in fibrillar fines was collected. Excess water was
removed from the fibrils by centrifugation (5500
rpm, 15 min). The sediment was again diluted to
10 L with distied water. Next moming, the clear
supernatant was removed and discarded and the
volume was again adjusted to 10 L. This washing
of the sediment was repeated three times. The
fractionation procedure is outlined in Fig. 2. The
final sediment contained flake-like fines, includ-
ing ray cells, and was quite free from fibrillar ma-
terial. The fractionation results of both fines
fractions were evaluated by image analysis.

image Analysis

Various fines fractions were studied with
an tmage analyzer developed by Luukko et al.
[9] and improved further by Metso Corp., Fin-
land. The image-analysis program classifies the
fines particles iato fibrillar and non-fibritlar
material and calculates the mass proportion of
fibrillar materfal. The program also identifies
particles having a rectangular shape, which is
typical of ray cells, and computes their mass
proportion. The mass proportion of flakes,
other than ray cells, was calculated as the differ-
ence (100 - fibrils - ray cells)%.

Gross Chemical Analysis

The amount of acetone-extractable ma-
terial (%) was determined according to stan-
dard SCAN-CM 49:93 [27]. An amount of
0.5-5 g of sample was extracted with 70 mL of
acetone for [ h using a Soxtec apparatus. The
solvent was evaporated and the extraction resi-
due was dried in a drying oven at 40°C and
weighed.

Lignin was determined according to a
modified TAPPY test method T 222 [28]. The
primary hydrolysis was performed by adding 2
mL of 72% H,80; to 200 mg of finely ground,
extractive-free, freeze-dried sample and incu-

bating the slurry for T h at 30°C. In the second-
ary hydrolysis, 56 mL of water was added to the
saniple and the suspension was kept in an auto-
clave at 120°C for | h. The supernatant was re-
moved by filtration and the sediment washed
several times with water. The sediment was
then dried at 105°C for 2 h and weighed to give
the content of gravimetric lignin. Acid-soluble
Hgnin was determined by measuring the absor-
bency of the solution at 203 nm, using 128
E/g-cmy as the absorptivity coefficient.

-Cellulose was determined according 1o a
modified TAPPI test method T 249 [291. The
supernatant removed after primary and second-
ary hydrolysis was combined with the washing
water, and the solution was diluted to 200 mi.
with water. An amount of 4 mL of this solution
was taken for carbohydrate analysis and 1 mL
of 2 pug/L p-fucose was added as the internal
standard. The monosaccharide content was de-
termined by anion exchange Hquid chromatog-
raphy using pulsed amperometric detection.
The amount of cellulose was calculated from
the glucose units using a factor of 0.9.

The chemical composition of
hemicelluleses and pectins was determined by
acid methanolysis. The advantage of acid
methanolysis over acid hydrolysis is the simul-
tancous determination of all uronic acids with
neutral sugars [30]. An amount of 2 mL of 2
mol/L HCI in anhydrous methanol was added 1o
10 mg of freeze-dried sample. The sample was
kept at 100°C for 3 h, after which pyridine and
sorbitol were added as internal standards. The
samples were evaporated to dryness and trans-
ferred to gas chromatography vials with
sorbitol. The samples were silylated and kept at
70°C for 3 h. The silylated derivatives were an-
alyzed using gas chromatography/mass spec-
trometry according to [31}. The sugar units
determined were arabinose (Ara), rhamnose
{Rha}, xylose (Xyl}, 4-O-methylglucuronic
acid (4-O0-MeGlcA}, mannose (Man), galactose
(Gal), galacturonic acid (GalA), ghicuronic
acid  (GlcA) and  glucose  {Gleg).
Acetylgalactoglucomannan was determined as
Ac:Gal:Gle:Man 1:0.5:1:4 and converted to
polysaccharide using a factor of 0.9, and xylan
as Ara:4-O-MeGleA: Xyl 1.3:2:10 and con-
verted to polysaccharide using a factor of (.88
[32]. Arabinogalactan was determined as
GlcA:Ara:Gal 0.8:1:3.6 [33] and converted to
polysaccharide using a factor of 0.9, The resid-

ual arabinose was calculated as arabinan using
the factor 0.88. Rhamno- galacturonan was cal-
culated using the factor 0.9. The content of
pectins was calculated as the sum of acidic and
neutral pecting, i.e. the sum of galacturonans,
arabinans and galactans,

FE-SEM Analysis

The morphology of pulp fibres was char-
acterized using a FE-SEM (Jeol JSM 6335F) at
Top Analytica Ltd., Turku, Finland. A very jow
acceleration voltage (1 kV) was used. Fibres
from the +14 fraction were prepared for
FE-SEM analysis by performing a gradual sol-
vent exchange {(water:ethanol) prior to drying
in a critical-point dryer. This was done to avoid
changes in the structure due to surface tension.
However, some shrinking of the fibres was
seen. Fibres were sputter coated with a thin
layer of Au--Pd.

