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ABSTRACT 
Colloidal Characteristics of Cationic Polyacrylamide and 

Their Effects on Pre-flocculation of Ground Calcium Carbonate 
 

Dongil Seo 
Program in Environmental Materials Science 

Department of Forest Sciences 
Graduate School 

Seoul National University 
 

Pre-flocculation is a technique that aggregates filler particles by means 
of polyelectrolytes. The size of the flocculated fillers is a critical factor 
affecting the properties of paper. Process variables, such as the 
concentration of flocculating agent, the stirring speed, and the dilution 
of the suspension, can change the size of the aggregates. Ground calcium 
carbonate (GCC) and cationic polyacrylamide (C-PAM) were used to 
investigate the influence of these variables on the flocculation. The 
median particle size and the size distribution were examined, and the 
tensile and the optical properties influenced by the floc size and the ash 
levels were evaluated. Addition of C-PAM at higher concentrations 
increased the median size of aggregates. Stirring speeds at a range of 
1,000-3,000 rpm were used to simulate various turbulent environments, 
and it was shown that higher stirring speeds drastically decreased the 
floc size. Diluting and low speed stirring the flocculated GCC 
suspension was effective in keeping the particle size intact without 
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disruption before sheet forming. Larger GCC flocs in the handsheets 
resulted in better mechanical properties. 

Cationic polyacrylamides (C-PAMs) have been widely used as 
flocculating agents to aggregate particles carrying negative charges on 
the surfaces. However, C-PAMs are susceptible to chemical and thermal 
degradation. One of the objectives of this study was to examine the 
effects of hydrolysis and adsorption behavior of C-PAM on flocculation 
of negatively charged particles, especially GCC. Hydrolysis of C-PAM 
was examined by using polyelectrolyte titration and ion chromatography, 
while adsorption behavior of the polymer was monitored using quartz 
crystal microbalance with dissipation (QCM-D). Laser diffraction 
spectroscopy (LDS) was employed to measure the size of GCC 
aggregates under neutral and alkaline conditions. Charge density 
measurements and ion chromatograms indicated that the hydrolysis of 
C-PAM is accelerated with increasing pH and elevating temperature. It 
was revealed by QCM-D measurements that hydrolyzed C-PAMs 
adsorbed on a substrate with a flat and rigid structure. This indicates that 
a decrease in the size of aggregates under alkaline conditions is due to 
the reduction in ability which forms inter-particle bridging flocculation. 

Flocculation ability of polyelectrolytes is an important criterion in 
selecting adequate flocculating agents for filler pre-flocculation 
processes. Especially if the characteristics of a polyelectrolyte vary 
depending upon the chemical environment they are exposed, careful 
selection of the polyelectrolyte should be exercised to maximize the 
benefits of using it. The other purpose of this study was to evaluate the 
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effect of the charge density and molecular weight of C-PAMs on the 
growth and structural characteristics of GCC aggregates under neutral 
and alkaline conditions. The structure of GCC aggregates were 
characterized by a three-dimensional mass fractal dimension analysis 
method. High charge C-PAM formed larger and denser flocs than low or 
medium charge C-PAMs both in neutral and alkaline conditions. 
Flocculation rate was also rapid when high charge C-PAM was used. 
Molecular weights did not make differences in GCC flocculation if it 
was greater than 8 Mg/mol. QCM-D data showed that high charge C-
PAM adsorbed tightly while low charge one formed loose and fluffy 
structure after adsorption. The results suggested that C-PAMs with high 
charge density around 3.7 meq/g and molecular weight over 8 Mg/mol 
formed GCC aggregates good for pre-flocculation process in terms of 
the size and structure under both neutral and alkaline conditions. 
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Flocculation, Fractal dimension, Hydrolysis, Ion chromatography, 
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1. Introduction 
 

Modification of fillers has been extensively studied in paper and 
paperboard research fields to improve the paper quality and to save the 
production costs. The studies have adopted various fillers, such as GCC, 
precipitated calcium carbonate (PCC), and even bottom ash from power 
plants (Lee et al. 2011; Oh, Sung 2012; Lee et al. 2013; Park et al. 2014). 

Among the fillers, calcium carbonates are the most popular fillers in 
the papermaking industry so that investigations on the modification of 
calcium carbonates have been widely carried in the last 10 years. Thus, 
it might be possible to look at the research trend from a historical 
perspective. In initial research stage, the size of flocs was regarded as a 
critical factor affecting the paper properties (Lee, Lee 2006). 
Consequently, the size of aggregates has been significantly investigated, 
and in those days, the aggregates were treated with a single polymer. It 
has been demonstrated that 15 times as high as cationic starch to C-
PAMs are required to obtain the same aggregates in the size. This meant 
that C-PAMs are efficient in flocculating the particles. 

After that, the effects of process variables for pre-flocculation on the 
paper properties were evaluated. It has been reported that the addition of 
high-concentration polymer increases the size of the aggregates, 
resulting in better mechanical properties (Seo et al. 2012). More recently, 
many researchers have adopted more than 2 polyelectrolytes to modify 
the fillers (Lee et al. 2011; Ahn et al. 2012; Choi et al. 2013; Choi et al. 
2015; Choi et al. 2015). They have shown the various methods treating 
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polymers, the size of aggregates, and the consequent paper properties. 
Generally, the oppositely charged polymers (i.e. anionic PAM vs. 
cationic starch) were used as flocculants. These treatments have been 
mainly based on the conventional methods which were applied to pulp 
fibers for improving the strength and the retention. It has been indicated 
that applying more than two polymers has the advantage of paper 
strength. Most recently, it has been suggested that the structural 
characteristics of aggregates also affected the paper properties. Im et al. 
(2013) reported that more compact flocs yield a better tensile strength 
and internal bond strength. 

Even though the earlier studies have found the optimum production 
condition for given laboratory experiments, applying the findings to the 
industry is demanding in terms of applicability. Only few studies have 
considered the industrial conditions (i.e. high pHs and high 
temperatures). For the purpose of improving the applicability, 
researchers should investigate the effects of process condition on the 
products, and elucidate the mechanism of the phenomenon. 

This study was aimed at investigating the effects of process 
condition including pH and temperature on the GCC pre-flocculation, 
and elucidating the mechanism of flocculation through a penetrating 
analysis. With the perception, several solutions were found in the aspect 
of characteristics of polymer. 
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2. Objectives 
 

Pre-flocculation is a technique that can increase the size of fillers, in turn, 
improve the paper strength. For the purpose of aggregating GCC 
particles carrying negative charges, C-PAMs are preferred as 
flocculating agents. A critical issue, however, has arisen from the fact 
that C-PAMs are hydrolyzed under alkaline conditions. Because GCC in 
a slurry form is usually supplied to papermakers at a high pH level, the 
hydrolysis of C-PAMs would be a huge obstacle in real applications. 

 
First of all, this study investigated reaction pathways of hydrolysis 

of C-PAMs under neutral and alkaline conditions. Understanding an 
exact reaction pathway and reaction product was important because this 
can change the overall characteristics of polymer, such as conformation 
and adsorption property. 

 
After confirming a dominant pathway, the effect of hydrolysis on the 

GCC flocculation was evaluated through the penetrating analysis 
techniques. The methods were to monitor the flocculation kinetics of 
GCC aggregates by using LDS and to examine the adsorption behavior 
of C-PAMs using QCM-D. 

 
Finally, some ways to overcome the problem of hydrolysis were 

suggested using the C-PAMs as it is, which include varying the polymer 
types. C-PAMs with different charge densities and molecular weights 
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were adopted to find out the optimum characteristics of C-PAM for the 
GCC pre-flocculation at higher pH levels. 

 
Taken together, this study was designed to prove the hydrolysis of 

C-PAMs under neutral and alkaline conditions, to elucidate the 
mechanism of the hydrolyzed C-PAMs affecting the GCC flocculation, 
and to find ways to overcome the faults caused by degradation of 
polymer. 
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3. Literature reviews 
 

3.1 Monitoring flocculation processes 
 

Monitoring a procedure of flocculation is important to understand the 
flocculation behavior and to control the process. Depending on types 
and addition levels of polymer, various flocculation and stabilization 
mechanisms are present, as shown in Fig. 1-1 (Dickinson, Eriksson 
1991). At lower addition levels, polymers with the adequate electrostatic 
characteristics aggregate particles by the bridging flocculation as shown 
in Fig. 1-2 (Adachi 1995). The particles can undergo the process such as 
the re-conformation, the re-arrangement, and even break-up. 

There have been many methods for monitoring the particle 
aggregation process. The techniques widely used are optic methods 
using the light transmittance and the light scattering. 

The focused beam reflectance measurement (FBRM) technique 
measures the chord length of particles. Nicu et al. (2012) adopted the 
device to investigate the behavior of the chitosans with different 
molecular weights and charge densities on the calcium carbonate and 
the pulp suspension. They evaluated the flocculation efficiency with the 
mean floc size, the number of counts, and the floc behavior under shear 
conditions, using the FBRM. It has been reported that the chitosan has 
higher efficiency and affinity towards cellulose fibers. 

The light transmittance is based on the specific turbidity of a 
suspension depends on the light wavelength. You et al. (2009) adopted 
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Fig. 1-1. Schematic diagram of the flocculation and stabilization of particles treated 
with polymers (Dickinson, Eriksson 1991). 

 

 
Fig. 1-2. Schematic diagram of bridging flocculation (Adachi 1995). 
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the technique to evaluate the flocculation performance of a flocculant 
based on starch and chitosan. They examined the influences of 
temperature, pH, and addition level on the flocculation efficiency. It has 
been documented that the flocculant shows better flocculation 
performance at lower temperature. 

The light scattering technique, commonly named LDS, can also be 
employed to monitor the flocculation process. Rasterio et al. (2007) used 
the device to evaluate the flocculation of calcium carbonates. It has been 
described that the LDS allows the detection of the flocculation 
mechanisms depending on the characteristics of flocculants. The flocs 
were characterized by the median size from the size distribution. 

