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Abstract 
Teija Laukala  
Controlling particle morphology in the in-situ formation of precipitated calcium 
carbonate-fiber composites 
Lappeenranta 2021 
98 pages 
Acta Universitatis Lappeenrantaensis 989 
Diss. Lappeenranta-Lahti University of Technology LUT 
ISBN 978-952-335-732-7, ISBN 978-952-335-733-4 (PDF), ISSN-L 1456-4491, 
ISSN 1456-4491 

When precipitated or synthetized calcium carbonate (PCC) is prepared in the presence of 
cellulosic fibers, a large fraction of the PCC attaches partially onto and even into the 
fibers, forming a PCC-fiber composite. As the composite properties in, for example, a 
papermaking process are affected by the PCC morphology, the PCC-fiber composite 
properties can be engineered and optimized via PCC morphology control. This may be of 
special interest for micro- and nanofibrillated celluloses because when the composite is 
formed from these materials, it may be possible to deal with problems associated with the 
effects of filler on the mechanical properties of paper, filler retention, dewatering 
behavior and redispersion of micro- and nanofibrillated cellulose.  

The aim of this study was to develop methods to control the morphology and growth of 
the mineral phase and the enrichment of PCC onto different fiber size fractions and onto 
different parts of the fiber. The PCC-fiber composite was prepared on different fibers 
(microcellulose, microfibrillated cellulose and bleached chemithermomechanical pulp) 
by carbonization of a suspension of lime (lime milk) in the presence of a fiber suspension 
in an open batch reactor with carbon dioxide (CO2). PCC-chemithermomechanical pulp 
composite was fractionated in order to determine the affinity of the mineral enrichment 
in the various fractions and to further characterize the properties of the fractions and 
composite using e.g. laboratory handsheets. 

The morphology of the precipitate was successfully controlled by altering CO2 feed and 
fiber consistency, linked with the targeted (PCC) ash content of the composite material 
via the initial calcium hydroxide (Ca(OH)2) concentration. The differences in 
morphology were ascribed to differences in the ratio of calcium to carbonate ions 
([Ca2+]/[CO3

2-]). Although the PCC showed an affinity to all the fibers investigated, it 
was found to enrich onto the finer fiber fractions and onto cellulose-rich areas of 
individual fibers. The anionic surface charge of the fiber fraction before precipitation 
showed a good correlation with the ash content after precipitation. Whether or not this 
indicated that the fiber chemistry influences the PCC affinity is further discussed. In the 
laboratory handsheets, the nano-PCC on the fiber surfaces had a debonding effect, but 
refining the CTMP prior to the precipitation or strengthening agents could be used to 
restore the strength of the sheets. 

Keywords: PCC, precipitated calcium carbonate, in-situ precipitation, composite filler, 
carbonization
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Nomenclature
In the present work, variables and constants are denoted using slanted style and
abbreviations are denoted using regular style.

Latin alphabet

A targeted weight of PCC ash g
B weight of the test specimen (e.g. PCC-fiber

composite) g

fi relative amount of component i –
kr,i absorption coefficient of component i m2/kg
m the weight of Ca(OH)2 required to form a PCC-

fiber composite with a chosen PCC content g

sr,i light scattering coefficient of component i m2/kg

Abbreviations

[Ca2+]/[ CO3
2-] (ratio of) calcium cation concentration to carbonate anion

concentration
ACC amorphous calcium cabonate
AKD alkyl ketene dimer
AlO3·2 SiO3·2H2O aluminum silicate (clay)
A-PAM anionic polyacrylamide
ASA alkenyl succinic anhydride
Au gold
Ba2+ barium cation
BBK bleached birch kraft (pulp)
BIB broad ion beam
BSE-comp backscatter electron imaging, compositional mode
Ca(OH)2 calcium hydroxide
Ca2+ calcium cation
CaCl2 calcium chloride
CaCO3 calcium carbonate
CaCO3·½H2O calcium carbonate hemihydrate
CaCO3·6H2O ikaite
CaCO3·H2O monohydrocalcite
CaSO4·2H2O calcium sulfate (gypsum)
CBS concentric back scatter (detector)
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CMC carboxymethylated cellulose
CNT classical nucleation theory
CO2 carbon dioxide
CO3

2- carbonate anion
C-PAM cationic polyacrylamide
CS cationic starch
CSF Canadian standard freeness
CTMP chemithermomechanical pulp
EC electrical conductivity
ECF elemental chlorine free (pulp)
ERIC effective residual ink concentration
FE-SEM field-emisson scanninc microscopy (or microscope)
GAD gaseous analytical detector
GCC ground calcium carbonate
H2O water
IS in-situ
L-lys L-lysine
MC microcellulose
MFC microfibrillated cellulose
Mg2+ magnesium cation
Mg3·Si4·O10(OH)2 hydrous magnesium silicate (talc)
Mn2+ manganese cation
MNFC micro- and nanofibrillated cellulose
NaOH sodium hydroxide
Na2CO3 sodium carbonate
Na-PAA sodium salt of polyacrylic acid
NH4HCO3 ammonium bicarbonate
PAA polyacrylic acid
PCC precipitated calcium carbonate
Pd palladium
PDADMAC poly(diallyldimethylammonium chloride)
PES-Na polyethene sodium sulfonate
PILP polymer induced liquid precursor (of mineral)
RCF recycled fiber (pulp)
RH relative humidity
SEI secondary electron imaging (mode)
SEM scanning electron microscopy (or microscope)
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TCF totally chlorine free (pulp)
TiO2 titanium dioxide
VP-SEM variable pressure mode scanning electron microscopy
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1 Introduction 

1.1 Background 

Most paper grades contain mineral fillers, which are typically white, inorganic materials 
added to the stock (Kirwan 2005). Fillers are used to reduce costs or adjust the end-
product properties, or both (Hubbe 2004; Koivunen et al. 2009; Hubbe and Gill 2016). 
They are typically beneficial for brightness and opacity and for controlling the pore size 
and friction of the paper (Shen et al. 2009; Hubbe and Gill 2016), formation (Koivunen 
et al. 2009), dimensional stability, smoothness, and ink adsorption (Shen et al. 2009). 

The typical method of using a mineral filler, such as calcium carbonate (CaCO3), is to 
add a mineral slurry to the short circulation before the headbox, where the exact suitable 
locations for additions depend on the used retention aid system, for example (van de Ven 
2005). The most commonly used fillers, according to Hubbe and Gill (2016), are CaCO3 
(as ground calcium carbonate, GCC, or as precipitated calcium carbonate, PCC), 
aluminum silicate (AlO3·2 SiO3·2H2O, as natural hydrous clay or precipitated aluminum 
silicate), titanium dioxide (TiO2), hydrous magnesium silicate (Mg3·Si4·O10(OH)2, i.e. 
talc) and calcium sulfate (CaSO4·2H2O, i.e. gypsum). 

Although the commonly used fillers greatly differ from each other in terms of particle 
shape, for example, they share important characteristics such as inability to form bonds 
with fibers, which means that some of the sheet properties are negatively affected 
(Krogerus 2007). Besides strength loss, sheet bulk and first pass retention are typically 
reduced by the addition of a filler. Fillers also cause abrasion of production equipment, 
and the paper may dust excessively (Kumar et al. 2011; Hubbe and Gill 2016). 

Over the years, strategies have been developed to overcome the negative effects of using 
mineral fillers, and the understanding of the reasons for the difficulties has increased. For 
example, the poor filler retention is usually explained by the fact that the filler particles 
are significantly smaller than the cellulosic fibers, as shown in Figure 1.1. The typical 
filler particle size is 0.1-10 µm (Hubbe and Gill 2016), while the typical fiber length is 
around 1 mm for hardwood and 3 mm for softwood pulps (Hakkila and Verkasalo 2009). 
The retention of fillers is commonly improved by the use of retention aid chemicals and 
systems (van de Ven 2005). 
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Figure 1.1: SEM micrographs of (A) bleached hardwood (birch) kraft pulp fibers and (C) 
rosette-like PCC filler. The image (B) shows the fibers and the PCC on the same scale. Images 
captured using secondary electron imaging (SEI), sputter coating (Au/Pd target) and 5 kV 
acceleration voltage

The paper bulk can be controlled by using fillers with an optimized particle size and 
shape, such as rosette-like scalenohedral PCC (Hubbe and Gill 2016) that also offers good 
light scattering (Hubbe 2004). The loss of strength caused by fillers can be reduced by 
increasing the degree of refining of the pulp, by using strengthening agents or by 
increasing the size of the filler particles (Hubbe and Gill 2016). Different fillers are often 
blended together to further improve the product performance (Koivunen et al. 2009). 

Work is ongoing to develop high-performance fillers, i.e. materials able to positively 
affect the desired properties while limiting the negative effects, and various solutions have 
been proposed. For example, in the review paper by Shen et al. (2009), modified filler 
concepts such as acid-resistant CaCO3 and the surface modification of fillers to give better 
bonding were discussed. Other examples of improved filler concepts include clay-starch 
composites (Yoon and Deng 2006) and enhanced filler concepts such as PCC-fiber 
composites, i.e. PCC attached onto, and possibly also into, the fibers or fines. 

PCC-fiber composites appear to offer a way to reduce some of the negative effects of 
filling while simultaneously bolstering many of the good properties. The affinity of PCC 
(interaction) to cellulosic fibers also makes it possible to prepare the composite material 
by in-situ precipitation of the PCC in the presence of the fiber by carbonization of a lime 
suspension. PCC-fiber composites have been studied for several decades and are often 
presented in the literature with terminologies such as pigmented cellulosic pulp (Lutton 
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1952c), SuperFill (Silenius 2002) and in-line PCC (Matula et al. 2018). Despite their 
benefits, the PCC-fiber composite technologies have not however been commercially 
established, probably partially due to competing technologies such as sophisticated 
retention aid systems (Kumar et al. 2011).

Recent improvements in micro- and nanofibrillated cellulose (MNFC) technology and 
production have however brought attention to PCC-MNFC composites for e.g. their 
modified water-holding capabilities (Dimic-Misic et al. 2016; Rantanen 2016) and the 
re-dispersibility of MFC (Axrup et al. 2014), showing a potential for new products such 
as more sustainable substrates for printed electronics (Torvinen 2017). Simultaneously, 
the understanding of the mechanism of precipitation of CaCO3 has improved, and the 
papermaking field has undergone changes such as an increased environmental aware-
ness and a shift from printing papers to packaging materials and hygiene products. 
These changes justify a review of the potential of PCC-fiber composite in papermaking.

1.2 Objective of the study

The work was motivated by the knowledge that PCC can take different morphologies and 
particle sizes when a PCC-fiber composite is formed via the in-situ precipitation of a lime 
suspension. As shown by Subramanian (2008), the properties of PCC-fiber composites 
and their behavior in the papermaking are affected by the mineral phase morphology. If 
the mineral phase morphology in a PCC-fiber composite can be controlled, the 
engineering and optimization of the PCC-fiber composite becomes possible. Another 
feature of a PCC-fiber composite is that there is probably an uneven distribution of PCC 
into different fiber fractions of the pulp, as has been reported by Silenius (2002) who 
stated that the PCC showed a greater affinity towards finer fibers. This further intensifies 
the interest in PCC-MNFC composites.

The objective of the work was thus to investigate PCC-fiber composite preparation, and 
the distribution and affinity of the PCC for different fiber fractions when Ca(OH)2-CO2-
H2O carbonization was carried out in an open batch-precipitation reactor. The Ca(OH)2-
CO2-H2O carbonization reaction route for PCC precipitation was chosen to avoid the 
formation of large amounts of secondary salts. The work primarily focused on controlling 
the morphology via process conditions, i.e. without using additives such as morphology-
altering chemicals. If such additives are not needed, washing steps otherwise needed to 
remove the residuals of the chemicals may be eliminated, and the additive-free 
carbonization reaction may also be used for in-line precipitation.
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The main research targets were: 

1) to control the morphology of the precipitate on fibers, and to be able to prepare
nano-PCC-covered fibers and fines without using morphology-controlling
additives

2) to confirm that the method of controlling the precipitate morphology can
function satisfactorily with different fiber types, such as microcellulose,
microfibrillated cellulose and chemithermomechanical pulp (MC, MFC and
CTMP, respectively)

3) to investigate and clarify the affinity and enrichment of PCC onto different sized
fractions and onto different parts of fibers (e.g. fibrillated areas, lumen walls) in
nano-PCC-CTMP composites, and to assess the effect of precipitation onto the
different fiber size fractions

For clarity the term “mineral-fiber composite” is used to refer to all materials in which 
the mineral or part of the mineral is firmly attached onto and possibly into the individual 
fibers, for example onto lumen walls. The term “mineral-fiber composite” is altered 
appropriately to specify the mineral (for example, PCC) or fiber (for example, MFC) 
used, or both. 

The definition of a mineral-fiber composite includes different materials, such as mineral-
fiber composite materials prepared via lumen loading and pre-flocculation. This thesis 
focuses however on PCC-fiber composites prepared by in-situ precipitation by 
carbonization of a lime suspension in the presence of fibers, and unless otherwise stated, 
the fibers referred to are wood-based, cellulosic and not chemically modified other than 
by pulping and bleaching. 

1.3 Outline of the thesis 

The thesis consists of a general introduction on the topic of PCC-fiber composites 
followed by a theoretical part and an experimental part. The theoretical part presents a 
brief historical review on the development and use of PCC-fiber composites in 
papermaking, and it summarizes the main progress made within the field of precipitation 
of PCC onto different fibers, focusing mainly on the Ca(OH)2-CO2-H2O process. 

The experimental part describes the methods and analytical procedures used in the work, 
and it summarizes the main results related to the morphological control of the precipitate 
on the PCC-fiber composite (Paper I and unpublished results), PCC enrichment onto fine 
fractions of the pulp (Paper II), and the effect of nano-PCC-CTMP on laboratory 
handsheet properties (Paper III). The precipitate morphology was characterized mainly 
by scanning electron microscopy, which was used to investigate the approximate size, 
shape and location of small precipitate particles when attached onto fibers of different 
types.
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2 PCC-fiber composites: an overview 

2.1 Historical review 

In the 1960s, European paper mills started to use CaCO3 as a filler (Burke 1993; Gane 
2009; Hubbe and Gill 2016), not only to cut their production costs, but also because the 
product quality (such as slower deterioration of paper strength) could be improved due to 
the conversion of the papermaking conditions to alkaline or neutral, which was required 
when CaCO3 was used (Burke 1993; Gane 2009; Hubbe and Gill 2016). The use of PCC 
followed slightly later, in the late 1970s and early 1980s in North America (Burke 1993; 
Gane 2009). Since then, PCC has become the dominant filler in papermaking (Hubbe and 
Gill 2016). 

Ideas disclosed in patents filed before the commercialization and wide spread use of 
CaCO3 as a filler and alkaline papermaking, however, describe what is essentially the 
formation of mineral-fiber composites via in-situ precipitation. Eide and Calbeck (1935) 
describe the preparation of “pigmented paper” by the precipitation of zinc sulfide in the 
presence of the fibers in order to improve opacity, and they mention that the precipitate 
strongly adheres to the fibers. Similarly, the lumen-loading concept, where the filler is 
placed in the lumen of fibers, and where the filler can participate in light scattering with 
little disturbance of the bonding, was discovered at an early stage (Haslam and Steele 
1936). These two approaches have since remained as methods for preparing PCC-fiber 
composites (Kumar et al. 2011). 

Although the details of the suggested processes have varied over the years, many of the 
key benefits and difficulties of the mineral-fiber composite concept were recognized 
many decades ago. Lutton (1952c) prepared a composite material which he called a 
“pigmented fibrous product” by precipitating pigments (including CaCO3) onto, into and 
around cellulosic fibers. According to the patent (Lutton 1952c), the material “can 
advantageously be added as a fibrous pigment to refined paper pulp for paper 
manufacture”, and the positive effect on filler retention was recognized. 

Another patent (Lutton 1952b) describes the use of similarly produced pigmented pulp in 
multi-ply product liners. The patent mentions the white, printable surface of the product 
and warns against use the of alkaline salt in precipitation to avoid darkening of the stock. 
In yet another patent, Lutton (1952a) mentions that only a small amount of fiber should 
be pigmented, but heavily, in order to maintain the strength of the furnish and obtain 
sufficient strength properties on the sheet.  

While the technical details, such as pulp consistency and chemicals used have been 
altered many times since Lutton’s work, starting soon after his patent applications by e.g. 
Thomsen (1962), the early work outlined and essentially summarized the main motivation 
for the preparation of PCC-fiber composites. To this day, the improvement of the optical 
properties remains as one of the main motivations for PCC-fiber composite research. This 
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is illustrated in the list of the benefits of lumen-loaded mineral-filler composite in 
comparison with the traditional addition of fillers, presented by Kumar (2011): 

1. Easier white water management due to improved retention
2. Reduction in the dosages of expensive polymeric retention aids
3. Easier drying of paper, due to a higher mineral content at a given level of

strength
4. Lower apparent density of the paper in cases where the treatment may

inhibit the collapse of fiber voids during drying
5. Less abrasion damage to the forming fabric because the filler is inside the

fiber
6. Less two-sidedness because the filler is retained within fibers during sheet

formation
7. Less dusty paper than the conventionally filled paper, because the fine filler

particles are firmly held inside the fiber

Although the list is given in the context of lumen loading, much of it applies or may apply 
although slightly modified for other mineral-fiber composites. For example, in item 3 
attention may be drawn to the improved water removal reported for PCC-MFC 
composites (Rantanen 2016). 

For in-situ precipitation, an important development was the use of Ca(OH)2 and CO2. An 
early mention of this can be found in the Japanese patent 62-162098 granted to Yoshida 
et al. in 1987 (Matthew et al. 1997; Henricson 2006). The fast precipitation and lack of 
formation of secondary salt make possible an in-line PCC process: the in-situ 
precipitation of PCC in the papermaking line. 

A further in-line PCC innovation and development by Imppola et al. (2013) mentions 
benefits such as equipment- and workforce-related savings related to the elimination of a 
PCC satellite plant and transportation costs. According to Matula et al. (2018), in-line 
precipitation can also be associated with a cleaning effect of especially white water. With 
the current trend to reduce the use of fresh water, the water loops are more closed than 
before and new methods to clean whitewater are therefore of interest. 

Another fairly recent development is the co-grinding concept, where grinding rather than 
mixing of the mineral particles is used to facilitate energy transfer from moving parts to 
fiber material. This results in fibrillation and the formation of MFC blended with the 
CaCO3 or other mineral (Svending 2014). This material (Svending 2014) and the PCC-
MFC composite prepared via carbonization precipitation (Dimic-Misic et al. 2016; 
Rantanen 2016) have been linked with an improvement in the dewatering of a furnish that 
contains MFC. This is of interest since water retention by MFC is a major problem when 
processing the material (Dimic-Misic et al. 2016). 
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To summarize, decades of PCC-fiber composite research have identified various methods 
of obtaining properties and process-related benefits in the preparation of the composite 
(cf. Figure 2.2). The early motivation strongly related to sheet properties remains, but 
the changes in the paper and pulp industry and environmental awareness have brought 
new areas of interest into focus.

2.2 Calcium carbonate

CaCO3 has three anhydrous crystalline polymorphs, listed from the most stable to the 
least stable these are: calcite, aragonite and vaterite (Naka and Chujo 2001). CaCO3 is 
commonly said to have two hydrated crystalline forms: monohydrocalcite (CaCO3·H2O) 
and ikaite (CaCO3·6H2O) (Jimoh et at 2018; Zou et al. 2019), but a third hydrated but 
metastable crystalline form, calcium carbonate hemihydrate (CaCO3·½H2O), was 
recently reported by Zou et al. (2019). In addition to the crystalline forms, both metastable 
and unstable amorphous calcium carbonates (ACCs) have been detected. ACC is 
currently thought to play an important role in the precipitation of CaCO3 (see 3.2 
Precipitation of PCC).

CaCO3 exists in numerous different morphologies, some of which differ from the simple 
geometrical shapes such as cubes or tetrahedrons typically associated with single crystals. 
For example, sea urchin spines are reported to be calcitic with a single crystal behavior 
in scattering experiments despite their curvature and complex, porous inner architecture 
(Su et al. 2000). These (Politi et al. 2004) and many other complex CaCO3 structures 
found in the animal kingdom are associated with ACC-mediated biomineralization (Jin 
et al. 2018).

Biomimetic approach has been used to reproduce complex morphologies (Jin et al. 2018), 
but often simpler methods are applied. For example, Ajikumar et al. (2005) reported 
monodisperse spheres by self-assembly of magnesian calcite crystals at low temperature 
and high magnesium content, and simple methods for controlling the morphology in 
carbonization process exist (see 3.3 Morphology control of the precipitate in 
carbonization process).

In papermaking, CaCO3 is usually used either as ground calcium carbonate (GCC) or as 
precipitated calcium carbonate (PCC). In contrast to synthetic PCC, GCC is obtained by 
grinding CaCO3 rocks: chalk, limestone and marble (Gane 2009). Its purity (affecting 
color and brightness) and particle shape, size and size distribution are affected by the 
material source and processing. For example, chalk commonly contains remnants of 
micro-organisms, clearly visible in scanning electron microscopy (SEM), and is usually 
tinted with yellow due to the presence of iron impurities (Gane 2009).

PCC typically has narrower particle size distribution than GCC and contains less 
impurities (Imppola 2009). Common PCC morphologies include rosette shapes, blocky 
particles and needle-like shapes (Hubbe and Gill 2016), associated with scalenohedral 
calcite, rhombohedral calcite and acicular aragonite, respectively (Imppola 2009; Hubbe
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and Gill 2016). Examples of different PCC and GCC morphologies are shown in 
Figure 2.1 together with calcinated kaolin and TiO2. The effects of filler (or pigment) 
shape and size on the paper properties have been widely studied and they are summarized 
in reviews such as those by Hubbe (2004) and Hubbe and Gill (2016). 

