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ABSTRACT

A series of model papers were made from the same furnish and fully characterized. They
varied in terms of basis weight, AKD internal sizing and PCC filler content. These papers were
surface sized with starch solutions varying in concentration under constant velocity, pressure and
temperature in a laboratory puddle-type press.  The sizing solution pick-up was measured. The
objective of the study is twofold. First, to establish the relationship between the paper
structure/composition and the sizing solution pick-up; second, to clarify the surface sizing
mechanism.

Varying the paper structure and composition can affect dry pick-up by one order of
magnitude (0.5-5%). The variables influencing sizing solution pick-up are in decreasing order: sizing
solution concentration > filler % and internal sizing  >> basis weight. The paper pick-up capacity
was clearly governed by the bulk properties of paper rather than by its surface roughness. Filler
content strongly affected the porosity, pore size distribution and tortuosity, which govern solution
pick-up. AKD internal sizing was found very efficient in decreasing sizing solution pick-up. In all
instances, less than half of the pore volume was filled by the solution.

INTRODUCTION

Surface sizing is a unit operation of papermaking that is standard in many fine paper
processes. It consists of applying, under pressure on both surfaces of the paper, a starch solution that
can contain a sizing polymer. For fine papers, the sizing solution is typically added at 30 to 40 kg/ton
of paper, including the polymer at 0.75-1.5 kg/ton. Indeed Α surface sizing is an ancient operation
as old as papermaking itself  [1]. Good reviews of the field are provided by Cushing [1] and Eklund
[2]. The primary objective of surface sizing is to improve paper printability. Surface sizing increases
the liquid wetting resistance (water, oil, grease), the surface strength (linting, dusting, picking), the
sheet strength (burst, tensile, folding), and the dimensional stability (cockle, curl). It also can control
the coefficient of friction [3].

Starch solutions are applied on papers with two main categories of processes: size presses
and specialty processes. Tub sizing, bill blade coaters, spray sizing and calendering sizing belong
to the later category. The industrial presses are of three types: film transfer press (metering size), gate
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roll press and the conventional pond size press  (puddle) [1,3]. In the first and second cases, a
solution film of controlled thickness is created, transferred and pressed into paper. In the second
type, the paper simply flows through a controlled path length of solution before being pressed in a
nip. Surface sizing is governed by seven main factors [1-4]: 1) size pick-up and penetration depth;
2) surface coverage and uniformity; 3) size chemistry; 4) sheet properties; 5) size press conditions;
6) application process; and 7) heating and drying conditions.

 It is the primary objective of this article to relate sizing pick-up to the composition and
structure of paper. A second objective is to better understand the mechanism of size penetration on
puddle size press. A selected literature review is first presented, followed by the experimental study.
Twelve different grades of papers were made on a pilot paper machine from the same furnish. The
variables of interest include basis weight, AKD internal size level and filler content (PCC). The
paper sheets were fully characterized. Individual sheets of each different grade were then surface-
sized (off-machine) using a pilot-size pond press. Only the starch concentration was varied;
operating conditions such as pressure, velocity, moisture content and temperature were kept constant.

Absorption of starch during surface sizing

In the late seventies, Hoyland et al., from the University of Manchester, conducted a
comprehensive study on the mechanism of surface sizing [5] and transudation of water into paper
[6-10]. They presented a semi-empirical equation predicting sizing pick-up as the sum of three terms:
immobilization, absorption and hydrodynamic [5]. The effect of the sizing process on starch pick-up
was analyzed using a puddle-type press . The wet pick-up decreased with an increased nip pressure.
At low speeds, the pick-up decreased with increasing sizing solution viscosity, whereas, at higher
speeds, the pick-up increased as viscosity increased. This interesting observation highlights two
phenomena : the viscoelastic properties of paper in the nip and 2) the complex rheology of starch
solutions. For studies at constant velocities, the first variable is a constant. However, it renders
extrapolating to different velocities unreliable. The complex rheology of polymer solutions is well
known. For starch solutions/suspensions, it is due to the different associating structures of amylose
and amylopectin varying as function of concentration, time, shear rate and temperature. The reader
is referred to the work of Carreau and Tanguy for proper characterization of non-linear
viscoelasticity [11]. Basically the non-linear viscosity of starch is expressed in terms of loss modulus
(G’) and elastic modulus (G”). Otherwise, it is more rigorous to simply characterize starch solutions
by concentration and to report the conditions (Temperature, velocity, type of starch).