Using the LDS method, it is possible to monitor the flocculation 
process in real time. Biggs and Lant (2000) presented a technique which 
enables on-line monitoring of activated sludge flocculation. They 
investigated the effects of the shear on the floc size (Fig. 1-3). It has 
been reported that the median floc size increases until the flocs reach an 
equilibrium between the rates of aggregation and breakage. They 
claimed that the change in the floc size with shear follows a power law 
relationship. It has been also suggested that the relationship would be 
used to explain the breakage mechanisms. 

Owing to the advantage of monitoring in real time, the LDS has been 
widely employed to evaluate changes in the size of aggregates (Rasteiro 
et al. 2008b; Guan et al. 2014). Rasteiro et al. (2008b) carried out the 
flocculation studies for PCC induced by C-PAMs. They investigated the 
effects of charge density and concentration on the flocculation process. 
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It has been suggested that a high charge density C-PAM flocculates the 
particles with the bridging and patching mechanisms simultaneously, 
while a medium charge density C-PAM acts according to the bridging 
mechanism. Furthermore, they claimed that the flocculation rate 
decreases with increasing concentration of the polymer. Finally, it has 
been suggested that the flocculation process is divided by two regions, 
showing different kinetics. They identified the first region as the 
aggregation is dominant and the second region as the stabilization is 
dominant. 

 
 
 
 
 
 

 
Fig. 1-3. Change in the floc size as a function of time for different average velocity 
gradients (Biggs, Lant 2000). 
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3.2 Characterization of aggregates: Mass fractal dimension 
 

Mass fractal dimension (Df) describes the openness of the internal 
structure of aggregates. A higher Df indicates a more compact structure. 
Introducing the general trends in the floc strength analysis, Jarvis et al. 
(2005) documented that the structure of aggregates can be characterized 
as the Df. 

It has been demonstrated that there is a close relation between Df and 
strength (Li et al. 2007). Li et al. (207) generated flocs having different 
size under various shear forces and monitored the flocculation by using 
microscopy. They showed that the flocculation index and the floc size 
are in a close agreement. Furthermore, it has been reported that the log-
log curves between the Df and the floc strength show a linear relation. 

Many techniques for calculating the Df have been introduced. 
Generally, these are based on the scattering, settling, and imaging. It has 
been described that the light scattering provides the greatest potential as 
a tool for characterization among the techniques. Bushell et al. (2002) 
pointed out that the settling has limits in terms of the porosity of 
aggregate, because the permeability model for the settling has not been 
developed. They documented the pros and cons of the imaging 
technique. It has been reported that the image analysis provides a lot of 
information about particle morphology, but the problem is the difficulty 
of the image processing. 

As mentioned above, microscopic images can be used to calculate 
the Df. Chakraborti et al. (2003) evaluated the changes in the Df of latex 
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aggregates during the flocculation. A digital image analysis technique 
was adopted to measure the particle size distributions and the 
geometrical information about the aggregates. It has been described that 
the changes in the Df are related to the growth and the structural changes 
in aggregates. They reported that the Df decreases over time in the initial 
stages of the floc formation. 

The 2-D fractal analysis can be employed for the minerals such as 
clay as well as the monodisperse particles such as latex. It has been 
reported that the sweep-floc coagulation which forms larger and more 
irregular aggregates yielded the lower fractal dimension (Chakraborti et 
al. 2000). 

Although 2-D analysis have been widely used, the most popular 
technique is the scattering. Generally, the small angle static scattering is 
employed to determine the Df of aggregates in the 3-D analysis. Burns 
et al. (1997) measured the Df of colloidal polystyrene latex particles and 
investigated the effects of the salt concentration. It has been reported 
that the increase in the salt concentration reduces the Df, indicating the 
more open structure. 

Many studies which used the C-PAMs as flocculants have been 
reported. Biggs et al. (2000) employed the C-PAMs to flocculate the 
latex particles. Rasteiro et al. (2008b) employed the C-PAMs to 
flocculate the PCC in their study. They describes that the C-PAM with 
the high charge density produces the flocs with the high Df (Rasteiro et 
al. 2008b). Moreover, the Df increased as the concentration of the 
flocculant increased. 
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Only few studies on the settling technique have been reported. 
Glover et al. (2000) compared the scattering with the settling. They 
applied both techniques on investigating two model systems including 
the salt-induced fast coagulation and the polymer-induced bridging 
flocculation for alumina particles. It has been suggested that the settling 
suits for studying aggregates with the bridging flocculation where the 
floc size can be quite large. 

Studies on the comparison of the 2-D Df with the 3-D Df have been 
extensively conducted. Yu et al. (2006) used the image analysis and the 
small angle laser light scattering to evaluate the effects of the polymer 
types on the flocculation kinetics. It has been documented that the 
charge neutralization is active when the polymer with low molecular 
weight and high charge density was applied, while the bridging is 
dominant for the high molecular weight polymer (Yu et al. 2006). 

It has been frequently reported that the Df obtained by 2-D analysis 
is in good accord with the Df for the 3-D analysis (Kim et al. 2001; Liao 
et al. 2005). Liao et al. (2005) documented that the 3-D Df is in close 
agreement to the value determined by image analysis. They showed 
images of simulated aggregates with different fractal dimensions as 
shown in Fig. 1-4. 
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Fig. 1-4. Simulated images of aggregates with different fractal dimensions (Liao et 
al. 2005). 

 
 
 
 
 
 
 
 
 



15 

 

3.3 Hydrolysis of polyacrylamides 
 

It is known that PAMs are susceptible to chemical, thermal, and 
mechanical degradation. According to the literature, the PAMs are 
hydrolyzed under alkaline conditions even at moderate temperatures 
ranging from 60ºC to 100ºC (Caulfield et al. 2002). It has been described 
that the addition of hydroxide to the amide carbonyl yields the 
elimination of the amide ion to allow an acrylic acid residue. Then, a 
proton from the acrylic acid residue is removed by the amide ion, 
forming carboxylate and ammonia. Caulfield et al. (2002) reported that 
the hydrolysis introduces negative charges into the polymer without 
reduction in the length of the chain. The hydrolysis of PAMs have been 
proved by 13C NMR spectroscopy and elementary analysis (Zurimendi 
et al. 1984; Yasuda et al. 1988). 

On the other hand, it has been described that the hydrolysis of C-
PAMs is quite different from that of PAMs. Aksberg and Wågberg (1989) 
reported that the hydrolysis of ester groups in C-PAMs is much faster 
than that of acrylamide groups to acrylic acid residue, resulting in the 
formation of choline chloride. They carried out the experiments in the 
pH ranging 3.5-8.5 and in the temperature ranging 22ºC-50ºC. It has 
been documented that the rate of hydrolysis increases with increasing 
pH and temperature. The hydrolysis was proved through the 
measurements of the charge density and the nitrogen analysis. Maxwell 
et al. (2013) measured the zeta potential to monitor the gradual loss of 
the charge. Bolto and Gregory (2007) reported that the formation of 
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anionic carboxylate groups changes the chain conformation, which 
reduces the chain extension and make the polymer less efficient as a 
flocculant. 

The choline chloride, a hydrolysate of the C-PAM, has been assayed 
by various methods including enzyme, high performance liquid 
chromatography (HPLC), and ion chromatography. Rhee and Paeng 
reported that the choline and betain is determined simultaneously by 
using the HPLC-UV method through a derivatization (Rhee, Paeng 
2015). Ion chromatography has the advantage in detecting both the 
choline and the ammonia. It has been described the separation and the 
determination of quaternary nitrogen compounds (choline) and other 
nitrogenous substances (ammonia) is possible by using ion exchange 
chromatography (Christianson et al. 1960; Zhang, Zhu 2007). 
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3.4 Quartz crystal microbalance with dissipation 
 

QCM-D has been extensively employed to evaluate the viscoelastic 
properties of polyelectrolytes as well as the adsorption amount. In the 
papermaking research field, various polyelectrolytes [single polymer 
(starch, C-PAM, etc.), multilayers, complexes (PEC)] have been 
introduced to various crystal sensors [gold, silica, and modified surfaces 
(cellulose, thiol terminated)] (Notley et al. 2004; Naderi, Claesson 2006; 
Saarinen et al. 2008). 

There have been many studies that have attempt to investigate the 
effects of the characteristics of polymer by using the QCM-D (Notley et 
al. 2005; Saarinen et al. 2009). Enarsson and Wågberg (2008) described 
that the charge density of C-PAM affected both the absorbed amount and 
the layer thickness. It has been reported that the C-PAM with a high 
charge density holds the less water (Enarsson, Wågberg 2008). 

Tammelin et al. (2004) evaluated the adsorption and the viscoelastic 
properties of cationic starches (CS) on the silica. It has been documented 
that the adsorption behaviors of the CS is dependent on the ionic strength 
(Tammelin et al. 2004). They reported that the CS with a low charge 
density forms a thicker and more mobile layer with higher viscosity and 
elasticity than the CS with a high charge density. It has been also 
described that the effect of molecular weight on the properties of the 
film is observed at a condition of high ionic strength. They reported that 
the CS with a large molecular weight yielded a larger hydrodynamic 
thickness and the CS with a narrow molecular weight distribution 
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formed a compact and rigid layer. For the purpose of simulating the 
specific surfaces, the crystal sensors can be modified (Höök et al. 1998; 
Tammelin et al. 2006). It has been reported that model cellulose surfaces 
is prepared by Langmuir-Blodgett technique. They investigated the 
effects of the concentration and the charge density of polymer on the 
adsorption onto the cellulose surfaces. 
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1. Introduction 
 

The role of fillers in the paper industry is mainly to reduce the 
production costs and to improve the optical properties, printability, sheet 
formation, and smoothness of the paper. However, negative side effects 
also exist due to the use of fillers. They reduce the mechanical strength, 
interfere with inter-fiber bonding, and impair retention. To optimize the 
advantages of filler loading, paper strengthening agents could be used in 
the papermaking process (Zhang et al. 2001; Xu, Pelton 2005a). Xu et 
al. (2005b) described strategies to strengthen filled paper with polymers. 
They used polymers to increase cellulose-cellulose adhesion and 
cellulose-calcium carbonate adhesion. To find the optimum filler, 
Klungness et al. (2000) compared the effects of commercial calcium 
carbonate fillers on handsheets properties, and Oliveira et al. (2009) 
examined the effects of fillers on the wet web strength. Several 
approaches can be used to reduce the negative effects of filler loading 
with pre-flocculation being one of the ways to overcome the 
disadvantages that result from filler loading. Pre-flocculation is a 
technique that aggregates fillers by means of polyelectrolytes. 
Flocculation of filler particles with polyelectrolytes decreases the 
specific surface area of the filler particles, and this reduces the loss of 
the fiber-fiber bonding area. 