Figure 2.1: SEM micrographs showing examples of the morphology of different calcium 
carbonates and other mineral fillers or pigments used in papermaking. (A) rosette-like PCC, (B) 
cubical PCC, (C) GCC, coccolith at left of the image (D) wollastonite (E) TiO2 and 
(F) calcinated kaolin. Images captured using secondary electron imaging (SEI) and sputter-
coating of the sample (Au/Pd target)

An interesting property of CaCO3 is its ability to readily form crystals on different 
substrates, including natural polymers such as chitosan (Zhang and Gonsalves 1998; 
Wada et al. 2004; Payne et al. 2007) and cellulose (e.g. Hosoda and Kato 2011; Ma et al. 
2012). CaCO3 also has been precipitated on synthetic polymers such as anionic polyamide 
(Lakshminarayanan et al. 2003) and essentially neutral polyvinyl alcohol fibers (Park et 
al. 2017). 

The precipitate has often been guided onto the polymeric substrate using a polymeric 
additive, such as polyacrylic acid (PAA) (Hosoda and Kato 2001; Payne et al. 2007). 
Under suitable conditions PCC has been reported to form, for example, a thin film 
(Hosoda and Kato 2001). Additives are not however required to precipitate PCC onto a 
substrate.  

In PCC-fiber composites, PCC has been reported to be both rhombohedral (cubical) 
(Subramanian et al. 2007; Ciobanu et al. 2010; Fortuna et al. 2013; Mohamadzadeh-
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Saghavaz 2014) and scalenohedral, which however appeared almost ellipsoidal rather 
than rosette-like, based on SEM micrographs shared by the authors (Subramanian et al. 
2007). Additionally, colloidal PCC nanoparticles aggregated to an ellipsoidal shape 
(Subramanian et al. 2007), spheroidal PCC (Vilela et al. 2010; Ma et al. 2012), and 
uniform or irregular PCC (Fuchise-Fukuoka et al. 2020b) has been reported. 

No special efforts to control the morphology were usually reported, although 
Subramanian et al. (2007) mention that the precipitation route was controlled to obtain 
the different morphologies. 

2.3 The main approaches for preparing PCC-fiber composites 

Kumar et al. (2011) applied the term CaCO3-cellulose fiber composite to “cases where 
mineral is precipitated or made to deposit onto and within the cell walls of cellulosic 
fibers”. This definition includes PCC-fiber materials prepared using flocculation and 
fixation chemicals (Subramanian 2008; Othman et al. 2010) or by fixing the modified 
(cationic) CaCO3 pigment onto the cellulosic fiber (Alince and Bednar 2003; Middleton 
et al. 2003).  

The materials obtained using such methods are occasionally referred to as composites (He 
et al. 2016; Kang et al. 2020) but, for the purposes of this work, pre-flocculation was 
considered to be closer to the “traditional” PCC filling approaches and retention aid 
technology, and such materials have not been included in this work. Two main approaches 
for preparing PCC-fiber composites have therefore been recognized: co-mixing, targeting 
e.g. lumen loading (placing of mineral in the lumen), and co-precipitation or in-situ
precipitation. See Figure 2.2.

Figure 2.2: Approaches for using PCC as a filler 

In the context of PCC-fiber composite preparation, in-situ precipitation can be defined as 
precipitation of PCC in the presence of fibers. There is therefore a significant overlap 
between the lumen-loading concept and in-situ precipitation. The mineral can be placed 
into the lumens either by co-mixing (Petlicki and van de Ven 1994; Kumar et al. 2009; 
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Othman et al. 2010) or, in the case of PCC, by precipitation in the presence of fiber by 
using soluble salts (Allan et al. 1998; Ciobanu et al. 2010; Fortuna et al. 2013). 

To achieve lumen loading by in-situ precipitation, the precipitation must be guided not 
only to the fiber but also inside it. The in-situ precipitation procedure tends to precipitate 
the PCC excessively on the outer surfaces of the fibers, which has been said to be due to 
limited diffusion of the ionic species (Silenius 2002), but a better control of the precipitate 
placement has been attempted by intermediate filtration when using two soluble salts 
(Allan 1992). With Ca(OH)2, placing the Ca(OH)2 in the lumens have been attempted by 
slaking at high fiber concentration (Klungness et al. 1992). Technological difficulties in 
placing the mineral in the fiber and avoiding placing the mineral on the outer fiber 
surfaces and removal of excess mineral in the surfaces and the water nevertheless remain 
(Kumar 2011). 

The methods for in-situ precipitation of PCC, targeting lumen loading or otherwise, are 
similar to those used for the industrial precipitation of PCC (see 3 Synthetizing PCC-fiber 
composite by in-situ precipitation). 

The co-mixing method to achieve lumen loading operates through the mixing of ready-
made mineral particles with fiber and applying shear forces that force the mineral into the 
fiber lumen through pit openings (Petlicki and van de Ven 1994; Othman et al. 2010). 
The deposition or higher affinity to the lumen is explained by electrostatic and 
hydrodynamic means, i.e. the electrostatic force that causes deposition of filler on the 
fiber surfaces is not sufficient to hold the filler particles on the outer surfaces due to 
hydrodynamic forces originating from agitation, whereas particles that are deposited or 
located in the lumen are, to a greater degree, protected from the hydrodynamic 
force (Petlicki and van de Ven 1994). Coflocculation of fiber and filler under flow 
conditions is, however, one of the mechanisms that attach the filler into the forming web, 
individual fibers and fibrils (Haslam and Steele 1936) and can be expected to function 
also when PCC-fiber composite is prepared using the precipitation route.  

The agitation method requires conditions with a significant energy input (Middleton et al. 
2003) and the processing times required can be long, typically of the order of one hour 
(Petlicki and van de Ven 1994). Lumen loading by in-situ precipitation or by mixing has 
not gained commercial success due to the competing technologies and technical 
challenges (Kumar 2011). 

2.4 Role of the fiber source in the preparation of PCC-fiber 
composites 

Papermakers are well aware of the fact that different pulps and different fiber fractions 
behave differently in papermaking both in terms of processing and in the generation of 
sheet properties. From the PCC-fiber composite point of view, the differences are of 
interest because the formation of the composite may be affected differently by different 
fiber types and fractions. Choosing or producing the optimal fiber for attachment of PCC 
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is not a trivial task, as the reason for the attachment is not well understood (see chapter 
3.5 Nucleation and growth of PCC on a cellulosic substrate). Different PCC-fiber 
composites have also been reported to affect the sheet properties differently. Results from 
earlier reports are summarized in Table 2.1 (page 26).

Although this work focuses on wood-based cellulosic fibers, it is worth mentioning that 
composites can also be formed using non-cellulosic fibers (Lakshminarayanan et al. 2003; 
Park et al. 2017) and cellulosic non-fibers, and cellulose derivatives such as 
carboxymethylated cellulose (CMC) have been found to influence the PCC morphology 
(Mohamadzadeh-Saghavaz et al. 2013).
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Table 2.1: Reported findings related to the development of sheet strength and optical properties 
when using PCC-fiber composites 

Description Strength Optical Ref 

Precipitation on semichemical bleached bagasse 
pulp using “water-soluble, low-cost 
precursors”. Final furnishes blends of bagasse 
and softwood. 

Tensile and tear index 
improved compared with 
traditional filling  

Loss of scattering and 
brightness compared with 
traditional filling 

(1) 

Precipitation using (A) CaCl2, NaOH and 
CO2, (B) CaCl2 and Na2CO3 and (C) 
Ca(OH)2 and CO2. Precipitation was done on 
bleached chemical softwood pulp (30 SR). 
Handsheets prepared using washed and un-
washed PCC-fiber composites.

Decrease in breaking length Improvement in opacity (2) 

Precipitation done on bleached hardwood kraft 
pulp (softwood and hardwood) using 
carbonization with ultrafine bubbles. 
Pulp:Ca(OH)2 was 1:1. Reference handsheet 
was prepared using laboratory-made PCC. Ash 
content above 40%. 

Loss of tensile index, but 
the composite sample had a 
higher CaCO3 content than 
the reference 

Loss of brightness and 
scattering coefficient 
despite the composite 
sample having a higher 
CaCO3 content than the 
reference 

(3) 

Precipitation using Na2CO3 and Ca(OH)2. 
Precipitation on bleached pulps (never dried 
hardwood and bagasse). The composite was 
washed after precipitation. Ash content below 
21%. Blended and unblended sheets. When 
blended, furnish mixtures of hardwood, bagasse 
and wheat straw (32 SR each). 

Loss of tensile index and 
folding endurance. No clear 
change in tear index. Slight 
differences were obtained 
for different precipitate 
morphologies. Comparison 
by CaCO3 content. 

Improvement in light 
scattering, brightness and 
opacity. Comparison by 
CaCO3 content.  

(4) 

Pilot trial (TCF pulp) and handsheet (TCF and 
ECF pulp) experiments. Carbonization 
precipitation on hardwood chemical pulp.  

Loss of brightness in pilot 
testing, compared with 
traditional filling. 
Difference between TCF 
and ECF pulps in 
handsheet experiments. 

(5) 

Precipitation on bleached softwood chemical 
pulp (CSF 50 ml) using CaCl2, and dimethyl 
carbonate. CaCO3 contents of PCC-fiber 
composites 25-40%. Cationic polyacrylamide 
as a retention aid in reference sheets. 

Improvement in tensile 
index and burst index. Tear 
index essentially unaffected. 
Comparison by CaCO3 
content (commercial 
scalenohedral reference). 

Loss of opacity and 
brightness. Comparison 
by CaCO3 content 
(commercial 
scalenohedral reference). 

(6) 

Carbonization precipitation on bleached 
chemical pulp fines. High CaCO3 content in the 
PCC-fiber composite (50-85%). Furnish 30% 
bleached softwood (27 SR), 70% bleached 
hardwood (22 SR) chemical pulp 

Improvement in tensile 
index, Scott bond, elastic 
modulus and bending 
stiffness compared with 
traditional filler. 
Comparison by ash content 

Improvement in light 
scattering coefficient in 
comparison with 
traditional filler. 
Comparison by ash 
content 

(7) 

Carbonization precipitation on bleached 
softwood pulp fines. Precipitation conditions 
altered to produce different PCC morphologies 
(colloidal PCC, rhombohedral PCC and 
scalenohedral PCC). PCC:fines was 2:1 in the 
filler and base furnish 30:70 
softwood(22 SR):hardwood(18 SR).  

Increase in internal bond 
strength and tensile index. 
Slight difference between 
PCC-fiber types. 
Comparison by sheet filler 
content.  

Slightly lower or similar 
light scattering. 
Comparison by sheet 
filler content. 

(8) 

(1) Allan et al. (1998)
(2) Ciobanu et al. (2010)
(3) Fuchise-Fukuoka et
al. (2020b)

(4) Kumar (2002)
(5) Klungness et al. (1996)
(6) Mohamadzadeh-Saghavaz et
al. (2013)

(7) Silenius (2002)
(8) Subramanian et al. (2007)
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2.4.1 Mechanical and chemimechanical pulp 

In comparison with kraft pulp, mechanical pulps have a high fines content, a high lignin 
content and a tendency to have a low strength but high light scattering properties 
(Lönnberg 2009). These factors together with poorer brightness stability of mechanical 
pulps in comparison with kraft pulps (Lönnberg 2009) make the mechanical pulps not the 
most obvious candidates for PCC-fiber composites in applications where sheet brightness 
is emphasized. As bleaching of mechanical pulps is lignin-retaining (Jäkärä et al. 2009) 
and phenolic compounds of lignin are prone to become colorized in alkaline conditions 
(Forsskåhl 2000), the high pH of Ca(OH)2-CO2-H2O process is likely to result in 
brightness reversion.  

CTMP is however often used in the middle layer of board to give bulk and stiffness, where 
it has the benefit of better strength properties and less odor and taste problems than other 
mechanical pulps (Vehniäinen et al. 2009). Both sheet bulk (Kumar 2011) and sheet 
stiffness (Silenius 2002) can be increased with the use of PCC-fiber composites. 
Mechanical pulps also tend to introduce contaminants into the paper mill water circulation 
(Manner et al. 2009). 

2.4.2 Bleached chemical pulp 

Bleached chemical (kraft) pulps have high brightness and good brightness stability 
(Chirat et al. 2011; Sharma et al. 2020), as well as softness (Sharma et al. 2020), and 
bleached kraft pulps are commonly used in paper and board grades that require these 
properties, such as paper for printing, tissue and absorbent products (Sharma et al. 2020). 
In the latter case, PCC-fiber composites have been investigated in connection with fluff 
pulps, where the target has been the opposite of that in printing papers, i.e. to reduce 
interfiber bonding and to reduce the energy needed during dry fibrillation (Xu et al. 2017). 

PCC, especially nano-PCC, is thought to reduce the bonding while the fiber maintains its 
absorbing capabilities, whereas fibers treated, for example, with hydrophobic debonding 
agents tend to partially lose their absorption capacity (Xu et al. 2017). In case of nano-
PCC, the loss of bonding is explained sterically (Xu et al. 2017): the mineral particles 
disrupt sheet structure and prevent interfiber contacts required to form hydrogen bonds 
(Krogerus 2007). 

Maintaining sheet strength while increasing the brightness has been one of the main 
motivations for developing PCC-fiber composites. The two essentially opposite targets, 
the improved strength of filled paper and the debonding of fluff pulps may not rule each 
other out, as the morphology of the precipitate may alter the bonding of the PCC-fiber 
composite. 

For the maintenance of brightness of paper containing a PCC-fiber composite, lignin and 
chromophoric groups are of special interest also on bleached kraft pulps. Bleached kraft 
pulps usually contain 0.1-0.5% lignin (Loureiro et al. 2012) and, although this amount is 
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low, lignin is assumed to be the main contributor of chromophoric groups in kraft pulp 
(Gellersted 1996), where an extremely low concentration of chromophoric groups can be 
sufficient to alter the brightness or color of the paper. The concentration of isolable 
chromophores in bleached pulp (kappa number less than 5) has been reported to be 
between 19 to 117 ppm, based on a chromophore release and identification method 
(Korntner et al. 2015).

The preparation of PCC-fiber composites by in-situ carbonization uses Ca(OH)2 which, 
depending on process choices, may lead to a high pH during the process. High pH values 
may in turn result in the formation of chromophores in lignin (Forsskåhl 2000; Jäkärä et 
al. 2009). The use of alkali was rejected in the early patent literature (Lutton 1952b), and 
alkaline yellowing during PCC-fiber composite preparation was reported by Klungness 
et al. (1996), especially when a totally chlorine free (TCF) kraft pulp was used instead of 
an elemental chlorine free (ECF) pulp.

Another property of interest when PCC-fiber composites are prepared from bleached kraft 
pulp is the fiber charge. Charged groups on the substrate have been found to affect the 
precipitation of PCC onto the substrate, see 3.5 Nucleation and growth of PCC on a 
cellulosic substrate. For a great degree, the charge characteristics of bleached kraft pulps 
results from dissociated carboxylic groups in hemicelluloses, and is affected by the 
selected bleaching sequence (Laine 2007). Bleaching depolymerizes and oxidizes 
cellulose and hemicellulose (Chirat el al 2011) and creates or removes charged groups 
(Laine 2007). Reactions between hexenuronic acid and bleaching chemicals are 
especially important for the fiber charge (Laine 2007).

2.4.3 Micro- and nanofibrillated cellulose and fibrillar fines

Fines are usually defined as the material that passes the 200 mesh wire of a Bauer McNett 
classifier (Heinemann and Vehniäinen 2009), or sometimes as the material that passes the 
round holes (76 μm diameter) of a nominally 200 mesh screen of a drainage jar (TAPPI 
standard T 261 cm-94). The terms micro- and nanofibrillated celluloses (MNFC, or 
MFC and NFC, respectively) have been used somewhat loosely in the literature 
(Lavoine et al. 2012), although a standard (ISO/TS 20477:2017 Nanotechnologies - 
Standard terms and their definition for cellulose nanomaterial) has recently been pub-
lished.

It is nevertheless fairly obvious that there is a significant overlap in MNFC and cellulosic 
fines in size and in terms of e.g. a large specific surface area, high water retention capacity 
and high aggregation tendency (Taipale 2010). Both MNFC and fines also offer excellent 
bonding ability and strengthen the sheet (Taipale 2010), and they may therefore be used 
to counter the negative effects on the strength caused by a filler.

Promising results in terms of strength and optical properties have been reported when a 
PCC-kraft fines composite was used (Silenius 2002). Later, Subramanian et al. (2007) 
reported similar results using fines (or MFC) obtained by Masuko grinding, where the 
first-pass retention, internal bonding strength and tensile index were improved compared
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with a sheet comprising a reference PCC, while the light scattering remained at a similar 
level.  

The large surface area, hydrophilic nature and high concentrations of hydroxyl groups 
available to form hydrogen bonds with water contribute to the dewatering and drying 
difficulties associated with MNFC (Sinquefield et al. 2020). High fibrillar swelling has 
been associated with the difficult dewatering of MNFC, as well as a sealing mechanism, 
i.e. the plugging of channels and inhibiting of  water flow (Dimic-Misic et at 2013).
Although a high water retention is of interest in some applications, it may lead to drying
difficulties in a MNFC-containing paper web (Dimic-Misic et al. 2016).

The water-holding capability of MNFC has been reported to decrease when a PCC-
MNFC composite is formed (Dimic-Misic et al. 2016; Rantanen 2016), due to a reduction 
in the total fiber and fibril surface area in the presence of PCC (Dimic-Misic et al. 2016). 
Subramanian et al. (2007) also reported differences in sheet properties and water removal 
depending on the PCC morphology: colloidal PCC was more detrimental for water 
removal in wet-pressing than scalenohedral or rhombohedral types, although the order 
changed with heavier filling (Subramanian et al. 2007). 

2.4.4 Recycled fibers 

Recovered paper and recycled fiber, RCF, are currently the most widely used raw 
materials in papermaking (Schabel 2010a), and numerous review articles can be found, 
for example by Hubbe et al. (2007). Many of the differences between recycled and virgin 
pulp can be expected to affect the forming of a PCC-fiber composite. For example, cell 
wall pore closure (Hubbe et al. 2007) and the subsequent loss of cell wall pore volume 
can be expected to decrease the ability of the fiber to take the PCC into the cell wall.  

It is of interest to see whether a PCC-RCF composite can raise the papermaking potential 
of RCF. When present, residual ink affect the optical properties of a RCF sheet negatively 
and non-linearly: a small amount of ink particles result in a large drop in brightness, and 
fine ink particles are more prone than larger particles to cause a brightness loss (Schabel 
2010a). Combined with the often hydrophobic nature of inks (Schabel 2010b) an 
improvement in recycled pulp quality and especially brightness can be expected when 
PCC-RCF composite is prepared, due to the PCC attaching on the ink particles and 
potentially partially covering the particles, altering their optical properties. 

Such results have been reported by Kim et al. (2013) and Seo et al. (2014, 2017). Kim et 
al. (2013) precipitated PCC in-situ on recycled deinked printing paper (white ledger) both 
as a whole pulp and on separated fines fractions. In blends with virgin pulp, a decrease in 
the effective residual ink concentration (ERIC) and an increase in brightness and opacity 
were reported, and Seo et al. (2014, 2017) reported similar results for old newspaper, 
mentioning that they suspected that the colored impurities and macro stickies acted as 
initial nuclei for the precipitation. The removal of sticky material from deinked pulp by 
the IS-precipitation of PCC has also been reported by Klungness et al. (2002). 



2 PCC-fiber composites: an overview 30

2.4.5 Non-wood natural fibers 

Non-wood natural fibers are currently a marginal raw-material in the paper industry, 
amounting to only 3% of consumed pulp in the world (Liu et al. 2018), mainly in China 
and India (Ashori 2006; Liu et al. 2018), but the use of non-wood natural fiber from 
selected sources is partially in good agreement with current “green” trends. 

The chemical compositions and fiber morphological characteristics (Marques et al. 2010; 
Liu et al. 2018) of non-wood fibers vary greatly. In general, however, non-wood fibers 
are short (2 mm or less) and the fines content is high (Saijonkari-Pahkala 2001; Liu et al. 
2018), and some of the technical limitations, associated with the use of such pulps, could 
perhaps be alleviated by the formation of PCC-fiber composites. 

Bagasse has gained some attention. Allan et al. (1998) and Kumar et al. (2009) have 
attempted to improve the modest optical properties by IS-precipitation of PCC. Both were 
able to improve the optical properties, and Kumar et al. (2009) reported light scattering 
similar to that of a filled hardwood sheet, although the strength properties were affected 
more. The excessive fines content of straw pulp is problematic because the fines impede 
water removal (Saijonkari-Pahkala 2001; Liu et al. 2018), and the improved water 
removal of PCC-fiber composite may be of interest in this context.
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3 Synthetizing PCC-fiber composite by in-situ 
precipitation 

3.1 Industrial methods of synthetizing PCC 

CaCO3 can be synthesized by numerous methods, including the use of supersaturated 
CaCO3 solution obtained by the dissolution of CaCO3 by bubbling with CO2, (Hosoda 
and Kato 2001; Lakshminarayanan et al. 2003), a gas-liquid system using ammonium 
bicarbonate (NH4HCO3) and calcium chloride (CaCl2) (Zheng et al. 2012), and the 
carbonization process. Industrially, two processes are mainly used: the calcium chloride 
process and the carbonization process, the latter of which is more common (Ciullo 1996; 
Teir et al. 2005; Ukrainczyk et al. 2007). These are also the main approaches used for in-
situ PCC-fiber composite preparation. 

The calcium chloride process, also known as the liquid-liquid-solid route of CaCO3 
precipitation (Ukrainczyk 2007), uses two soluble salts, CaCl2 and sodium carbonate 
(Na2CO3) (Ciullo 1996; Teir et al. 2005). It is usually run in a satellite plant of a Solvay 
process (ammonia-soda process) because of the economic need for a low-cost source of 
CaCl2 (Ciullo 1996; Teir et al. 2005). The reaction between the salts results in the 
formation of CaCO3 with NaCl as a secondary salt (Teir et al. 2005). The most common 
crystal form obtained using the method is rhombohedral calcite (Ukrainczyk et al. 2007). 

If this method is applied to PCC-fiber composite preparation, the secondary salt formed 
in the process may lead to difficulties, changing the wet end chemistry and retention aid 
performance which are sensitive to the electrolyte concentration (Stenius 2000; Laine 
2007), which means it may be necessary to wash out the undesired salt.  