A manual method for the quantitative as-
sessment of the character of fibre surfaces was
also developed. The lengths of areas with the S,
layer exposed were measured and compared to
the total fibre length examined. From each pulp
sample, 50 single, critical-point dried fibres
from the +14 Bauer-McNett fraction were mea-
sured in this way by FE-SEM. The total fibre
Iength examined per pulp sample was 100 mun.

ESCA Analysis

Small sheets were prepared from the var-
ious fractions for ESCA analysis. The sheets
were made in a glass funnel on a 20 pm nylon
screen, dried between blotters and stored in a
freezer. Part of each sheet was extracted with
acetone according to standard SCAN-CM
49:93 [27}. The ESCA analyses were per-
formed with a Kratos Analytical AXIS 165
high-resolution electron spectrometer at the
Center for Chemical Analysis, Helsinki Uni-
versity of Technology, Espoo, Finland. Sample
sheets were measured before and affer extrac-
tion using monochromatic Al Ko irradiation
(12.5kV, 8 mA). Both survey scans in the range
0-1100eV (1 eV step, 80 eV analyzer pass en-
ergy) and high-resolution spectraof C Isand O
Is regions (0.1 eV step, 20 eV pass energy)
were recorded at three different locations for
each sample. The area of analysis was ~1 mm?
and the depth of analysis 2-10 nm. The insulat-
ing sample surfaces were neutralized during the
measurement with low-energy electrons. The

L TABLEL" e
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surface coverage (% of area) of lignin and ex-
tractives was calculated from the averaged C-C
percentages in high-resolution C 1s spectra
[34). The surface coverage of polysaccharides
was calculated as the difference (100 - cover-
age of lignin - coverage of extractives)%.

ToF-SIMS Analysis

Small sheets that had not been extracted
were used for ToF-SIMS analysis. The instru-
ment used was a PHE TRIFT I ToF-SIMS from
Physical Electronics, Eden Prairie, MN, USA,
at Top Analytica Ltd., Turku, Finland.
ToF-SIMS spectra in positive and negative ion
modes were acquired using a Ga liquid metal
ion gun with 15 keV primary ions in bunched
mode over the mass range 2-2000 m/z. The pri-
mary ion current was 600 pA, time per channel
0.138 ns, analysis area 200 x 200 pm and acqui-
sition {ime 5 min. Analytical charge compensa-
tion was used for insulating samples. The
calculated ion dose was 2.7-10'/em?2, which
ensured static conditions during data acquisi-
tion. Three replicate runs were made for each
sample. Peak identification in ToF-SIMS spec-
tra was based on model compound analysis
[353]. The peaks identified were integrated and
normalized to the total intensity of the spec-
trurm.

RESULTS AND DISCUSSION
Basic Pulp Properties

The basic pulp properties, including
those of the reject pulp, are shown in Table I
The properties related to the development of fi-
bre surface, such as fibre wall thickness and
coarseness, and to the quality of middle fraction
or fines, such as specific filtration resistance
and sedimentation volume, are discussed fur-
ther here.

Fibre wall thickness decreased generally
as specific energy consumption (SEC) in-
creased. The reduction in fibre wall thickness
indicates that fibre development was taking
place by the peeling of the fibre wall layers.

The coarseness was high after the first
refining stage (A1), and decreased linearly as a
function of SEC as material was peeled off
from the fibre wall.

Specific filtration resistance has been
shown to correlate with the bonding ability of

the middle fraction
{48/200) [36]. It was

TABLEN

found to increase as a
function of SEC, but a

COMPCSITION OF. FINES FRACT!ONS

CFibFIS j_'_,'aayce:is " Flakes

decrease occurred at
the highest energy
level in the reject line.
An increase in filira-
tion resistance indi-
cates  that  more
fibrillar material with
good bonding proper-
ties was created at
higher energy con-
sumption, while a de-
crease shows that, at
the highest energy
leved, the refining ac-
tion was changed and
bulkier material with
poorer bonding prop-
erties was generated
and passed into the

: _;'Total fines

middle fraction.

