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Abstract Mineral fillers are among the most important

raw materials of paper. In papermaking, a filler is typically

mixed as such with the fibrous stock prior to the forming

section where it, together with the fibers and fines, forms a

paper web with heterogeneous three-dimensional compos-

ite structure. The filler is eventually located both in the

paper pores and between adjacent fibers. When light

interacts with a multitude of solid-air interfaces occurring

in such a structure, complicated light scattering effects take

place. These effects are essential for appearance develop-

ment, viz. brightness and opacity. Fillers contribute to these

effects by increasing the number of such interfaces. Many

fillers also cost significantly less than fibers. Therefore, it is

advantageous to introduce as much filler as possible. It is

also well known, however, that filler prevents formation of

hydrogen bonding and is hence detrimental for strength

development. In addition, the legislation of European

Union favors increasing recovery of paper and packaging

products, e.g., for energy production. However, as a side

product of paper waste incineration, significant amounts of

ash is formed. Hence it would be advantageous to replace

inorganic fillers with combustible organic materials. We

have fabricated a novel aluminum silicate spot-coated

starch-based filler. The results indicate that when silicate is

introduced in paper on the surface of starch granules ben-

efits in light scattering and strength development can be

achieved.

Introduction

As an essential raw material of paper, the purpose of fillers

is to replace expensive fiber, provide surface for effective

light scattering, and usually also to enhance printing

properties. As light interacts with paper, part of it travels

through the surface and propagates into the heterogeneous

three-dimensional network with multitude of solid-air

interfaces on which reflections and refractions beyond

measure take place. These light scattering effects have a

fundamental importance for the development of appear-

ance and printability of paper. Filler pigments increase

light scattering through two mechanisms, i.e., by increasing

the specific surface area of the matrix, and by preventing

bonding between fibers [1].

Hence, paper optical properties are improved by filler

addition at the expense of paper strength. This occurs, first

of all, due to the replacement of fibers by filler. Secondly,

as the fillers retain more or less together with the fibers,

they are finally deposited, not only in the empty spaces of

the fiber matrix, but also between the fiber surfaces [2],

preventing the bond formation as the fibers are pulled

together by Campbell forces at the final stages of web

consolidation.
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Therefore, a way to obtain indication about papermak-

ing potential of a specific filler is to plot the light scattering

coefficient of the filled sheet as a function of strength [3].

Filler type and size affect the degree of strength

reduction. Deterioration of strength is in particular caused

by small particles [4–6]. In contrast, coarse particles with

narrow size distribution yield comparatively high strength.

Degree of flocculation affects as well. Holm and Manner

[7] have shown that by preflocculation of filler into larger

agglomerates strength reduction is more moderate than by

conventional filler addition. Small particle size, around half

wavelength of light, would be, however, optimal for the

light scattering.

Besides utilizing preflocculation, the strength reduction

can be restrained by some additional means. Several

approaches are used in improving the dry strength of paper

with starch. Starch is typically added in soluble form in the

stock or applied on paper web at the size press. To avoid

operational problems at PM the dosage of stock starch is

typically limited. Starch can also be introduced in uncooked

form [8]. Surfaces of, e.g., clay filler have also been coated

with starch to diminish the negative strength effects [9].

Nowadays vast amounts of inorganic material are sep-

arated from fibers in deinking lines. Deinking sludge

formed for example in flotation stage of deinking plant can

contain over 50% inorganic material such as clay and

calcium carbonate [10]. Deinking sludge is dewatered and

used for landfill, used in industrial purposes, or combusted

[11]. The European Union has set goals for increased

recovery. However, in incineration of paper waste or

sludge, high amounts of ash are formed. New solutions are

needed to avoid the problems and costs related to the

generation and disposal of ash.

Efforts have been made to develop organic pigments,

such as plastic pigments, urea–formaldehyde pigments, and

various modified starch-based pigments [6, 12–14].

We have used starch granules as such. The size distri-

bution of starch granules significantly depends on the

originating plant. Considering paper filler applications,

starch particles are relatively large. For instance, potato and

corn starches display particle sizes 10–100 lm and

5–25 lm, respectively [15], whereas the particles of tra-

ditional fillers are typically no larger than 3 lm. Therefore,

the light scattering potential of native starch granules is

naturally far below the level provided by conventional

fillers or optimized granules. Our approach was to optimize

the surface with other material, and leave the carrier

granules themselves unaffected. In the light of previous

knowledge [4–6] the high particle size of the granules in

our case, around 30 lm, was considered beneficial for

paper strength.

Various surface coating approaches have been intro-

duced to improve the light scattering potential of pigments.