The carbonization process (the solid-liquid-gas route of CaCO3 precipitation (Jimoh 
2018)) avoids the problem of a secondary salt since it uses Ca(OH)2 and CO2 or a 
CO2-rich gas often obtained from a lime kiln or power plant and cooled and cleaned by 
scrubbing before use. Chemical additives may be used to alter the properties of the 
forming PCC (Jimoh 2018). 

Precipitation by carbonization at an industrially justified concentration requires 
precipitation from a slurry due to the low solubility of Ca(OH)2 in water (1.85 g/l at 0 °C 
or 0.71 g/l at 100 °C (Oates 1990)). This results in a three-phase system with a solid and 
gaseous reactant, a liquid reaction medium and a solid product. In terms of exact process 
variables, the three-phase system is more difficult to control than the liquid-liquid-solid 
route due to the need for CO2 dissolution (Jimoh et al. 2018) and by the presence of the 
fiber when a PCC-fiber composite is prepared (see 3.4 Effect of fiber in PCC-fiber 
composite synthetization). 
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3.2 Precipitation of PCC

The driving force for crystallization from a solution is said to be supersaturation, where 
a system in a supersaturated state attempts to achieve thermodynamic equilibrium through 
crystallization (Mersmann et al. 2001; Karpinski and Wey 2002), but the understanding 
of the crystallization process itself has recently changed. The classical nucleation theory 
(CNT) has been challenged, with mounting evidence for non-classical or modern 
nucleation theory (Karthika et al. 2016; Cölfen 2020).

CaCO3 is one of the substances that often do not follow the predictions of CNT. When 
PCC precipitates, stable clusters may be formed even in undersaturated solutions, and 
these clusters may eventually lose water and form a liquid phase, then an amorphous 
phase and finally a crystalline phase (Karthika et al. 2016; Cölfen 2020). Both liquid 
(Gower and Odom 2000; Dai et al. 2008; Schenk et al. 2012) and amorphous (Wang et 
al. 2012; Purgstaller et al. 2016; Tobler et al. 2016) precursor phases have been 
empirically detected in the case of CaCO3, but it is also possible that the prenucleation 
clusters form critical nuclei, which thereafter grow by single-ion attachment (Karthika et 
al. 2016).

The precipitation mechanisms of CaCO3 therefore are not thoroughly understood. The 
morphology of the precipitate can however be tailored by controlling the electrical 
conductivity (EC) in the carbonization process, maintaining the conductivity by the 
addition of Ca(OH)2 into a bubbled semi-continuous batch process. Under a certain set of 
conditions, an uncontrolled, seemingly unexplained, increase in electrical conductivity 
can however occur (Garcia-Carmona 2003; Carmona et al. 2004; Ukrainczyk et al. 2007). 
Similarly, the electrical conductivity and pH at the beginning of the precipitation can 
decrease and thereafter recover unless the Ca(OH)2 is not continuously added into the 
slurry (Yamada and Hara 1985; Subramanian 2008).

This has been associated with a precipitation route where CaCO3 (usually thought to be 
an intermediate metastable ACC) begins to form on the solid Ca(OH)2 particles in the 
slurry (Garcia-Carmona 2003; Carmona et al. 2004; Ukrainczyk et al. 2007; Subramanian 
2008; Yamada and Hara 1984, 1985). This temporarily inhibits the dissolution of 
Ca(OH)2 from the affected particles leading to a decrease in conductivity as the 
precipitation reaction continues. Thereafter, the CaCO3 dissolves from the Ca(OH)2

particles. The intermediate phase is then thought to lose (meta)stability, resulting in 
dissolution and a sudden increase of charged species in the reaction mixture, detected as 
an increase in conductivity. The dissolution of Ca(OH)2 can continue, resulting in an 
increase in pH. The charged species (re)precipitate as crystalline CaCO3.

Carmona et al. (2003) presented experimental data, including SEM micrographs, 
supporting this interpretation. They show and describe Ca(OH)2 “coated by small, 
elongated particles”, which turn into “chain-like aggregates” that grow in size and detach 
from the Ca(OH)2 surfaces. Only after the Ca(OH)2 disappears can the final calcite 
morphology be formed (Carmona et al. 2003).
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This precipitation route is especially interesting for PCC-fiber precipitation because the 
electrical conductivity and pH have been reported to develop as indicated when fiber is 
present (Subramanian 2008). The route stresses the importance of having solid, non-
CaCO3 surfaces in the reaction mixture. Carmona et al. (2003) discuss the possibility of 
ACC stabilization (affected by the negative net charge) at the interface of Ca(OH)2 
particles. This brings the typically anionic cellulosic fiber surfaces interest as well. 

3.3 Morphology control of the precipitate in carbonization process 

SEM microcraphs of the PCC-fiber composites show that the precipitate morphology 
often differs from the rosette-shaped aggregate associated with the scalenohedral primary 
particles typically obtained in a carbonization process (Ukrainczyk et al. 2007). It has also 
been reported that the morphology of the precipitated PCC is affected by the substrate 
(Yamanaka et al. 2009), and cellulosic fibrils have been reported to disrupt the growth of 
scalenohedral calcite (Subramanian 2008).  

The methods used to control PCC morphology in the absence of fiber cannot therefore be 
expected to yield identical results when a PCC-fiber composite is being prepared, 
although the methods used to control PCC morphology in the absence of fiber have been 
successfully utilized to alter the precipitate morphology of PCC-fiber by e.g. 
Subramanian et al. (2007). 

In industrial applications, supersaturation and therefore crystallization are controlled by 
controlling the material and energy flows in the crystallizer and thus the nucleation and 
growth of the crystals (Mersmann 2001). Although the general principles of 
crystallization such as nucleation and crystal growth due to supersaturation apply to 
precipitation crystallization (Karpinski and Wey 2002), the practicalities may be slightly 
altered. For PCC, the possibility that the precipitation may occur by non-classical routes 
may further complicate the situation (see 3.2 Precipitation of PCC). 

If the reactant concentration is high (as is the case for PCC) combined with a fast reaction 
and low solubility of the reaction product, the situation may lead to high local 
supersaturation, primary nucleation and a large amount of small particles (Mersmann 
1999; Karpinski and Wey 2002). The high concentration of particles and high degree of 
supersaturation, however, result in an aggregation of particles (Schubert and Mersmann 
2000) and other secondary processes such as Ostwald ripening (Karpinski and Wey 
2002). Such processes affect not only the size and shape of the particles but also their 
growth rate in precipitation (Schubert and Mersmann 2000; Karpinski and Wey 2002).  

Further complexity but also opportunities for crystal design arise due to polymorphism 
and different possible crystallization pathways. Ostwald’s rule of stages states that when 
a transformation takes place from one state to another, the newly formed state is not the 
thermodynamically most stable but the one closest to the stability of the original state 
(Mersmann 2001; Threlfall 2003). This is the least stable state available (Threlfall 2003), 
the formation of which is explained kinetically (Mersmann 2001; Threlfall 2003). The 
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rule is not however a universal law. Exceptions are known (Threlfall 2003), some of 
which may be related to complex crystallization pathways (Hedges and Whitelam 2011).

Such factors create some difficulty in controlling or reliably predicting the PCC 
morphology obtained under a given process and process conditions, even when no fiber 
is present. Therefore, an empirical approach is often chosen.

The temperature and conductivity have been identified as important factors determining 
the PCC morphology in a carbonization process but it is important to realize that the 
source of conductivity may differ. It may originate from (super)saturation with respect to 
CaCO3, from the presence of a different salt or whether, for example, there is an excess 
of CO2 and a Ca(OH)2 solution is slowly fed into the process.

Ukrainczyk et al. (2007) used the conductivity as a measure of supersaturation, and they 
found that increasing the conductivity changed the calcite morphology from 
rhombohedral to truncated prismatic to scalenohedral at elevated reaction temperatures 
(35 and 50 °C), but that the change was from rhombohedral to nano-sized spheroidal 
particles that organized into “chains” at room temperature (20 °C). García-Carmona et al. 
(2003) reported similar results, with rhombo-scalenohedral shapes occurring between the 
rhombohedral and scalenohedral morphologies.

The ratio of [Ca2+]/[CO32-] is commonly thought to affect the morphology in a manner 
where a ratio close to the stoichiometric ratio yields rhombohedral calcite (García-
Carmona et al. 2003) and a higher ratio results in the scalenohedral type (García-
Carmona et al. 2003). This has been associated with the stabilization of crystal faces 
due to a crystal face-Ca2+ interaction (Cizer et al. 2012).

In the case of in-situ precipitation, a similar but not identical result has been reported by 
Matthew et al. (1995). They used a sequence of CO2 additions, which allowed control of 
CO2/Ca(OH)2 ratio in each pass, while using ratios greater than and less than 1. Matthew 
et al. (1995) mentioned that the use of lower ratios produced a smaller and rounder 
precipitate, whereas the higher ratios resulted in a larger and less round precipitate on 
fibers.

Fuchise-Fukuoka et al. (2020b) also reported that the CO2 feed affected the precipitate 
size and morphology on the cellulosic fiber when the gas was added as ultrafine 
(<100 µm) bubbles. Counter-intuitively from the classical crystallization point of view, 
Fuchise-Fukuoka et al. (2020b) reported an increase in PCC particle size on fibers with 
increasing CO2 flow rate, which they explained as being due to the [Ca2+]/[CO3

2-] ratio 
(decreasing with increasing CO2 feed) rather than to high degree of supersaturation and 
resulting heavy nucleation.

García-Carmona et al. (2003) reported that the increase in conductivity in a PCC 
precipitation study was associated with an increase in the amount of Ca2+ in the reaction 
mixture, and that a change towards a scalenohedral precipitate with increased
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conductivity was associated with an increase in the [Ca2+]/[CO3
2-] ratio. Ukrainczyk et al. 

(2007) however precipitated scalenohedral calcite with a low Ca(OH)2 concentration in 
the reaction mixture. They explained that this was due to a lack of accumulated solid 
Ca(OH)2 and to a dissolution of Ca(OH)2 faster than the formation of PCC, the increase 
in conductivity being due to the large amount of dissolved CO2. 

The [Ca2+]/[CO3
2-] ratio has also been reported to affect the polymorphism. Chakraborty 

and Bhatia (1996) reported that a high [Ca2+]/[CO3
2-] ratio resulted in “stable” vaterite, 

and that a low ratio resulted in the nucleation of vaterite that however transformed to 
calcite. 

The reports regarding the effects of stirring and CO2 feed vary. It has been reported that 
stirring does not affect the morphology or particle size (Ukrainczyk et al. 2007), but that 
it may be of importance in determining them (Chakraborty and Bhatia 1996).  

Similarly, CO2 feed has been reported by Ukrainczyk et al. (2007) not to affect, and by 
Wen et al. (2003) to affect the morphology and particle size. This is probably due to the 
indirect and also interconnected effect these parameters have on the process, where 
stirring affects the material transfer, including the gas (CO2) dispersion in the process. 
Stirring and CO2 feed are thus connected to the [Ca2+]/[CO3

2-] ratio and to supersaturation 
and conductivity. A change may or may not therefore result in a change in precipitation 
that affects the precipitate. Reaction vessel geometry, gas bubble size and CO2 
concentration in the feed gas can be expected to have similar indirect effects. 

The presence of undissolved Ca(OH)2 has also been reported to affect the precipitate 
(García-Carmona et al. 2003; Ukrainczyk et al. 2007). This has been associated with the 
route by which the precipitation proceeds; whether it proceeds by a surface route 
(precipitation on the Ca(OH)2 surface) or if the Ca(OH)2 dissolves prior to precipitation 
(García-Carmona et al. 2003; Ukrainczyk et al. 2007). Interestingly, from a PCC-fiber 
composite preparation point of view, solid Ca(OH)2 in the system has been reported to 
reduce the tendency for nano-sized PCC particles to aggregate (García-Carmona et 
al. 2003). 

Other chemical substances, both organic and inorganic, can be used to control the 
morphology of the precipitate, as well as polymorphism and other properties such as 
surface charge (El-Sheikh et al. 2013). Examples of the effects of different additives on 
the PCC morphology and polymorphism are presented by Jimoh et al. (2018). Negatively 
charged organic additives have usually been reported to be more effective than positively 
charged organic additives, which have had only a slight effect on PCC in most studies 
according to Cantaert et al. (2012). Inorganic cations such as bivalent magnesium, barium 
and manganese ions (Mg2+, Ba2+ and Mn2+) have however often been effective (Chen et 
al. 2006). The mechanism typically suggested for the effect of other chemical substances 
is that they adsorb on crystal faces where they may alter the kinetics of the crystal face 
growth and therefore the morphology of the growing crystals (Mersmann et al. 2001). 
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3.4 Effect of fiber in PCC-fiber composite synthetization

Different fiber substrates differ in their tendency to form flocks and affect the viscosity 
of the fiber slurry, and these factors can be expected to affect the material transfer within 
the precipitation process. In a bubbled batch system, an increase in viscosity may increase 
the time which the CO2 gas bubbles take to escape from the system, increasing the CO2-
reaction slurry contact area unless the bubble size is simultaneously affected. Floc-form-
ing and breaking may affect the material transfer and the concentrations of ions, and 
densely formed flocs may trap Ca(OH)2 or other particles and affect the local conditions 
of precipitation.

The specific surface area of the fiber may be of importance in heterogeneous nucleation 
and lead to a situation where the surface area of fiber per volume of the reaction mixture 
is altered although the reaction consistency with respect to the fiber is fixed. Similarly, 
fixing the specific surface area of the fiber will probably result in a different fiber volume 
in a given volume of fiber mixture, which is related to slurry viscosity and crowding of 
the reaction mixture.

The PCC-fiber composite must be prepared to a defined PCC content. The weight of 
Ca(OH)2 (m) required to form a PCC-fiber composite with a chosen PCC content is 
calculated using the equation (3.1), derived from TAPPI standard T 211 om-02 relating 
to ash definition:

𝑚 ( ) =
𝐴𝑠ℎ, % ⋅ (𝐵 − 𝐴)

100 −  𝐴𝑠ℎ, %
· 0.7402 (3.1) 

where A is the targeted weight of PCC ash, assuming 100% conversion, B is the weight 
of the test specimen and B-A is therefore the weight of oven-dry fiber. The factor 0.7402 
is the ratio of the molar mass of Ca(OH)2 and that of CaCO3. 

When the targeted PCC content of the composite is fixed, increasing the fiber surface area 
per reaction mixture volume by increasing the fiber consistency and therefore the 
Ca(OH)2 concentration will probably affect the ratio of ionic species due to material 
transfer and dissolution kinetics. If the fiber surface area per reaction mixture volume is 
instead controlled by altering the fiber specific surface area, e.g. by refining, in order to 
maintain Ca(OH)2 concentration, the mixture rheology and the tendency of the fiber to 
flocculate will be affected. 

3.5 Nucleation and growth of PCC on a cellulosic substrate 

The tendency for PCC and other minerals to attach onto fibers has been known for years 
but the mechanism is not fully understood. The situation is complicated by the different 
possible routes of CaCO3 crystal forming, and various explanations of CaCO3 
precipitation on a solid substrate have been suggested. 
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From the theoretical point of view, the explanation offered e.g. by Silenius (2002) where 
the PCC nucleates and precipitates on the cellulosic substrate as predicted by the classical 
nucleation theory is fairly straight-forward. 

This approach emphasizes the surface area of the fiber or the fiber fractions in the pulp. 
Silenius (2002) reported that PCC precipitated in larger amounts on cellulosic fines than 
on the larger fibers. PCC enrichment in fines has also been reported by Seo et al. (2017). 
This finding is in good agreement with the heterogeneous nucleation explanation, but the 
fines also contain more carboxyl groups, more metal ions and are more negatively 
charged than the bulk of the fiber (Odabas et al. 2016), so that PCC enrichment onto fines 
is in good agreement with other suggested explanations of PCC attachment as well. 

Dalas et al. (2000) have suggested that the precipitation is steered onto the cellulose 
because of the presence of functional groups such as hydroxyl groups that are capable of 
binding metal ions to form subcritical CaCO3 nuclei on the cellulosic substrate with 
subsequent nucleation. 

In some cases, precipitation on the substrate has been associated with an interaction 
between the additive chemical and charged groups in the substrate (Hosoda and Kato 
2001; Xu et al. 2005). Interesting results were reported especially by Hosoda and Kato 
(2001), who precipitated thin films of CaCO3 on cellulose, chitosan and chitin with PAA 
present in the solution (inhibiting bulk nucleation), but also the crystallization on 
substrate polymer was inhibited when the substrate was derivatized to protect its proton-
donating groups (hydroxyl and amine). 

Hosoda and Kato (2001) also reported rhombohedral calcite crystal precipitation on both 
derivatized and non-derivatized templates when the crystallization was carried out 
without PAA, demonstrating that although proton-donating groups are important under 
certain conditions, they are not required under other conditions. 

When the precipitation is carried out under conditions in which ACC can be expected to 
form, as is often the case, the presence of ACC means that the “simple” classical 
heterogeneous nucleation explanation cannot suffice. If the precipitation process 
advances via an ACC precursor, the precipitation onto cellulosic surface may be linked 
to inter-particle interactions due to polarization of the particles (Subramanian 2008). 

In the case of non-cellulosic substrates, PCC precipitation onto the substrates has been 
linked with surface wetting properties and the interaction between the ACC and the 
substrate. Xu et al. (2005) were able to show ACC hemisphere and film deposition onto 
substrates, followed by crystallization of ACC when it came into contact with moist air. 
They noted that the hemispheres resembled droplets of liquid on the surface as seen in 
solid-liquid-gas system, and that the angle of contact with the substrate was 
approximately constant. PCC precipitation onto the surface was associated with both 
adhesive (ACC-fiber) and cohesive (ACC-ACC) forces, and the ACC stabilizing and 
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film-forming effect of PAA was explained as being due to the change in ACC zeta 
potential, resulting in reduced cohesive forces. 

For non-cellulosic substrates, Chevalier (2014) used glass, silanized glass and 
polyethylene with controlled wettability and found that the degree of nucleation 
(indicated as crystals/mm2) decreased with increasing hydrophilicity of the substrate, 
resulting in a situation where precipitation on the surface was energetically less beneficial 
than on a hydrophobic surface. Similarly, Yamanaka et al. (2009) investigated surfaces 
of similar roughness but different surface energies (mica and highly oriented pyrolytic 
graphite) and were able to detect different ACC contact angles on the substrates. They 
reported that a low contact angle between the substrate and ACC resulted in a large 
number of crystals. 

Much of the research related to ACC and PCC crystallization onto substrates has been 
done using a process different from the carbonization, so that the precipitation route may 
differ from that in carbonization precipitation. 

3.6 Water cleaning effect and potential alteration of PCC 

The trend in papermaking towards a more closed water system leads to the enrichment of 
substances in the paper mill waters, including wood components, anionic and cationic 
polymers such as retention aids, chemicals used in coating, fixing agents, strengthening 
agents and sizing agents, anionic and cationic polyacrylamide (A-PAM and C-PAM), 
carboxymethylated cellulose (CMC), and cationic starch (CS),  and inorganic salts such 
as sulphates from cooking, surfactants, and dispersed solids such as alkenyl succinic 
anhydride (ASA), alkyl ketene dimer (AKD) and latices (Hubbe 2007a; Laine 2007; 
Manner et al. 2009).  

These impurities may result in difficulties such as poor strength due to increased salt 
concentration, poor first pass retention and increased retention chemical demand due to 
the excessive accumulation of negatively charged polyelectrolytes and colloidal material 
(Hubbe 2007a; Laine 2007; Stenius 2000). Various “kidney technologies” to clean the 
white water include membrane filtration, enzyme treatment and chemical 
coagulation (Hubbe 2007b). 

Precipitating PCC is capable of sorbing ions and macromolecules (Naka and Chujo 2001), 
and this suggests that when a PCC-fiber composite is prepared in-line or when process 
water is used as a medium for PCC precipitation, the precipitation process may also 
perform a kidney function. Results supporting this suggestion have been reported by 
Matula et al. (2018). 

Although the water-cleaning effect may be beneficial and of interest when contaminant-
rich pulps such as RCF are used, these contaminants may at the same time alter the 
properties of the precipitated PCC. The change in CaCO3 morphology has been 
demonstrated in biomimetic systems by polymers (Naka and Chujo 2001) and in simpler 
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precipitation processes by e.g. sulfate ions (Tang et al. 2012). It has been reported that 
in-line PCC ash has a different color because of incorporated iron (Matula et al. 2018). 

Although the concentration of a single substance in PCC-fiber composite preparation may 
be low and below the concentration at which it alone would significantly affect the 
precipitation, the net effect of different substances may be much greater. Many 
morphology-altering substances are anionic organic materials (Cantaert et al. 2012) and 
the papermaking waters contain many substances perhaps capable of altering the PCC 
morphology. 
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4 Materials and methods 

The PCC-fiber composites or PCC were prepared in open batch reactors using 
precipitation of CaCO3 by the reaction of Ca(OH)2 with CO2 gas in aqueous media in the 
presence of dispersed fibers. The Ca(OH)2 was prepared either in the laboratory by 
slaking CaO or used as obtained (see Table 4.1). 

The carbonization led to the neutralization of Ca(OH)2, which was detected as a decrease 
in the pH which was used to indicate the end point of the reaction, typically at a pH 
between 6 and 8, i.e. neutral. A slight variation in the end point pH was associated with 
different reaction conditions affecting the ionic balance. 

The reaction between Ca(OH)2 and CO2 is exothermic, and the reaction was performed 
under non-isothermal conditions. The temperature before precipitation was 
approximately 20 °C unless otherwise stated. Most of the experiments were carried out 
without morphology-controlling chemicals, but as indicated in the text, the morphology-
controlling chemicals L-lysine (L-lys) and the sodium salt of polyacrylic acid (Na-PAA) 
were sometimes used. 

After preparation, the composites were characterized in the wet condition by pulp 
fractionation, fiber analysis and surface charge density, and in the dry condition by ash 
content and scanning electron microscopy. Some of the composites and pulps were used 
to prepare laboratory handsheets to study the effect of the PCC-fiber composite on sheet 
properties. In some of the handsheets, MFC or cationic starch (CS) was used as a 
strengthening agent as indicated in the text. 

The materials used to prepare the samples are listed in Table 4.1. 