Flocculation has been extensively studied within the research field 
on the retention of fibers. Fiber flocculation has been studied by many 
research groups. The effects of fiber flocculation on the retention 
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(Oulanti et al. 2009), strength (Myllytie et al. 2009), formation 
(Svedberg, Lindström 2010), and flocculation efficiency (Wågberg et al. 
1996) have been studied. Based on the knowledge and experience from 
fiber flocculation, studies on filler flocculation have been extensively 
carried out. Runkana et al. (2003) conducted the modeling on the 
flocculation kinetics for colloids. The flocculation kinetics of 
aggregation of papermaking fillers have been studied by a number of 
research groups (Burgess et al. 2000; Fuente et al. 2005; Lee, Lee 2006; 
Modgi et al. 2006; Gaudreault et al. 2009). The effects of the 
characteristics of polyelectrolytes on floc properties have been widely 
studied (Burgess et al. 2000; Fuente et al. 2005; Gray, Ritchie 2006; 
Gaudreault et al. 2009). Burgess et al. (2000) reported that the degree of 
flocculation achievable in a polymer-only system is strongly dependent 
on the molecular weight of the polymer while combinations of polymers 
and microparticles significantly increase the degree of flocculation. 
Gaudreault et al. (2009) used flocculants, coagulants, and dry 
strengthening agents to compare their effects on calcium carbonate 
flocculation. Gray and Ritchie (2006) showed that very high molecular 
weight polyelectrolytes produce stronger floc than that of lower 
molecular weight polyelectrolytes. The types of fillers also affect the 
floc properties (Auntunes et al. 2008a). The authors showed that the 
characteristics of precipitated calcium carbonate mainly affect the 
optimal flocculant dosage, floc structure, floc resistance, and their re-
flocculation capability. 

The shear rate is a critical factor that affects the flocculated particles 
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(Yeung et al. 1997; Spicer et al. 1998; Byrne et al. 2002; Blanco et al. 
2005; Lee, Lee 2006). Blanco et al. (2005) reported that the effect of 
shear forces on aggregation kinetics depends on the particle size. Lee 
and Lee showed that an increase in the shear rate results in a decrease in 
the floc size. Spicer et al. (1998) studied the effect of shear schedule on 
particle size, density, and structure during cycled-shear and tapered-
shear flocculation in a stirring tank. Yeung et al. (1997) showed that the 
rupture strength of polymer-induced flocs varied with the hydrodynamic 
conditions at which the flocs were formed. 

Studies on the effects of flocculant dosages have also been widely 
done (Blanco et al. 2005; Lee, Lee 2006). Blanco et al. (2005) reported 
that filler flocs induced by the optimal C-PAM dosage are partially 
reversible and an excess of C-PAM inhibits the re-flocculation of the 
particles and decreases the flocculation rate.18 Lee and Lee showed that 
C-PAM formed larger flocs at lower dosages than that of starch. They 
showed that 15 times the amount of starch is required to obtain the same 
floc size. 

Schneider et al. (2002) conducted an experimental and modeling 
study to understand the relationship among viscosity, particle size 
distribution, and polymer concentration. They reported that high 
viscosity can lead to a drastic reduction in the quality of the mixing in 
the batch stirred-tank reactors. Rasteiro et al. (2008a) carried out 
experiments to evaluate the properties of flocs by using laser diffraction 
spectroscopy. They applied LDS to study deflocculation and 
reflocculation processes of PCC induced by cationic polyacrylamides. 
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Flocculation of filler is practically used in many paper mills, and in 
most cases, filler suspension is transported and handled at high solids 
content. Many previous studies, however, have been done using filler 
suspensions at low solids below 1%. To determine the kinetics of GCC 
flocculation at high solids with levels at 30%-50% and their effects on 
paper, we investigated the effects of the process variables for GCC pre-
flocculation on the floc and handsheet properties. 
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2. Materials and Methods 
 

2.1 Materials 
 

The GCC used for this work was kindly supplied by Omya Korea. The 
solids content of anionically dispersed GCC was 60 wt%, and it was 
diluted to 50 wt% with deionized water before use. The type of 
dispersant used was unknown. The zeta potential of the GCC slurry was 
-25 mV. The median particle size of the GCC was 1.8 µm. C-PAM, 
known as Percol 63 from Ciba Specialty Chemicals, was used to 
flocculate the GCC. It had a molecular mass of 7 Mg/mol and charge 
density of 1.2 meq/g. The C-PAM solution at 0.20 wt% was prepared by 
dissolving the dry bead product in deionized water. The bleached kraft 
pulp was beaten in a Hollander beater to 400 mL CSF, and the fiber 
fraction was diluted with deionized water to 0.5 wt% consistency to 
prepare the fiber suspension used for handsheet forming.  

 
2.2 Methods 

 
2.2.1 Flocculation of GCC 

 
A dynamic drainage jar was used for the flocculation experiment. A 
cylindrical vessel with a 68 mm internal diameter and four baffles was 
used. A propeller shaped stirrer, 50 mm in diameter, was used for stirring 
and the stirring speed was maintained between 200-3,000 rpm. To the 
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310 g of the GCC suspension in the stirring vessel being agitated gently 
at 300 rpm, 0.03 wt% of the C-PAM based on the dried GCC was added. 
The same amount of C-PAM was used in all experiments. After dosing 
with C-PAM, the stirring speed was adjusted to certain speeds for 
dispersion. Mastersizer (Malvern Instruments Ltd., UK) was used to 
measure the particle size distribution, the particle median size, and the 
span of the GCC particles. Mastersizer calculates the size of the particles 
using a light scattering pattern based either on the Fraunhofer or Lorenz 
Mie theory. The span is the measurement of the width of the distribution, 
and it is calculated as follows: 

 
Span = (d(v, 0.9) - d(v, 0.1)) / d(v, 0.5)        [1] 

                
where v is the volume distribution; d(v, 0.5) is the size in µm at which 
50% of the sample is smaller and 50% is larger; this value is also known 
as the particle median size; d(v, 0.9) and d(v, 0.1) are the sizes of the 
particle below which 90% and 10% of the sample lies, respectively. 

 
2.2.2 Concentration of flocculant 

 
To examine the effect of the flocculant concentration, a C-PAM solution 
at solids content of 0.20 wt% was diluted to concentrations of 0.10 and 
0.05 wt% with deionized water, and these were added to GCC 
suspensions of 50 wt% solids. Flocculants solutions with three different 
concentrations at 0.05, 0.10, and 0.20 wt% were prepared and added to 
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the GCC suspensions at three different solids levels of 38, 43, and 46 
wt%, respectively. The suspension was then stirred at a speed of 2,000 
rpm. GCC slurry samples were taken from the middle of the stirring 
vessel and their particle size and its distribution were examined with 
Mastersizer. The amount of GCC to get 15% of light obscuration in the 
Mastersizer was added directly to the instrument without dilution. A 
smaller amount of GCC was needed for the high solids GCC slurry. It 
took around 5 seconds to sample the GCC slurry, and the first 
measurement was made 5 seconds after the sample transfer since 
Mastersizer software averages the obtained measurement data every five 
seconds. Thus, the first measurement was made 10 seconds after 
sampling the stirring vessel. 

 
2.2.3 Stirring speed 

 
The effect of the stirring speed was investigated with GCC samples at a 
solids level of 38 wt% that were treated with 0.05 wt% C-PAM solution. 
The agitation speeds were varied from 1,000, 2,000, and 3,000 rpm for 
dispersion, and then, the size of the GCC particles and their distribution 
were examined with Mastersizer. 

 
2.2.4 Dilution 

 
To the GCC suspensions at 50 wt% solids, a C-PAM solution at 0.05 wt% 
was introduced while stirring at 1,000, 2,000, and 3,000 rpm. The 
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dosage of the C-PAM was also 0.03 wt%. After stirring for 1 minute, 
1.95 mL GCC sample was taken from the middle of the stirring vessel 
and immediately added into 1,000 mL of deionized water, and then, the 
agitating speed was adjusted to 400 rpm. The amount of GCC sample 
taken was equal to the amount of GCC added to the fiber stock to prepare 
handsheets containing 18% ash. The diluted GCC samples were taken 
and analyzed every 3 minutes after the first measurement which was 
made 1 minute after the dilution. The measurements were terminated 25 
minutes after the dilution.  