Hoyland et al. also analyzed some effects of paper structure and composition on pick-up [5].
Internal sizing reduced significantly pick-up at the size press. Beating of the base sheet decreased
the pick-up as did supercalendering. It should be noted that supercalendering has two main effects
on paper. First, it consolidates the web, thus increasing bulk density and decreasing air permeability.
Second, it affects the surface characteristics. The sheet surface becomes smoother (lower Parker Print
Roughness, lint). These two effects are interlinked and can not be dissociated.

Eklund et al. from Abo Akademi also carried out extensive research on surface sizing and
surface treatment [2,12]. They reported the  starch solution transport to be influenced by structural
and chemical properties of paper. The first category is affected by the mechanical pressure on paper,
grammage, beating and calendering. The surface chemistry is mostly governed by hydrophobicity
and moisture content. External pressure and low starch viscosity increase the rate of starch
absorption. Starch solution was characterized in terms of viscosity. At constant viscosity, the starch
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solid content, chain length, temperature and degree of cationization had no effect on absorption rate.
Stated otherwise, starch solution had a linear viscoelastic behavior , contrasting with Hoyland’s
finding [5]. This is probably due to the low velocity range investigated. From measuring the starch
pick-up with different types of pilot coaters,  Eklund et al. concluded that the total starch pick-up in
sizing was the sum of the starch absorbed in the bulk and the starch layer on the paper surface [2].
Finally, on a different process, Lepoutre et al. recently investigated the effect of the paper base-stock
surface structure on coating holdout and coated paper properties [13]. The mechanism of pick up and
the effects of paper structure and composition are still poorly understood

EXPERIMENTAL

Base-stock

All papers were made on the pilot paper machine from the Centre Spécialisé en Pâtes et
Papiers (CSPP), CEGEP de Trois-Rivières. This is a Fourdrinier machine, 76 cm wide, operating
typically at a velocity of 40 m/min. Drainage is achieved by table rolls, blades, vacuum boxes and
a couch roll. Shaking of the breast roll improves formation. The wet web was pressed with 2 nips
and dried to 98% solid content. Calendering was bypassed. The furnish consisted of a mixture of
bleached softwood sulfite pulp (80%) and bleached hardwood Kraft pulp (20%) beaten to a freeness
of 366 ml CFS. The furnish pH was adjusted at 7.5 through addition of 4 kg of sodium
bicarbonate/ton of pulp directly in the thick stock tanks. Precipitated calcium carbonate (PCC
Albacar HO) was added at the outlet of the fan pump, while an AKD emulsion (Hercon 79) was
introduced after the machine chest. Retention was achieved with a polyacrylamide retention aid 
(Nalco 7530 ) with colloidal silica (Nalco 8671) retention aid system. The silica was introduced at
the inlet of the pressure screen and the PAM was added at the screen outlet. Retention was controlled
by adjusting the flow rate of polymer while keeping constant the micro-particle addition rate. The
cationic demand of the headbox and the white water pit were monitored and kept constant using a
charge analyzer (Mutek). The various paper grades were cut into standard 8.5 by 11" free sheets.
Only the middle section of the rolls were selected for analysis and sizing experiments.

Paper Analysis

All measurements were performed on uncalendered sheets and prior to surface sizing. Ash content
test was performed at 400oC for 16 hours. Internal sizing degree was measured with Hercules size
tester (HST) using 80% reflectance and standard ink. Roughness was followed with the Parker Print
Surf roughness tester at a clamp pressure of 1 MPa (S10). Air Permeability was quantified with
Gurley tester. Mercury intrusion was performed on a Micromeritics Pore Sizer 9320 operated with
pressures ranging from 1 to 30000 psi.