4 Materials and methods 42

Table 4.1: Materials used for preparing the samples and their pre-treatment 
Source and preparation Used for 

Fibers 

BBK Air dry bleached kraft (birch) pulp sheets (Stora Enso, 
Kaukopää mill Imatra, Finland), disintegrated according 
to ISO 5263-1 using tap water 

Precipitation experiments with Reactor II 
(unpublished results) 

CTMP Air dry hardwood (birch) pulp sheets (Stora Enso, 
Kaukopää mill Imatra, Finland), disintegrated and 
refined using Valley beater (standard ISO 5264-
1:1979)(1) 

PCC-CTMP composite preparation, 
preparation of laboratory handsheets 
(Paper II and Paper III) 

MFC Laboratory prepared by mechanical refining 
(Microfluidizer M-110EH-30, Microfluidics Corp.) from 
hardwood kraft pulp (2x 400/200 + 1x 200/100 µm 
chambers, using pressures of 1100 bar and 1500 bar) 

PCC-MC composite preparation 
(Unpublished results) 

MC Commercial grade (JRS, Arbocel UFC100). The dry 
powder and was dispersed in water using strong mixing 
(Diaf dissolver type FFBH 30) without dispersing aids. 
The mean particle size according to the supplier was 
8 µm 

PCC-MC composite preparation 
(Paper I, Unpublished results) 

Ca(OH)2 

Lime A Provided by Stora Enso Oyj (Varkaus Mill). Dry matter 
content 8.5-10.4%. Used as obtained or diluted with tap 
water when necessary. 

PCC-MC and PCC-MFC composite 
preparation 
(Paper I, Unpublished results) 

Lime B Prepared from CaO (Honeywell, reagent grade) by 
slaking for 4 h using CaO-to-H2O ratio 1-to-9 and an 
initial reaction temperature of 40 °C, which was allowed 
to change freely 

PCC-MFC and PCC-CTMP composite 
preparation, precipitation of reference 
PCC 
(Paper II, Paper III, Unpublished results) 

Gases 

CO2 A Commercial gas (AGA, purity 99.7%) Precipitation experiments with Reactor I 
and Reactor II 
(Paper I, Unpublished results) 

CO2 B Commercial gas (AGA, purity ≥99.8%) Precipitation experiments with Reactor III 
(Papers II and III) 

Additive chemicals 

CS Commercial cationic starch (Chemigate, Raisamyl 
50021). Cationized potato starch with DS 0.035. Mixed 
in 60 °C water, heated to 95-98 °C and cooked for 30 
minutes while stirring. Stored at 65 °C, used within 24 
hours of cooking 

Strengthening agent in handsheets 
(Paper III)  

L-lys Commercial L-lysine grade (Aldrich Chemistry, 
purity ≥ 98.0%). Used as 5.0 wt-% solution. 

PCC morphology control 
(Unpublished results) 

MFC Commercial wood-based grade (Daicel FineChem Ltd, 
Celish KY100S) obtained at high solids, dispersed and 
diluted using strong mixing (Diaf dissolver type 
FFBH 30) without dispersion aids 

Strengthening agent in handsheets 
(Paper III) 

Na-
PAA 

Commercial grade of sodium salt of polyacrylic acid 
(Sigma-Aldrich, M ~1800 g/mol), dissolved in water (2, 
5 and 8 wt-%) 

PCC morphology control 
(Paper I, Unpublished results) 

(1) For pulp pre-treatment details, see 4.1.2 PCC-CTMP
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4.1 Preparation of PCC-fiber composites 

4.1.1 PCC-MC, PCC-MFC and PCC-BBK 

PCC-MC, PCC-MFC and PCC-BBK composites were prepared under various 
precipitation conditions (fiber consistency, Ca(OH)2 concentration, CO2 feed and bubble 
size) with and without morphology-controlling additives (Na-PAA and L-lys). The 
conditions used in each experiment are clarified in the text in connection with the results. 
The precipitation was done using 2000 g batches (before precipitation) in Reactor I and 
Reactor II, see Figure 4.1 for equipment details. The batches were prepared by mixing 
water, additives (when used), Ca(OH)2 and fibers in this order. 

Figure 4.1: (A) Reactor I and (B) Reactor II. Both reactors were equipped with a cooling or 
heating jacket (not shown in Reactor I image). Both reactors were designed for 2 L batches and 
Reactor I was insulated. The size of the CO2 bubbles in each reactor was controlled by using 
sintered metal filters with different opening sizes as gas spargers. The experiments with 
Reactor I were all performed using a sparger with 40 µm opening. Most of the experiments with 
Reactor II were carried out without a gas sparger, i.e. the CO2 was fed in directly from the 
piping (inner diameter 5 mm), otherwise CaCO3 would precipitate in the sparger and clogg the 
openings, resulting in a constant need for cleaning and, especially in longer experiments, 
difficulties in maintaining the CO2 feed. 
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4.1.2 PCC-CTMP 

PCC-CTMP was prepared using various sets of conditions (fiber consistency, Ca(OH)2 
concentration and CO2 feed) to study the precipitate morphology, and using fixed 
conditions to prepare materials for further analysis (fractionation and the preparation of 
laboratory handsheets). The conditions used in each experiment are clarified in the text 
together with the results 

Reactor III was used for precipitation experiments, see Figure 4.2 for equipment details. 
The batch size was 9.5 liters. The batches were prepared mixing water, fibers and 
Ca(OH)2 in this order; the order of Ca(OH)2 and fibers being the opposite of that adopted 
in Reactors I and II because the batch was mixed in the reactor and adding the large 
volume of fiber slurry as the final component often resulted in splashing. 

Figure 4.2: Reactor III. The reactor was equipped with a cooling or heating jacket. The stirring 
element was attached to a motor (Elma Troyan 1.5 kW, 2.0 hp) for powerful stirring. The 
reactor was designed for 10 L batches but a slightly smaller batch size was used as stirring and 
the presence of the gaseous phase required additional space. 

The pulps used for fractionation (Paper II) had freenesses of 23, 42 and 58 SR and were 
refined for 0, 30 and 60 min, respectively (Valley beater, standard ISO 5264-1). For the 
fractionation experiments, the conditions for PCC-CTMP composite preparation were 
chosen to yield nano-PCC evenly distributed on the fiber. 
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The pulp used for the 190 g/m2 handsheets (Paper III) was not refined. Instead, it had 
undergone a washing procedure to reduce the amount of fines at the beater consistency 
(15.7 g/L) by stirring ca. 8 L of CTMP slurry on a 200 mesh metal wire (measured 
diagonal hole size 0.10 mm) while allowing the water and fines to drain through the wire. 
Tap water was added to maintain the pulp volume. In each case, there were eight washing 
batches washed using ca. 16 L of water. The precipitation conditions were the same as 
those used to make the PCC-CTMP for composites fractionation. 

4.2 Preparation of PCC 

A laboratory-prepared PCC, free from fibers and chemical additives such as dispersion 
aids, was used as a reference filler in 190 g/m2 handsheets (Paper III), as a reference for 
PCC-BBK composite morphology, and to test the effect of a morphology-controlling 
chemical (L-lys) on the morphology of the PCC precipitate in the absence of fibers. PCC 
was synthesized in a similar manner with PCC-fiber composites, but without the presence 
of fiber. Reactor II was used. The conditions of each precipitation are indicated in more 
detail in the text. 

In order to control the particle morphology and agglomeration when PCC was prepared 
for laboratory handsheets, the reaction was carried out at a temperature of 77±3 °C using 
a Ca(OH)2 concentration of 22 wt-%. 

4.3 Characterization of wet PCC and PCC-fiber samples 

4.3.1 Pulp fractionation 

The CTMP and PCC-CTMP composites were fractionated using a Bauer-McNett 
classifier according to the SCAN-M 6:96 standard, with the exception of the dosed pulp 
weight (10 g according to the standard) and wires.  

In the case of PCC-CTMP, 20 g of oven-dry solids, i.e. PCC and CTMP combined, was 
used. As the PCC content of the PCC-CTMPs was close to 50%, the CTMP dose was 
close to the 10 g. In the fractionation of the corresponding CTMP alone, the amount of 
fiber dosed was equal to the amount of CTMP in the PCC-CTMP. 

The 30, 100 and 200 mesh wires of the ASTM series were used, and to collect some of 
the fines, the fourth wire used was a non-standard 400 mesh wire with a measured opening 
of 25 µm. 

In the case of the PCC-CTMP (but not the CTMP), a significant amount of material was 
found to pass the 400 mesh wire. This material was partially collected by retaining the 
waste water from the point when the waste water became cloudy to the point when it 
became clear. The water was left for two days to allow sedimentation before the excess 
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water was siphoned off. This fraction was labelled ‘pass’. The fractionation experiments 
and sample labelling are shown in Figure 4.3. 

Figure 4.3: Scheme of the fractionation experiments. The Bauer-McNett fractionation values 
indicate the wire meshes used (ASTM series and a non-standard 400 mesh wire). The R30, 
R100, R200, and R400 fractions were collected after the fractionation. An additional 
sedimentation phase (‘sedim.’) was added after the fractionation, and this yielded the ‘pass’ 
fraction. The bold text indicates the samples taken for further analysis. 

At least seven fractionations were carried out for each CTMP and PCC-CTMP. The 
material from at least five fractionations was collected and combined for use in further 
analysis and handsheet preparation. The fraction name refers to the wire from which the 
fraction was collected, i.e. the RX sample was collected from the X mesh wire. 

Two fractionations were done in order to weigh the fractions as instructed in the SCAN-
M 6:96 standard. The ash contents (TAPPI standards T 211 om-02 and T 413 om-11 in 
combination) were determined on fractions collected on ashless filter paper (Macherey-
Nagel MN 640 m) and dried in an oven (105 °C) prior to the ash content measurement. 

4.3.2 Fiber analysis 

The fiber morphology was characterized according to the ISO 16065-2:2007 standard 
using the L&W Fiber Tester (Lorentzen & Wettre). The PCC-CTMP and CTMP were 
diluted to approximately 0.1 g fiber in 100 ml water, as instructed by the equipment 
manufacturer. The fiber morphology  results are weigthed based on fiber length. 

When the PCC-CTMP composite was fractionated (Paper II), the three PCC-CTMPs, the 
corresponding CTMPs, and the collected fractions (R30, R100, R200, R400, pass) were 
analyzed. Three parallel measurements were run for each sample. The results are given 
as the average of the three measurements. Raw fiber data were recorded in order to create 
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distributions of the recorded parameters (fiber length, fiber width, shape factor, amount 
of fines and kink index). 

When 190 g/m2 handsheets (Paper III) were prepared, the CTMP, the PCC-CTMP 
composite filler, the laboratory-made reference PCC, the MFC and all the furnishes used 
for the handsheet preparation were characterized. The machine pixel size was roughly 
10 x 10 µm and particles recognized as (fine) fibers were 4 times as long as wide, i.e. the 
minimum size was approximately 10 µm wide and 40 µm long. This sets a limitation for 
the reliable characterization of the PCC and MFC, but the PCC and MFC samples were 
measured in order to understand how the free MFC and PCC would probably affect the 
result for the handsheet furnishes. Each sample was run once. An example of a partial 
optical analyzer image is shown in Figure 4.4. 

Figure 4.4: A partial optical analyser image showing a fine fibrillar particle (above) and part of 
a fiber (below). The background color was solidified for viewing. The sample was R200 
unrefined CTMP.  

4.3.3 Surface charge density 

The surface charge density (cationic demand) of the PCC-CTMPs and CTMPs used in 
fractionation experiments and of their fractions was measured using cationic demand 
titration (PCD 02, BTG Mütek GmbH and Mettler DL25, GWB for titrant dosing). The 
measurements were made using a back-titration procedure as recommended by the 
manufacturer, although the targeted amount of fiber was reduced to 0.2 g. After the 
titrations, the fiber was dried overnight at 105 °C to determine the fiber weight and this 
weight was used in the surface charge density calculation. 
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The desired amount of fiber slurry was filtered on a polycarbonate membrane (GE 
Water & Process technologies, 3.0 µm) and the resulting cake was rinsed into a decanter 
using deionized water to obtain a 5.0 g sample. 20 g poly(diallyldimethylammonium 
chloride) (PDADMAC, 1.0 mN, M=107000 g/mol, BTG) was then added. After a reac-
tion time of at least 4 hours, the fibers were removed from the residual PDADMAC so-
lution by centrifugation (Hermle Z200A, 6400 g). Titration was done using polyethene 
sodium sulfonate (PES-Na, 1.0 mN, M=19100 g/mol, BTG). The results are given as 
averages of 3 to 4 titrations.

4.4 Characterization of dry PCC and PCC-fiber samples

4.4.1 Drying the samples

MC and PCC-MC were oven-dried (overnight, 105 °C) before analysis. The PCC-MC 
was powder-like and, when dried, it readily formed a loose powder.

When dried in the same way, the other fibers and PCC-fiber composites formed cakes 
which were difficult to break without damaging the material. Oven-drying was used when 
ash content was measured, but for scanning electron microscopy, the samples were either 
freeze-dried or vacuum-dried. The method used is indicated in the text.

Freeze drying was performed by diluting the sample to approximately 0.1 wt-% with 
deionized water. The samples were frozen at -18 °C, at least overnight and then 
transferred to the freeze-drier (Christ Alpha 2-4 LDplus) for drying. The procedure 
resulted dry material resembling an extremely loose cotton pad.

When samples were vacuum-dried, they were first diluted to a consistency of 
approximately 0.1 wt-% and stirred to homogenize them. A small amount of sample was 
pipetted and spread onto conductive tape (Electron Microscopy Sciences, Conductive 
Double Sided Carbon Tape 8 mm) to immobilize the dried sample. The water was 
evaporated under a partial vacuum in the sputter coating unit. The vacuum drying method 
was chosen because it has previously been found suitable for pulp, conserving the fibrillar 
structure at the fiber surfaces better than in the freeze-drying of a pulp sample frozen in 
water (Kiuru 2018).

4.4.2 Ash content

Ash contents of PCC-fiber composites and handsheets were measured at 525±25 °C and 
900±25 °C using the TAPPI T 211 om-02 and T 413 om-11 standards, respectively. The 
standards were used in combination when the conversion of Ca(OH)2 to CaCO3 was 
assessed.
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4.4.3 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to visually asses the size and morphology 
of the precipitates, and whether or not the precipitate was located on fibers. Two SEM 
systems were used to produce the micrographs shown in this thesis. The more commonly 
used system was the Hitachi SU3500 equipped with a tungsten filament. The SEM was 
used in secondary electron imaging mode (SEI) or backscatter electron imaging in 
compositional mode (BSE-comp). The less often used microscope was the JEOL JMS-
5800, which was used only in the SEI mode.

SE imaging was carried out using an acceleration voltage from 5 to 15 kV. The samples 
were sputter-coated (Au or Au/Pd target, Edwards Scancoat Six Sputter Coater). BSE-
comp mode was applied on PCC-CTMP, CTMP, their fractions and the reference PCC 
(Paper II and Paper III). BSE-comp imaging was done using the variable pressure (VP-
SEM) mode with 60 Pa and 15 kV acceleration voltage.

In addition to the micrographs captured using these methods, high resolution images were 
obtained from selected PCC-MC composite samples by field-emission scanning electron 
microscopy (FE-SEM) using a FEI Nova NanoSEM 450 instrument equipped with a 
Schottky-type field emitter using 10.0 kV accelerating voltage, 8 mm working distance 
and a retractable concentric back scatter detector (CBS). When this equipment was used, 
it is indicated in the text.

Cross-section images of 190 g/m2 handsheets were obtained using the FE-SEM (low 
vacuum mode, a gaseous analytical detector (GAD) and the field-free final lens mode, 
detected signals backscattered electrons. The chamber pressure was 70 Pa, using water 
vapor from a built-in reservoir. The set working distance was 5.0 mm and the acceleration 
voltage 5.0 kV. On some images, the individual FE-SEM micrographs were mapped and 
stitched (FEI MAPS 2.0).

The cross-section samples of the 190 g/m2 handsheets were prepared using a broad ion 
beam (BIB) cross section cutter (Hitachi IM4000, beam current 120 μA, 3 kV acceleration 
voltage, 1.5 kV discharge voltage, 400 μA discharge current, argon (Ar) gas flow).

4.5 Preparation and testing of laboratory handsheets

4.5.1 60 g/m2 handsheets (Paper II)

Laboratory handsheets were prepared from CTMP, PCC-CTMP and the fractions 
according to the ISO 5269-1:2005 standard with the following exceptions: use of 
auxiliary wire (90 g/m2 polyester satin, thread width approximately 300 µm, on top of the 
sheet mould wire), sheet pressing (4 minutes at 0.4 MPa), and drying (drum-drying for 
4 hours, including the time to heat the drum to a surface temperature of ca. 60 °C). The 
auxiliary wire was removed after wet-pressing.
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The fractions and pulps were used in handsheet preparation diluted with tap water but 
otherwise unaltered.

4.5.2 190 g/m2 handsheets (Paper III)

Handsheets were prepared according to the ISO 5269-1:2005 standard with the following 
exceptions: grammage (190 g/m2), sheet pressing (4 minutes using 0.4 MPa), and drying 
(drum-drying for 4 hours, including the time to heat the drum to a surface temperature of 
ca. 60 °C).

The furnishes containing PCC-CTMP were prepared by mixing the CTMP and PCC-
CTMP in the desired ratio to reach the targeted PCC content. The CS was dosed assuming 
100% retention. The MFC dose was controlled gravimetrically to compensate for 
retention losses. The PCC content, when PCC was used, was also controlled 
gravimetrically.

4.5.3 Handsheet testing (Paper II and Paper III)

The physical properties of the handsheets were tested according to the ISO 536:1995 
(grammage), ISO 534:2005 (density and thickness) and ISO 1924-3:2005 (tensile 
strength, tensile stiffness, and elastic modulus) standards. Grammage was measured using 
all the test pieces available, i.e. usually four. Bulking thickness and apparent bulk density 
were used, except for the 190 g/m2 handsheets for which the single sheet thickness and 
apparent sheet density were determined due to the greater thickness of the samples. For 
bulking thickness, the number of test pieces was 4 and the test piece size was 
140 mm x 70 mm.

Brightness and opacity were measured using Elrepho (L&W) according to the ISO 2470-
1:2009 (brightness) and ISO 9416:2009 (light scattering coefficient (sr), light absorption 
coefficient (kr) and calculated opacity for 65 g/m2 sheet) standards, with the exception 
that 4 test pieces were used instead of 10.

The physical and optical properties were measured on conditioned handsheets (23 °C and 
50% relative humidity (RH)). Ash contents at 525±25 °C and 900±25 °C were measured 
using the TAPPI T 211 om-02 and T 413 om-11 standards, respectively.



51 

5 Results and Discussion 

5.1 Tailoring the precipitate morphology on PCC-fiber by controlling 
the precipitation conditions 

The preferred PCC morphology in papermaking is the rosette-like (scalenohedral) PCC 
due to its bulking ability and porous structure that provides light scattering, but the PCC 
in PCC-fiber composite is often cubical and methods to control the morphology are not 
well-known. 

5.1.1 The effect of electrical conductivity (unpublished results) 

The electrical conductivity (EC) has previously been used to control the PCC morphology 
in additive-free semi-continuous precipitation without fiber (García-Carmona et al. 2003; 
Ukrainczyk et al. 2007), and a similar approach was tested in the present work for the 
batch process with and without the fiber.  

The initial EC of the batch before the CO2 feed was started was due mainly to the Ca(OH)2 
addition, but when the CO2 feed was started, the EC initially decreased and thereafter 
partially recovered. The pH of the suspension showed a similar behavior, as shown in 
Figure 5.1. The EC and pH development were therefore in agreement with precipitation 
route described under 3.2 Precipitation of PCC. 

Figure 5.1: The development of pH and EC during the precipitation of PCC in the absence of 
fiber. The initial Ca(OH)2 concentration was 1.9 g/l, corresponding to 5 g CaCO3 in the batch. 
The CO2 feed (0.5 L/min) was started at t=0 min and stopped at t=5.5 min. The data were 
acquired using the Reactor II and the time interval between recorded values was 6 seconds. 

When PCC was precipitated at 35 °C with Ca(OH)2 at a concentration of 0.4 g/l (dosing 
corresponding to EC=2 mS/cm at room temperature), the precipitate morphology was 
cubical (Figure 5.2A), but with a Ca(OH)2 concentration of 2.5 g/l (dosing corresponding 
to EC=7 mS/cm at room temperature), the precipitate consisted of cigar-shaped or 
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“spiky” particles and aggregates of these, resulting in the formation of rosette-like PCC 
(Figure 5.2B).  

Figure 5.2: SEM micrographs showing PCC made without fiber at a temperature of 35 °C and a 
Ca(OH)2 concentration of (A) 0.4 g/l and (B) 2.5 g/l. The experiments were carried out using 
Reactor II and the CO2 feed was 0.5 L/min. The samples were oven-dried and sputter-coated 
(Au/Pd target) before SEM imaging. 

When the two experiments were repeated in the presence of 1 wt-% BBK, the precipitate 
morphology was again affected by the Ca(OH)2 concentration, but the PCC morphology 
with fiber differed from that of the precipitate made without fiber. The cubical crystals 
were more round and the rosette-like particles were replaced with nano-sized particles, as 
shown in Figure 5.3. 
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Figure 5.3: SEM micrographs showing PCC precipitated onto BBK fiber at a temperature of 
35 °C and at a Ca(OH)2 concentration resulting in (A) 5% targeted PCC content (0.4 g/l) and 
(B) 25% targeted PCC content (2.5 g/l). The experiments were carried out using Reactor II. The
samples were freeze-dried and sputter-coated (Au target) before SEM imaging.

