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SUMMARY: This paper presents a novel method for determi-
ning starch penetration through iodine staining and microscopic
imaging of surface-sized fine paper cross-sections and image
analysis of the resulting grayscale images. The more specific
aim was to obtain quantitative starch penetration information in
the z-direction of the sheet. The penetration information was
determined through an image analysis procedure as a z-directio-
nal distribution of pixels classified to contain starch based on
their grayscale values. This analysis was conducted on a num-
ber of cross-sectional images to improve the accuracy of the
analysis since the variation of starch penetration within the
scope of a single cross-sectional image varies across a large
window. The numerical penetration information obtained was
used in further processing, such as determining a dimensionless
penetration number Q. The penetration number can be quantita-
tively used in comparing the penetration of starch in different
paper samples produced under different process conditions, for
example, that affect surface size starch penetration. Therefore,
the penetration number Q can be used in characterizing penetra-
tion-related paper properties — such as the internal strength of
the sheet — to help in the optimization of starch penetration-
related papermaking process parameters. The penetration infor-
mation was also processed to represent a starch amount distri-
bution in the z-direction, defined here as a Simulated Starch
Content (SSC) distribution. This SSC distribution gives a good
estimate of the starch distribution across the z-direction. The
method developed in this work is fast and it will give quantitati-
ve and comparable information on z-directional starch penetra-
tion. Since the complete procedure was defined in detail from
the handling and iodine staining of the specimens to the micros-
copic photographing of the cross-sections and computational
image analysis of the cross-sectional images, the results are not
dependent on individual personal factors of the personnel con-
ducting the analysis. The starch penetration curves were also
compared against Li—distributions obtained through ToF-SIMS,
that represented the distribution of the starch solution in the z-
direction,using LiCl, as a marker for starch.
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Starch penetration and the consequent z-distribution of
starch in the sheet are often discussed when different sur-

300

face sizing methods or process variables, such as solids
contents or viscosity levels, are evaluated against the pro-
perties of paper (e.g. Hoyland et al. 1977; Wight 1988;
Sollinger 1988; Kiistermann 1990; Ryder 1997). These
conclusions are often supported by qualitative evalua-
tions of cross-sectional images describing the starch
penetration (e.g. Fineman and Hoc 1978; Bergh 1984;
Hansson and Klass 1984; Rantanen and Westergard 1987;
Bergh and Akesson 1988; Tehomaa et al. 1992;
Kimpiméki and Rennes 2000; Lipponen et. al 2002).
Here, paper properties are assumed to reflect the pene-
tration behavior of starch. Cross-sectional images are
then used to support the conclusions made based on
differences in starch penetration. Cross-sectional images
with iodine staining are prepared by dipping paper
samples in a solution of iodine potassium iodine (I-KI),
whereby the starch in the sheet structure is dyed dark. An
image is then acquired from the cross-section with a light
microscope. This method is fast and inexpensive
compared to the microtome preparation procedure, for
example. However, the process stages of the iodine
staining penetration evaluation method are not standardi-
zed and the cross-section images are analyzed only
visually. Further, a single cross-section — usually cut less
than a millimeter in length — leaves the observation
vulnerable to local variations in starch penetration caused
by the properties of the base sheet, such as flocculation.
This would then introduce a great deal of uncertainty into
this type of evaluation of starch penetration. Iodine
staining is also a well-known method for the determina-
tion of starch on the paper surface. Zsoldos and Sebess
(1975) present a new method for the determination of
starch on the paper surface. In their method, the starch
iodine reaction is performed in two stages: the water
amount required for the reaction is achieved through
water vapor condensation on the paper surface, and the
required amount of iodine is sublimated from solid
crystalline iodine.