Surface Sizing

Surface sizing was an off-machine operation. A Laboratory inclined size press manufactured by
Kumagai Riki Kogyo Co Ltd was used. The velocity (40 m/min), nip pressure (24kN/m) and size
solution temperature (60oC) were kept constant for all experiments. An oxidized wheat starch was
used at concentrations ranging from 5.7% to 12.4% (wt/vol) . The starch solution was prepared using
an automated laboratory cooker (ALC-2, Sensor & simulation products). The following cooking
profile was performed: 1) ramp up to 96 oC at a rate of 2.3 oC/min; 2) cook 30 minutes at 96 oC; 3)
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cool down to 66 oC at a rate of 3.4 oC/min; and 4) hold at 66 oC until use. The paper samples were
equilibrated for 24 hours in a standard controlled humidity room (50% RH, 25oC) and kept in closed
zip-lock bags until use. Paper sheets were taken one at the time from the bag for sizing. Sized papers
were dried one minute on each side on a standard drier (Noram) set at 100oC. Dry pick-up (g/m2) was
calculated after drying and conditioning as:

where ME sized paper represents the mass of the dried sized paper conditioned under standard conditions
(50%R.H. and 25oC), ME paper, is the initial mass of the paper sheet conditioned and A paper is the area
of one side of the paper sheet.

RESULTS AND DISCUSSION

Papermaking

Twelve different grades of paper were made from the same furnish and under constant
machine conditions, only varying by their relative concentrations. Figure 1 schematizes the different
grades of paper produced. The exact composition and basic properties of the papers are summarized
in Table I. All paper analysis were performed before surface sizing. The surface roughness of the
uncalendered papers were little affected by the papermaking operations. The values of the Parker
Printing Surf (PPS) only ranged from 6.3 to 8.2. This was expected. With the furnish and velocity
jet/velocity wire ratio kept constant, the values of surface roughness simply expressed differences
in fibers flocculation, filler coagulation and filler content  (papers uncalendered). The density of the
papers varied from 500 to 700 kg/m3. The filler content was the main variable affecting both surface
roughness and paper density (Figure 2). The Gurley air permeability was also measured and found
to depend mostly on filler content and fairly little on the paper basis weight (Figure 3). The pore size
distributions and porosities of a filled (L) and an unfilled (G) paper of similar basis weight were
determined by mercury intrusion (Table I). Widely different porosity and pore size distribution
resulted. The highly filled paper had a porosity of 48% and an average pore size of 1.1 µm, compared
to 33% porosity and 2.4 µm pore size for the unfilled paper. But more important was the difference
in pore size distribution. The filled paper showed a larger amount of small pores in the range of 0.1
to 4 µm, as shown on Figure 4.

From the measured density and knowing the paper composition, the pore fraction can be
calculated (Table I, Annex ). Figure 5 presents the relationship between the air permeability and the
volume pore fraction.  As expected, the paper air permeability decreased linearly with its void
fraction. This confirms that the filler content controls the paper micro-structure.

(1)      mg/[=]  
A

M - M = up-Pick 2

paper

EE paperpaper sized
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Figure 1. Schematic representation of the experimental plan for papermaking.

Basis Ash Sizing degree Dosage of Apparent Void PPS Gurley Air PorosityB) Average
Samples weight content HSTA) AKD density fraction roughness permeability (%) pore diameterB)

(g/m2) (%) (sec) (kg/ton of pulp) (kg/m3) S10, (µm) (s/100mL) (µm)
A 79.4 0 0 0 674 0.55 7.6 37.9
B 79.0 0 111 0.49 618 0.59 8.1 22.8
C 82.0 0 189 1.38 607 0.60 8.1 27.2
D 78.4 13.0 2 0.99 548 0.66 7.2 10.9
E 78.5 12.6 63 3.84 546 0.66 7.2 12.4
F 74.2 24.2 1 3.38 519 0.69 6.5 9.4