The light scattering from (calcium carbonate) particles can

be increased by coating the granules with a thin continuous

layer of higher refractive index (RI) material [16]. It is

known that through a thin, continuous layer (\200 nm)

propagation of light is not significantly affected. Instead,

fine particles introduced at an optimum distances on the

filler surface work better. This is, for instance, because the

fine particles on the host material surface provide increased

interparticle spacing. Decreased amount of contact points

between the host filler particles is beneficial in the devel-

opment of the light scattering effects because solid–solid

contacts are replaced by solid–air interfaces displaying

higher refractive index contrasts. Furthermore, when

compared with continuous layers, less material is needed in

such a spot coating approach. Koivunen et al. [17] have

earlier suggested zinc based nanostructuring as means to

increase the light scattering potential of precipitated cal-

cium carbonate (PCC). In the present study the authors

deposited aluminum silicate particles on the surfaces of the

starch granules. Patent application covering starch–silicon

composites has been earlier filed by the authors [18].

Detailed descriptions on fabrication of other composite

pigments containing silicate can be found in patent litera-

ture [19, 20].

Materials and methods

Aluminum silicate particles were deposited on native or

anionic starch granules (Raisio Group) reacting sodium

silicate (Zeopol, Huber Engineered Materials) with alu-

minum sulphate (2331350, Kemira Oyj) in 4.0 dm3 reactor

with the presence of the granules. Three different spot-

coated starch samples were fabricated.

First, some alum, starch granules, and some magnesium

hydroxide were dispersed in deionized water and added in

the reactor. Aluminum silicate was then deposited on the

starch granules in the second stage by adding sodium sil-

icate and alum dissolved in deionized water. Duration of

the addition depended on the test point in question. The pH

was adjusted to 7. The product was then filtered and ana-

lyzed. Sample 1 was also washed after filtration. The fab-

rication conditions are listed in Table 1.

Size distributions of the spot-coated granules were

measured with Coulter LS 130. The spot-coated surfaces

were analyzed with SEM.

Dried chemical pulp, consisting of 70 wt% birch and 30

wt% pine, delivered by Finnish and Swedish pulp mills,

respectively, was soaked in water and beaten according to

the standard SCAN-C 25:76 until a 50 Nm/g tensile

strength index for 60 g/m2 sheets was achieved without

fillers. The stock was then diluted to 0.3% consistency for

sheet preparation.
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The spot-coated granules with the most beneficial par-

ticle size distributions regarding interaction with light were

used as a filler in handsheet experiments. 60 g/m2 hand-

sheets were prepared by applying the standard SCAN-C

26:76. Dilute filler was dosed into the sheet mold after the

stock addition. After forming a sheet, two blotting boards

were set onto it, and the sheet was then was couched with a

couch roll. The outer blotting board was removed, and the

sheet was placed together with the blotting board attached

to the sheet, on a drying plate. Wet pressing of the sheets

was done by mounting a stack of the sheets, containing the

drying plates and the blotting boards, into the press. The

stack was pressed under (400 ± 10) kPa in two stages.

A commercial aluminum silicate filler was used as refer-

ence. Silicate content targets were 6% and 14%, relative to

the weight of the base paper, both when introduced through

conventional addition directly to the stock, and when

deposited first on the starch granules.

Laboratory handsheets are typically dried in 23 or 60 �C

depending on whether drying plates are used or not,

respectively. A simple test was performed to obtain an

indication of the starch granule ability to stand drying in

elevated temperature. The shape of starch particles may, in

the presence of water, change as the polymer chains start to

dissolve in the gelatinization temperature [15]. Part of the

wet pressed, moist sheets were heated up in a fan drier

specifically constructed for the experiment. Each sheet was

wrapped into an aluminum foil with its drying plate.

A sensor of an electronic thermometer was set into the

packages, between the foil and the sheet. The package was

further placed on a drying sheet metal, used in conven-

tional plate drying of handsheets, and the fabric of the

drying sheet metal was strained over the package. The

entire set was then placed into the heated chamber (90 �C)

of the fan drier. The heat treatment duration was 10 min.

Subsequently, the plate drying in standard conditions

(23 �C, 50% RH) was completed. Finally the sheets were

analyzed with standard paper testing methods.

Results

The particle size distributions of the spot-coated starch

fillers are presented in Fig. 1. The mean particle size of

the coated granules is around 30 lm, order of magnitude

Table 1 The spot coating conditions of the starch granules

Sample

1 2 3

Initial solution

Alum (g) 6.6 6.6 6.6

Starch (g) 31 31 31

Starch type Native Anionic Anionic

Mg(OH)2 (g) 2 1:1 1

Water (g) 1000 1000 1000

T (�C) 40 40 40

Silicate deposition

Silicate (g) 414 414 414

Alum (g) 67.5 67.4 67.4

Water (g) 389 389 389

Duration (min) 10 5 9

Fig. 1 Differential particle size distributions of spot coated starch

granules. Sample 1 (top), 2 (middle), and 3 (bottom)
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roughly tenfold with regard to the size exhibited by

conventional fillers. Significantly smaller particles are

usually preferred to generate effective light scattering. In

contrast to the starch fillers, the reference filler exhibits

more typical particle size, around 5 lm, as suggested by

Fig. 3.