The content of
fines (Bauer-McNett
—200 fraction) increased during mainline refin-
ing and the first reject refining stage. Fewer
fines by weight were generated during the sec-
ond stage of reject refining, except at the high-
estenergy level (B4), where the content of fines
increased slightly.

Sedimentation volume has been shown
to correlate with the length of {ines particles [&}
and their bonding ability [37]. Fibrils are
known to have good bonding ability and, thus,
the higher the sedimentation volume, the higher
the fibrillar content [37]). The sedimentation
volume increased as a function of refining en-
ergy, apart from a slight decrease during the iast
stage of reject refining, indicating that less
fibrillar material was generated there.

Composition of Fines Fractions
Increased sedimentation volume indi-
cated that the content of fibrillar fines increased
as a function of refining energy, which is in
agreement with earlier studies [8]. However,
such a correlation was not seen between the
content of fibrillar fines given by the image ana-
Iyzer and the SEC (Table II). A difference in the

content of fibrillar fines was seen between the
mainline pulps and the reject refined pulps.
Also, the content of fibrils was higher after the
second stage of reject refining than after the
first stage. Thus, the relationship between the
content of fibrillar fines given by the image an-
alyzer on one hand and the sedimentation vol-
ume on the other appears not to be
straightforward.

The content of flake-like fines, i.e. ray
cells and pieces of middle lamella and fibre
wall, was higher in the mainline pulps than in
the reject line pulps. The reject Iine pulps still
contained a significant amount of flake-like
fines, which probably were formed from the re-
maining outer celi wall layers (P+5;).

The tota] fines fraction was fractionated
into fibrillar and flake-like fines. Fractionation
was successful, since the content of fibrils was
found to be between 80 and 84% in the enriched
fibrillar fractions (Table IY). The enriched flake
fraction contained mainly flake-like material
(79-92%), of which 15-25% was classified as
ray cells.

seav OHE

Fig. 3. FE-SEM images of TMP fibres (+14) after the first refining stage

(A1),

stage (B1).
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Surface Structure of Fibres
by FE-SEM -

Images of the fibre surface after the first
mainline refining stage (A1) are shown in Fig.
3. In Kig. 3A, a very wrinkled fibre surface
caused by shrinkage can be seen. However, the
fibril angle of this layer was perpendicular to
the wrinkles and to the fibre axis. Thus it was
deduced that this surface layer was an outer
wall layer, consisting of P and $;. The fibre cor-
nerin Fig. 3A looks very smooth, indicating the
presence of a thick layer of middle lamella. Fig-
ure 3B shows the mechanism by which outer
wall layers were peeled off the fibre surface.
Because of the high fibril angle, it is seen ofien
that outer wall layers come off in strips; the re-
maining outer wall layers were seen as bands
surrounding the inner wall layers. This same
mechanism is shown in images published
previously [38].

Some images were also obtained at high
magnification (X10 000-30 000} to examine
the surface microstructure of the various fibre
wall layers. Such images show the fibril angle
more clearly, and therefore it should be possible
to deduce the fibre wall layer in guestion (£, §,
Sq0r 54). Images of the fibre surface taken after
the first reject refining stage (B1) are scen in
Fig. 4, Fig. 4B being a high magnification of the
surface in Fig. 4A. The fibre wall layer in the

images is S, since the fibril angle is small. The
fibrils have a tight structure, but some cracks
have appeared between the fibril lamellae that
may eventually lead to fibrillation.

Figure 5 shows images of the fibre sur-
face after the second reject refining stage (B3).
Figure 5A shows part of a fibre whose surface
still retains some of the outer wall layers. How-
ever, it can be seen that the outer wall layer no
longer is bonded tightly to the inner walf layer
and that the fibre wall has started to delaminate,
Also, it can be seen how fibrillar lamellae are
formed at the boundary between the two layers.
Such lamellae may contribute to the amount of
flake-like fines in the pulp. The fibre in Fig. 5B
has been split longitudinally. The fibre wall sur-
face of 85 towards the lumen had a clear fibriilar
structure with fairly loose fibrils compared to
the other fibre wall layers.