Since the Ca(OH)2 concentration differed between the two experiments in Figure 5.3 
while the fiber consistency remained constant, the PCC contents of the PCC-fiber 
composites differed. Ca(OH)2 concentrations of 0.4 g/l and 2.5 g/l corresponded to 
calculated PCC contents of 5 and 25%, respectively. Figure 5.4A shows the EC (before 
starting the CO2 feed) versus the targeted PCC content in the PCC-fiber composites, when 
the PCC content is calculated based on Ca(OH)2 concentration in the batch, and 
Figure 5.4B shows the relationship between the targeted PCC content and the Ca(OH)2 
concentration at different fiber consistencies.
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 A B

Figure 5.4: (A) Electrical conductivity (at the beginning of precipitation, originating mainly 
from Ca(OH)2) versus targeted PCC content of the PCC-fiber composite, with fiber 
concentrations of 1, 2 and 3 wt-%. (B) The Ca(OH)2 concentration required to reach a targeted 
PCC content when the fiber concentration used was 1, 2 or 3 wt-%. The electrical conductivity 
was measured at room temperature, without fiber at present and after ca. 15 minutes of stirring. 

The differences in morphology show that the system was sensitive to the Ca(OH)2 
concentration whether or not fiber was present. Without fiber, the morphology 
corresponded well with that reported by García-Carmona et al. (2003) and by Ukrainczyk 
et al. (2007). When fiber was present, the PCC on fiber shifted slightly from cubical to a 
more round morphology. It was suspected that this was due to dissolved material entering 
into the process with the pulp, but this was not confirmed. 

In the case of the samples with a high initial EC, the loss of rosette shape when fiber was 
introduced into the process could be due to dissolved substances or an enhanced 
heterogeneous nucleation. The enhanced heterogeneous nucleation perhaps consumed the 
calcium cation (Ca2+) and carbonate anion (CO3

2-) available for PCC crystal growth, 
resulting in reduced particle growth and aggregation, or to a change in the self-
aggregation of an amorphous intermediate phase. A similar result regarding the disruption 
of crystal growth of scalenohedral calcite in the presence of cellulosic fiber has been 
reported by Subramanian (2008).  

Figure 5.4 reveals that there is an important link between fiber concentration and PCC 
content and their effect on precipitate morphology, showing that the ability to control the 
precipitate morphology using EC originating from Ca(OH)2 is limited because the amount 
of added Ca(OH)2 is dictated by the PCC content and fiber concentration in the batch. A 
semicontinuous process with controlled Ca(OH)2 addition could however be used, 
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especially if a low EC, high fiber concentration, high PCC content or a combination of 
these are targeted.  

5.1.2 Material transfer: the effect of carbon dioxide feed from the gas phase 
(unpublished results) 

The temperature of the reaction mixture increased during the precipitation process due to 
the exothermic reaction. The rate of temperature change in the batch was therefore used 
as a rough indication of the reaction rate. The temperature increase was found to be 
0.14±0.01 °C for each gram of Ca(OH)2 in the batch when the precipitation was carried 
out in Reactor I. Examples of the temperature change versus time are given in Figure 5.5.

 A B

Figure 5.5: (A) Temperature change in batches free from Na-PAA. The legend indicates the 
initial Ca(OH)2 concentration in the batch and the CO2 feed. The fiber concentrations (up to 
down) were 1, 3, and 6 wt-%. (B) Temperature change in batches containing Na-PAA. The 
legend indicates concentration of Na-PAA in the batch (before precipitation), when the fiber 
concentration was 3 wt-%, the Ca(OH)2 concentration 2.1 wt-% (before precipitation) and the 
CO2 feed 1.5 L/min. The reactions were carried out in Reactor I. 

At the lower CO2 feeds, increasing the CO2 feed increased the reaction rate, but when the 
CO2 was further increased, the reaction rate did not increase correspondingly. Bubbling 
of the batch was visible when the high CO2 feed (3 L/min and above) was used in both 
Reactor I and II. The addition of Na-PAA increased the rate of increase of the batch 
temperature, indicating an increase in reaction rate. 

The effect of bubble size on the precipitate morphology on fiber was further studied using 
gas spargers with different pore sizes with the high CO2 feed in Reactor II. A change in 
morphology from cubical to cigar-shaped (Figure 5.6) was detected under otherwise 
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identical conditions when a sparger with a larger pore size was used. The time to com-
plete the reaction was also shorter when a sparger with smaller pore size was used.

Figure 5.6: SEM micrographs showing the change in morphology of the PCC-MFC precipitate, 
caused by altering the bubble size with a sparger (sintered filter) with pore size of (A) 15 µm
and (B) 60 µm, other parameters being held constant: MFC concentration 1 wt-%, CO2 feed 
3 L/min and temperature before precipitation 20.0±0.5 °C, after precipitation 21.0±0.5 °C. The 
targeted PCC content was 48.2% and the batch temperature increase was the same (1.6 °C) in 
both cases. Precipitation in Reactor II. The samples were freeze-dried and sputter-coated (Au
target) before SEM imaging.

The increase in temperature development and in reaction rate were primarily associated 
with material transfer from the gaseous to the liquid phase. In the system used, increasing 
the CO2 feed above 3 L/min was found to have only a minor beneficial effect on the 
reaction due to loss of CO2 gas into the atmosphere. Material transfer can however be 
expected to change with, for example, a different reactor type or geometry or if more 
efficient mixing is applied.

The temperature development suggests that the [Ca2+]/[CO3
2-] ratio could be expected to 

decrease with increasing CO2 feed due to an increase of CO3
2-, with the other parameters 

remaining unchanged. The [Ca2+]/[CO3
2-] ratio is probably not linear however with 

respect to the gas feed and due to the rate of dissolution of Ca(OH)2, although the Ca(OH)2

concentration and thus the total surface area of the particles can also be expected to have 
increased in many experiments, including those shown in Figure 5.5.

The change in morphology resulting from the change in the CO2 bubble size was also 
associated with a change in the [Ca2+]/[CO3

2-] ratio, which decreased due to more rapid 
material transport from the smaller bubbles to the reaction mixture. This conclusion is 
supported by the shorter time to complete the reaction and the faster temperature increase.
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The cubical shapes of PCC on fiber (Figure 5.6A) were in agreement with the literature 
stating that a low [Ca2+]/[CO3

2-] ratio tends to produce rhombohedral calcite (García-
Carmona et al. 2003; Ukrainczyk et al. 2007). The higher [Ca2+]/[CO3

2-] ratio at 20 °C 
has however been reported to produce nano-sized spheroidal particles rather than 
scalenohedral particles (García-Carmona et al. 2003; Ukrainczyk et al. 2007). The cigar-
shaped PCC similar to that in Figure 5.6B has however been reported only at slightly 
elevated temperatures (25 °C) when the conductivity due to the presence of Ca2+ has only 
slightly increased (Ukrainczyk et al. 2007). 

5.1.3 Preparation of PCC-fiber composite with surface covered with nano-PCC 
(Paper I, unpublished results) 

To prepare nano-PCC on MC in order to achieve a high fiber coverage by the 
nanoparticles, different PCC-MC composites were prepared to a targeted PCC content of 
48.2% by altering the CO2 feed and fiber consistency. The Ca(OH)2 concentration 
therefore depended linearly on the fiber consistency. 

The most typical morphology was nano-sized particles, either as aggregates (Figure 5.7A) 
or distributed more evenly over the surface of the fiber (Figure 5.7B). Stacked cubical 
PCC was also seen at low fiber and Ca(OH)2 concentrations. At higher fiber consistencies, 
the PCC formed aggregates of nanoparticles. A lower CO2 feed resulted in more 
aggregation of nano-PCC than a higher CO2 feed, although at the highest CO2 feeds, 
aggregation again increased. The effect of fiber consistency (and thus Ca(OH)2 
concentration) and CO2 feed on the morphology of the PCC-fiber composite is 
summarized in Figure 5.8 (see page 60-61). 
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Figure 5.7: FE-SEM micrographs showing (A) aggregation and (B) a more uniform distribution 
of nano-PCC on an MC surface. Image (A) was taken on a sample precipitated using 1 wt-% 
MC consistency and a CO2 feed of 0.5 L/min, and image (B) on a sample precipitated using
3 wt-% MC consistency and a CO2 feed of 1.5 L/min. The targeted PCC content was 48.2% for 
both samples. Precipitation was carried out in Reactor I
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Figure 5.8: SEM micrographs showing PCC morphology on MC when the MC concentration 
out in Reactor I. Imaged in SEI mode, sputter coated (Au or Au/Pd target) before imaging.
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and CO2 feed were varied. The targeted PCC content was 48.2%. The experiments were carried
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The formation of nanosized particles in carbonization process has previously been 
described in the literature both without fiber (Carmona et al. 2004; García-Carmona et al. 
2003; Ukrainczyk et al. 2007) and with fiber (Subramanian 2008). Subramanian (2008) 
presented results with nano-PCC aggregated in an ellipsoidal form on cellulose 
microfibrils, but a uniform distribution of the nano-PCC onto the fiber was achieved in 
the present work, where the formation of nanoparticles was probably explained by high 
[Ca2+]/[CO3

2-] ratio and the low precipitation temperature (ca. 20 °C at the beginning of 
the precipitation), while the stacked cubical morphology was probably due to the lower 
[Ca2+]/[ CO3

2-] ratio. 

The initial EC value of 7 mS/cm previously found to result in a non-cubical morphology 
and nanoparticles did not always do so in this case, probably because of the different 
reactor and a difference in the material transfer from CO2 gas to the reaction mixture 
(more effective due to the use of sparger) resulting in a too low [Ca2+]/[ CO3

2-] ratio for 
nanoparticle formation. The use of MC instead of the BBK used in the EC tests may also 
have affected the material transfer efficiency from the gaseous phase by altering the 
rheological properties of the reaction mixture. 

An increase in fiber concentration resulted in the use of a higher Ca(OH)2 concentration 
that probably gave a sufficiently high Ca2+ concentration for the creation of nanoparticles 
even at the higher CO2 feeds. When the nanoparticles were formed, their tendency to 
adhere to the fiber surface rather than to aggregate explained why the PCC particle size 
decreased with decreasing fiber-to-CO2 ratio and increasing fiber concentration so that a 
uniform covering of the MC fiber with nano-PCC was obtained. The [Ca2+]/[CO3

2-] ratio 
did not however solely explain the degree of aggregation of nano-PCC, as a high level of 
aggregation was seen at both extremes of the CO2 feed range used. 

The fiber concentration at which the aggregation decreased and the precipitate became 
more evenly distributed on the fiber also depended on the fiber type, suggesting that the 
aggregation of the nano-PCC was perhaps partially determined by, for example, flow or 
crowding conditions in the batch, or the surfaces properties of the fiber. The fiber type 
probably also affects the gas bubbles and may therefore alter the material transfer from 
the gas to the reaction mixture.  

5.1.4 pH development during CO2 feed and effect of time of dosing of the 
morphology-controlling chemical (Paper I, unpublished results) 

The pH was recorded as a function of time during the precipitation process in experiments 
conducted with and without the use of PCC-morphology-altering chemical aids dosed 
either before the CO2 feed was started with fiber present (Na-PAA) or during the CO2 
feed without fiber present (L-lys). The experiments with L-lys were done in order to 
further investigate how an intermediate drop in pH affected the PCC morphology. These 
experiments were carried out at room temperature.  
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When no morphology-controlling chemicals were used and fiber consistency was less 
than 6 wt-%, while targeting a PCC-fiber composite with an ash content of 48.2%, the pH 
dropped rapidly at the beginning of the experiment and then recovered until another 
sudden decrease occurred at the end of the experiment. An example of the pH behavior 
for samples with and without the Na-PAA is shown in Figure 5.9, accompanied by 
micrographs of precipitates when the batch was sampled during precipitation. The 
samples were quickly dried using pre-heated (220 °C) crucibles and small sample 
volumes, which resulted in a rapid temperature increase in the samples. 

Figure 5.9: pH and morphology development during precipitation with MC, and SEM 
micrographs showing the morphology of quickly dried samples. The legend indicates Ca(OH)2 

concentration and the presence of Na-PAA, and the scale bar applies to all the SEM 
micrographs. The 2.1 wt-% Ca(OH)2 batches contained 3 wt-% fiber and the CO2 feed was
1.5 L/min (images A to C). The 0.7 wt-% Ca(OH)2 batch contained 1 wt-% fiber and the CO2 

feed was 0.5 L/min (images D to F). The Na-PAA concentration was 3 wt-% of the Ca(OH)2 

before precipitation, and the contact time between Na-PAA, the Ca(OH)2 and the fiber was 20 h 
before the precipitation. The data were obtained using Reactor I. SEM micrographs made using 
SEI, acceleration voltage 5 kV and sputter-coating (Au/Pd target).

The local minimum pH and its location in time depended on the Ca(OH)2 concentration, 
on the CO2 feed and on the use of Na-PAA. When Na-PAA was used, the local minimum 
pH was reached later than when the batch was free from Na-PAA, and the minimum value 
was typically lower.  
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Although the morphology of the dried intermediate samples likely did not fully agree with 
the morphology in the reactor, the mineral phase morphologies of the mid-precipitation 
samples showed that the final morphology did not develop immediately. Essentially no 
morphology matching the final morphology of the precipitate was observed when a 
sample was taken before the local pH minimum. 

When morphology-altering chemical L-lys was added at 4.5 min, i.e. after the observed 
local pH minimum the precipitate morphology was only slightly affected, but when L-lys 
was added after 2 min, i.e. before the local pH minimum, the particle morphology was 
greatly affected and the local pH minimum disappeared and the pH continued to decrease. 
The morphologies and pH development are shown in Figure 5.10. 

Figure 5.10: pH development and SEM micrographs showing the precipitate morphology when 
L-lys (0.4 wt-% of initial batch) was added during precipitation. A: Reference (0.5 L/min), B: 
L-lys added after, and C: before the local pH minimum with 0.5 L/min CO2 feed. D: Reference 
(3 L/min), E: L-lys added after, and F: before the local pH minimum with 0.5 L/min CO2 feed. 
The data were obtained using Reactor I. Imaged using SEI mode, sputter coated (Au target) 
before imaging. 
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The decrease in pH at the end of the process was caused by depletion of Ca(OH)2, but the 
reason for the intermediate pH drop was less obvious. In most experiments, a large 
amount of solid Ca(OH)2 should have been present at this stage of the process, as 
indicated by the Ca(OH)2 solubility, batch temperature and remaining reaction time. The 
pH development was associated with the reaction involving ACC on Ca(OH)2 particles, 
as described in 3.2 Precipitation of PCC. 

Further information about the precipitation mechanism was gained by sampling the 
materials before and after the pH drop, and adding a morphology-altering additive to the 
mixture. Lack of the final morphology in the samples taken during the process shows that 
the final morphology probably formed via an intermediate phase, and intermediate 
morphologies similar to those described by Carmona et al. (2004) were imaged on the 
fiber (Figure 5.9A and B), but with a larger particle size. 

Whether the intermediate phase was amorphous or for example vaterite, or whether both 
amorphous and crystalline intermediate phases were at present is not however clear. From 
this point of view, the pH development of the Na-PAA-containing samples was of interest 
because the local pH minimum occurred at a later point in time, even though the Na-PAA 
increased the reaction rate, as indicated in Figure 5.5B.  

Na-PAA is known to stabilize ACC and to induce the formation of polymer induced liquid 
precursors (PILPs) (Kim et al. 2007), hypothesized to form when the polymer sequesters 
and concentrates the ions while delaying nucleation (Gower and Odom 2000). The pH 
development in presence of Na-PAA therefore probably supports the hypothesis that a 
non-crystalline precursor is present and that the intermediate pH drop is related to its 
dissolution. 

The same or a similar mechanism involving an intermediate, probably amorphous phase 
breaking at the pH minimum can also explain the development of the morphology when 
L-lysine was added during the precipitation. The drastic alteration in the PCC
morphology when the L-lysine was added before the immediate pH drop, and the lack of
any such change when the L-lysine was added after the pH drop, further supports the
hypothesis that the pH drop marks a stage in process where the precipitation of PCC
allows a morphology-controlling additive to affect the resultant morphology.

5.2 The effect of fiber in the precipitation of PCC-fiber composite 

Four different fiber types were used in the precipitation experiments, viz: MC, MFC, 
BBK, and CTMP (refined and unrefined). After the route to control the morphology of 
the precipitate in the PCC-MC composite had been developed, the method and conditions 
were tested with MFC and CTMP. 
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5.2.1 Effect of fiber type on precipitate morphology (Paper II, Paper III, 
unpublished results) 

The fiber consistency and the Ca(OH)2 concentration in the precipitation experiments 
were varied in order to confirm that the morphology of the PCC in PCC-CTMP and PCC-
MFC composites could be affected, and that a nano-PCC-fiber composite with a high 
level of fiber coverage by PCC could be produced using precipitation conditions similar 
to those used with MC.  

For the MFC, 1 wt-% consistency was found to be sufficiently high to give a good PCC 
distribution on the fibrils. A higher consistency could not be used due to the limited 
mixing capability of the Reactor II and the high viscosity of the MFC. The precipitate 
morphology of the PCC-MFC composite was therefore primarily investigated by altering 
the ash content.  

The effect of increasing the ash content of the PCC-MFC composite prepared using 
1 wt-% fiber concentration is shown in Figure 5.11. At low ash contents, the PCC 
morphology was cubical but with increasing ash content it developed through a mixture 
of cubical stacked particles and aggregated nano-PCC to a uniformly distributed nano-
PCC. Above an ash content of ca. 60% the degree of aggregation of the PCC again 
increased. 
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Figure 5.11: SEM micrographs showing PCC morphology development on MFC with 
increasing ash content from (A) to (F). The fiber consistency was 1 wt-% from (A) to (D) and 
0.7 wt-% from (E) to (F). The CO2 feed was 1.5 L/min, except for (D) 1 L/min. The ash con-
tents from (A) to (F) were 4.8; 11.0; ca. 30; 44.2; 60.4 and 79.4%. The experiments were car-
ried out in Reactor II. Freeze-dried samples, SEM micrographs made using SEI, 10 kV accel-
eration voltage and sputter coating (Au target)

In the case of the CTMP and Reactor III, a larger range of fiber consistencies could be 
used, so the experiments were carried out altering the fiber consistency and CO2 feed. At 
a fiber consistency of 0.1 wt-% and low CO2 feed (0.5 L/min), only a few nanosized 
particles were observed. The precipitate morphology was mainly cubical, as shown in 
Figure 5.12A and B, but with a higher fiber consistency and CO2 feed (5 L/min) a fairly 
uniform distribution of nano-PCC was obtained on the CTMP surface (Figure 5.12C 
and D). 
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Figure 5.12: SEM micrographs showing PCC morphology on CTMP fiber (upper row) and fines 
(lower row). The targeted PCC content was 45%. In (A) and (B) both, the fiber consistency was 
0.1 wt-%. The CO2 feed was 0.5 L/min in (A) and 5 L/min in (B). The arrows in (B) indicate 
aggregates of nano-sized particles. In (C) and (D) both, the fiber consistency was 3 wt-% and 
the CO2 feed was 0.5 L/min in (C) and 5 L/min in (D). The precipitation was carried out in 
Reactor III. The samples were vacuum-dried and imaged using SEI, 10 kV acceleration voltage 
and sputter coating (Au/Pd target) 

The method for controlling the PCC morphology and the level of nanoparticle 
aggregation on the fiber gave qualitatively the same results as with MC, although the 
conditions (fiber concentration, CO2 feed and Ca(OH)2 concentration) under which the 
nano-PCC was distributed evenly on the fiber differed slightly. This was ascribed to the 
reactor geometry and the properties of the reaction slurry, both of which may alter the 
CO2 transfer from the gaseous phase to the reaction slurry, and perhaps to a difference in 
the affinity of precursor state of PCC for the different fibers. 

5.2.2 Enrichment of PCC onto smaller fiber fractions (Paper II) 

The distribution of PCC in PCC-CTMP composite size fractions and the attachment of 
PCC on different areas of fibers was investigated by the precipitation of CaCO3 onto 
CTMP at three different freeness levels, the precipitation conditions being chosen to 
promote a PCC-CTMP composite with high fiber coverage by nano-PCC. The PCC-
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CTMP composite and the CTMP pulps were then fractionated using a Bauer-McNett 
classifier.  

The ash content in the PCC-CTMP composite fractions increased in the order: 
R30 < R100 < R200 < R400 < ‘pass’. The results are shown in Figure 5.13 and the values 
are tabulated in Paper II. The ash contents of all the CTMP fractions were between 0.8 
and 1.6%, and the PCC-CTMP composite ash content was therefore not equal to but fairly 
close to the PCC content. 

Figure 5.13: Ash (525±25 °C) distribution in the fiber fractions. The bars (indicated on the left-
hand ordinate, ‘Distribution of ash’) show the distribution of the total ash between the fractions. 
The lines (indicated on the right-hand ordinate, ‘ash content of fraction’) show the ash content 
in each fraction.

The ash content of the PCC-CTMP fractions was found to correlate positively with the 
measured anionic surface charge of the corresponding CTMP fraction. The R2 of liner fit 
of ash content versus CTMP surface charge was 0.85, although the significance of the 
value is diminished by a gap in the data, see the fit in Paper II. 

SEM micrographs showed that PCC was located on the fiber regimes where the outer 
layer of fibers was removed (Figure 5.14A) or where the fiber was damaged or fibrillated 
(Figure 5.14B). Such material was present especially in the fines, which were also 
especially rich in PCC (Figure 5.14C). Split fibers instead had PCC deposits in the lumen, 
where the PCC was attached to the lumen wall, while the outer surface appeared to be 
essentially free from PCC (Figure 5.14D). 
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Figure 5.14: SEM micrographs showing the fractionated PCC-CTMP samples and the location 
of PCC on the fibers. (A) R200, 30 min refined CTMP: a band of outer fiber layers essentially 
free from PCC (indicated by the arrow), surrounded by more PCC rich areas. (B) R200, 
unrefined CTMP: heavily fibrillated fiber with high content of PCC, indicated by the arrow, and 
more intact fiber with substantially no PCC. (C) ‘pass’ fraction, unfractionated CTMP: fibrillar 
and other fines extremely rich in PCC. (D) R200, 60 min refined CTMP: split or cleaved fiber 
with PCC deposited in the lumen and with the outer layer essentially free from PCC, indicated 
by the arrow. Note the different magnifications of the micrographs. The precipitation was 
carried out in Reactor III. Vacuum-dried, uncoated sample for VP-SEM and sputter-coated for 
SEI (Au/Pd target) 

The enrichment of PCC on the fines is in good agreement with results previously reported 
by Silenius (2002) and by Fuchise-Fukuoka et al. (2020a). In the past, this enrichment 
has been associated with the greater specific surface area (in m2/g) of the fine material 
(Silenius 2002). 