G 53.3 0 0 0 585 0.61 7.6 27.3 33.1 2.44
H 59.0 0 18 0.86 594 0.61 7.8 30.1
I 66.7 0 204 1.25 585 0.61 8.2 24.7
J 60.6 10.2 15 4.67 509 0.68 7.2 6.2
K 61.8 12.3 3 3.01 502 0.69 7.5 6.7
L 58.6 22.9 0 0 531 0.68 6.3 10.4 47.6 1.10

A), Average of top and bottom side measurements
B), measured by Mercury Intrusion

Table I. The properties of base stocks.
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Figure 2. Effect of Filler content on surface roughness and paper density.

Figure 3. Effect of paper filler content and basis weight on air permeability.
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Figure 4. Pore size distribution as measured by mercury intrusion of a highly filled (sample
L) paper and an unfilled paper (sample G) of similar basis weight.

Figure 5. Effect of paper void fraction on air permeability.

The level of internal sizing, as measured by HST, was a non-linear function of the dosage of
AKD emulsion (Table I). The important interaction between PCC concentration and AKD dosage
was due to the high surface area of the filler on which the AKD emulsion adsorbed [14,15]. This
rendered the precise control of internal sizing difficult. The evolution of hydrophobicity (HST) with
time is clearly seen on Table II. The development of internal size was a function of the paper
composition and especially of its filler fraction. This has been explained in terms of AKD vapor
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physisorption/ chemisorption, AKD wetting  and AKD hydrolysis which was previously studied [16-
20]. Commercial Fourdrinier machines are known for their one-sided drainage causing important
filler and fines concentration profiles in the paper thickness. Since the AKD concentration was
proportional to the surface area, thus to the filler distribution [14], differences in HST were  expected
between the wire side and the felt side of the sheets. The levels of internal sizing were therefore
measured by HST from top and bottom . Similar HST levels were measured. This suggested
symmetry in the papers Z-direction resulting from low shear during papermaking and high retention.

HST (sec)
Samples Ash content 1st Test 2nd Test 3rd Test

 (%) Off machine After curing Bottom Top Bottom Top
A 0 0 0 0 0 0 0
B 0 0 86 69 67 112 111
C 0 2 368 124 122 185 193
D 13 15 5 1 1 2 2
E 12.62 424 - 45 65 57 69
F 24.16 4 1 1 1 1 1

G 0 0 0 0 0 0 0
H 0 0 11-24 11 11 19 17
I 0 0 163-253 130 143 208 199
J 10.15 0-125 163 16 18 15 16
K 12.31 80 117 2 2 3 3
L 22.85 0 0 0 0 0 0

1st Test: right after papermaking; 2nd Test: after 60 days; 3rd Test: after 150 days

Table II. Evolution of hydrophobicity, as measured by HST, as function of time and paper
composition.

Effect of Base-Stock on Surface sizing

The twelve different grades of papers were surface sized under constant conditions with
starch solutions varying in concentration (5.7 to 12.4 %). Starch concentration was chosen as an
independent variable instead of viscosity for two reasons. First, it is a common industrial
measurement. Second, starch solutions exhibit a non-linear viscoelastic behavior; viscosity changes
as function of shear rate, time and temperature. The pick-up was measured in terms of grams of
sizing polymer absorbed by square meter of paper (g/m2). The effect of filler content, level of
internal sizing and sizing solution solid content on the starch pick-up for the various grades of papers
are shown for high and low basis weight papers on Figure 6 and 7 respectively. For a given paper,
the dry pick-up was a strong function of the starch concentration (Figure 8). The pick-up decreased
with hydrophobicity (Figure 8) and increased with the level of filler (Figure 9). The higher the basis
weight, the higher the pick-up (Figure 10) . Under standard size press conditions, the starch pick-up
ranged over one order of magnitude, from 0.5 to 5 g/m2.
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Figure 6. Effect of ash content, internal sizing and solid content of the sizing solution on the
sizing solution pick-up by high basis weight papers.