Microtomic cross-sections are often used in illustrating
paper structure in the z-direction. Preparing the micro-
tomic cross-sections requires embedding the specimen in
epoxy resin and curing it for a considerable period of
time. The resulting blocks are then ground and polished.
The final cross-sections are thereafter cut to thin slides
for light microscope viewing, or further prepared for
SEM analysis (e.g. Peterson and Williams 1992). Bailey
and Bown (1990) use cross-sectional images for the
qualitative evaluation of filler and coating color distri-
butions in the paper sheet. SEM images are also used as a
basis for the z-directional structural characterization of
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paper through image analysis of the cross-sections
(Allem 1998, Gron and Ahlroos 1998, Allem and Uesaka
1999, Dickson 2000, Chinga and Helle 2002). However,
in the examination of highly variable structures such as
paper, small scale samples obtained with microtomic
sectioning fail to fully represent significant structural
features of the sheet. Williams and Drummond (1994)
described an improved method for preparing large
microtomic cross-sections for SEM analysis, presenting a
polishing method conventionally used for the preparation
of polished metallographic sections. With the method
presented, samples of 200 mm total width could be
prepared in less than 2 hours. However, the curing of
resin still requires up to two days. In examining the cross-
sections obtained through SEM, for example, grayscale
segmentation based on thresholding grayscale histograms
of digital images is a common approach. Manual trehsol-
ding, however, will vary between operators and even with
one person over time. To avoid any subjective dependen-
ce in the tresholding of grayscale images on personal
factors (Tovey and Hounslow 1995; Barratte et al. 1997),
automated procedures are important to improve repeata-
bility and to reduce subjectivity, as well as arduous work.

The ToF-SIMS (Time of Flight Secondary Ion Mass
Spectroscopy) technique is used to analyze solid samples.
This technique combines high surface sensitivity with
low detection limits and high mass resolution. With the
ToF-SIMS technique, it is possible to make distribution
maps of ions with good spatial resolution. This technique
is used, for instance, in probing the chemistry of surfaces
(Kulick and Brinen 1998), in detecting desizing agents
(Brinen and Kulick 1995), in analyzing AKD
(Zimmermann and Hercules 1995), in detecting trace
elements in wood (Bailey and Reeve 1994), and in analy-
zing printed papers (Preston et al. 2000).

If a quantitative starch distribution analysis method
providing reliable and repeatable information on starch
penetration were available, more fundamental knowledge
could be obtained of parameters affecting the penetration
of starch. Surface sizing and base paper parameters and
their effect on starch penetration — and on the desired
paper properties obtained through starch — could then be
investigated in much greater detail. Therefore, the aim of
this study was to further develop the iodine staining starch
penetration evaluation method. Here, one of the critical
factors in the study was to set up a standardized procedure
for preparing and photographing the iodine stained cross-
sections. This way image acquisition would not be depen-
dent on personal factors. A further objective was to
establish automated image analysis of the cross-sectional
images obtained. The final aim was to develop a method
for producing quantitative and comparable starch pene-
tration curves and also a parameter for characterizing the
z-directional penetration of starch, i.e. a dimensionless
penetration number. This parameter could then be used in
interpreting starch penetration-related paper properties.
This information could, in turn, be used in evaluating and
optimizing the papermaking parameters that influence
starch penetration in the surface sizing process.
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Materials and Methods

Sample preparation

A modified potato-based starch (Raisamyl 01020, Raisio
Chemicals Inc., Raisio, Finland) was used in producing
the surface sized samples in our study. A native potato
starch was initially modified through oxidation with
hypochlorite, and the carboxylic group content in the
oxidized starch was about 1% (DS_.,qy = 0.031). The
viscosity of the starch was 20 mPas (Brookfield 100 rpm,
60 °C) at a concentration of 10%. 1 g of LiCl, per 1000 g
dry starch was added as a starch indicator under the ToF-
SIMS method used for comparison in our study. A wood-
free base paper without surface sizing and a basis weight
of 82 g/m” was used for the study. The properties of the
base paper are presented in Table 1.

Table 1. Properties of Base Paper.

Properties Values
Grammage g/m? 82
Ash content % 14.7
Internal sizing % 0.8
Air permeability, Bendtsen ml/min 775
Internal strength, Scott Bond Jm? 147

The trials were run as a C2S MSP application
(OptiSizer, Metso Paper, Inc.) at a speed of 1200 m/min
and a linear load of 25 kN/m. The roll cover material was
polyurethane, with a hardness of 36 P&J and roll diame-
ter of 950 mm. Film metering was performed with both
10 mm grooved rods and 15 to 35 mm smooth rods to
obtain a constant dry starch amount of approximately
1 g/m’/side with different starch solids contents. The
solids content levels used were 8%, 12%, 15% and 18%,
with starch amounts of 1.8, 2.0, 2.0 and 1.8 g/m’,
respectively. A single nip soft calender was used at a
machine speed of 1200 m/min, a steel roll temperature of
60 °C, and a linear load of 45 kN/m. The topside of the
paper was run against the steel roll. The hardness of the
polymer roll was 90 ShD and diameter 420 mm.