The literature describing the precipitation on fiber suggests however that PCC nucleation 
on the substrate is affected by the charged sites on the substrate surface, and an increased 
precipitation onto the surfaces has also been associated with an increase in 
hydrophobicity. The correlation between the ash content and the surface charge was in 
good agreement with the fact that PCC shows a high affinity to substrates with a high 
anionic surface charge, although the surface charge (in µekv/g) of the CTMP fraction was 
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probably dominated by the surface area accessible to the polyelectrolyte. The correlation 
may therefore support the importance of the fiber surface area of the sample as well as 
the direct effect of charge.

The SEM micrographs, in contrast, revealed that the PCC was prone to precipitate on the 
cellulosic fibrils and lumen wall, i.e. areas typically associated with a lower charge and 
higher hydrophilicity than the primary wall, which is known to be richer in charged 
species (such as lignin) than the inner layers of the fibers, in turn richer in less charged 
cellulose (Hubbe 2006).

The previous appears to be in conflict with the possible role of the substrate surface 
charge, but it may be explained, for example, by hydroxyl groups of the cellulose 
undergoing metal-ion-facilitated deprotonation, which occurs especially at high pH (Al-
Sogair et al. 2011). This could be expected to enhance the bonding between CaCO3 and 
the substrate, and this would decrease the interfacial free energy between the substrate 
and PCC and make the surface more receptive to PCC precipitation, as explained by 
Chevalier (2014). The fiber regimes rich in PCC were, however, also those more 
protected from hydrodynamic forces that may wash particles from the fiber surfaces, i.e. 
lumens (Petlicki and van de Ven 1994) or reported to collect filler more readily than fiber 
surface under flow conditions (Haslam and Steele 1936).

Nevertheless, the enrichment of PCC onto the smaller fibers, and especially onto the fines 
fraction was confirmed for PCC-CTMP composite when the composite was prepared via 
carbonization precipitation. Due to the uneven precipitation of PCC onto the different 
fractions, the properties including the bonding ability of the different fiber fractions can 
be expected to change unevenly. This emphasizes the importance of controlling the PCC 
precipitation onto the desired fiber fractions in order to tailor the PCC-fiber composite 
properties e.g. to optimize the PCC-fiber for papermaking purposes.

5.2.3 Effect of the IS-precipitation on fiber morphology of PCC-CTMP (Paper 
II, Paper III)

The fiber morphology of 4 unfractionated CTMP and PCC-CTMP samples refined to 
different freeness levels, and of the Bauer-McNett fractions of the CTMP and PCC-
CTMP was studied, the precipitation conditions for PCC-CTMP being chosen so that 
nano-PCC distributed fairly evenly on the surfaces of the fibers as shown in Figure 
5.12C and D.

The fiber morphology of the unfractionated fibers (Table 5.1) showed only minor changes 
but the mean kink index was systematically lower in the PCC-CTMP than in the CTMP. 
A slight systematic increase in shape factor was also seen. The fiber width and fines 
content were slightly higher in the PCC-CTMP than in the corresponding CTMP.
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Table 5.1: Mean fiber morphology values for CTMP and PCC-CTMP samples (unfractionated), 
weighted by fiber length. When available, the 95% confidence limit based on three 
measurements are indicated in the table. 

Pre-
treatment of 

fiber 
Material 

Length 
[mm] 

Width 
[µm] 

Shape factor 
[%] 

Fines 
[%] 

Mean kink 
index 

[-] 

None 
CTMP 1.49 39.3 90.8 10.9 0.46 

PCC-CTMP 1.50 40.4 91.1 13.7 0.38 
Change 0.01 1.10 0.30 2.80 -0.08

Refining, 
30 min 

CTMP 1.26 38.2 91.0 14.5 0.33 
PCC-CTMP 1.31±0.09 40.6±0.7 91.7±0.6 16.3±1.4 0.31±0.04 

Change 0.05 2.40 0.70 1.80 -0.02

Refining, 
60 min 

CTMP 1.15 38.2 91.1 15.3 0.30 
PCC-CTMP 1.12±0.05 40.3±0.4 92.1±0.4 17.2±0.8 0.24±0.06 

Change -0.03 2.10 1.00 1.90 -0.06

Washing 
CTMP 1.57 41.4 89.5 10.2 0.42 

PCC-CTMP 1.53 41.7 90.7 13.5 0.41 
Change -0.04 0.30 1.20 3.30 -0.01

PCC-CTMP and CTMP fraction morphology results are shown in Figure 5.15 and the 
values are tabulated in Paper II. In comparison with CTMP, the CTMP-PCC R30 fraction 
consisted of slightly longer fibers, but the lengths of the other fractions were not affected 
in any great degree. Instead, the fiber width increased in all the fractions. The fines 
contents of the CTMP-PCC fractions were lower than or similar to those of the CTMP 
fractions, despite the fact that the unfractionated CTMP-PCC contained more fines than 
the unfractionated CTMP. 
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Figure 5.15: Data for PCC-CTMP fractions: (A) fiber length, (B) fiber width, (C) fines content 
and (D) shape factor of fibers. The bars are 95% confidence values based on three 
measurements. The upper x-axis refers to the refining time. Note that the y axes often do not 
start from zero. The precipitations were carried out in Reactor III. 

Although some large PCC aggregates may have been registered as fines, the free particles 
of PCC were usually too small to be detected as fines in the fiber analyzer. An increase 
in fines content was associated with two factors: an increase in size of the fines where 
some of the smallest fines became visible for the analyzer, and a reduced tendency for the 
fines to attach onto other particles, so that they were detected and counted separately. 

The increase in size of the fine was supported by SEM micrographs (e.g. Figure 5.14C), 
and the reduced tendency to aggregate was supported by the morphology data of the fiber 
fractions. The decrease in fines content suggests that a large amount of fines was lost 
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through the wires during the fractionation process. When the fractionation was being 
carried out, the refined CTMPs especially tended to clog the 400 mesh wire and form a 
slimy mat on it, but the clogging and sliminess was significantly less with the PCC-
CTMP. 

The PCC attached to the fines thus appeared to reduce interfiber interaction. Similar 
results were reported by Klungness et al. (1996) relating to first-pass retention. They 
reported that in-situ precipitation increased the filler retention on both a pilot and a 
laboratory scale, but the total first-pass retention was found to be lower with IS-
precipitated material than with the traditionally filled material. 

The increase in fiber width observed in the present work was primarily associated with 
PCC precipitation onto the external surfaces of fibers, but the SEM micrographs suggest 
that PCC was also precipitated inside the fibers, sometimes heavily (see Figure 5.17). The 
filler in fiber lumens has been associated with less fiber collapse (Kumar 2011), and this 
may have affected the mean width. 

The images of the separate fiber fractions (Figure 5.15) suggest that the increase in width 
also took place in the coarsest R30 fiber fraction. According to the SEM micrographs 
(Figure 5.14 and those shown in Paper II), this fraction did not contain as much PCC on 
the outer surfaces of the fibers as the smaller fractions. This supports the hypothesis that 
there was less fiber collapse and that PCC was present inside the fiber, but behavior of 
the material during the fractionation with an apparently greater tendency to pass the wires 
may have affected the result. The gain in width was also small enough not to be obvious 
in the fiber width distributions. Examples of the width and length distributions are shown 
in Paper II. 

The essentially unaffected fiber morphology suggests that the changes accompanying the 
use of PCC-CTMP as a filler were associated with the presence and distribution of the 
mineral phase on the fiber surface and within the sheets. 

5.3 Handsheet results (Paper II, Paper III) 

When the precipitation was done on CTMP, the PCC became enriched in the smaller fiber 
fractions. This meant that the fiber fractions were expected to behave differently after 
PCC precipitation, leading to differences in the physical, chemical and optical properties 
of the handsheets. 
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5.3.1 The effect of in-situ precipitation on sheet physical properties 

Handsheets were prepared to clarify the effect of PCC-CTMP composite on sheet 
properties, either from fractions of PCC-CTMP and CTMP (the reference), or using PCC-
CTMP as a filler in CTMP sheets together with either CS or MCF as a strengthening 
agent. PCC-filled CTMP sheets were used as a reference in the latter case. 

The PCC-CTMP composite for these experiments was prepared under conditions that 
resulted in nano-sized particles which were fairly evenly spread on the fiber surfaces. See 
Paper III for a more detailed description of the precipitation process. 

PCC-CTMP filled CTMP handsheets 

When a PCC-CTMP composite was used as a filler in handsheets, the sheet density 
increased and the strength decreased with increasing ash content, the same effects as those 
obtained when using a traditional filler. 

Cationic starch and MFC affected both the density and the sheet strength of PCC-CTMP 
sheets, see Figure 5.16. The sheet density was increased by the MFC and appeared to be 
decreased by the cationic starch, but the decrease in density with CS was probably an 
artifact caused by rougher sheets, as indicated by the cross-section SEM micrographs of 
the sheets (shown in Paper III). 

The strength properties of the sheets (bending stiffness index, tensile index and tensile 
stiffness index) were affected to different degrees by the MFC and CS when the type of 
PCC was changed, i.e. whether the filling was with PCC-CTMP or PCC. The MFC had 
a more positive effect on the PCC-filled sheets than on the PCC-CTMP-filled sheets. With 
CS, the situation was the opposite, as shown in Figure 5.16B to D. The probable reason 
was the small particle size of the PCC in PCC-CTMP and the synergy reported in some 
cases with small mineral particles when cationic starch was used as a strengthening agent 
(Lindström et al. 2005). 
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Figure 5.16: (A) Apparent sheet density, measured using a single sheet, (B) bending stiffness 
index, (C) tensile index and (D) tensile stiffness index of PCC-CTMP sheets filled with CTMP 
or PCC when using CS or MFC as a strengthening agent. For clarity, the results are interpolated 
to an ash content of 12%. The precipitation was carried out in Reactor III. 

An indication of the position of the mineral in the sheet is shown in Figure 5.17. 
Figure 5.17A shows that in the reference sheets filled with PCC, PCC-free fiber surfaces 
and especially PCC-free fibril surfaces remained, whereas essentially no PCC-free fiber 
or fibril surface was seen in the PCC-CTMP filled sheets, except in the cross-cut region 
of the fiber (Figure 5.17B and C), even though none of the MFC used and only a part of 
the CTMP used were present during the IS-precipitation. The lack of a PCC-free surface 
was also seen on other SEM micrographs of PCC-CTMP-containing sheets (Paper III). 
Figure 5.17B and C also show the precipitate in the fiber lumens. 
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Figure 5.17: FE-SEM micrographs of cross-sections of handsheets. (A) 1.2 wt-% CS-reinforced 
handsheet filled with PCC. The close-up shows PCC attached to fibrils, but also PCC-free fiber 
and fibril regions. (B) PCC-CTMP-filled handsheet without strengthening agents. The higher 
magnification shows PCC precipitated in fiber lumens. (C) 13 wt-% MFC reinforced PCC-
CTMP handsheet. The higher magnification images show fibrillar fines (probably MFC) 
covered with PCC. In all the images, the wire side is upwards. The ash content of the sheets was 
ca. 15% and the grammage ca. 190 g/m2. 

PCC-CTMP handsheets 

The tensile strength index can in many cases give an indication of the bonding potential 
of a pulp (TAPPI standard T 494 om-01) whereas tensile stiffness indicates sheet stiffness 
and the response to mechanical converting (TAPPI standard T 494 om-01) and is related 
to other paper and board properties such as elastic modulus and bending stiffness (Kajanto 
1998). Special interest was therefore focused on the development of these properties in 
the different size fractions of the pulps when PCC-CTMP was produced by IS-
precipitation. The fiber-weight-based index (i.e. the index calculated using grammage 
from which ash weight was subtracted) was used to limit the effect of an uneven 
distribution of PCC between the fractions. 

The non-fines fractions of PCC-CTMP sheets were of either a similar or a lower density 
than the CTMP sheets made using the corresponding fraction. There was however a 
difference between the fine (R400) fractions, where the PCC-CTMP fines sheets were 
denser than the CTMP fines sheets. The non-fractionated PCC-CTMP sheets were also 
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denser than the corresponding CTMP sheets. The densities of the sheets are shown in 
Figure 5.18. 

 A  B

Figure 5.18: (A) Density of CTMP and PCC-CTMP sheets made using non-fractionated 
materials and (B) density of CTMP and PCC-CTMP sheets made using the fractions. The upper 
x-axis refers to refining time. The pulps were prepared using Reactor III and fractionated with a
Bauer-McNett classifier. The handsheets were prepared using an auxiliary wire to improve the
retention.

The strength properties were generally lower for PCC-CTMP than for CTMP, whether or 
not the comparison was made for sheets made using fractions, but fiber-weight-based 
tensile index was more affected by the level of refining than by the IS-precipitation. 
Tensile stiffness and tensile strength indices using fiber-weight-based grammage are 
given in Figure 5.19 (see Paper II for tabulated values).
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Figure 5.19: (A) Fiber-weight-based tensile index and (B) fiber-weight-based tensile stiffness 
index of CTMP and PCC-CTMP handsheets. n/f = non-fractionated pulp, and the times refer to 
the refining time of the pulp. All the PCC-CTMP sheets prepared using non-fractionated pulp 
had a tensile strength below the detection limit of the equipment. The composites were prepared 
using Reactor III and fractionation was done with a Bauer-McNett classifier.     

The fiber-weight-based tensile index of the fractions suggested that, although the bonding 
potential of PCC-CTMP was affected by the presence of in-situ precipitated PCC, the 
change was fairly minor. The loss in fiber-weight-based tensile and tensile stiffness index 
could both be overcome by refining the CTMP on which the PCC was precipitated. This 
resulted, however, in an increase in sheet density. 

The improvement in sheet stiffness by in-situ precipitation of PCC, reported by Silenius 
(2002), was not observed except for the R400 fraction. This may be partly due to the 
initial stiffness of the CTMP fiber, which results in a situation where the PCC can improve 
the CTMP fiber stiffness proportionally less than a more flexible fiber, as Silenius (2002) 
suggested that the possible reason for the sheet stiffness increase could have been 
increased fiber stiffness due to mineral in the fiber structure. 

The increase in tensile stiffness of the CTMP sheet has also been linked to an increase in 
the amount of fines and to an increase in density (Motamedian et al. 2019). In the present 
case, the tensile stiffness index (whether sheet-weight-based or fiber-weight-based) 
correlated linearly with the density, as did the tensile index (shown in Figure 5.20A and 
B). In the case of the tensile stiffness index, however, the linear fits for CTMP and 
PCC-CTMP were essentially identical. This could be related to the finding that the tensile 
stiffness may not be affected solely by the bond strength (Motamedian et al. 2019). 
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Figure 5.20: (A) Fiber-weight-based tensile index and (B) tensile stiffness index plotted against 
the density of the sheets. The composites were prepared using Reactor III and fractionation was 
done with a Bauer-McNett classifier. 

5.3.2 Optical properties of PCC-CTMP fraction handsheets (Paper II) 

One of the main motivations for making PCC-fiber composites has been to improve the 
optical properties of paper. In the present case, the optical properties (brightness, opacity, 
light scattering coefficient (sr) and absorption coefficient (kr)) were determined for sheets 
prepared from fiber fractions of PCC-CTMP and CTMP, and the sr and kr values of the 
fractions were compared with respect to tensile index and used in a Kubelka-Munk 
calculation. 

The opacity values calculated for 65 g/m2 sheets and the brightness values are shown in 
Figure 5.21. The tabulated values can be found in Paper II. 
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Figure 5.21: (A) Brightness and (B) opacity of handsheets prepared from CTMP and PCC-
CTMP fiber fractions and from the unfractionated pulps. The upper x-axis refers to refining 
time. Note the different y-axes for the brightness data. The composites were prepared using 
Reactor III and fractionation was done with a Bauer-McNett classifier. 

The PCC-CTMP sheets made using unfractionated material had a higher brightness than 
those made using unfractionated CTMP pulp. The brightness of both CTMP and 
PCC-CTMP fractions increased with decreasing fiber size. Increasing refining resulted in 
a decrease in the brightness of the PCC-CTMP sheets. 

In all cases except for the fines (R400) fraction, the PCC-CTMP fractions had a lower 
brightness than the CTMP fractions. The difference between the brightness values of the 
corresponding PCC-CTMP and CTMP fractions, both in percentage points and as a 
percentage, was greater for the coarser fractions and less for the finer fiber fractions. 
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The opacity values showed a similar pattern, with the opacity increasing with decreasing 
fiber size. The opacity of PCC-CTMP fractions was systematically greater than the 
opacity of the CTMP sheets.

The scattering and absorption coefficients plotted against the fiber-weightbased tensile 
index (in Figure 5.22) reveals that, although refining of CTMP increased the fiber-
weight-based tensile index, the sr and kr of the PCC-CTMP fractions were only slightly 
affected, with the exception of the R400 fractions.

   A    B 

Figure 5.22: (A) Scattering and (B) absorption coefficients of sheets prepared using Bauer-
McNett wire residuals of materials of different freeness levels. The value in labels refers to 
ASTM series wire from which the fiber fraction was collected. The fiber-weight based (i.e. non 
525±25 °C ash) grammage was used in tensile index calculation due to different PCC contents 
of the fractions. The composites were prepared using Reactor III and fractionation was done 
with Bauer-McNett classifier.    

The Kubelka-Munk calculation of pulp mixture typically assumes linear additivity for 
pulp mixtures (Leskelä 1998), i.e. 
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𝑠 = 𝑓 𝑠 ,  (5.1) 

𝑘 = 𝑓 𝑘 ,  (5.2) 

in which fi refers to the relative amount of component i in the mixture. However, the 
assumption of additivity for the sr is often incorrect due to changes in paper structure that 
result in changes in the scattering surfaces of the particles (Hubbe et al. 2008). In the 
present case, the densities of the sheets were clearly affected by the fractionation, 
signaling a change in packing of particles and a probable change in the scattering area.

When the sr and kr values for the pulp fractions were used to calculate the brightness of 
unfractionated pulp, the calculation predicted a brightness value for PCC-CTMP 5 to 
7 percentage points higher than that for CTMP, which was slightly more than the 
measured difference of 1 to 6 percentage points.

The calculation underestimated the brightness of the unfractionated sheets by on average 
9 percentage points for CTMP and 7 percentage points for PCC-CTMP. The poor 
agreement between the calculated and the measured brightness of the unfractionated 
sheets was indicative of a change in scattering area in the furnish, and the CTMP data 
especially can be expected to be affected by the fines loss during fractionation. As no 
sedimentation was included to catch the CTMP ‘pass’ fraction (6.7-8.4 wt-% of pulp), the 
brightness was calculated by combining the ‘pass’ and R400 values and assuming the sr 

and kr values measured for R400.

Qualitatively, however, the approximate linear additivity suggests that the increase in 
brightness of the unfractionated PCC-CTMP sheets was mostly due to the fines fractions 
(R400 and pass), while the other fractions were affected negatively. The negative effect 
was strongly associated with alkaline yellowing, to which the CTMP is prone due to its 
high lignin content (Jäkärä et al. 2009). The positive effect instead was mainly associated 
with the increased scattering due to the increasing ash content with decreasing fiber size, 
and especially, in the case of the unfractionated pulp handsheets, with an increase in the 
optically active surface due to debonding.

Although yellowing can be expected to be less problematic in the case of bleached kraft 
pulps, the results stress the importance of controlling the PCC precipitation into the 
different fractions. Methods to affect the PCC affinity for fibers of different sizes might 
include a carefully executed refining of the pulp prior to precipitation to control external 
fibrillation, or the use of a pre-treatment such as a bleaching sequence to control the pulp 
surface charge if a link between pre-precipitation surface charge and post-precipitation 
ash content could be further established. Refining is also able to improve bonding, 
important for recovering the strength potential lost by the addition of a filler
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6 Conclusions 

The objective of the work was to investigate PCC-fiber composite preparation and the 
PCC distribution and affinity for the different fiber fractions. The work focused mainly 
on controlling the precipitate morphology, and especially the preparation of fibers and 
fines with a high surface coverage of nano-PCC without the use of morphology-
controlling aids.  

The PCC-fiber composite was prepared via in-situ precipitation using Ca(OH)2-CO2-H2O 
carbonization at room temperature. The morphology of the precipitate on the fibers was 
controlled by altering the CO2 feed, by material transfer from the gas into the reaction 
solution and by the fiber consistency, which is linked to the targeted PCC content of the 
composite material via the initial Ca(OH)2 concentration in the batch. The PCC 
morphologies created included cubical particles, cubical rounded particles and 
nanoparticles either aggregated in ellipsoidal shapes or distributed uniformly on the fiber 
surfaces to give fibers with a high surface coverage of evenly distributed nano-PCC. 

To form a PCC-fiber composite with a high fiber coverage of nano-PCC, the degree of 
mineral phase aggregation on the fiber surfaces was altered by changing the CO2 feed and 
fiber consistency in the reaction mixture. An evenly distributed PCC, instead of nano-
PCC aggregated into micron-sized particles, was formed when a moderate CO2 feed was 
combined with a high fiber concentration.  

The method for controlling the precipitate morphology by altering the precipitation 
conditions was applied to three different fiber types: microcellulose, microfibrillated 
cellulose and chemithermomechanical pulp. The conditions under which a PCC-fiber 
composite with a high surface coverage with nano-PCC was formed differed slightly for 
the different fibers, due perhaps to surface-related effects, or to differences in reaction 
mixture properties such as viscosity, which may have altered the [Ca2+]/[CO3

2-] ratio. 

When precipitation was done on CTMP, the PCC was found to be enriched in the finer 
fiber fractions, especially on the fines, and on regions where the outer layer of the fibers 
had been removed and where the fiber was damaged or fibrillated. A correlation was 
found between the anionic surface charge of the CTMP before IS-precipitation of PCC 
and the ash content of the PCC-CTMP fraction after the precipitation, although the role 
of fiber surface area could not be excluded. PCC was more prone to precipitate onto 
cellulose-rich regions and onto regions of lower charge.  