Figure 7. Effect of ash content, internal sizing and solid content of the sizing solution on the
sizing solution pick-up by low basis weight papers.
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Figure 9. Effect of the filler content on the pick-up/starch concentration relationship. No
AKD, low /basis weight papers.
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Mechanism of Solution Pick-Up

The sizing solution pick-up by paper has two limiting mechanisms. The first one is related
to the paper surface roughness and topography; the solution pick-up is proportional to the average
height roughness that would entrain the solution. The second mechanism is related to the bulk
absorption and would be function of the pore fraction of paper. Figure 11 presents the effect of paper
roughness on solution pick-up for papers. No master curve appeared, which suggested that the
surface entrainment mechanism played only a secondary role in the solution pick-up mechanism.
However when sizing solution isoconcentration lines were plotted, the pick-up decreased slowly and
linearly with roughness, along an isoconcentration. The slopes of the isoconcentration were equal,
with the highest pick-up reached with the highest starch concentration. These observations go against
the surface entrainment mechanism: pick-up decreased linearly with surface roughness.  This
contradicts the statement of Hoyland et al. [5] wherein pick-up was reported to increase as a function
of roughness. The discrepancy between the studies should be analyzed carefully as the experiments
present major differences. Hoyland modified paper roughness by calendering. Thus, surface
roughness and bulk density (porosity) were simultaneously changed. In the present study, the papers
were not calendered to avoid this complication. Surface roughness resulted from paper chemistry:
filler content, fiber flocculation, filler coagulation and dimensions of fibers (hardwood versus
softwood). The paper porosity was therefore affected, but to a much lower extent than in Hoyland’s
work. Therefore the mechanism of bulk absorption deserves further attention.
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Figure 11. Effect of the surface roughness on the sizing solution pick-up for higher basis weight
papers.

Pick-up was measured on a dry basis as the mass of starch deposited per unit area of paper.
Such measurement presented two advantages. First, it was insensitive to the fast evaporation from
the hot sized sheet; second, it reflected the quantity of starch impregnated into paper. However,  this
definition presented a drawback as the pick-up became a strong function of starch concentration, thus
obscuring any visco-elastic effects. To circumvent this interaction, sizing can rather be described in
terms of the fraction of paper void fraction filled by the sizing solution. Preliminary Scanning
Electron Microscopy of the paper cross-section showed that starch was mostly internally retained
rather than  coated on paper. The void fraction of paper pores filled by the sizing solution was plotted
as a function of the filler content, starch concentration and internal sizing for the high and low basis
weight papers on Figures 12 and 13, respectively. The calculation techniques can be found in the
Annex. The effect of paper swelling during sizing was neglected. More information on swelling and
swelling dynamics can be found elsewhere [21,22]. The fraction of pores filled varied from 0.1 to
0.45, with the value of 0.5 forming an asymptote. The paper was never completely soaked by the
starch solution. This suggested that a fraction of the void volume was unavailable for the sizing
solution .Mass transfer limitations were unlikely considering the thinness of paper. An explanation
might be that the air present in the web cannot escape completely during the time frame of sizing,
thus restricting the liquid penetration. According to this mechanism, and neglecting any effect from
the paper, the air pocket was compressed until its internal pressure balanced the pressure at the nip.
If this mechanism were governing and assuming the paper web to behave as a perfect gas, the
volume fraction filled by sizing solution should be independent of basis weight (under given
conditions). Figure 14 presents the effect of starch concentration on void fraction filled by solution
for two basis weight of identical composition. Obviously, basis weight had a significant effect on
the void fraction filled. On average 30% of the pore volume was filled for the low  basis weight
papers, compared to some 40% for the high basis weight. This discrepancy suggests that the
compressed air pocket hypothesis alone can not explain the observation. The viscoelastic properties
of paper and of the roll were likely involved in the force balance at the nip.
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The paper void fraction filled was mostly independent of starch concentration; slight
deviations were observed at the high concentrations (Figure 12, 13, 14). This implied that starch
solution pick-up into paper can mostly be explained as an absorption process within the bulk of
paper. The deviations at higher starch concentration were very likely due to viscoelastic effects as
starch can also be retained onto the surfaces. Figure 15 illustrates, for unsized papers,  the effect of
filler content on the void fraction filled during sizing. The pore size distribution influenced
absorption of the starch solution. The effect of internal sizing on the void fraction-starch content
relationship is shown on Figure 16 for unfilled papers. This figure is analogous to Figure 8.
However, expressing pick-up (g/m2) as void fraction filled removed most of the effect of starch
concentration. This highlighted the importance on internal sizing in restricting solution penetration,
which goes accordingly to the earlier work of Hoyland [5] and Eklund [2,12]. For unfilled papers,
AKD internal sizing was very efficient in decreasing the fraction of pores filled with the sizing
solution. The higher the HST, the lower the solution absorbed. At low starch concentration, the
sizing solution pick-up was typically reduced by a factor of 3 by using AKD as internal size.  Highly
filled papers behave somewhat differently.  The void fraction filled decreased as the solution solid
content increased. A slight internal sizing reversed this phenomena (Figure 17). We raised the
hypothesis that the high surface area of the hydrophilic PCC had a higher affinity for water than for
starch; the most aqueous solution wetted PCC better. Filler content influenced the pore size
distribution and therefore the pore surface area, while internal sizing increased the contact angle
formed by the sizing solution with the pore surface. AKD internal sizing was also very efficient in
decreasing the paper void fraction filled by the sizing solution. A HST of only 0.5 s cut by almost
half the consumption of sizing solution (Figure 17).