The internal strength of the sheet was measured
according to TAPPI T833 om-96. The total starch amount
applied was measured from the paper samples using
lithium chloride analysis (Mendham et al. 2000), where a
weighed portion of the sample is burned in a muffle fur-
nace. The residue is dissolved in acid and the individual
element concentration is then determined with ICP-AES
(Inductively Coupled Plasma Atomic Emission
Spectroscopy).

The paper samples were cut in the machine direction
with a surgical blade fastened to the side of a smooth
based metal block. Cutting was performed on a hard
plastic plate. The surface of the cross-section was thus as
smooth and planar as possible to give a clear and focused
image of the whole cross-section under the microscope.
A smooth surface was also necessary for uniform
absorption of the I-KI solution into the cross-sectional
surface. The blade was replaced after cutting 50 strips.
The cross-sectional surface of the strip was then dipped
in a 1-2 ml dose of 0.1 M iodine potassium iodine (I-KI)
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solution, which was pipetted into a separate glass bowl
from a light-protected vessel immediately before the
dipping. The I-KI solution was replaced after each
dipping to ensure its purity and to keep light from weake-
ning the dyeing reaction. The strip moistening time was
approximately 1 s. After the dipping, excess I-KI solution
was removed from the specimen by pressing a blotting
board on the top and bottom surfaces of the strip without
touching the cross-sectional surface itself. The strip was
then set under a microscope for photographing the
iodine-stained cross-sectional surface. The cross-section
of the moistened sample was photographed under a
microscope using a Nikon Eclipse ME600 light micro-
scope (Nikon Corporation, Kawasaki, Japan), a PCO 12-
bit CCD camera (PCO Computer Optics GmbH,
Kelheim, Germany) and a variable Fostec DCR 1I planar
light source (Schott Fostec, Auburn, NY, USA). The field
of view under the microscope was 0.85 x 0.68 mm, and
the size of the RGB-image acquired of the cross-section
was 1280 x 1024 pixels. The resolution of the image pro-
duced was therefore 0.664 mm/pixel. DF (Dark Field)
illumination from above was used to light the specimen
under the microscope. After manually focusing the
image, specimens creating deep shadows (i.e. the edges
of the cross-section not clearly visible) due to excessive
cockling of the strip were discarded at this stage. Here,
shadows at the edges of the cross-sectional image could
distort the following grayscale image analysis.

When changing the parameters of the cross-sectional
imaging, e.g. a change in the exposure time 7, , a
reference target — a plastic slip of standardized lightness
— was required for the determination of changes in the
quantity of lightreaching the CCD sensor, i.e. for the cali-
bration of the imaging parameters to ensure the compara-
bility of the images. The lightness of the reference target
is L = 34, determined by spectrophotometry. The value
of the global threshold, texp, used in the segmentation of
the image was determined as follows:

Ly = (GR)

texp + TBz‘as [1]

where (GR), was the mean of the grayscale histogram in

an image of the reference target with exposure time ¢, ,
and Tj,, was the global threshold, which was used to
select the darkness of pixels classified as starch. The
grayscale threshold determined for the reference target
using the illumination time 7, , was always employed for

segmenting cross-section images acquired using the same
exposure time.

Image analysis of the cross-sectional images and
acquisition of penetration curves

At the first stage of the image analysis, the location of
the cross-section in the original 1280 x 1024 image was
roughly determined using the contrast between the back-
ground and the strip itself. This was performed by
segmenting the grayscale image into a two-level (binary)
image B(i,j) of the grayscale cross-section. Thus, pixels
labeled 1 correspond to the strip and pixels labeled 0
correspond to the background. When a projection was
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Fig 1. Identification of the position of the cross-section on the area
of the original microscopical digital image. The Region Of Interest
(ROI) — where the following image analysis is performed — is presen-
ted as a rectangle around the cross section.

calculated from the binary image on the y axis, the first
estimate for the location of the strip in the image was
obtained. A rectangle within the sample to be analyzed
was then chosen as the Region Of Interest, ROI (Fig I).
At the subsequent stages of image processing only this
ROI was analyzed. This way the following image analysis
required less computing power than analyzing the whole
original 1280 x 1024 image.