The uneven PCC distribution within the fractions resulted in differences to different 
degrees in the properties of the laboratory handsheets prepared from the fractions. The 
PCC disturbed bonding, which resulted in a loss of strength when fiber-weight-based 
indices were considered. Refining CTMP prior to precipitation could however be used to 
recover the strength of the fiber fractions, and MFC or cationic starch could also be used 
to increase the sheet strength when PCC-CTMP was used as a filler. The cationic starch 
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was especially effective, which was assumed to be due to the small particle size of the 
mineral phase in the PCC-CTMP type used.  

The fractionation of PCC-fiber composite and handsheet results emphasize the 
importance of developing methods for a more controlled precipitation of PCC onto the 
fiber. A method of controlling the precipitate morphology without the need for 
morphology-controlling chemicals was successfully demonstrated for a batch process. 
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The effect of polyacrylic acid and reaction conditions on
nanocluster formation of precipitated calcium carbonate
on microcellulose
Laukala Teija, Kronlund Dennis, Heiskanen Isto, Backfolk Kaj

The precipitation of micro- and nanoparticles of calcium carbonate onto
lignocellulosic microfibers was investigated at different microfiber concentrations
with and without polyacrylic acid (PAA), i.e. a polymer commonly used to form
polymer-induced liquid precursors of CaCO3. Concentrations of PAA, Ca(OH)2,
CO2 and microfiber were varied in order to study the impact of reaction conditions
on PCC formation in a batch reactor operated at ambient temperature. High
resolution scanning electron micrographs of the samples show that both microfiber
concentration and PAA dosage affected the nucleation and crystal growth of PCC
filler on cellulosic fiber. Interestingly, at higher microfiber concentrations, larger
amount of nanosized spherical crystals were formed on the microfibers. A higher
dosage of PAA, on the other hand, resulted in less nucleation on the microfiber,
suggesting a preferential bulk nucleation mechanism. A higher concentration of
PAA during the precipitation also led to the formation and stabilization of
amorphous CaCO3, which was supported by SEM images and XRD analysis (lack
of characteristic crystal structure)

Keywords: In-situ precipitation ; Calcium compounds ; Substrates ;
Nanostructures ; Morphology control

1. Introduction
Minerals can be fixed onto

lignocellulose by various methods: using
modified pigments (Alince and Bednar 2003;
Shen et al. 2009), by co-mixing with
flocculation or fixation chemicals (Burgess et
al. 2000; Shen et al. 2009), or by using in situ
precipitation, i.e. precipitating the mineral in
presence of the lignocellulosic material. When
calcium carbonate (CaCO3) is precipitated in
situ onto cellulose fibers, e.g. during paper
manufacturing, a unique composite material of
engineerable properties is obtained.

 From papermaking point of view, the
composite has high filler content (Ciobanu et
al. 2010), high filler retention (Ciobanu et al.
2010; Klungness et al. 1997; Silenius 1996)
and a more uniform distribution of filler
material within the paper sheet (Silenius 1996;

Mohamadzadeh-Saghavaz et al. 2014). These
benefits can result to improved optical
properties without pronounced loss of strength
(Ciobanu et al. 2010; Mohamadzadeh-
Saghavaz et al. 2014; Klungness et al. 2000).
The literature, however, also reports decreased
optical and strength properties (Klungness et
al. 1994, 2000; Mohamadzadeh-Saghavaz et
al. 2014). Some of these contradictory results
have been linked to the different materials used
in the experiments (Klungness et al. 1996,
2000; Kumar et al. 2009) including the
calcium carbonates: commercial precipitated
calcium carbonates (PCCs) have been
optimized for light scattering by tuning their
crystal morphology and particle size, whereas
calcium carbonate precipitated in situ has not
been similarly controlled and optimized
(Klungness et al. 1994). This difference may



offer a possibility to improve properties of in
situ precipitated fiber-CaCO3 by controlling
and optimizing the CaCO3 properties during in
situ precipitation.

 Due to possible improvements from
papermaking point of view, in situ
precipitation of calcium carbonate has gained
interest in the paper industry for high filler
content papers, but also for improving water
retention properties of micro and nano
cellulose containing furnishes (Rantanen et al.
2015), although full-scale implementation of
the concept still poses challenges in view of
product quality and technology. The
papermaking industry is the most widely
studied application of fibers with in situ
precipitated CaCO3, which has been reviewed
by Kumar et al. (2011) and demonstrated in
doctoral theses by Silenius and Subramanian
(Silenius 2002; Subramanian 2008). Other
fields of use for cellulose fiber and CaCO3

composite materials include substrates for
printed electronics (Penttilä et al. 2012;
Torvinen et al. 2012) and transparent cellulose
film (Gebauer et al. 2011).

 The methods commonly used for
CaCO3 precipitation onto fiber surfaces are
carbonization of calcium hydroxide, Ca(OH)2,
in the presence of fibers (Ciobanu et al. 2010;
Klungness et al. 1994, 1996; Subramanian et
al. 2007) or by reactions between electrolytes
that contain calcium and carbonate (Ciobanu et
al. 2010; Mohamadzadeh-Saghavaz et al.
2014; Kumar et al. 2009), both of which have
advantages and disadvantages.

 In the absence of lignocellulosic
fibers, significantly higher amount of options
have been presented in the literature to
controlling PCC morphology and particle size.
The methods include controlling the ratio  of
carbonate to calcium ions (Kitamura et al.
2002), the use of crystallization-controlling
agents such as polymers (Butler et al. 2006;
Hardikar and Matijević 2001; Kumar et al.
2011; Matahwa et al. 2008; Nielsen et al. 2012;
Jada et al. 2007), organic acids (Vdović and
Kralj 2000), surfactants (Wei et al. 2005) and
inorganic compounds (Hu and Deng 2004;

Park et al. 2008; Kellermeier et al. 2010). It is
currently usually claimed that CaCO3

precipitation proceeds via nonclassical
crystallization pathways, often including
amorphous calcium carbonate (ACC)
nanoparticles or liquid precursor stages
(polymer-induced liquid precursors, PILPs).
Polyelectrolytes (Cölfen and Antonietti 2008),
especially atactic low molecular weight
polyacrylic acid (PAA) (Volkmer et al. 2005),
have been used to achieve liquid CaCO3

precursors. It is suggested that the polymers
sequester calcium ions, thus creating locally
high calcium concentrations while inhibiting
crystallization (Gower and Odom 2000). As a
result, PILP droplets are formed and may
aggregate on solid surfaces before crystallizing
or forming ACC (Cölfen and Antonietti 2008).

 Also for fiber–Ca(OH)2–CO2

precipitation process, precipitation of CaCO3

onto fiber is often thought to proceed via ACC
that initially forms on Ca(OH)2 particles
(Subramanian 2008). After this, ACC is
thought to aggregate on fiber surface on which
it converts to crystalline CaCO3 (Subramanian
et al. 2007; Subramanian 2008), although ACC
is sometimes thought to dissolve, at least
partly, and then precipitate as a crystalline
polymorph (Xu et al. 2004; Zhang et al. 2012).
If viewed from a more classical crystallization
theory point of view, nucleation can be thought
as heterogeneous on the fibers (Silenius 2002).
Significantly, both views consider surface of
the cellulosic fiber (template material) as an
area of interest for precipitation process.

 An interesting property of some
crystallization controlling agents is they may
interact with functional groups of the template
material, such as cellulose. When CaCO3 is
precipitated onto cellulose fibers, this
interaction is of particular interest. While the
effect of polymeric additives in a modified
precursor system is not well understood in the
cellulosic fiber–Ca(OH)2–CO2 precipitation,
the mentioned interaction and effects on
crystal formation may provide tools to control
and optimize in situ precipitated CaCO3 on
fiber. In a setting different from fiber-



Ca(OH)2–CO2 precipitation, the interaction
has been utilized by Hosoda and Kato (2001)
who obtained a continuous, thin calcite film on
the cellulosic surface

 In this work, the aim was to clarify the
role of Sodium Polyacrylic acid (Na-PAA), a
known PILP-inducing polymer, in a cellulosic
fiber–Ca(OH)2–CO2 batch precipitation when
controlling the PCC particle and its crystal size
and shape. The use of Na-PAA to control
CaCO3 crystal morphology has been
previously demonstrated (Yu et al. 2004;
Huang et al. 2007; Ouhenia et al. 2008), and
also when CaCO3 crystals were deposited on a
cellulosic substrate (Matahwa et al. 2008;
Hosoda and Kato 2001), but, to our
knowledge, effect of PAA in a cellulosic fiber-
Ca(OH)2–CO2 system has not been
investigated before. The precipitation
conditions needed to create submicron
particles and nanocrystal aggregates on the
cellulose microfibers were of particular
interest.

2. Materials and methods
Experiments with Sodium Polyacrylic

acid (Na-PAA, denoted PAA in the text) were
made using three different fiber
concentrations, viz. 1.0, 3.0 and 6.0 wt%, with
a fixed ratio of fiber to CO2 of 0.5. The effects
of Na-PAA and Ca(OH)2 concentration were
thus varied in order to determine their impact
on the complexes obtained. For CaCO3

precipitated onto microfibers without
polymeric additives, 5 different fiber
concentrations (from 0.5 to 6.0 wt%) were
used in addition to different carbon dioxide
feeds (from 0.5 to 6.0 l/min).

 The calcium carbonate was
precipitated at ambient temperature (20-23 °C)
using Ca(OH)2 as lime milk, - and CO2 (AGA,
purity 99.7%). A dry cellulosic microfiber
(Arbocel UFC100, JRS), with a mean particle
size of 8 µm according to the manufacturer
was dispersed in water with strong mixing.
Sodium polyacrylic acid, Na-PAA (Sigma-
Aldrich, M ~ 1800 g/mol) was dissolved in

water (2, 5 and 8 wt%, stock solutions, using a
concentration as low as possible to reach the
targeted concentration in the reaction batch)
and diluted with water immediately prior use.

 The batches were prepared by mixing
water, PAA solution (if used), Ca(OH)2 and
fibers, in this order. The contents of the
solutions and suspensions were determined
gravimetrically with an error margin of ±0.5 g.
The precipitation was performed in an open
batch reactor equipped with mixer and inlet for
CO2, as shown in Fig. 1. The stirring speed was
set to a constant 800 rpm and the initial batch
temperature was ca. 20 °C. Changes in
temperature and pH were monitored during the
experiments, and the experiments were
terminated when the pH began to stabilize at a
low level, usually at ca. pH 6.5.

Fig. 1 Drawing of the reactor used in the
experiments

The morphology of the cellulose
microfiber-PCC agglomerates and the size of
PCC crystals and agglomerates on the
cellulose were determined from the SEM
images. The CaCO3 and cellulose polymorphs
were characterized using x-ray diffraction
(XRD measurements on a Bruker Discover D8
diffractometer (Karlsruhe, Germany) using
Cu(Ka) radiation (k = 1.54184 nm). The XRD
diffractograms were collected in the 2h range
of 13°–48°. The X-ray tube was operated at



40 kV and 40 mA. For phase identification, a
PDF-2 database (2012) was used.

 The variables relevant for the
precipitating nanoclusters and crystals on the
microfibers are listed and explained in Table 1.
Although the fiber appears to be a non-reactive
component in the precipitation reaction, it
plays an important but indirect role in the
supersaturation of the solution, in addition to
its ability to assist nucleation. This is explained
as follows. The Ca(OH)2/fiber ratio at a given
ash content and a given amount of fiber is
decided by the targeted filler (PCC) content of
the fiber-PCC composite material according to
the following equation, derived from the T 211
om-02 ash definition in TAPPI.

𝑚𝐶𝑎(𝑂𝐻)2 = 𝐴𝑠ℎ,% ⋅(𝐵−𝐴)
100− 𝐴𝑠ℎ,%

· 0.7402 (eq. 1)

where A is the weight of targeted PCC ash, and
B is the weight of the test specimen so that
B - A is the weight of fiber. The constant
0.7402 is the ratio of the molar masses of
Ca(OH)2 and CaCO3, to translate the targeted
weight of PCC ash to the weight of Ca(OH)2.
 In the batch system used, increasing fiber
concentration increases Ca(OH)2

concentration when the targeted ash content is

kept at constant. An increase in Ca(OH)2

concentration can in turn affect the degree of
supersaturation and supersaturation profile of
precipitating CaCO3 and the ratio of ionic
species in reaction by providing reactive
(dissolved) material for the reaction in higher
concentration due to e.g. increased dissolution
via increase in Ca(OH)2 surface area per
volume unit.

An important consequence is that
when the “same” batch process is used for
different targeted PCC ash contents by simply
changing the amount of added Ca(OH)2 and
perhaps the CO2 feed, the PCC properties and
thus the fiber furnish properties may change.
Even if all the process parameters were
changed so that the ratios were truly fixed, the
precipitation process would still change with a
change in the amount of Ca(OH)2 added, as the
driving force for precipitation is
supersaturation that under given conditions
depends on the concentration of the
precipitating species. Changing the fiber
concentration in order to fix the Ca(OH)2

concentration would, instead, change the
surface area of fiber per volume unit. This
change can potentially be significant, since it
has been shown that the specific surface area
of fiber might affect CaCO3 precipitation on
the fiber (Silenius 2002).



Table 1: Variables investigated and units used. Ratios are calculated using the units given
in the table
Variable Clarification
Ca(OH)2 concentration Calcium hydroxide concentration in reaction mixture

wt%, of batch before precipitation; 0.7–4.1
Microfiber concentration Microfiber concentration in reaction mixture

wt%, of batch before precipitation; 0.5–6.0
CO2 feed Carbon dioxide feed

l/min, at 20 °C; 0.5–6.0
PAA concentration Concentration of additive Na-PAA

wt%, of fiber; 0–100
Ca(OH)2/CO2 Ratio of calcium hydroxide concentration to carbon dioxide feed

wt%/l/min; 0.1–8.2
Ca(OH)2/fiber Ratio of calcium hydroxide concentration and fiber

concentration,
wt%/wt%; 1.45–3.31

PAA/Ca(OH)2 Ratio of additive concentration to calcium hydroxide
concentration (wt%/wt%)

3. Results and discussion
3.1 Effect of microfiber concentration and
CO2 feed

CaCO3 was precipitated onto
microfibers without polymeric additives at 5
different fiber concentrations, viz. 0.5, 1.0, 2.0,
3.0 and 6.0 wt%. The targeted Ca(OH)2

concentration was 69 wt% based on ovendry
fiber, giving 48.2% mineral filler content for
the material if fully reacted. The precipitation
gave on average 46.3 wt% ash (mineral filler)
content measured on unfiltered samples. In this
case, mineral filler content and ash content are
synonymous, since microfiber gave less than
0.0% ash. The obtained ash from the PCC
containing samples gave a 91 mol%
conversion efficiency of Ca(OH)2, based on
weight loss (TAPPI standards T 211 om-02
and T 413 om-11 in conjunction), assuming
that the lime milk was essentially free from
impurities or reaction products such as CaCO3.

The size of the PCC particles deposited
onto fiber surfaces was found to decrease with
decreasing ratio of fiber (wt%) to carbon
dioxide (l/min), and with increasing fiber

concentration when the fiber-tocarbon dioxide
was kept as constant. The difference was most
obvious when investigating the agglomerates
of PCC deposited on the surface of fiber seen
as ellipsoidal particles or less systematically
aggregated/ agglomerated particles covering
fiber surfaces, seen in Fig. 2. Figure 2a, b show
samples with the same CO2 feed but prepared
at different fiber concentrations (i.e.
Ca(OH)2/CO2 was changed, as the target PCC
ash content was fixed). Ellipsoidal PCC
structures were found in both samples but for
sample shown in Fig. 2b, it appears that the
fiber surface was not as well covered and that
the ellipsoidal particles were larger compared
to samples shown in Fig. 2a. Figure 2b, c, on
the other hand, were prepared with same fiber
concentration, but for sample shown in Fig. 2c,
CO2 feed was increased in such a way to attain
same Ca(OH)2/CO2 ratio as for sample shown
in Fig. 2b. The ellipsoidal PCC structures
formed in sample shown in Fig. 2c were
clearly smaller than those obtained for sample
shown in Fig. 2b. In addition, the fiber surface
was more evenly covered, although locally the
deposited PCC on fiber surface indication



agglomerates forming irregularly shaped PCC
particles. This change was presumably caused
by an increase in fiber surface area per unit
volume, and higher degree of supersaturation
in the system.

Notably much of the difference in
observed PCC particle sizes was due to
aggregation and agglomeration of nano-sized
crystals that form ellipsoidal particles at low
microfiber concentrations, rather than to the
size of individual crystals (see magnifications
in Fig. 2). When the fiber concentration was
increased from 1.0 to 3.0 wt% at a constant
CO2 feed (0.5 l/ min), the morphology of the
PCC particles was slightly altered and many of
the particles precipitated onto the microfibers
were larger (similar with the ones in Fig. 2b),
which is attributed to more intensive

agglomeration of the nano-size particles,
which, again, was in line with results presented
by Subramanian et al. (2007), who denoted
similar structures as colloidal PCC (c-PCC).
Moreover, increasing the CO2 feed from 0.5 to
6.0 l/min for the suspension containing 0.5 or
1.0 wt% microfiber did not lead to any
detectable change in the morphology of the
PCC particles. Instead, when the CO2 feed was
increased in batches containing 3.0 wt% or
more fiber, the particle size decreased as can
be seen in Fig. 2b, c. Therefore, the changes in
aggregation and agglomeration resulted in a
more even PCC distribution on the fiber
surface and a better coverage of the fiber,
decreasing the amount of ellipsoidal PCC
structures. Both increased fiber concentration
and sufficiently high CO2 feed were required
to obtain these effects.

Fig. 2 CaCO3 precipitated on microfiber with targeted ash of 48.2% using a 1.0 wt% fiber
concentration and 0.5 l/min CO2 feed, b 3.0 wt% fiber concentration and 0.5 l/min CO2 feed,
c 3.0 wt% fiber concentration and 1.5 l/min CO2 feed



Figure 3 shows SEM micrographs of
the ash obtained from the microfiber-PCC–
PAA samples combusted at 525 ± 25 °C. At
low PAA/Ca(OH)2 ratios, PCC particles were
uniform in size with a symmetrical, spherical
or ellipsoid morphology similar with the
morphology obtained without PAA. With
increasing PAA/Ca(OH)2 ratio, the particles
became non-uniform, developing a “molten”
appearance linked with liquid precursors of
CaCO3 (Gower and Odom 2000). Especially at
50 and 100 wt% PAA concentrations, the
particles formed large polycrystalline
aggregates with curved shapes, also linked
with the formation of crystals via PILPs and
ACC (Gower and Odom 2000). Because of
low ash content, these “molten” appearances
were most clearly seen in SEM micrographs of
the ash, such as Fig. 3, but the development can

also be seen when PCC locates on fiber (see
Figs. 2, 5).

 When, at a PAA concentration of
3.0 wt%, the addition of Ca(OH)2 was
increased from 32 to 69 wt%, no obvious
differences were seen in the PCC particles on
the microfibers. The morphology of the
particles determined after combustion, on the
other hand, showed an increase in particle
regularity with increasing Ca(OH)2

concentration above 41 wt%. The particle
irregularity increased when the PAA/Ca(OH)2

ratio increased, which agrees with results
presented by e.g. Yu et al. (2004) who
concluded that PAA/CaCO3 ratio has a more
pronounced effect on the CaCO3 morphology
than on the concentration of the CaCO3

formed.

Fig. 3 SEM micrographs of the ash (PCC), precipitated in presence of PAA. PAA/Ca(OH)2

was 1.4 (at left) and 72.5 (at right). PAA additions corresponding to 1 and 50 wt% of fiber,
respectively

Figure 4 shows pH of the suspension as
function of time upon CO2 dosage and
subsequent carbonation and its dependence on
the fiber concentrations. At low fiber
concentrations, pH dropped quite rapidly at
constant CO2 feed, especially at the beginning
of the experiment, followed by an increase in
the pH value. When increasing the fiber
concentration (at constant ash content target),
the inflection point occurred later. The

behavior was attributed to the heterogeneous
nucleation meachanism as suggested by
Subramanian (2008), according to which the
Ca(OH)2 particles are initially covered with an
intermediate ACC phase, resulting to inhibited
dissolution of Ca(OH)2 that is responsible for
the observed drop in pH. Thereafter, following
the same mechanism of nucleation and crystal
growth, the ACC particles are thought to leave
the Ca(OH)2 surfaces, opening them for further



dissolution and resulting an increase in pH.
The ACC leaving the surface was thought to
aggregate in line-like structures that lead to the
ellipsoidal c-PCC particles as described and
obtained by Subramanian (2008), which also
were seen in this study, or distributed more
evenly on fiber surfaces. The change in PCC
distribution on fiber surfaces was thought to
result from the increasing fiber concentration
and increasing available surface area of fiber,

which resulted in the interaction between the
microfiber particles and the formded ACC.
This was suspected to disturb the ACC chain
formation. Therefore, when ACC transformed
to a crystalline polymorph, the morphology of
the precipitate was altered to follow the
modified ACC distribution, or the ACC
crystallized after forming smaller particles or
shorter chains.

Fig. 4 pH as a function of time during carbonation of samples having different fiber
concentrations

3.2 The effect of Sodium Polyacrylic
Acid (PAA) as precursor stabilizer

The results from fiber-PCC samples
made in presence of PAA are summarized in
Table 2 and Fig. 5. The results show that at a
microfiber concentration of 1.0 wt% and a
Ca(OH)2 concentration of 69 wt%, an increase
in PAA concentration initially resulted in an
increase in PCC particle size. The SEM images
(Fig. 5) show that this was due to increased
agglomeration and nanoparticle cluster
formation. The ability of PAA to inhibit
nucleation in bulk solution may have
contributed to this process by supporting
aggregate growth. The PCC particles formed
were elongated and had a rice-like shape (PAA
concentration 0.5 wt%), similar to those seen

in Fig. 5c, but slightly larger. At PAA
concentrations 1.0 and 3.0 wt%, the PCC
crystals were rounder, see Fig. 5b. The
difference was probably caused by temporary
ACC stabilization by PAA, but this was not
confirmed. Matahwa et al. (2008) obtained
similar CaCO3 particles when precipitating in
presence of PAA, and these were ascribed to
an ACC-PAA gel similar to that obtained by
Ulčinas et al. (2007). They describe the
formation of a viscous ACC gel temporarily
stabilized by PAA, which precipitates into
more stable polymorphs after losing its
stability.