 
2.2.5 Handsheets preparation 

 
Handsheets with a basis weight of 80 g/m2 were prepared following ISO 
test method 5269-2. A GCC slurry, flocculated at a stirring speed of 
1,000 or 2,000 rpm, was added to a fiber suspension. The amount of 
GCC ranged 20%-60% based on the dry fiber weight. The tensile 
strength and brightness of the paper were determined according to 
standard test methods (ISO 1924-2 and ISO 2470). The surface images 
of the handsheets were taken by field emission scanning electronic 
microscopy (FE-SEM, Carl Zeiss, Germany). 
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3. Results and Discussion 
 

3.1 Floc properties 
 

The distributions of the particle sizes for the original GCC and 
flocculated GCC using the C-PAM solutions at three different 
concentrations are shown in Fig. 2-1. The C-PAM dosage was 0.03 wt%. 
The GCC particles flocculated with C-PAMs at concentrations of 0.05, 
0.10, and 0.20 wt% had median particle sizes of 8.1, 10.1, and 12.4 µm, 
respectively, when the slurry was stirred for 1 minute after dosing the 
flocculant. When C-PAM was added at a high concentration, the median 
size increased. This result is because the high concentration of C-PAM 
led to less homogeneous mixing in the stirring vessel at an early stage 
(Schneider et al. 2002). However, the difference in GCC particle size 
disappeared after mixing for 5 minutes. Untreated GCC had a span of 
1.5, while the flocculated GCC with 0.05, 0.10, and 0.20 wt% C-PAMs 
had spans of 4.0, 4.6, and 5.2, respectively, after 1 minute of stirring. 
The addition of high concentrations of C-PAM increased the span of 
GCC flocs. Fig. 2-2a shows that the average floc size decreased to 
around 3.0 µm and remained rather constant after 5 minutes. The span 
also decreased with time; however, it differed, that is, it was large with 
high concentrations C-PAM and small with low concentrations C-PAM 
(Fig. 2-2b). This shows that dosing with C-PAM at high concentrations 
causes improper mixing that result in a non-uniform distribution of the 
flocculant. When the mixing is not uniform, some particles are covered 
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with more flocculant and others remain intact with polyelectrolytes. 
Additionally, the particles covered with the flocculant tend to form large 
flocs, which disperse into smaller ones after extended stirring. These 
flocs, however, never become as small as the original GCC particles, 
and the size tends to be bigger for flocs treated with a larger amount of 
flocculants. 

 
 
 
 
 
 
 

 
Fig. 2-1. Distributions of the particle sizes for GCC flocculated with C-PAM 
suspensions with different concentrations. Measurements are made after 1 minute of 
stirring at 2,000 rpm. 
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Fig. 2-2. Median size (a) and span (b) of GCC flocculated with C-PAM suspensions 
using different concentrations, as a function of the stirring time at 2,000 rpm. 
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Fig. 2-3 shows the distributions of the particle sizes for the flocculated 
GCC with stirring speeds of 1,000, 2,000, and 3,000 rpm for 1 minute. 
At a stirring speed of 1,000 rpm, the median size of the flocculated GCC 
particles was 29.0 µm and the span was 5.4. The median sizes decreased 
to 7.9 and 4.8 µm at stirring speeds of 2,000 and 3,000 rpm, respectively. 
Additionally, the spans were reduced to 4.1 and 3.1, respectively. Similar 
results have been reported (Blanco et al. 2005; Byrne et al. 2002; Lee, 
Lee 2006; Spicer et al. 1998; Yeung et al. 1997). Fig. 2-4a shows the 
median size of the flocculated GCC as a function of the stirring time at 
different stirring speeds. GCC stirred at 1,000 rpm for 30 minutes had a 
particle median size of 5.4 µm, and this was greater than those at 2,000 
and 3,000 rpm.  

This shows that low stirring conditions do not completely disperse 
GCC flocs. The span of the GCC particles decreased with time except at 
1,000 rpm (Fig. 2-4b). At a stirring speed of 1,000 rpm, the span 
increased and remained constant. This shows that larger flocs tend to 
stay undispersed at this stirring speed. 

Fig. 2-5a shows the median particle size of GCC stirred at different 
speeds for 1 minute, then diluted and stirred at 400 rpm in 1,000 mL of 
deionized water. The median particle size and span of the flocculated 
GCC remained constant (Fig. 2-5). This shows that GCC flocs remain 
intact without disruption at low consistency and low stirring speed. This 
suggests that immediate dilution of GCC particles and slow stirring 
should be made to keep the floc size constant before sheet forming. 
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Fig. 2-3. Distributions of the particle sizes for GCC flocculated at different stirring 
speeds for 1 minute. 
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Fig. 2-4. Median size (a) and span (b) of flocculated GCC as a function of the stirring 
time at different stirring speeds. 
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Fig. 2-5. Median size (a) and span (b) of flocculated GCC stirred at different speeds 
for 1 minute, then diluted and stirred at 400 rpm, as a function of the stirring time at 
the diluted consistency. 
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3.2 Handsheets properties 
 

The median particle sizes of the flocculated GCC were 29.0 and 7.9 µm 
when stirred at 1,000 and 2,000 rpm, respectively. The addition of the 
flocculated GCC increased the tensile strength of the handsheets (Fig. 
2-6). At equal ash content, the tensile index of the handsheet filled with 
GCC flocculated at 1,000 rpm improved to about 15% compared to the 
control. The increment of the tensile index was greater when the GCC 
particles stirred at 1,000 rpm were used. This result of the present study 
was in agreement with those of the earlier studies (Tanaka et al. 2001; 
Li et al. 2002). It has been shown that this is caused by an increase in 
the fiber-fiber bonded area. The difference in the tensile indices for 
handsheets filled with GCC flocculated at 1,000 and 2,000 rpm, however, 
was not substantial. Some speculations can be made for this. Gaudreault 
et al. (2009) suggested that this is because the size distribution within 
the sheet is unlikely to equal the original size distribution of the filler 
dispersion. On the other hand, Li et al. (2002) suggested that thick 
particles have a greater strength-lowering effect than that of flat or thin 
particles. Obviously, the presence of too large filler flocs in the sheet 
would impair not only sheet uniformity but also the printing properties 
by dusting and picking.  

The brightness of the handsheets that were filled with flocculated 
GCC particles decreased by 1% compared to the control sample at a 
given ash content (Fig. 2-7). An increase in the floc size decreased the 
surface area for light scattering and sheet brightness. Brightness loss, 
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however, is not proportional to the floc size, that is, the loss is 
diminished for large flocs shown by Gaudreault et al. (2009). Krogerus 
(1999) also proposed that aggregation of the filler decreases filler 
scattering; however, the effect is small in practice. Brightness loss is not 
an issue for highly loaded papers since the brightness increases with the 
GCC content in the sheet.  

SEM images show that a greater inter-fiber bonding area can be 
achieved when the sheet contains pre-flocculated GCC flocs (Fig. 2-8). 
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Fig. 2-6. Tensile index of the handsheets filled with un-flocculated GCC (1.8 µm) and 
GCC flocculated at 1,000 and 2,000 rpm (29.0 and 7.9 µm). 
 

 

 
Fig. 2-7. Brightness of the handsheets filled with un-flocculated GCC (1.8 µm) and 
GCC flocculated at 1,000 and 2,000 rpm (29.0 and 7.9 µm). 
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Fig. 2-8. FE-SEM images of the handsheets filled with un-flocculated GCC (a) and 
GCC flocculated at 1,000 rpm (b), both contain 18 wt% ash. 
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4. Summary 
 
The concentration of the flocculants that were added to the GCC 
suspension affected the floc properties. The addition of high-
concentration C-PAM yielded larger particle median size during the 
early stage of mixing. The stirring speed influenced the distribution of 
the particle size for the flocculated GCC particles. A high stirring speed 
yielded smaller particle median size, and the span of the particle size 
distribution also decreased. Dilution of the flocculated GCC particles 
immediately after floc forming and slow stirring allowed the distribution 
of the floc and particle size to remain constant. This can be used as a 
method to keep the floc size constant before sheet forming. The use of 
pre-flocculated GCC increased the tensile strength of the handsheets by 
15% in comparison with the conventional GCC. Brightness, however, 
decreased by adding the large flocs. 
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Polyacrylamide on Flocculation 
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1. Introduction 
 

Flocculation of particles induced by water soluble polymers has been 
attracting great interests in many research fields, such as water treatment 
and papermaking. Understanding the behavior of polymers on a 
flocculation process is critical to control and optimize the process. 
Recently, many types of polyelectrolyte have been utilizing as 
flocculating agents to aggregate the both organic and inorganic matters 
(Bolto 1995; Nyström et al. 2003). Among the various polymers, C-
PAMs have been widely applied on aggregating negatively charged 
particles, because this co-polymer is manufactured with a wide range of 
molecular weight so that the polymer has plenty of uses. GCC is an 
industrial mineral, which has many applications, such as papermaking, 
paint, plastic, and construction. As GCC particles are mainly supplied in 
a slurry form, it is necessary to be treated with dispersing agents which 
is partially dissociated depending on the pH levels (Huggenberger et al. 
2000). 

Forming particle flocs with adequate size for a process is significant, 
because this has close relation to the separation and retention efficiency. 
Until now it has been reported that many variables affect the flocculation 
of inorganic particles, which include pH, temperature, and ionic strength 
of suspension (Badawy et al. 2010). The characteristics of flocculating 
agent, such as molecular weight and charge density, are the most 
important factors which control a flocculation process. It is believed that 
when a flocculating agent has large molecular weight, it has an 
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advantage in forming inter-particle bridging bonds (Yu, Somasundaran 
1993; Wagberg 2000), thus increasing the size of flocs. 

Flocculation kinetics have been studying by monitoring a change in 
the size of aggregates (Biggs, Lant 2000; Bushell 2005; Rasteiro et al. 
2008b). Among the numerous methods to measure the size, we adopted 
LDS which measures the size over time. A particle charge detector was 
employed to examine the hydrolysis of C-PAM under neutral and 
alkaline conditions, because the hydrolysis results in a decrease in 
charge density. Two pathways have been reported to account for the 
hydrolysis of C-PAMs under alkaline conditions (Aksberg, Wågberg 
1989; Bolto, Gregory 2007). The pathways include the hydrolysis of 
both amide group and ester group of C-PAMs, releasing ammonia and 
choline chloride, respectively, as a hydrolysate. As polymeric 
characteristics such as charge density and conformation can be altered 
by types of the degradation pathway, thus, understanding a dominant 
reaction pathway is important to comprehend an adsorption behavior of 
polymers. An ion chromatography system was used to confirm a 
prominent pathway by detecting the hydrolysates (Christianson et al. 
1960; Zhang, Zhu 2007). 