Then, the binary image B(i,j) was analyzed column by
column in order to identify the edges (i.e. the top and
bottom surface curves) of the cross-sectional image. If
there were bright undyed areas in the cross-section
image, it was possible that the edges of the cross-sectio-
nal image could not be able to be identified correctly in
some columns of the matrix B(i,j). Therefore, the vectors
of edge points z,, and z,,,,, were filtered with a median
filter. Vectors containing values of edge pixels z,, orz,, .
can be presented as follows:

top

W OF Il
Gl(x,) = med (z(x;_p; )seer 20X, )seees 20Xy, 1)

G2(x;) = med(z(X;_1 )seer Z(X; ) errs 2(X;415)) [2]
G,, (%) = max(G1(x,), G2(x,))

Gioriom (x;) = min(G1(x;), G2(x;,))

where GI(x,) and G2(x,) are median filtered vectors,
Li>n*L2, n =z 5 and G,,(x;) and G,,,,.(x;) are the filtered
vectors containing values of edge pixels in the top and
bottom edge of the cross-sectional image. As seen in
Fig 2, the filtration of vectors effects more the outward
objects than the inward ones. Fibers and fines pointing
outward from the surface (i.e. fibers torn off from the
surface during the cutting of the cross-sectional surface)
could thus be filtered from the cross-sectional image. The
determined edge does, however, follow the surface to the
bottom of any pores.

At the next stage of image processing, only the area
between the detected top and bottom edges of the cross-
sectional image was analyzed. Here, the area between the
detected edges of the cross-section in the grayscale image
was segmented using the global threshold 7, (Eq 1).
T, was the standard grayscale threshold, which was

Bias
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Backround .

Fig 2. The edge detection method is illustrated using the top edge
of the strip (top). The vector containing the values of edge pixels
Ziop(Xi) is presented as a solid line and the median filtered one
Giop(Xi) as a dashed line (i.e. the determined top side edge curve of
the strip). The bottom figure illustrates the completed top and bot-
tom edge detection fitted on an image of the cross-section.
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Fig 3. Original binary image with an illustration of a single sequence
(top), and a thickness-normalized binary image with an illustration
of a resampled sequence (bottom). The equalized thickness, w, of
the resampled sequence is 200 normalized units.

used to determine how dark pixels were classified as
starch. In our study, the treshold value 7, was deter-
mined by making a similar cross-sectional image of a
base paper sample not containing surface sizing starch.
T,.. was set to a level at which less than 0.8% of the
pixels in the base paper — based on the wet end starch
content of the paper — were under the global threshold 7.,
The purpose of this approach was to calibrate the analysis
of the dyeing reaction according to the the wet end starch
in the specimens. In our study, the threshold grayscale
value T}, selected based on this condition was set at 16.

In order to determine the z-directional distribution of
starch-containing  pixels,  cross-section  thickness
variations had to be removed during image analysis.
Here, the thickness of the whole cross-section (i.e. all
1280 columns) was equalized by normalizing the length
of the individual columns to a constant length of w =200
pixels. This procedure is illustrated in Fig 3. A cross-

sectional image with binary starch location information
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Fig 4. Starch penetration curves averaged from 1, 3, 16 and 40
cross-sectional images. These curves are obtained by averaging
the corresponding number of cross-sections, each consisting of
1280 seqguences. The relative starch content (between 0 and 1) in
the y-axis describes the occurrence of pixels categorized to contain
starch in the z-directional depth of the sheet.

within a cross-section of constant thickness was then
available for acquiring a z-directional distribution curve
of pixels classified to contain [-KI-stained starch in the
original cross-sectional image.