Manual FE-SEM measurement was
used to determine how well the outer fibre wall
layers (P+S1 incinding middie lamellae) had
been removed during refining. The results (Fig.
6) show that, after the first mainline refining
stage (Al), ~60% of the fibre length was ai-
ready free from the outer fibre wall layers. Dur-
ing the second stage of refining (A2), a further
25% of the S layer was revealed. This large in-
crease in S, revealed in the second stage relates
directly to the increased effect of energy on the

fibre surface. After reject refining (B3), the
fibres were fairly free of the outer fibre wall
layers. A similar analysis was performed by
Johnsen etal. [3]. Based on SEM images apply-
ing the backscatter imaging technique, they es-
timated that the area covered by middle
lamellae was 249 of the total fibre surface area
on TMP fibres after the first refining stage
{pulp freeness 296 mL) and 15% on the final,
screened pulp fibres (freeness 26 mL). They
also concluded that 3, covers most of the fibre
surface area already after the first refining
stage, which supports the results obtained in
our work.

Surface Chemical Properties
of Fibres and Fines by ESCA

ESCA was used to determine the cover-
age of Hgnin, extractives and polysaccharides
on fibre surfaces (DY +200 fraction) (Fig. 7).
The largest difference between the fibres from
mainline and reject line refining was in the cov-
erage of extractives on their surfaces, indicating
that the extractives content decreased during
screening. This was verified by determining the
amount of acetone-extractable material in pulps
before and after screening, in which case the
decrease was from 1 to 0.2%. Prior to screen-
ing, the pulp was diluted to 1% consistency
with tap water (pH 7.5-8) and hot disintegrated

Revealed S,, % of fibre length

100
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80 -
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60 -
50 A

LY XE0
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Fig. 5. FE~SEM images of TMP fibres after the second reject refining

stage (B3).

Fig. 6. Exposure of S; wall layer during the TMP process. A1 = after the

first mainkine refining stage (SEC 1.55 MWh/t), A2 = after the second
mainline TMP refining stage (SEC 2.44 MWh/t), B3 = after the two-
stage reject refining (SEC 4.65 MWh/t).
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Fig. 8. The surface coverage of lighin, extractives and polysaccha-

rides on fibrils and flakes.
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at high temperature. The increase in tempera-
ture, pH and amount of water probably made
the wood resin more soluble or dispersible and
resulted in the washing of the extractives from
the fibre surfaces. The screening also had an ef-
fect on the composition of the fibre fraction
(DD +200), since part of the short fibres and
material belonging to the middle fraction were
removed with the accepts. This change in the
composition of the fraction may have induced
the change in the content of surface extractives,
since most of the extractives may have been re-
moved with the material in the accepts.

The surface coverage of lignin was
slightly higher on fibres from mainline pulps
than on those from reject line pulps, indicating
that most of the lignin-rich middle lamella and
outer fibre wall layers (P+3,) had been re-
moved by the end of the first reject refining
stage. The decrease in the content of extractives
and lignin on the fibre surfaces resulted in a cor-
responding increase in the swface coverage of
polysaccharides, indicating that most of the cel-
Iulose-rich inner fibre wall layers had been ex-
posed in fibres from the reject line, as was also
observed by FE-SEM.

The surface chermical composition of fi-
brils and flakes also was analyzed with ESCA
{Fig. 8). Similar changes were seen in the sur-
faces of both fines types as a function of refin-

ing energy. After the first mainline refining
stage (A1), the fines were mostly covered with
lignin and extractives. After the first (BI) and
second (B3} reject refining stages, the extract-
ives and lignin coverage had decreased and that
of polysaccharides increased. The surface
chemistry of fibrils and flakes was fairly simi-
lar after the second reject refining stage (B3).

The results show that both fibrils and
flakes were formed throughout the refining pro-
cess and that their surface chemical composi-
tion depended on their origin in the fibre wall.
Fines rich in lignin were formed during the
early stages of refining and those with more
polysaccharide on their surfaces during reject
refining. Fibrillar fines were probably first
formed from the lignin-rich primary wall (P}
and outer secondary wall (5;) and, towards the
end of refining, the content of secondary wall
(S)+5,) fibrils increased. Flake-like fines
formed during mainline refining probably con-
sisted mainly of material from the middle
lamella and primary wall. During reject refin-
ing, flakes from the outer wall layers, i.e. from
P+S§;, were also released.