Adsorption properties of polyelectrolyte are believed to affect 
flocculation behaviors of particles. QCM-D was employed in this study, 
which has been widely adopted to monitor the adsorption behaviors of 
materials such as polymer and protein on various substrates. This device 
allows investigating not only adsorption kinetics and mass but also 
visco-elastic properties of adsorbed polymer layer (Caruso et al. 1997; 
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Höök et al. 2001; Notley et al. 2004; Naderi, Claesson 2006; Alagha et 
al. 2013). 

Even though the hydrolysis of C-PAMs have been documented in 
previous studies, there have been a few studies dealing with effect of the 
degradation on flocculation ability and its mechanism. The present study 
is aimed to evaluate the effect of hydrolysis of C-PAM on flocculation 
of GCC by understanding the adsorption behavior of C-PAM under 
neural and alkaline conditions. 
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2. Materials and Methods 
 

2.1 Materials 
 

A commercial C-PAM, Percol 63, was used in this experiment. The 
polymer in a powder form was kindly provided by BASF Korea. Its 
molecule weight was approximately 6 Mg/mol according to the 
specification provided by the manufacturer. A stock solution at a 
concentration of 0.2 wt% was prepared by dissolving the powder in 
distilled water (conductivity < 70 µS/cm) for 8 hours, and then diluted 
again to 0.01 wt% before use. Charge density of the C-PAM was 1.5 
meq/g which was measured by polyelectrolyte titration using sodium 
polyethylene sulfonate (BTG, Germany). Three pH buffer solutions (pH 
7, 8, and 9) were purchased from Samchun chemicals, Korea. 

GCC, Hydrocarb 75F, was supplied from Omya Korea in a slurry at 
a concentration of ca. 60 wt%. Median size of GCC particles measured 
by LDS was 1.8 µm. A GCC suspension at a concentration of 5 wt% was 
prepared, and then continuously stirred to prevent a sedimentation 
before using. Both 0.1N and 1N HCl solutions (Samchun chemicals, 
Korea) were used to adjust pH of GCC suspensions to 7, 8, and 9. 

 
2.2 Methods 

 
2.2.1 Flocculation of GCC 
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A set-up to monitor a change in the size of GCC particles was used in 
flocculation test, as shown in Fig. 3-1. The set-up consisted of a particle 
size analyzer (Mastersizer 2000, Malvern instruments, UK), circulation 
pump (Hydro MU, Malvern instruments, UK), silicon rubber heater 
(DAIHAN scientific, Korea), and temperature controller (TC-200P, 
MTOPS, Korea). The flocculation test was conducted to investigate the 
effects of pH and temperature of suspension on the aggregation of GCC 
particles. Zeta potential of particles was measured by using an 
electrophoretic light scattering device (Zetasizer Nano ZS, Malvern 
instrument, UK). 

To evaluate the effect of pH, distilled water of 900g was added in a 
1,000-ml beaker and adjusted to 25ºC. To the beaker 2,300 µl of GCC 
suspension at a concentration of 0.5 wt% was added to make an LDS 
obscuration 25% (although desirable obscuration value is lower than 
20%, the initial value of 25% would decrease with aggregation of 
particles). Then, pH levels of the suspensions were adjusted to 7, 8, and 
9 by adding NaOH. First measurement was carried out right before 
dosing C-PAM solutions, so that this measured the size of GCC particles 
untreated with polymer. After the 1st measurement, 600 µl of the 
polymer (equivalent to 0.1 wt% on oven-dried GCC) was added to the 
suspension. The negatively charged particles initiated to be aggregated 
by adding the cationic polymer, and 20-time measurements were kept 
for ca. 10 minutes.  

Although temperature is considered as a significant factor affecting 
flocculation behaviors, most studies on particle aggregation have been 
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conducted at room temperature (Fuente et al. 2005; Shen et al. 2009). A 
required temperature for flocculation can vary depending on types of 
process so that understanding an impact of temperature on polymeric 
behaviors is important, as well. So, we carried out the flocculation tests 
at various temperatures ranged from 25ºC to 45ºC (maximum 
temperature adjustable in this laboratorial experiment was 45ºC). To 
investigate the effect of temperature on GCC flocculation, all of the tests 
were conducted at a pH level of 9. Polymer addition level was the same 
as above-mentioned. 

At termination of the measurements, 40 µl of the suspension was 
taken for microscopic observations (BX-51, Olympus, Japan). The 
samples were placed on microscope slides with a cavity in the center 
which prevent GCC aggregates from being crushed by cover slips. 

 

 
Fig. 3-1. Experimental set-up consisted of a laser diffraction spectroscope to measure 
the size of GCC aggregates. 
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2.2.2 Hydrolysis of C-PAM 
 

A method described by Aksberg and Wågberg (1989) was adopted and 
slightly modified in this study to monitor the change in charge density 
of C-PAM.13 C-PAM solution 190g (0.0105 wt%) was stirred at a speed 
of 300 rpm by magnetic stirrer (WiseStir, DAIHAN scientific, Korea) 
with a built-in temperature controller. The solutions were adjusted to 
25ºC, 35ºC, and 45ºC, and then 10g of pH buffers were added. Salt 
concentration was 5 mM by adding NaCl. Charge densities of the C-
PAMs were measured using particle charge detector (PCD-03, Mütek, 
Germany) at 30, 60, and 120 minutes after dosing buffers. 

Choline chloride and ammonia as hydrolysates were determined by 
using ion chromatography (Dionex ICS 3000, Dionex, CA, USA). First 
of all, the C-PAMs were hydrolyzed with pH buffers for 30 minutes, and 
the mixtures were moved to a stirred ultrafiltration cell (Amicon 8400, 
Millipore coporation, MA, USA) to separate the hydrolysates. 
Ultrafiltration discs (Ultracell, Millipore coporation, MA, USA) with a 
molecular weight cut-off of 3 kg/mol were used. By putting nitrogen gas 
into the ultrafiltration cell, the hydrolysates were passed through pores 
of the discs. 

Choline chloride standards of analytical grade (Samchun chemicals, 
Korea) were used to quantify the amount of choline with an external 
standard method. Choline chloride was prepared at a concentration of 
1,000 ppm, and then this was diluted again to 500, 100, and 10 ppm to 
obtain a calibration curve. To analyze other cations, such as ammonium 
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and sodium, six cation standards (Dionex P/N 43162, Dionex, CA, USA) 
were used to detect Li+, K+, NH4+, Na+, Ca2+, and Mg2+. The ion 
chromatography system was operated in a condition as follows: [column: 
Ionpac CS12A (4 x 250 mm), column oven temperature: 30ºC, flow rate: 
1 ml/min, eluent: 20 mM methanesulfonic acid, injection volume: 25 µl, 
detection: suppressed conductivity (SCRS Ultra, recycle mode), and run 
time: 15 min]. 

 
2.2.3 QCM-D measurement 
 
QCM-D (Q-Sense E1, Biolin Scientific, Sweden) was used to examine 
the adsorption characteristics of C-PAMs which was hydrolyzed under 
neutral and alkaline conditions. QSX 301 with gold electrodes (AT-cut 
quartz crystal sensor) was purchased from Biolin Scientific (Sweden), 
and cleaned in accordance with the cleaning protocol A-1. The sensors 
were initially treated with UV/ozone for 5 minutes, and immersed in a 
5:1:1 mixture of distilled water, ammonia (25%), and hydrogen peroxide 
(30%) at 75ºC for 10 minutes. After rinsed with distilled water and dried 
with nitrogen gas, the sensors were treated by UV/ozone again. 

To prepare the hydrolyzed C-PAMs for QCM-D measurement, 99.5 
g of the polymer solution (0.0105 wt%) was given to a 125-ml 
Erlenmeyer flask. To the flask, 0.5g of buffers at pH levels of 7, 8, and 
9 were added, and salt concentration was adjusted to 2 mM by adding 
NaCl. The mixtures were stirred at a speed of 300 rpm for 20 minutes. 

Changes in frequency (∆fn) and dissipation (∆Dn) were monitored by 
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QCM-D at 25 ºC, and these describe the mass adsorbed on a quartz 
crystal sensor and the viscoelastic property of polymer layer, 
respectively. The principle for QCM-D measurement has been described 
in detail elsewhere (Naderi et al. 2006). The Sauerbrey equation 
accounts for correlated ∆fn with adsorbed mass per unit area 

 
∆m =  −  ∆                     [1] 

 
where n is the vibrational resonance overtone number (1, 3, and 5) and 
C is a constant describing the sensitivity for changes in mass. The 
dissipation factor D is defined as  

 
D =                         [2] 

 
where Edis is the dissipated energy and Est is the stored energy during an 
oscillation cycle. 
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3. Results and Discussion 
 

3.1 Effects of pH and temperature on the GCC Flocculation 
 

Flocculation of particles induced by polymeric flocculants involves 
sequential stages of mixing, adsorption, re-conformation, collision, and 
break-up (Gregory 1988). In other words, growth of aggregates cannot 
be kept during the process, but rather the size reaches a steady-state at a 
given shear condition (Jarvis et al. 2005). The equilibrium size is 
considered as a balance between floc formation and breakage. So, when 
a polymer forms large aggregates in the equilibrium size, it is believed 
that the polymer has superior flocculation ability. 

Median particle sizes of GCC aggregates formed at various pH 
levels are shown in Fig. 3-2. All of the plots show a growth in early stage, 
in turn, a stabilization in the size from intermediate stage after ca. 5 
minutes. Flocculation rate of GCC particles was the same in early stage, 
but differences in the equilibrium size was made after 5 minutes. Larger 
aggregates were formed at pH 7 than at other pH levels. The equilibrium 
size increased with a decrease in pH levels. 