As mentioned, the machine direction length of a single
cross-section was only 0.85 mm. On the other hand,
several process parameters and paper structure variations
— such as flocculation — may affect starch penetration
behavior on the order of several millimeters. Therefore,
in order to gain reliable information of overall starch
penetration and its effect on paper properties on the
macro scale, starch penetration information needs to be
averaged from a larger amount of data. Examples of
starch penetration curves averaged from 1, 3, 16 and 40
cross-sectional images of 1280 normalized columns are
shown in Fig 4. Increasing the number of measurements
n will give a more reliable estimate of the distribution
than any of the measurements taken alone. The standard
deviation of the mean, s /vn, decreases slowly as n
increases. It can be observed that the shape of the starch
penetration curve obtained does not change significantly
when 16 or more individual starch distributions are
averaged. Then, 16 cross-sectional images were averaged
to obtain the penetration curve for each specimen.
Therefore, a total cross-sectional sample length of 13.6
mm in the machine direction was included in the deter-
mination of the starch penetration analysis.

Definition of a Dimensionless Penetration Number, @
and the Simulated Starch Content Distribution, SSC(2)
Once a usable method for determining a quantitative
penetration curve is available, one might suggest that it
would also be useful to describe a single dimensionless
number to represent the relative penetration depth of
starch. Such a number could then be used for the quanti-
tative comparison of paper samples with different starch
penetration levels. Further, a penetration number can be
quantitatively used in comparing the penetration of starch
in different paper samples (e.g. produced under different
process conditions) to determine the function of any
paper making variable whose contribution to surface
sizing starch penetration behavior is of interest. Here, the
thickness of paper was divided into four layers equal in
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thickness, and the integrals (areas covered by the penetra-
tion curve) of these sections were defined as A, 55, A5, 1005
Aipoiso and A5 Now, the suggested penetration
numbers Q,,, and Oy Were defined at both the top and
bottom sides separately as the ratio of the area covered by
the penetration curve at the inner quarter of the sheet’s
thickness and the area covered by the penetration curve at
the half thickness of the specimen. The mean penetration
number Q,, was then calculated as the weighed average
of the penetration numbers obtained from the two sides
as Q. This definition of the penetration number Q is
illustrated in Fig 5 and in Eq 3.
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Fig 5. An illustration of the sectional areas A, 55, Asy 100 Avoo-150 aNA
A 50000 COVered by the starch penetration curve

obtained. These sectional areas are then used in the determination
of the penetration number Q. The relative starch content (between
0 and 1) in the y-axis describes the occurrence of pixels categori-
zed to contain starch in the z directional depth of the sheet.
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The characteristics Q,,,, Oy and Q,, are standardized
within [0,1]. If starch is distributed evenly in the z direc-
tion, the value of Q,, is 0.5. If Q,, > 0.5, there is more
starch in the inner parts of the cross-section sample than
on its surfaces.

Starch penetration curves obtained with the method
described here can, in principal, not be directly inter-
preted as starch content distributions, similarly to filler
distribution analysis, since pixels of the cross-sections
were only evaluated “to contain” or “not to contain”
starch based on the threshold analysis described above
without any scalar amount information of starch at
individual pixels. However, when penetration curves with
different specimens are compared, penetration curves
processed to represent starch amount distributions in the
z-direction using the separately measured starch amount
can be of interest. Here, the quantitative starch penetra-
tion curves were used to illustrate the assumed starch
content distribution by normalizing the integrals of the
individual starch penetration curves (i.e. the covered area
of the penetration curve) to correspond to the actual
starch content in the specimens. If we define the starch
penetration curve P as a function of thickness z as P(z),
the separately measured starch amount as p,,, , and the
starch amount normalized Simulated Starch Content (i.e.
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SSC) as a function of thickness as SSC(z), and the
equalized thickness as w, we can define

S8C(z) = L P(2)
! P(2) [4]

w
Now we can plot the starch penetration curve as a
simulated starch content curve SCC(z) giving an assump-
tion of the starch amount distribution across the sheet
thickness using units of weight per unit area (e.g. g/m’).

Preparation of Samples for ToF-SIMS Analysis and
Image Analysis of ToF-SIMS images

In our study, the ToF-SIMS method was employed as the
method of comparison for the I-KI dyeing method of
cross-sections. ToF-SIMS was used to identify the
lithium ions of LiCl, added to starch during the surface
sizing process. Here, LiCl, dissolved in the starch
solution was expected to penetrate to the paper structure
along with the starch. The distribution and amount of the
LiCl, was then meant to be traced from the cross-
sectional images prepared.