However, the fillers must be examined in detail to obtain

more information on their light scattering potential. Fig-

ure 2 presents micrographs of the surface of aluminum

silicate-coated starch granules. The figures suggest an

evenly dispersed introduction of fine silicate particles on

the large starch granules. Based on the micrographs, the

estimated size of the silicate particles varies in the range of

50–500 nm which is around the optimum size. Figure 2

also suggests that the silicate particles have been usually

deposited at an optimum spacing (C200 nm) on the starch

granules, which is beneficial for the light interaction as

well.

The reference aluminum silicate filler is presented in

Fig. 3. The filler consists of closely aggregated fine

spherical aluminum silicate particles, building up irregu-

larly shaped highly porous larger pigment structures. The

size of the fine particles is around 100–200 nm.

In contrast to the silicate-coated starch fillers, in the case

of the reference the fine particles are arranged in relatively

densely packed configuration displaying less spacing and

probably more contact points to the surrounding particles.

Due to the lack of refractive index (RI) differences between

the particles, however, light scattering is not as effectively

Fig. 2 Spot structures observed

in samples 1 (left), 2 (middle),

and 3 (right)

Fig. 3 Aluminum silicate-based reference filler

Fig. 4 Light scattering coefficient against tensile index in different

Al-silicate contents. Sample 2. Drying temperature is marked in the

legend

Fig. 5 Light scattering coefficient against Scott bond in different

Al-silicate contents. Sample 2. Drying temperature is marked in the

legend
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generated in the absence of suitable interparticle spacing,

i.e., porosity. In optical sense, interparticle spacing, dis-

playing no less than 200 nm distance between the particles,

is most beneficial.

Paper technical properties of sample 2 are presented in

Figs. 4, 5. It should be noted that the percentages marked

in the figures describe the aluminum silicate content in the

sheet, excluding the weight of the starch granules. The

results suggest significant benefits in light scattering coef-

ficient–strength property combinations when aluminum

silicate is introduced in paper on the starch particle surfaces

instead of through conventional manner. This is suggested

to be due to the synergy provided by the fine dispersed

silicate and the host starch granules. Being attached to the

host particles, the silicate particles provide effective light

scattering, but do not excessively disrupt the fiber network

which would probably be the case if introduced in con-

ventional way. The restrained deterioration of strength is

achieved due to large particle size provided by the starch

host granules. The benefit is further confirmed in Scott

bond (Fig. 5).

The drying temperature of the handsheets did not have

significant effect on the results. This suggests the ability of

the starch particles to withstand the drying conditions

examined.

For the papermaker, as illustrated in Fig. 6, the benefit of

using silicate-coated starch instead of silicate introduced as

such in the fibrous stock can be realized through improved

appearance, reduced grammage or increased utilization of

renewable material, depending on the application. This can

be controlled by the silicate coverage of the surface. The

results illustrate clearly that not only filler content, but also

the way the filler is introduced, significantly affect the

resulting functional behavior of paper.

However, before being able to extend the use of the

spot-coated starch fillers to industrial scale, some usability

issues are to be considered. These are, for instance, bio-

logical and runnability aspects, including possible starch

gelatinization during drying, and its consequent effects on

the broke handling, and deposit formation.

Printability provided by the novel fillers also needs more

research. Traditional Al-silicate fillers provide superior

printability.

Finally, economic feasibility must be further evaluated.

Conclusions

Our results suggest that aluminum silicate filler, when

deposited as fine dispersed particles on large starch gran-

ules, can provide an improved combination of light scat-

tering and strength with regard to the same mass of the

Al-silicate filler introduced in paper by the conventional

way. Silicate-coated starch granules could help to reduce

fiber costs through an increased filler content or reduced

grammage. Starch granules could also be utilized to

increase the amount of renewable material in paper. This

would further improve the usability of recovered paper and

sludge in energy production of the future. However, some

usability aspects of the novel starch granule fillers should

be further assessed.
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7. Holm M, Manner H (2001) In: 28th DITP International annual

symposium. Technical, technological and biological processes for

the improvement of production, productivity, quality and ecology

in papermaking. Bled, Slovenia, 14–16 Nov 2001, pp 167–170

8. Johnston H (2002) TAPPSA J 30

9. Zhao Y, Kim D, White D, Deng Y, Patterson T, Jones P, Turner

E, Ragauskas AJ (2008) Tappi J 7(3):3

10. Hanecker E (1994) Alternative Verwertung von Reststoffen—

ausser thermische Nutzung—getrennt nach Fasern und Füllstof-
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