Surface Chemical Composition
of Fibres by ToF~-SIMS

ToFF-SIMS can be operated in both nega-
tive and positive ion modes. Qur previous re-

sults show that acidic extractives, i.e. fatty and
resin acids, can be analyzed successfully in
negative ton mode, whereas positive ion mode
is preferred for neutral extractives such as tri-
glycerides and sterols £20,39,40].

Part of the negative ToF-SIMS spectrum
of TMP fibres (sample A} is shown in Fig. 9.
Based on an earlier model compound analysis
[35], it is possible to identify peaks originating
from the most commonly found extractives in
Norway spruce from this spectrum. The peaks
in the negative spectrum correspond fo the mo-
lecular ion of the compound, which has lost a
proton and acguired a negative charge ([M-H}~
ion). The most abundant peaks at 279, 281 and
277 m/z originate from unsaturated fatty acids,
namely linoleic, oleic and pinolenic acids, re-
spectively. Smaller peaks at 255, 269, 283, 311
and 339 m/z can be assigned to the saturated
fatty acids palmitic, anteisoheptadecanoic,
stearic, arachidic and behenic acids, respec-
tively. The resin acids dehydroabietic acid and
abietic acid, along with its several isomers, can
be seen at 299 and 301 m/z, respectively.

Part of the positive ToF-SIMS spectrum
of TMP fibres (sample Al) is shown in Fig. 10.
The peak with the highest intensity at 397 m/z
originates from the molecular jon of sitosterol
that has lost one hydroxy! group ({M-OH]*
ion). Another intense peak at 383 m/z can be
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Fig. 9. Part of the negative ToF-SIMS spectrum of TMP fibres (sampie

Fig. 10. Part of the positive ToF-SIMS spectrum of TMP fibres (sample
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Fig. 11. Normalized intensities of acidic extractives on fibre surfaces.
The values have been calculated from negative ToF-SIMS spectra.
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Fig. 12. Normalized intensities of neutral extractives on fibre surfaces.
The values have been calculated from positive ToF-SHMS spectra.
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assigned to campesterol. Peaks at 411 and 425
vz originate from sterols and steryl esters. Tri-
glycerides are very common wood resin com-
ponents in Norway spruce {41}. No molecular
ion peaks were seen for triglycerides at ~800
m/z, indicating that they have largely frag-
menfed to smaller molecules during the
ToF-SIMS analysis. The fragmentation pattern
of triglycerides has been confirmed by model
compound analysis [35,42]. The presence of
triglycerides can be verified by looking at the
peaks at ~340 m/z and at 600 my/z, the former
representing monoglycerides and the latter
diglycerides. When fragmented, fatty acid
chains in triglycerides also give peaks corre-
sponding to the molecular peaks of the free
fatty acids, and so far it has been impossible to
distinguish between esterified fatty acids and
free fatty acids in ToF-SIMS spectra. This can
be a serious difficulty when attempting to quan-
tify using the TolF-SIMS method.

The amounts of various exfractives on
the surfaces of fibres were estimated by inte-
grating the characteristic peak of each extrac-
tive in the ToF-SIMS spectra and by
normalizing the peak intensity to the total in-
tensity of the spectrum. The peaks were as-
signed to onc of the following groups:
unsaturated fatty acids; saturated faity acids;
resin acids; sterols and steryl esters; and glycer-
ides and their values were added together. The
method gives a semiquantitative indication of
the relative amounts of various extractives and

enables samples to be compared.

The normalized intensities of acidic ex-
tractives on fibre surfaces are shown in Fig. 11
and those of neutral extractives in Fig. 12. The
contents of both these extractives were lower on
the surfaces of fibres from the reject line than
from the mainline. The reason was the dissolu-
tion or dispersion of extractives from the fibre
surfaces during screening or their removal with
the accepts, as explained above. According to
the results, the relative amount of unsaturated
fatty acids decreased more than that of other
acidic exfractives, indicating that they were
more dispersible in water, Among the neutral
extractives, the relative amount of sterols and
steryl esters on fibre surfaces decreased more
than that of glycerides. Kdyhkd [43] found that
acidic wood extractives, i.¢. free fatty acids and
resin acids, were transferred to the water phase
to a lesser extent than neutral extractives, L.e.
triglycerides and steryl esters, in the pulper af-
ter refining. Thus, our results suggest that the
large decrease in the surface content of unsatu-
rated fatty acids during the screening of pulp
was due to a high content of unsaturated fafty
acid chains in the released steryl esters.