Paper samples were embedded in epoxy resin and
cross-sectioned. ToF-SIMS analyses were used to obtain
ion distribution maps for the lithium ion in the cross-
sections. The instrument used for the ToF-SIMS analysis
was a PHI TRIFT II (ULVAC-PHI, Chigasaki, Japan).
ToF-SIMS images were acquired in the positive ion mode
at 25 kV accelerating voltages using a Ga liquid ion
metal gun over a mass range of 2-2000 amu. The
analyzed area was 200x200 mm. Specimens (ca. 2 x 10
mm) were cut in the machine direction. After cutting, the
specimens were put in a flat embedding mold made of
silicone rubber (Agar G369). The specimens were
embedded in transparent cold mounting epoxy resin
(Struers Epofix kit). An Epofix kit has two components,
Epofix resin and Epofix hardener, which were mixed
immediately before use (25 parts of resin and 3 parts of
hardener by weight). Then the epoxy resin was allowed to
cure at room temperature for about 8 hours. After the
curing of the epoxy resin, the specimens were cross-
sectioned in the machine direction with a Leica RM 2165
microtome (Leica Microsystems, Wetzlar, Germany).
Cross-sections were made using a glass knife in order to
obtain a smooth surface. The ToF-SIMS analysis of paper
was made directly from the resulting epoxy block. Fig 6
represents an example of an overall ion image of the
cross-section as well as the corresponding Li image of a
paper sample with a starch solids content of 18% and a
total starch amount of 1.8 g/m’.

The Li~ cross-sectional images were analyzed column
by column similarly to the cross-sections treated with the
[-KI dyeing method in order to determine the distribution
of the Li ions across the z-direction. Edge detection
begun with detecting the furthest top and bottom Li~ pix-
els from each column of the Li~ image (Fig 7, top). This
group of pixels was classified in all columns i as edge
pixels only when the distance w between the topmost and
the lowest Li~pixels in column i was w(l) > W,,, pixels,
the value of W, being based on the thickness of the
strip. In our study, the requirement for the minimum
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Fig 6. The total ion image of the cross-section (left) and the corres-
ponding Li~ image (right). Bright dots in the image on the right indi-
cate lithium ions.
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Fig 7. The furthest Li~ pixels at the low end and top end of each
column of a Li~ image of the cross-section (top), median-filtered
edge detection of the Li~ image, (middle), and the thickness-norma-
lized Li~ image (bottom).

width of the cross-section was W,,;, = 80 pixels (= 63
mm). A continuous edge curve was then obtained using
linear interpolation, after which all elements i of edge
point vectors z,,(i) and Zum(i) had numerical values.
Then the edge point vectors were filtered with a median
filter, similarly to the procedure with I-KI images (Fig 7,
middle). Further, the columns were normalized to a stan-
dard length of w = 200 (Fig 7, bottom). Finally, the cross-
section Li~ distribution was obtained by averaging the
resampled sequences of all columns. The length of a
single Li~ image of the cross-section was 200 mm. In
total, ToF-SIMS images of 25 cross-sections were used in
order to determine the Li~ distribution.

Results

The following figures illustrate the starch penetration
curves obtained as examples of utilizing the method
developed (Fig &8). These curves show differences in
starch penetration depending on the surface sizing solids
content as starch concentrated on the surface or
penetrated more through the sheet based on starch solids
content. In addition, a base paper sample with no surface
sizing was analyzed in a similar manner as the surface
sized samples. Here, some [-KI dyeing of the base paper
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sample through a reaction with fibers, fillers an wet end
starch can be seen in the starch “penetration” curve of the
non-surface sized base paper. Using the Simulated Starch
Content distribution calculation, SSC, starch penetration
curves were rearranged by normalizing the integrals of
the starch penetration curves according to the starch
amount measured from the specimens (Eq [4]). The
normalized curves (Fig 9) show a logical arrangement of
the starch penetration curves according to starch solids
content. The starch amount in paper samples is seldom
equal at the top and bottom side of paper. Therefore, a
direct comparison of the starch distribution curves at
each side or as a function of the entire thickness can be
complicated. Here, averaging the curves obtained from
the top and bottom sides of the paper can be useful.
Fig 10 presents examples of such half curves. The top
and bottom averaging is obtained from the Simulated
Starch Content curves seen in Fig 9.