The flocculation test to examine the effect of temperature was 
performed at pH 9 at which the smallest aggregates were formed, as 
shown in Fig. 3-2. Temperature also affected GCC flocculation, 
resulting in a decrease in the equilibrium size with increasing 
temperature (Fig. 3-3). Interestingly, gradual reduction in the median 
size after reaching maximum size was found in the result at 45ºC. Fig. 
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3-4 shows the GCC particles which was taken after finishing the 
flocculation test at given conditions. These images also shows that larger 
aggregates are formed with decreasing pH levels and temperatures. 

Changes in zeta potential of GCC particles caused by pH levels and 
temperatures might be regarded as a key accounting for the results in 
Figs. 3-2, 3-2, and 3-4. Due to the presence of dispersing agents in GCC 
slurry, zeta potential of GCC particles can vary depending on pH values 
of the suspension. Dispersing agents, such as polyacrylate, are weak 
polyelectrolytes so that these are less dissociated at low and intermediate 
pHs than at high pHs. It is well known that particles with low zeta 
potential are unstable, thus easy to form inter-particle aggregation. Zeta 
potentials of the GCC particles at various pH levels and temperatures 
were depicted in Fig. 3-5. As expected, zeta potential at pH 7 gave the 
lowest value because of less complete dissociation of dispersing agents. 
As pH level increases, zeta potential increased, as well. This can imply 
that flocculation could be much easier at pH 7 than at pH 9, showing a 
good accordance with the result in Fig. 3-2. However, accounting for the 
changes in aggregate size with zeta potential only had a limitation, 
because no difference in zeta potential was found among the particles 
measured at different temperatures of 25ºC, 35ºC, and 45ºC. 
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Fig. 3-2. Median particle sizes of GCC aggregates formed at pH levels of 7, 8, and 9 
at 25ºC. 
 

 

 
Fig. 3-3. Median particle sizes of GCC aggregates formed at temperatures of 25ºC, 
35ºC, and 45ºC at pH 9. 
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Fig. 3-4. Images of GCC aggregates formed at various pHs and temperatures: (a) pH 
7_25ºC, (b) pH 8_25ºC, (c) pH 9_25ºC, (d) pH 9_35ºC, and (e) pH 9_45ºC. 
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Fig. 3-5. Zeta potential of GCC particles measured at pH levels of 7, 8, and 9 at 25ºC, 
and temperatures of 25ºC, 35ºC, and 45ºC at pH 9. The GCC particles were untreated 
with the C-PAM. 
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3.2 Hydrolysis of the C-PAM 
 
It has been described that PAMs are susceptible to hydrolysis in alkali 
suspensions in previous studies (Aksberg, Wågberg 1989; Caulfield et 
al. 2002). There are two pathways which can account for the hydrolysis 
of PAM under alkaline conditions. The reduction in equilibrium size 
shown in Figs. 3-2 and 3-3 was rather explicable by hydrolysis of C-
PAM. 

One pathway involves the addition of hydroxide ion to the amide 
carbonyl group of PAM, followed by elimination of the amide ion 
allowing an acrylic acid residue. Then, the amide ion forms carboxylate 
and ammonia, removing a proton from the acrylic acid residue. Another 
reaction pathway involves the hydrolysis of ester group in the cationic 
copolymer, as shown in Fig. 3-6. This reaction also forms negative 
charges on the polymer chain, while this eliminates choline chloride. 
Both reaction pathways can greatly affect GCC flocculation, because 
both the formation of negative charges on the chain and the elimination 
of cationic parts from the polymer are believed to make negative effects 
on the bridging flocculation. 

To monitor the changes in electrostatic property of the cationic 
polymer, charge densities were measured at various pHs and 
temperatures, and depicted in Figs. 3-7 and 3-8, respectively. It was 
found that the C-PAM is rarely hydrolyzed at pH 7, thereby keeping its 
initial charge density at 25ºC. However, the hydrolysis was progressed 
with increasing pH. Furthermore, temperature also showed great impact 
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on charge density at pH 9. As temperature raised up, the decrease in 
charge density was accelerated, and charge density even showed 
negative values with continuous reaction time (Figure 3-8). The changes 
by pH and temperature are in close agreement with previous studies 
(Aksberg, Wågberg 1989; Maxwell et al. 2013). 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3-6. Scheme describing the hydrolysis of ester group on C-PAM (Aksberg, 
Wågberg 1989). 
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Fig. 3-7. Changes in the charge density of C-PAM hydrolyzed at pH levels of 7, 8, 
and 9 at 25ºC. 
 

 

 
Fig. 3-8. Changes in the charge density of C-PAM hydrolyzed at different 
temperatures of 25ºC, 35ºC, and 45ºC. The pH level was 9. 
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As aforementioned, hydrolysates of the two pathways are different from 
each other. So, it was required to confirm a dominant pathway to 
elucidate a mechanism impacting on the flocculation ability. The ion 
chromatography system was employed to determine a dominant 
pathway, by detecting choline chloride and ammonia as hydrolysates of 
ester group and amide group, respectively. Because both choline and 
ammonia are cations, assaying them with ion chromatography is the 
most effective way that can detect them at the same time. 

A chromatogram for the general cations including NH4+ is presented 
in Fig. 3-9. Fig. 3-10 shows a chromatogram of choline standards at 
several concentrations ranging from 10 to 1,000 ppm. From the area of 
the 4 peaks, a calibration curve was obtained. Using the external 
standard method, the concentration of choline chloride in the hydrolyzed 
C-PAM solutions were measured. 

Chromatograms depicted in Figs. 3-11 and 3-12 show detected 
cations for the hydrolyzed and filtered C-PAM solutions. In this study, 
choline peaks were appeared at ca. 8 minutes, but ammonia peaks were 
not showed. This indicates that hydrolysis of ester groups is dominant 
in the present study. The amounts of choline formed at various 
conditions are given in Table 3-1 in detail. From the results, it is clear 
that increasing pH and elevating temperature form much choline 
chlorides, decreasing charge density of the polymer. 
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Fig. 3-9. Chromatogram of six cation standards including Li+, Na+, NH4+, Na+, Ca2+, 
and Mg2+ at 1,000 ppm. 
 

 

 
Fig. 3-10. Chromatogram of choline chloride standard solutions at several 
concentrations of 10, 100, 500, and 1,000 ppm. 



62 

 

 
Fig. 3-11. Chromatogram of filtrates of C-PAMs hydrolyzed at pH levels of 7, 8, and 
9 at 25ºC. 

 

 
Fig. 3-12. Chromatogram of filtrates of C-PAMs hydrolyzed at temperatures of 25ºC, 
35ºC, and 45ºC at pH 9. 
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Table 3-1. Amounts of choline chloride detected by ion chromatography at different 
pHs and temperatures 

pH Temperature, 
ºC 

Peak time, 
min 

Peak height, 
µS 

Peak area, 
µS·min 

Amount of 
choline, mg/L 

7 25 8.39 0.34 0.20 5.1 
8 25 8.29 0.67 0.37 9.4 
9 25 8.24 1.49 0.70 17.9 
9 35 8.22 1.90 0.87 22.1 
9 45 8.21 1.94 0.96 24.4 
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3.3 Adsorption behavior of the hydrolyzed C-PAMs 
 

Effect of pH on adsorption behavior of the hydrolyzed C-PAMs was 
examined by QCM-D measurement. Fig. 3-13 shows ∆f signals obtained 
from the 5th overtone (the 3rd was slightly noisy) for the C-PAMs 
hydrolyzed at pH levels of 7, 8, and 9. Adsorption rate for three pHs was 
similar in early stage, but soon reached an equilibrium at different values. 
In Fig. 3-13, it is found that adsorbed mass is the least at pH 7 where the 
C-PAM is less hydrolyzed than at other pHs. Elimination of choline 
chlorides, followed by formation of negative charges, is considered as a 
key factor causing these changes in the adsorption behavior. As 
described in previous study, hydrolysis of C-PAM forms multilayer, 
allowing C-PAM to adsorb into locally negatively charged hydrolyzed 
C-PAM (Peng, Garnier 2010). It is believed that adsorbed mass increases 
when an attraction force is present among the polymers. 

Structure of adsorbed layers can be inferred from Fig. 3-14 which 
shows ∆D as a function of ∆f. A slope of the plot indicates how the 
adsorbed layer is rigid (Tammelin et al. 2004). Steep slope means that 
the layer is loose and fluffy, while gradual slope indicates a rigid and flat 
structure. The C-PAM treated at pH 9, the most hydrolyzed, shows the 
lowest slope in Fig. 3-14. In other words, the C-PAMs adsorbed on the 
substrate tighter at pH 9 than at pH 7. This suggests that if the same 
amount of C-PAM is given to GCC particles, more hydrolyzed polymers 
would be adsorbed with flat conformation on the GCC surfaces, thereby 
leading less bridging flocculation. Thus, the size of aggregates decrease 
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as the hydrolysis is progressed, as shown in Fig. 3-2. 
The hydrolyzed C-PAMs shows similar adsorption behavior to C-

PAMs charge-screened by salt addition. Signals of ∆f and ∆D obtained 
at a QCM-D measurement at several salt concentrations are present in 
Figs. 3-15 and 3-16, respectively. As salt concentration increases, 
adsorbed mass also increases. It has been demonstrated that ionic 
strength affects an adsorption property of polyelectrolyte (Höök et al. 
1998; Solberg, Wågberg 2003), decreasing the hydrodynamic diameter 
of polymer with an increase in salt concentration. Thus, polyelectrolytes 
at a high salt concentration can adsorb on a substrate a lot with shrunk 
conformation, forming rigid and tight layer. 
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Fig. 3-13. Changes in the frequency (∆f5/5) of C-PAMs hydrolyzed at pHs of 7, 8, 
and 9 for 30 minutes. 

 
 

 
Fig. 3-14. Changes in the dissipation shift (∆D) as a function of frequency shift (∆f) 
of C-PAMs hydrolyzed at pH 7, 8, and 9. 
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Fig. 3-15. Changes in the frequency (∆f3/3) of C-PAMs at several NaCl concentrations 
of 5, 10, and 50 mM. 
 