Figure 12. Effect of ash content, internal sizing and solid content of the sizing solution on the
paper void fraction filled during sizing for high basis weight papers.
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Figure 13. Effect of ash content, internal sizing and solid content of the sizing solution on the
paper void fraction filled during sizing for  low basis weight papers.

Figure 14. Effect of Basis weight on the starch concentration-void fraction filled relationship.
No AKD or filler.
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C, No filler, HST=189 sec, 1.38kg AKD, BW=82.0 g/m2

Figure 15. Effect of sizing solution solid content and PCC filler content on the paper void
fraction filled during surface sizing.

Figure 16. Effect of sizing solution solid content and internal sizing on the paper void fraction
filled during surface sizing.
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Figure 17. Effect of sizing solution solid content and basis weight on the paper void fraction
filled during surface sizing.

CONCLUSION

A series of papers varying in terms of basis weight, internal sizing and filler content were
characterized and surface sized using a laboratory pond press (off-machine). The starch
concentration was varied while the other surface sizing conditions were kept constant (velocity,
pressure, moisture).

The level of solution pick-up during surface sizing is controlled by the absorption of the
solution within the bulk of paper. Solution entrainment by the surface roughness of paper only played
a minor role in the mechanism. Amongst the paper properties, the level of internal sizing, the void
fraction and the pore size distribution controlled the level of sizing solution pick-up. The paper
porosity was governed by the filler content. Basis weight was secondary. Less than half of the pore
volume was filled with sizing solution. A mechanism involving compression of an air pocket trapped
in the web combined with a viscoelasticity response of the paper and rolls was suggested. This work
highlighted the role played by internal structure and composition; paper structure can be controlled
for optimal surface sizing operations. Since paper structure and internal sizing were found to be the
primarily variables affecting sizing pick-up, it is now of interest to investigate the influence of pore
tortuosity, formation uniformity and internal sizing distribution within the web.
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Annex

1 Apparent pore volume= Volume of the sheet- Volume of fibers and filler

2

Where BW= basis weight (g/m2), FF = fraction of fibers in the sheet, Ff = fraction of filler in
the sheet, ρF = Density of cellulose and ρf = density of filler.

3 Void fraction= (apparent pore volume)/ (volume of the sheet)

4

where WA
starch is the weight of starch per unit area of paper (g/m2), ρ starch is the density of

starch solution (g/m3) and VA
pore is the average pore volume per unit area of paper ( m3/m2).
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