Fig 11 illustrates the calculated penetration number
0., as a function of the starch solution solids used (i.e.
8%, 12%, 15% and 18%). One can observe in Fig /1 that
the penetration number described here gives a fairly good
picture of starch penetration with different solids
contents. Similarly, the Scott bond internal strength
measurements are compared against the penetration
number. When observing Fig /2 one can suggest that the
penetration number Q,, introduced here can well be used
in evaluating the internal strength of the sheet in terms of
starch penetration.

Fig 13 presents the lithium ion distribution of a paper
sample with a starch solids content of 18% and total
starch amount of 1.8 g/m*. Fig 13 shows that the lithium
ions were more evenly distributed across the z-direction
of the paper compared to the starch penetration informa-
tion from the analysis of binary images of the I-KI dyed
cross-sections (Fig 8 and Fig 9). In other words, the
lithium ion content of the paper in the middle of the sheet
is greater than what was expected based on the I-KI
distributions. Fig /3 also suggests, that the maximum Li
concentration is not quite on the surface of the cross-
section but at a depth of about 5 mm from the surface of
the specimen. This observation agrees well with the fin-
dings on the I-KI starch penetration curves, where the

—18%

= =15%

Relative starch content

0 20 40 60 80 100 120 140 160 180 200
Relative depth in z-direction (0 = top, 200 = bottom)

Fig 8. Starch penetration curves with starch amounts of 1.8 g/m®,
2.0 g/m% 2.0 g/m® and 1.8 g/m’ with starch solids contents of
18%, 15%, 12% and 8%, respectively. In addition, a reference
curve obtained from the base paper sample is presented. The
relative starch content (between 0 and 1) in the y-axis describes the
occurrence of pixels categorized to contain starch in the z-directio-
nal depth of the sheet.
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0 20 40 60 80 100 120 140 160 180 200
Relative depth in z-direction (0 = top, 200 = bottom)

Simulated starch content, SSC (g/m?)

Fig 9. Starch penetration curves normalized to cover an area relati-
ve to corresponding starch amounts at each paper sample (i.e.
Simulated Starch Content distributions, SSC) at starch amounts of
1.8 g/m?, 2.0 g/m? 2.0 g/m? and 1.8 g/m? with starch solids
contents of 18%, 15%, 12% and 8%, respectively.

18%
— —15%
==r12%
oo gos

Simulated starch content, SSC (g/m2)

0 10 20 30 40 50 60 70 80 90 100
Relative depth in z-direction (0 = top, 100 = middle)

Fig 10. Top and bottom side averaged starch penetration curves
with starch amounts of 1.8 g/m® 2.0 g/m? 2.0 g/m® and 1.8 g/m’
with starch solids contents of 18%, 15%, 12% and 8%, respective-
ly. Penetration curves were normalized to cover an area relative to
corresponding starch amounts at each point (i.e. Simulated Starch
Content distributions, SSC).
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Fig 11. Determined penetration number Q,, as a function of the
starch solids content used (i.e. 8%, 12%, 15% and 18%). The total
starch amount was 1.8-2 g/m?.
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Fig 12. Measured internal strength (Scott bond) as a function of the
penetration number. The total starch amount was 1.8-2 g/m’.
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Relative Li- ion content

0 20 40 60 80 100 120 140 160 180 200
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Fig 13. Averaged Li~ distribution determined for a series of cross-
section images (25 images). The starch solids content at the
specimen was 18%, and the total starch content 1.8 g/m’. The
relative Li~ ion content (between O and 1) in the y-axis describes the
occurrence of pixels categorized to contain Li~ ions in the z-direc-
tional depth of the sheet.

1.0%

Relative Starch Content

0 20 40 60 80 100 120 140 160 180 200
Relative depth in z-direction (0 = top, 200 = bottom)

Fig 14. Examples of relative starch content distributions from four
parallel specimens, each consisting of averaged information from
16 cross sections. Starch content in the specimen was 2.0 g/m’ at
starch solids content of 12%.

Simulated Starch Content, SSC (g/m?)