Comparing the contents of surface ex-
tractives given by ESCA (Fig. 7) and
ToF--SIMS (Figs. 11,12} shows that the results
correlate well with each other in classifying the
samples in the same order.

Gross Chemical Composition
of Fibres, Fibrils

and Flakes
Composition, % of dry substance The gross
LT3 1 J— chemical composition
90 - was analyzed from the
80 - fractions of three pulp
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Fig. 13. Gross chemical compositions of TMP fibres, fibrils and flakes.

flake-like fines are

shown in Fig. 13. The contents of hemicellulos-
es, 1.e. mannan and xylan, and of pectins (i.e,
galacturonans, arabinans and galactans), were
obtained from the monosaccharide units given
by acid methanolysis (Table III). The cellulose
content was obtained from the glucose units
given by acid hydrolysis (Table Ii). Many
analyses are required to obtain all the chemical
information shown in Fig. 13 and there are
some losses that reduce the accuracy of the
analysis. For this reason, the total amount
shown for each fraction is often less than 100%.
The monosaccharide composition of fibres and
fines correfated well with results published
previously [40,44].

The fibres contained mostly lignin, cel-
lulose and glucomannan, the most comumon
hemicellulose in spruce wood, but also some
pectins, indicating that not all middle lamella or
primary wall material was removed from their
surfaces during the refining process. This
agrees with the result obtained by FE-SEM
(Fig. 6). The chemical composition of fibres
changed only stightly during refining. Fibres
from the mainiine pulps contained more pectins
and xylans than the reject line fibres, indicating
that more middle lameila and outer fibre wall
material was present on mainline fibres, since
secondary wall contains no pectin [45,46). The
contents of cellulose and lignin stayed rela-
tively constant in fibres during refining. The
content of mannan was slightly lower in reject
fine fibres.

Fiake-like fines were the most lignin-
rich fraction. They also contained the lowest
amount of glicomannan and cellulose. The
pectin {rhamnogalacturonan, arabinan and
arabinogalactan) and xylan contents of flakes
were higher than those of the other fractions.
Higher contents of galactan and arabinan have
been found from middle lamelia (ML) and pri-
mary wall (P) than from the secondary wall
{45]. The compound middle lamelta (ML+P)
also has a lower content of cellulose and
mannans than the secondary wall [45]. Ray
cells are very rich in xylan and lignin [47].

The gross chemical composition of
flake-like fines changed very littie as refining
progressed, indicating that they consisted
mainly of ray cells and material originating
from the compound middle lamella (ML+P).
However, the changes observed in the surface

5 TABLE N -

Monosmcmmos composmdN (mglg) OF TP FiBRES FEBRILS AND FLAKES '
- ANALYZED BY ACID METHANOLYSIS OR ACID HYDROLYSIS (GLUCOSE) -

Fibres®
-_'-.-Fibrlls '

: Fibres
= Fibrils
- Flakes
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chemical composition of flakes (Fig. &) indi-
cate that the origin of the flake-like fines
changed as refining proceeded. Initially, flakes
originated probably from the middle lamella
and primary wall while, later in the process,
material from the outer secondary wall (S;) was
also included. The primary wall and the outer
part of S; are known to be chemically similar,
while the inner part of §; is similar in chemistry
to S5 [48]. Flakes from the inmer S| may contain
some lamellar structures originating from S,,
but microscopic studies have shown that flakes
do not originate from S, itself. It could be that
material from ML+P dominated in amount
throughout the refining process and thus no dif-
ferences were seen In the overall chemistry.

Fibrillar fines contained less lignin than
flakes, but the content was still higher than in
fibres. The cellulose, mannan and xylan con-
tents of fibrils were also between those of fibres
and flakes. The chemical composition of fibrils
from mainline pulps differed from that of fibrils
from the reject line. Fibrils after the first main-
line refining stage (A1) had quite a high content
of pectins (~10%), indicating that they origi-
nated at least partly from the primary wall. This
is in agreement with earlier results on second
stage TMP {40,47]. After the first reject refin-
ing stage (B1), the pectin content of fibrils had
decreased by 50%, suggesting that the content
of material originating from secondary wall in
fibrils had increased.