 

 
Fig. 3-16. Changes in the dissipation (∆D3/3) of C-PAMs at several NaCl 
concentrations of 5, 10, and 50 mM. 
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4. Summary 
 

Hydrolysis of C-PAM under neutral and alkaline conditions and its 
effect on GCC flocculation were investigated in this study. The size of 
GCC aggregates decreased with increasing pH and elevating 
temperature. The reduction was caused by hydrolysis of the C-PAM. The 
cationic polymer released choline chloride as a hydrolysate, forming 
negative charges on the chain. This indicates that degradation of ester 
group is rather dominant than hydrolysis of amide group. It was found 
that the hydrolysis are accelerated with increasing pH and elevating 
temperature by measuring charge density of C-PAM and detecting 
choline chloride using ion chromatography. Through QCM-D 
experiment, we also found that hydrolyzed C-PAMs adsorb on a 
substrate with a rigid and tight structure which leads less bridging 
flocculation, thereby decreasing the size of aggregates. 

 
 
 
 
 
 
 
 

 



69 

 

 
 
Chapter 4 
 
Effects of Charge Density and 
Molecular Weight of Cationic 
Polyacrylamides on Growth and 
Structural Characteristics of 
Ground Calcium Carbonate 
Aggregates 
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1. Introduction 
 

Filler modification including pre-flocculation and layer-by-layer 
multilayering with polyelectrolytes has drawn great interests from the 
paper industry that tries to save production cost by substituting high cost 
fibers with mineral fillers (Seo et al. 2012; Lee et al. 2013). It has been 
shown that filler modification allows not only the cost reduction in 
papermaking but also improvements in the optical properties, 
bondability and filler retention (Zhao et al. 2005; Yoon, Deng 2006; 
Nelson, Deng 2008). Among the benefits provided by filler modification, 
increasing the filler content in paper was the most important advantage. 
And this can be achieved most simply and effectively with the use of the 
pre-flocculation techniques (Lee, Lee 2006; Choi et al. 2013). Various 
polyelectrolytes including polyacrylamides (PAMs) and starches have 
been employed for pre-flocculation process (Sang et al. 2011; Seo et al. 
2012). Copolymers especially based on PAMs have been preferred as 
flocculants for fillers due to their large molecular weight and availability. 
In fact, C-PAMs that have been used as retention aids in modern 
papermaking processes in neutral or slightly alkaline conditions are the 
most familiar flocculants for papermakers (Wågberg 2000; Hubbe et al. 
2009; Mosse et al. 2012). GCC has been widely used as a filler for 
printing and writing papers along with C-PAMs that aggregate GCC, 
which carry negative charges on the surfaces, by forming bridging bonds 
among the GCC particles. 

In general, GCC is supplied in a slurry form under alkaline 
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conditions because this prevents the GCC particles from being dissolved 
and coagulated. However, it has been reported that alkaline conditions 
hydrolyze C-PAMs (Aksberg, Wågberg 1989; Bolto, Gregory 2007) and 
the hydrolysis occurred in the ester group with cationic functionality, 
thereby reducing the cationic charge density of the polymer. The 
degradation of C-PAMs, in turn, may decrease the flocculation ability of 
C-PAMs especially in alkaline conditions. 

The flocculation processes have been usually examined by 
monitoring the size and the structure of aggregates. It has been 
documented that the structural characteristics of aggregates are strongly 
associated with floc strength (Liao et al. 2005). The mass fractal 
dimension has been employed as a measure describing the compactness 
of the aggregate in water and wastewater research fields. To determine 
the mass fractal dimension, two-dimensional (2-D) and three-
dimensional (3-D) techniques have been usually adopted. While the 2-
D fractal dimension was obtained from microscopic images 
(Chakraborti et al. 2003; McCurdy et al. 2004), the 3-D fractal 
dimension was derived by using a light scattering (Glover et al. 2000; 
Bushell et al. 2002). 

Im et al. (2013) reported that paper containing GCC aggregates with 
high fractal dimension revealed better mechanical properties such as 
tensile and internal bonding strength. Although various experimental 
studies have been conducted to examine the flocculation kinetics 
(Rasteiro et al. 2007; Gregory 2009; Peng, Garnier 2012), few studies 
on the GCC flocculation induced by C-PAMs under alkaline conditions 
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have been reported. The aim of the present study is to investigate the 
effects of charge density and molecular weight of C-PAMs on the growth 
and structural characteristics of GCC aggregates. Also the influence of 
the hydrolysis of C-PAMs under alkaline conditions on GCC 
flocculation was examined. 
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2. Materials and Methods 
 

2.1 Materials 
 

Seven C-PAMs with different charge densities and molecular weights 
were used in this experiment. All of the C-PAMs in a powder form were 
kindly provided by BASF Korea. Four C-PAMs among these seven 
polymers were used to investigate the effects of the charge density of C-
PAMs on GCC flocculation. The charge densities of these polymers 
ranged from 0.3 meq/g for low charge C-PAM to 3.7 meq/g for high 
charge C-PAM, while their molecular weights were around 5-6 Mg/mol 
(Table 4-1) according to the supplier. To evaluate the influence of the 
molecular weight of C-PAMs on flocculation, the other three C-PAMs 
were used. The molecular weights of these three C-PAMs ranged from 
6 to 10 Mg/mol, while their charge densities were similar to each other 
at a range of 2.1-2.3 meq/g (Table 4-2). The charge density of C-PAMs 
was determined by polyelectrolyte titration using sodium polyethylene 
sulfonate as a titrant after diluting the stock solution at a concentration 
of 0.2 wt% with distilled water to 0.01 wt%. The conductivity of the 
distilled water was less than 70 µS/cm. 

GCC (Hydrocarb 75F) was supplied by Omya Korea in a slurry form. 
Median particle size of the GCC was 1.8 ± 0.1 µm, which was measured 
using a laser diffraction spectroscopy method. A GCC suspension was 
prepared by diluting the slurry with distilled water to 5 wt% before 
measuring the particle size. The zeta potential of the GCC particles was 
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-30.0 mV at pH 9. 
Three buffer solutions with pH 7, 8 and 9 from Samchun Chemicals, 

Korea, were used to adjust the pH of the C-PAM solutions. Analytical 
grade solutions of HCl and NaCl (Samchun Chemicals, Korea) were 
used to adjust the pH of the GCC suspension and the salt concentration 
of the C-PAM solutions, respectively. 

 
 
 

Table 4-1. Molecular weight and charge density of the C-PAMs with low, low-
medium, medium, and high charge densities 

Type Low Low-
medium Medium High 

Molecular 
weight, Mg/mol 6 6 6 5 
Charge density, 

meq/g 0.3 1.0 2.1 3.7 

 
 
Table 4-2. C-PAMs with low, medium, and high molecular weights 

Type Low Medium High 
Molecular 

weight, Mg/mol 6 8 10 
Charge density, 

meq/g 2.1 2.3 2.1 
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2.2 Methods 
 
2.2.1 Flocculation test 

 
The set-up introduced in Ch. 3 was adopted for GCC flocculation tests 
in the present study. Median particle size of the GCC floc was measured 
using a particle size analyzer based on LDS. In a 1,000 mL beaker, 900 
g of distilled water was poured and circulated at a pump speed of 1,500 
rpm. To this flow circuit, 2.3 mL of the GCC suspension at a consistency 
of 5 wt% was added. This dosage gave a light obscuration value of 25% 
from the LDS. Even though this obscuration value was slightly higher 
than a normal value for measurement, it approached a normal range soon 
after starting the flocculation test because of the growth of particles 
induced by C-PAM. 

The pH of GCC suspensions in the flow circuit was adjusted to 7, 8 
and 9, respectively, with HCl solution. The reduction in obscuration 
values was observed with decreasing pH due to the coagulation of GCC 
particles with decreasing pH. However, the changes in the median 
particle size were insignificant. All tests were conducted at a constant 
temperature of 25ºC. 

The median particle size of GCC aggregates was measured 30-40 
times with a time interval of 20-30 seconds for flocculation test. After 
the first measurement for the initial untreated GCC particles was made, 
600 μL of a cationic polymer was dosed to the GCC suspension, which 
is equal to the dosage of 0.05 wt% of polymer for oven-dried GCC. 
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At the end of the flocculation test, GCC flocs were taken to measure the 
electrophoretic mobility by using Zetasizer Nano ZS (Malvern 
instruments, UK) based on electrophoretic light scattering (ELS). The 
electrophoresis is the motion of charged colloidal particles in a 
suspension applied an electric field. Thus, the electrophoretic mobility 
refers the velocity of particles in the electric field. The samples were 
loaded in the cells (DTS-1061, Malvern instruments, UK), measuring 3 
times. 

 
2.2.2 Hydrolysis of C-PAMs 

 
Changes in the charge density of C-PAMs were measured to evaluate the 
hydrolysis of C-PAMs as described by Aksberg and Wågberg (1989). 
Hydrolysis of the C-PAMs under alkaline condition was examined by 
adding 10 g of the buffer solution at pH 9 to 190 g of the C-PAM solution, 
which made the concentration of C-PAM solution to be 0.01 wt%. NaCl 
concentration of this solution was adjusted to 5 mM. Then the mixture 
was agitated on a magnetic stirrer (WiseStir, Daihan Scientific, Korea) 
at 300 rpm. Charge density of the polymers was determined with the use 
of a particle charge detector (PCD-03, Mütek, Germany), which is based 
on the polyelectrolyte titration. Sodium polyethylene sulfonate solution 
at a concentration of 0.001 N was used as a titrant. The samples were 
taken every 20 minutes and four measurements of charge densities of C-
PAM solutions were made in 1 hour. 
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2.2.3 Two-dimensional mass fractal dimension 
 

At the end of the aforementioned flocculation tests, 40 μl of the GCC 
suspensions was taken for microscopic observations. The samples were 
placed on glass slides with a cavity in the center. Cover slips were 
applied on the sample to prevent the evaporation during the observation. 
The slides were read at a magnification of 200 with an optical 
microscope (BX-51, Olympus, Japan). Three slides with the GCC 
suspensions were prepared, and 3 images from the other parts were taken 
from the each slide.  