0 20 40 60 80 100 120 140 160 180 200
Relative depth in z-direction (0 = top, 200 = bottom)

Fig 15. Examples of Simulated Starch Content (SSC) distributions
from four parallel specimens, each consisting of averaged informa-
tion from 16 cross sections. Starch content in the specimen was
2.0 g/m” at starch solids content of 12%.

maximum starch penetration was also found to be at a
similar depth from the sheet surface.

The accuracy of the method developed can be evalua-
ted by observing starch penetration results from parallel
specimens. Four specimens were analyzed in the
following figures in order to find out the level of
confidence, and further, the repeatability of results with
the method developed.

In Fig 14, four parallel relative starch content
distributions are compared. One can observe roughly
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30% variation in starch content maximum values between
the curves. Comparing results based on relative starch
content curves alone can therefore be complicated.

However, if the results with the Simulated Starch
Content (SSC) distribution are observed, good
repeatability of the results can be seen (Fig 15). Looking
at the Simulated Starch Content distribution and
normalizing the curves based on the measured (or
targeted) starch amount using Egq. 6 is therefore the most
useful form of plotting the penetration curves. Further,
the penetration numbers Q,, for the specimens compared
here give values 0.114, 0.124, 0.104 and 0.131 with an
average of 0.118 and standard deviation of 0.012. The
method developed for determining the penetration
number gives quantitative starch penetration information
with coefficient of variation (CV) of 10%.

Discussion

A quantitative method to evaluate starch penetration was
presented in this study. The dyeing of the specimen in the
iodine potassium iodine (i.e. I-KI) solution and image
analysis of the resulting dyed cross-sections was fast to
conduct. The dyeing of the specimen, image acquisition
of the dyed cross-sectional surface, and image analysis of
the cross-sectional image were defined and specified so
as to obtain reproducible and comparable information of
quantitative starch penetration. Person-dependent factors
affecting the procedure and the results obtained were then
minimized. The penetration curves acquired here give an
additional tool for studying the effect of papermaking
process parameters on the quantitative z-directional
penetration of surface sizing starch. The method intro-
duced for obtaining Simulated Starch Content (SSC)
distribution curves also gives a helpful tool for chara-
cterizing the effect of various process parameters on the
starch z-distribution of a sheet. An additional feature of
the method is the definition of a dimensionless pene-
tration number Q. that can be quantitatively used in
comparing the penetration of starch in different paper
samples (e.g. produced under different process
conditions) to determine the function of any papermaking
variable whose contribution to surface sizing starch
penetration behavior is of interest. Such variables may be
starch viscosities and/or solids contents, linear loads of
the MSP unit, roll diameters and hardnesses, as well as
such base paper properties as porosity. This information
can then be used in optimizing the papermaking process
with respect to the penetration of starch. The results
presented here showed a good correlation between the
starch solids content and the internal strength of the
sheet, for example. The method described will open new
possibilities for describing starch penetration compared
to the conventionally used qualitative evaluation of iodine
stained cross-sections.

One must note that the penetration curves described
here should, in principal, not be directly interpreted as
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starch amount distributions due to the method used in
determining the curves. Here, the method is based on
evaluating whether the individual pixels across the cross-
section contain starch or not — instead of quantitative
information of the starch content at that particular
location. Nevertheless, the simulated starch content
(SSC) distribution curves presented seem to also
represent the expected relative starch amount distribution
in the z-direction quite well.

The starch penetration curves were also compared
against Li  distributions obtained through ToF-SIMS,
representing the distribution of the starch solution in the
z-direction, using LiCl, as a marker for starch. The
comparative ToF-SIMS results repeat the observation
made with I-KI dyed and image analyzed cross-sections
showing a drop of starch content in the 5 um layer of the
topmost surface of the sheet. However, the Li  distri-
butions show a deeper penetration compared to the I-KI
curves. This may be explained through the LiCl, marker
migrating through the fiber network with the water in the
starch solution.

In conclusion, the quantitative starch penetration
analysis method presented here describes very well
changes in starch penetration against penetration-related
process parameters and paper properties, such as starch
solids content or viscosity, or the internal strength of the
sheet. This method will provide a new tool for paper-
makers for optimizing and fine tuning starch penetration-
related process parameters and the properties of paper in
paper or board surface sizing.
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