The xylan content of fibrils behaved in a
sirnilar fashion to the pectin content, decreasing
by almost 50% by the end of the first reject re-
fining stage (B1). According to Meier [45],
there is more xylan in the $| layer and inner
secondary wall (part of S, and Ss) than in the
compound middle lamella (ML+P) or the outer
part of S,. This supports further the conclusion
that fibrils in the reject line pulps were released
more from the outer part of S5. The cellulose
content of fibrils was slightly higher and the
mannan content fower in the reject line pulps
than in the mainkine pulps.

The extractives content of fibrils after
the first mainline refining stage was quite high.
Wood resin dispersed or dissolved during pulp-
ing and subsequent process stages has probably
re-adsorbed or deposited onto the fibril surface
either during the pulping process or during
fractionation {49]. Fibrillar fines have 2 high
specific surface area [50] and can easily adsorb
colloidal material. Mosbye et al. [19,51] agree
that fines have a greater specific surface area
than fibres and thus can adsorb more colloidal
material. However, they claim that the adsorp-
tion of colividal extractives onto fines depends
on the chemical composition of the fines, and
that the sterically stabilized colloidal extract-
ives are more easily adsorbed onto lignin-rich
flake-like fines than onto carbohydrate-rich
fibrils. In our case, the fibrils obtained from
mainline refining were similar in chemistry to
flakes in that they had a high surface content of
lignin. ¥ chemistry is the dominant factor in
adsorption behaviour, this might explain why
fibrils from mainline refining had a high ex-
tractives content. However, the specific surface
area of fines may affect the adsorption behav-

iour of colloidal pitch and not just their chemis-
try.

It was previously thought that fines orig-
inating from the middle lamella and primary
wall of the fibre are flake-like particles and that
fibrils originate from the secondary wall (3; +
S2) [52}. However, the resuits of the chemical
analysis obtained in our work indicate that ma-
terial classified as fibrillar according to the im-
age analyzer originates from the primary wall
as well. In addition, the changes occurring in
the surface chemical properties of flake-like
fines show that fines of this type can originate
from the carbohydrate-rich secondary wall
also.

CONCLUSIONS

The reduction in coarseness and fibre
wall thickness indicated that material was
peeled off the fibre surface during both main-
line and reject refining. The increase in the con-
tent of fibrillar fines as well as in specific
filtration resistance, indicated that a lot of well-
bonding, i.e. fibrillar material, was generated
during reject refining.

The surface morphology of fibres
changed as refining proceeded. From ~60% of
the secondary wall revealed in the first mainline
refining stage, the percentage of visible S, layer
covering the surface increased to over 80% in
the second mainline refining stage. After the
two-stage reject refining, 90% of the S, layer
was revealed.

The largest difference between the main-
line and reject line fibres was in the surface cov-
erage of extractives. Extractives were mostly
removed from fibres during screening, Among
the acidic extractives on the fibre surface, the
content of unsaturated fatty acids decreased the
most, while sterols and steryl esters were found
to be removed more than glycerides.

The surface coverage of lignin was lower
on reject line fibres than on mainline fibres.
Fibres from the reject line also had a higher
polysaccharide content on their surface. Thus,
the chemical results support the microscope re-
sults in suggesting that, in the reject line pulps,
most of the lignin-rich outer fibre wall layers
had been removed and more secondary wall
had been exposed compared o the mainkine
fibres.

Both gross chemical and surface chemi-
cal analyses of fibrils indicated that the fibrils
initially released originated from outer fibre
wall layers, mainly P and S but, at later stages,
they were peeled off from the inner fibre wall
layers (S;) as well. The content of extractives
was greatest in fibrils, indicating the adsorption
or deposition of dissolved and colloidal pitch
particles onto fibriilar surfaces.

During the early stages of refining,
flake-like fines were formed from compound
middle lamells (ML+P). As refining pro-
gressed, the surface chemical composition of
flake-like fines changed, indicating a difference
in their origin. More fiakes were probably
formed from the outer secondary wall (S} to-
wards the end of refining,

In summary, high refining energies can
be used o remove most of the lignin-rich outer
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fibre wall layers and to create fines with
polysaccharide-rich surfaces. Screening aids in
removing harmful pitch from the fibre surfaces.
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