 Surprisingly, the effect of PAA at a
microfiber concentration of 3.0 wt% was
opposite to that at 1.0 wt%. With increasing



dosage of PAA from 0.3 to 3.3 wt%, the PCC
crystal size increased, and crystals became
elongated. The crystals retained their
elongated shape but the crystal size increased
when the PAA concentration was increased
further. At very low and fixed PAA
concentrations (0.06 wt%) and a microfiber
concentration of 3.0 wt% an increase in
Ca(OH)2 from 32 to 69 wt% led to a significant
decrease in the PCC crystal particle size. A
clear region of morphology transition was seen
at a Ca(OH)2 concentration between 51 and
69 wt%, where the particle morphology
changed from approximately 1 micron
roundish crystals to more elongated PCC
crystals with a greater aspect ratio (length ca.
1 µm and width 0.2 µm). At 32 wt% Ca(OH)2

addition, the crystals were more elongated at a
microfiber concentration of 6.0 wt% that at 3.0
wt%. An Increase in microfiber concentration
from 3.0 to 6.0 wt% resulted in a morphology
transition between 32 and 51 wt% of Ca(OH)2

addition.
 However, when the concentration of

PAA was increased to 10.0 wt%, it was found
that the particle size and amounts of large PCC
crystals and clustered PCC agglomerates
deposited on the microfibers decreased
significantly, but that a few individual nano-
sized PCC crystal particles were still formed
and present on the microfiber surface (not
shown here). Figure 5a shows that when the
PAA concentration was increased further to
100.0 wt%, crystal formation of PCC on the
surface of the microfiber was inhibited, which
was confirmed by a lower ash content in
samples rinsed before drying.

 The ash contents of some of
microfiber–PAA–CaCO3 complexes (rinsed
before drying) were clearly lower than
unreacted Ca(OH)2 should yield. This can only
be explained by the removal of soluble
compounds or nanocrystals in bulk solution
during filtering of the samples through the
0.6 µm membrane and subsequent rinsing. A
pronounced loss of crystalline material during
filtration should mean that an increased dose
of PAA would facilitate bulk solution

precipitation, instead of decreasing it as stated
frequently in the literature (Hosoda and Kato
2001; Huang et al. 2007; Watamura et al.
2014). A possible alternative is heterogeneous
nucleation in bulk solution, improved by PAA
addition in a manner similar to that in which
the addition of PAA can improve
crystallization on cellulosic fibers, i.e. via
electrostatic interaction between calcium ions
and anionic groups of the polyelectolyte
(PAA) and foreign particles. Bulk solution
precipitation is not, however, supported by the
filtrate collected in these experiments, since
the filtrate was transparent, which suggests an
absence of crystalline material and the
presence of amorphous transparent ACC as
reported in the literature (Gower and Odom
2000; Mohamadzadeh-Saghavaz et al. 2013),
or a complex. The formation of an electrostatic
complex between carboxyl groups and calcium
ions is frequently described in the literature
(Hosoda and Kato 2001; Huang et al. 2007;
Ouhenia et al. 2008; Ulcˇinas et al. 2007;
Watamura et al. 2014) and ascribed to the
formation of an ACC-containing gel (Matahwa
et al. 2008; Ulčinas et al. 2007) suggesting that
role of the PAA in the system is the
stabilization of ACC or the formation of a
precursor or complex, or both.

 At low PAA concentration, the
mechanism of nucleation was thought to
follow the one seen in experiments made
without PAA. This was supported by the
similar morphologies of the precipitate
obtained for c-PCC (see Figs. 2, 5b, c for
comparison), and and by the similar but not the
excact same pH development trends obtained
during experiments. With PAA, the
intermediate increase of pH, attributed to ACC
dissolution or removal from Ca(OH)2, was
delayed. Interestingly, ellipsoidal or roundish
morphologies could be achieved at higher fiber
concentrations compared to corresponding
sample free from PAA. In particular, the pH
development measured during carbonation
indicate ACC stabilization or formation of
PILP and a subsequent conversion to a
crystalline polymorph onto fiber surface,



which could be interpreted as heterogeneous
nucleation.

Table 2: Results of the PCC-PAA-Microfiber experiments. PAA concentration is given as
wt-% of the fiber content.

Microfiber
concentration
[wt-%]

Ca(OH)2

addition
[wt-%]

PAA
concentration
[wt-%]

PCC morphology and size

Low PAA conc. High PAA conc.

1
69 0.1; 0.5; 1.0; 3.0;

10.0; 50.0; 100.0
Elongated Round, irregular

Reduced particle size
32; 41; 51;
60; 69 3.0 Elongated Elongated-irregular

3
69 0.3; 1.0; 2.0; 3.3 Round Elongated

Increased particle size

32; 51; 69 6.0 Slightly elongated Elongated
Reduced particle size

6 32; 51 1.0 Elongated Reduced particle size

Fig. 5 CaCO3 precipitated on microfiber in presence of PAA concentration: a) 100.0 wt-% b)
3.0 wt-% and c) 1.0 wt-%. The microfiber concentration was 1.0 wt-% (A), 1.0 wt-% (B), and
3.0 wt-% (C), respectively. Note that PAA concentration is given as wt-% of fiber addition



3.3 XRD and TGA
Ten microfiber-PCC samples, with and

without precipitated calcium carbonate, were
characterized using XRD. Diffractograms
were collected in the 2h range of 13°–48°.
XRD patterns are shown in Fig. 6 and
summarized in Table 3.

Figure 6 shows different crystalline
forms of cellulose, with slight peak shifts
between some of them. The main peak for
cellulose, located at 20°–22° (Haleem et al.
2014; Obi Reddy et al. 2014; Tibolla et al.
2014), was found in samples 0, 5 and 6, where
it is quite sharp, but the calcite peak located at
the same angle makes it difficult to reliably
determine the presence of crystalline cellulose
in the samples. However, a smaller peak
originating from cellulose at 34.6° was clearly
observed in all the diffractograms except those
for samples 1 and 3. The presence of
cellulose Iα in these two samples was therefore
considered as possible. In the case of the fiber
reference sample, the co-existence of cellulose
Iα and cellulose Iβ was suspected.

The only CaCO3 polymorph observed
in the samples was calcite, although some
PAA with different molecular weights have
been linked with the formation of aragonite in
the literature (Ouhenia et al. 2008; Watamura
et al. 2014). Calcite peaks (Kim et al. 2013;
Kirboga et al. 2014; Lo´pez-Periago et al.
2010) were observed in all samples except for

the 0 (the fiber reference) and 5 and 6
(Ca(OH)2 69 wt%, CO2 feed 0.5 l/min and
PAA concentrations 50.0 and 100.0 wt%). The
ash contents (525 ± 25 °C) for samples 5 and
6were 8.2 and 4.0%, respectively, confirming
that samples 5 and 6 clearly contained
sufficient ash to be detectable in the XRD
measurement.

For sample 5 and 6, the absence of both
crystalline Ca(OH)2 and crystalline CaCO3

suggests that the high PAA concentration in
the samples led to the formation and
stabilization of amorphous CaCO3. The
unstable character of amorphous ACC is well
known, but no phase transition to a crystalline
material detectable with XRD as observed,
despite the long delay time between the
precipitation experiments and the XRD
measurements, even though particulate matter
residing on the fibers was observed with SEM
and the ash content of the samples showed that
the concentration of inorganics was detectable
with XRD, if crystalline. Huang et al. (2008)
suggested that PAA might inhibit the
formation of crystalline particle, leading to
PCC agglomerates formed through a
spherulitic growth mechanism. They also
suggested that the increase in the stability of
ACC was due to a polyelectrolyte
complexation with the calcium ion, causing a
more disordered structure within an
intermediate range ordering.



Fig. 6 XRD patterns for the samples. Sample description and pattern interpretations are listed
in Table 3

Table 3: XRD results.

Sample number and description Cellulose I PCC

Fiber reference 0 - Microfiber,
untreated

α, β -

No PAA

1 - fiber 1 wt-%
CO2 feed 0.5 l/min

β (possible) Calcite

2 - fiber 3 wt-%
CO2 feed 0.5 l/min

β Calcite

3 - fiber 3 wt-%
CO2 feed 1.5 l/min

β (possible) Calcite

Ca(OH)2 69 wt-%
CO2 feed 0.5 l/min

4 - PAA 1.0 wt-% β Calcite
5 - PAA 50.0 wt-% β -
6 - PAA 100.0 wt-% β -

PAA 3.3 wt-%
CO2 feed 0.5 l/min

7 - Ca(OH)2 32 wt-% β Calcite
8 - Ca(OH)2 51 wt-% β Calcite
9 - Ca(OH)2 69 wt-% β Calcite

Table 4 shows the results of the
thermogravimetric measurements. The data
(550 and 925 °C) were used to estimate the

conversion yield and possible residual
Ca(OH)2. The results indicate that all the
samples contained unreacted Ca(OH)2, the



amount of Ca(OH)2 in the samples being
typically ca. 5 wt% of the inorganic species,
with the notable exception of sample 5 which
was formed in the presence of a high PAA
concentration of 50 wt%. The result is
approximately in line with the conversion
estimate from the TAPPI ash content
measurements. The remaining Ca(OH)2 was
not, however, identified in the XRD analysis,

suggesting either that the material was not
crystalline or that it resided in CaCO3 particles
or microfibers, too far from the particle
surfaces to be determined by the method. On
the other hand, the TGA resultsmay also
interfere with the release of physisorbed water
at 525 °C and at higher temperature the
possible dihydroxylation of Ca(OH)2

(Renaudin et al. 2008).

Table 4 TGA results of samples. Sample numbering follows that of Table 3. For samples
10 and 11, see the footnotes.

Property Method/basis Unit 1a 2 3 5 6 10b 11c

Dry matter
(105 °C) TGA (105 °C) % 98.2 97.72 97.97 94.87 97.48 98.02 98.06

Ash
content
(550 °C)

TGA (550 °C) %,
dry basis 44.2 30.5 45.5 7.8 36.9 44.8 45.6

Ash
content

(925 °C)
TGA (925 °C) %,

dry basis 26.4 17.7 26.4 4.9 21.0 25.9 26.4

[CaCO3]
Theoretical
(TGA 550

and 925 °C)

%,
dry basis 40.6 29.0 43.4 6.6 36.0 43.0 43.8

[Ca(OH)2]
Theoretical

(TGA 550 and
925 °C)

%,
dry basis 4.8 1.9 2.7 1.5 1.2 2.3 2.4

[Ca(OH)2] Theoretical
%,

inorganic
species

10.6 6.2 5.9 18.7 3.1 5.1 5.2

a Not taken at the end of the process and therefore holds a larger proportion of Ca(OH)2
b Microfiber concentration 3 wt-%, PAA concentration 1.0 wt-%
c Microfiber concentration 3 wt-%, PAA concentration 0.3 wt-%

4. Conclusions
In the papermaking field, PCC

morphology and particle size are important
factors governing filler performance.
Morphology control is therefore an important
factor in in situ precipitation, but, to our
knowledge, little effort has been made to
improve PCC morphology control in cellulosic
fiber-Ca(OH)2–CO2 systems, and the effect of

PAA for this or another purpose has not been
investigated. In this work, in situ precipitation
of PCC onto cellulosic microfiber in the
presence of PAA was performed using a batch
reactor. The reaction between carbon dioxide
and calcium hydroxide was varied to give
different PCC morphologies depending on the
concentrations of microfiber and PAA. It was
demonstrated that the morphology of the PCC



particles formed on the microfiber can be
altered by changing the process parameters
and the concentrations of calcium hydroxide
and PAA
 surface with and without PAA depended on
process conditions. The effect of the
precipitation conditions on the PCC crystal
size and size distribution was not clear since
PCC nanocrystals had a strong tendency to
agglomerate. The fiber concentration in the
reactor was found to be very critical, wether
PAA was used or not. This was partly ascribed
to the degree of supersaturation during
precipitation, and to aggregation and
agglomeration of CaCO3 that were clearly
affected by changes in fiber concentration. The
concentrations of Ca(OH)2 and PAA and the
ratio of the species were also important, while
their effect was not fully distinguishable from
the effects of fiber concentration, due to
implications of Eq. 1 (discussed under
“Materials and methods”). The same applies
for CO2 feed and its effect on the precipitate.
 The presence of an unstable ACC phase at
beginning of the precipitation was suspected
based on the behavior of the pH and on reports
in the literature. The use of high concentration
of PAA revealed the probable formation of an
ACC compound stable for a time of many
months, which was supported by a
combination of SEM imaging and XRD
analysis.
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Cellulose 

Fig. 8 SEM micrographs of fractionated PCC-CTMP samples. 
a (30 min R200): a band of outer fiber layers essentially free 
from PCC (indicated with the arrow), surrounded by more PCC 
rich areas. b (0 min R200): heavily fibrillated fiber with high 

The PCC was located mainly on fiber regions where 

the outer layer of the fibers had been removed (Fig. 8a) 

or where the fiber surface was damaged or subjected to 

fibrillation (Fig. 8b). The tendency of the PCC to 

attach to fibrils or to damaged regions of the fiber was 

clearly evident in the fractionated samples with the 

highest amount of fines, i.e. the R400 and in 'pass' 

fractions (Fig. 8c). Split fibers had enriched PCC 

deposits in the lumen, while the outer surface appeared 

to be essentially free from PCC (Fig. 8d). This type of 

finding was usually seen in RlOO and R200, but 

occasionally also in R30. 

When the fractions of PCC-CTMP were compared 

with the unfractionated PCC-ClMP (Fig. 9), it was 

evident that a larger portion of the fibers were 

substantially free from PCC in the fractionated pulps 

than in the unfractionated sample. Some of this 

difference could be explained by the hypothesis that 

the fines in the unfractionated pulp were attached or 

otherwise located on larger fibers (thus appearing a 

content of PCC and a more intact fiber with substantially no 
PCC. c (0 min 'pass' fraction): fibrils and fines extremely rich in 
PCC. Image d (60 min R200): split or cleaved fiber with PCC 
deposited in lumen and outer layer essentially free from PCC 

part of them), and these objects containing more PCC 

were removed during fractioning. The surfaces of the 

larger CTMP fibers were however also affected by 

fractionation: some of the PCC residing on the fiber 

surface was removed during fractionation. 

Handsheet properties 

Physical properties 

The physical properties of the handhseets are shown in 

Table 4 and in Figs. 10, 11, 12 and 13. The sheets had 

an average gramrnage of 68.6 g/m2 (standard devia

tion 5.8 g/m2). The ash content of the sheets was 

assumed to be close to that of the pulp or fraction used 

in sheet preparation (Table 1), since the auxiliary wire 

improved mechanical retention. 

The density of PCC-CTMP handsheets from 

unfractionated pulps was higher than that of ClMP 

handsheets free from PCC. The difference in density 
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Cellulose 

Fig. 9 Unfractionated pulp (a) and fractionated pulp (b) R30. Both images were taken on PCC-CTMP refined for 60 min 

was 16, 14 and 7 % for samples refined for 0, 30 and 

60 min, respectively. The handsheet strength 

increased with decreasing fiber size and increasing 

pulp refining for both CTMP and PCC-CTMP. The 

coarse, stiff fibers, as in R30, are known to give high 

bulk and a highly porous sheet, but poorer bonding 

than the more flexible and conformable finer fibers 

(Retulainen et al. 1998). This result was, therefore, 

expected. 

A more relevant comparison between CTMP and 

PCC-CTMP sheets reveals the effect of the PCC. The 

increase in density of the PCC-CTMP fraction sheets 

with increasing refining level was not as pronounced 

as that of the CTMP sheets. PCC-CTMP sheets from 

the 60 min refined pulp fractions had lower density 

than the corresponding CTMP sheets. This was 

associated with the debonding effect of nanosized 

particles and agglomerates of PCC on the fiber. The 

debonding effect is supported by the tensile index and 

tensile stiffness index results. 

There was a good linear correlation between tensile 

index, elastic modulus, tensile stiffness and density for 

both CTMP and PCC-CTMP sheets made of fractions 

(Fig. 14). The slopes of the regression lines differed 

greatly for CTMP and PCC-CTMP sheets in the case 

of tensile index versus density (0.130 and 0.061, 

respectively) and tensile stiffness index versus density 

(0.015 and 0.010, respectively). The difference in 

slope was significantly less for elastic modulus versus 

density (0.0075 and 0.0062, respectively). 

When the fiber-weight-based indices were calcu

lated, the tensile index values of the fractionated PCC

CTMP and the corresponding CTMP sheets were 

similar, although the tensile index of the PCC-CTMP 

� Springer 

sheets was lower than that of the CTMP sheets. 

Similarly, fiber-weight-based tensile stiffness index 

for PCC-CTMP was only slightly lower for RlO0 and 

R200. PCC-CTMP R400 sheets instead had a clearly 

higher tensile stiffness index than the corresponding 

CTMP R400 sheets. 

Optical properties 

Both the brightness (Fig. 15) and the opacity (Fig. 16) 

of the PCC-CTMP handsheets were greater than those 

of the CTMP sheets when unfractionated pulps were 

used. This was not, however, the case for the 

individual fractions. The opacity of all the fractions 

increased when PCC was added, but the brightness 

decreased for fractions R30, Rl00 and R200 sheets, 

and increased for R400 sheets. 

The scattering coefficient (s,) and absorption coef

ficient (kc) (Table 5), showed that the PCC-CTMP 

fraction sheets had, on average, a slightly higher s, and 

k
r 

than the CTMP sheets, except for the R400 fraction 

sheets. In other words, although the light scattering 

improved, the change in the opacity of the fractions 

was due to an increase in light absorption rather than 

due to an increase in light scattering. The increase in 

opacity and brightness of the unfractionated PCC

CTMP sheets over those of the unfractionated CTMP 
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Cellulose 

Fig. 7 SEM micrographs of the cross-section of samples: 
a CTMP: reference sample, b CTMP&PCC-CTMP, without a 
strengthening agent, c CTMP&PCC-CTMP(MFC), 13 kgMFc/t 
d CTMP&PCC(CS), 12 kgcs/t, and e CTMP&PCC-CTMP(CS), 
10 kgcs/t. The ash contents of the filled sheets were ca. 15%. 
The 200 µm scale bar applies to the micrographs marked with 

SEM images (Fig. 7c) suggest that bonding of MFC 

was poor when PCC-CTMP was used, which was the 

probable reason for its poor performance. The PCC 

appeared to reside on the MFC fibrils, even though the 

MFC was added to the furnish after the PCC 

precipitation. 

This, combined with the lack of CTMP fibres free 

from PCC in the samples filled using PCC-CTMP, 

suggests that the free PCC had an affinity for fibrous 

surfaces. This may have been due to a charge in the 

particles. Korhonen and Laine (2014) reported for the 

flocculation of cationic PCC and nanocellulose with

out any retention aid, but in our case, the charge was 

letters only, and the 50 µm scale bar applies all close-ups 
(indicated with letter and a number). The grey bars in the middle 
represent the bulk of the sheet; the thickness corresponding 
320 µm was removed from each micrograph. The wire side is 
facing upwards 

not investigated. The loss of mineral-free surface area 

was, however, also associated with the poor bonding 

of the cellulosic species in the MFC-reinforced sheets. 

According to the literature, the higher the filler 

content of the sheet, the higher the strength improve

ment that can be achieved using cationic starch 

(Lindstrom and Floren 1987; Lindstrom et al. 2005). 

The improvement is often explained by hydrogen

bonding of the starch to the filler surface, or within the 

filler structure, and ability of the filler to bond with the 

fibres (He et al. 2016; Li et al. 2016). This may have 

taken place, but the magnitude of the improvement 
was surprising because the CTMP&PCC-CTMP(CS) 

� Springer 



Fig, 8 SEM micrographs of the samples: a CTMP: reference 
sample b CTMP&PCC(CS)starch,12 kgcsft c CTMP&PCC
CTMP without a strengthening agent d CTMP&PCC
CTMP(MFC), 13 kgMFc/t. The ash contents of filled sheets 
were ca. 15%. The 25 µm scale bar applies to all micrographs 
marked with letters, and the 5 µm scale bar applies to the close
ups. The wire side is facing upwards 

sheets were significantly stronger than the 
CTMP&PCC(CS) sheets, and some of the properties 
improved with increasing ash content, although the 
amount of starch was the same. This suggests that the 
mineral played a more active role in creating sheet 
strength, perhaps because aggregates of nano-PCC 
attached to CTMP fines were able to function as bond
forming material between the fibres, due to the starch 

� Springer 

Cellulose 

Fig. 9 A bridge of PCC and perhaps cellulosic fines between 
two CTMP fines in CTMP&PCC-CTMP(CS), 12 kgcs/t. The 
ash content was 15.8% 

on the mineral surfaces. In the traditionally filled 
sheets, the surface area of PCC was smaller (based on 
the SEM micrographs), and the load-bearing ability of 
the looser aggregates was less. The SEM micrographs 
of the CTMP&PCC-CTMP(CS) sheets (Fig. 9) sup
port the hypothesis that PCC-rich, bridge-like areas 
exist between the fibres, although it is not clear from 
the images whether these structures are able to bear 
any load. 

3D elongation and load-elongation curve 

Elastic modulus, tensile stiffness and bending stiffness 

Many of the strength properties found to correlate with 
extensibility are defined in a manner that they share a 
physical component, ratio of applied tensile force and 
elongation (ti.Fl f:i.()), Elastic modulus, reported to 
correlate with 3D elongation, is defined as "tensile 
stiffness divided by thickness" under the standard ISO 
1924-3. The same standard ISO 1924-3 defines 
tensile stiffness as "maximum slope of the curve 
obtained when tensile force per unit width is plotted 
versus strain", and that it can be calculated using the 
equation 

b f:i.F l 
E =-·-

f:i.() b 
(1) 

where Fis force, () elongation, l is the initial length and 
b the initial width of the test piece. Also, bending 
stiffness is linked with the ti.Fl f:i.() due to its link with 
elastic modulus (prediction with Sb = jE(z)z2 dz (Ka
janto 1998)). 

Since the applied pressure in forming alters the 
sample thickness and thus elastic modulus, and the 
load is borne by the solid components in the sheets 
(Page et al. 1979), it could be better to calculate the 
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