Image analysis was performed to get morphological information 
about the particles from the images using an image processing program 
(ImageJ, NIH). It transformed the original images into gray scaled (8-
bit) images, in turn binary images with a threshold value of 65 as shown 
in Fig. 4-1. The procedure separated the particles from the background 
well. Morphological information about the particles such as area, major 
axis, and minor axis was obtained by a function for particle analysis, 
which is basically inserted in the image processing program. The 
definitions of major axis and area are shown in Fig. 4-2. 

Charkraborti et al. (2003) described that the two-dimensional fractal 
dimension was calculated by regression analysis of the logarithm of the 
projected area versus the logarithm of the characteristic length as 
follows 

 
A ∝                          [1] 
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where A is the area, l is the major length, and D2 is the fractal dimension. 
Particles below 2 µm (considering that the median particle size of GCC 
was ca. 1.8 µm) in minor axis were screened for plotting in the present 
study, preventing the un-flocculated particles from being included in the 
calculation for the 2-D fractal dimension. 

 

 

 
Fig. 4-1. Example of an image conversion [from original (a) to binary (b)] to 
determine the 2-D fractal dimension of GCC aggregates. The GCC aggregates in the 
figure were formed at the condition (charge density: 0.3 meq/g, pH: 7).  
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Fig. 4-2. Major axis and area of a simulated aggregate on the image analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



81 

 

2.2.4 Three-dimensional mass fractal dimension 
 

Light scattering data for calculating the 3-D fractal dimension of GCC 
flocs were obtained from LDS (Glover et al. 2000; Bushell et al. 2002). 
According to the literature, the concept for the mass fractal dimension 
of aggregates originated from a simple idea as described in Eq. 2 
 

 ∝                         [2] 
 
where M is the mass of aggregates, R is a linear measure of radius, and 
Df is the mass fractal dimension, which is related to the density of the 
aggregate as follows 

 
 ∝                       [3] 

 
where ρ is the mass density of the aggregate. Thus, the Df indicates the 
structural compactness of the aggregate with a value ranging 1 < Df < 3 
in three-dimensional space. 

Glover et al. (2000) conducted experiments based on the light 
scattering for the fractal structure by measuring the scattered intensity, I 
(Q), as a function of the magnitude of the scattering wave vector, Q. 
When the aggregates satisfies the Rayleigh-Gans-Debye criteria, the 
scattered intensity is defined by 

 
 ( )  ∝  ( )  ( )                [4] 
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where P (Q) is the single particle form factor, and S (Q) is the inter-
particle structure factor which related to the shape of the aggregates 
which consists of the single particles. In here, Q is given by 

 
= 4 ( ) /                [5] 

 
where  is the refractive index of the dispersion,  is the 
wavelength of the incident light in vacuo, and  is the scattering angle. 
When Qr0 (r0 is the radius of the primary particle) is smaller than 1, P 
(Q) is constant. In turn, Eq. 4 can be simplified as 

 
 ( ) ∝  ( )                     [6] 

 
In the region, 1/R < Q < 1/r0, the inter-particle structure factor is defined 
by 

 
 ( ) ∝                      [7] 

 
From Eq. 6 and 7, therefore, the following expression is given by 

 
 ( ) ∝                      [8] 

 
As a result, the 3-D mass fractal dimension is calculated from the slope 
of the log I (Q) versus log Q graph (Fig. 4-3). In this study, the fractal 
dimension of GCC flocs was obtained four to seven times during the 
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flocculation period of 17 minutes to investigate the structural changes of 
the GCC flocs with time. 

 
Fig. 4-3. Example of calculation for the mass fractal dimension from a log intensity-
log angle plot. 

 
Fig. 4-4. Example showing the change in the mass fractal dimension with sequential 
time. 
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2.2.5 QCM-D measurement 
 

To hydrolyze the C-PAMs, 99.5g of the C-PAM solution at a 
concentration of 0.0105 wt% was placed in a 125-mL Erlenmeyer flask. 
Then a buffer standard at pH 9 was added until the total amount is equal 
to 100 g. Also the concentration of NaCl was controlled to be 2 mM. 
The mixture was stirred at 300 rpm for 30 minutes. 

QCM-D (Q-Sense E1, Biolin Scientific, Sweden) was employed to 
monitor the adsorption behaviors of hydrolyzed C-PAM. AT-cut quartz 
crystal sensors with gold electrodes (QSX 301, Biolin Scientific, 
Sweden) were adopted as substrates. The sensor was cleaned according 
to the cleaning protocol A-1 provided by the manufacturer. Then it was 
treated with UV/ozone for 5 minutes and then immersed in a solution of 
water, ammonia (25%) and hydrogen oxide (30%) at the ratio of 5:1:1 
(volume) at 75ºC for 10 minutes. After rinsed with distilled water, the 
sensors were dried with nitrogen gas, followed by UV/ozone treatment 
again. 

Signals for frequency (∆fn) and dissipation (∆Dn) were obtained 
from the QCM-D measurements. While the ∆ fn accounts for the mass 
absorbed on a unit area, the ∆ Dn describes viscoelasticity of the film. 
The principle for the signals has been documented in detail elsewhere 
(Naderi, Claesson 2006). Naderi and Claesson (2006) described that ∆f 
is the absorbed mass according to the Sauerbrey equation 

 
∆m= -(C ∆f)/n                     [9] 
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where n is the resonance overtone number (i.e. 1, 3 and 5) and C is a 
constant describing the sensitivity for changes in absorbed mass. All of 
the measurements were conducted at 25ºC. 
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3. Results and Discussion 
 

3.1 Effects of the characteristics of the C-PAMs on the GCC 
flocculation 
 
Changes in the median size of GCC flocs aggregated at pH of 7, 8 and 
9 using C-PAMs with different initial charge densities are shown in Figs. 
4-5, 4-6, and 4-7. The median particle size of GCC flocs increased more 
rapidly with an increase of the initial charge density of C-PAMs. When 
the charge density of the C-PAM was greater than 2.1 meq/g, not much 
difference in the flocculation rate and equilibrium size was noticed at 
pH 7. At pH 8, the median size of GCC floc decreased compared to that 
at pH 7. It was also clear that high charge C-PAM with a charge density 
of 3.7 meq/g showed greater flocculation rate than C-PAM with a 
medium charge density of 2.1 meq/g. The difference in flocculation rate 
with the charge density of C-PAMs was more pronounced at pH 9. At 
this pH the C-PAMs with low and low-medium charge densities gave 
substantially smaller median particle sizes of GCC flocs. Especially low 
charged C-PAM did not show any flocculating effect at pH 9. 
Interestingly, the flocculation rate at the higher pH values increased with 
increasing charge density applied on the GCC particles. The trends were 
clear from the results in Figs. 4-8, 4-9, 4-10, and 4-11. 

At the end of the flocculation test, the images of GCC flocs were 
captured and shown in Fig. 4-12. Medium and high charge C-PAMs 
gave larger GCC flocs while low and low-medium charge C-PAMs 
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showed marginal flocculating effect. Neutral pH condition gave larger 
flocs of GCC than alkaline conditions for all C-PAMs suggesting that C-
PAMs kept their cationic charges without losing them significantly by 
hydrolysis at neutral pH (Aksberg, Wågberg 1989). C-PAMs with low 
or medium charge densities are preferred as flocculating agents such as 
retention aids in the papermaking processes (Antunes et al. 2008b). It is 
because low or medium charge C-PAMs often showed the highest 
efficiency for fibers in neutral pH condition. The results clearly showed 
that a high charge C-PAM had an advantage of flocculating the GCC 
more effectively under alkaline conditions while the low charge C-PAM 
lost its flocculating power, which can be attributed to the hydrolysis of 
cationic functional groups under alkaline conditions. 

Measuring the electrophoretic mobility or the zeta potential is 
widely used to express the change in the surface charge for colloids or 
fibers after polymer treatments (Seppänen et al. 2000; Lee et al. 2014). 
Fig. 4-13 shows the electrophoretic mobility of the GCC aggregates 
treated with the C-PAMs having different charge density. The mobility 
of the GCC aggregates was lower at pH 8 than at pH 9, because the lower 
pH itself resulted in decrease in negative charges on the GCC surfaces. 
The higher charge density of polymers on the GCC surfaces, the lower 
mobility values was obtained. It is because more cationic charges of the 
highly charged polymers more canceled the negative charges out of the 
GCC surfaces than that having the lower charge density. 
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Fig. 4-5. Median particle sizes of GCC aggregates induced by the C-PAMs with 
different initial charge density at pH level of 7. 
 

 

 
Fig. 4-6. Median particle sizes of GCC aggregates induced by the C-PAMs with 
different initial charge density at pH level of 8. 
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Fig. 4-7. Median particle sizes of GCC aggregates induced by the C-PAMs with 
different initial charge density at pH level of 9. 
 

 

 
Fig. 4-8. Median particle sizes of GCC flocs aggregated by the C-PAM with charge 
density of 0.3 meq/g. 
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Fig. 4-9. Median particle sizes of GCC flocs aggregated by the C-PAM with charge 
density of 1.0 meq/g. 
 

 

 
Fig. 4-10. Median particle sizes of GCC flocs aggregated by the C-PAM with charge 
density of 2.1 meq/g. 
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Fig. 4-11. Median particle sizes of GCC flocs aggregated by the C-PAM with charge 
density of 3.7 meq/g. 
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Fig. 4-12. Microscopic images of GCC aggregates formed with the use of C-PAMs 
with different charge densities of C-PAMs at pH 9. The charge densities were 0.3 
meq/g (a), 1.0 meq/g (b), 2.1 meq/g (c), and 3.7 (d) meq/g. The samples were taken 
right after the particle size measurements. 

 
Fig. 4-13. Electrophoretic mobility of GCC aggregates taken at the end of the 
flocculation test which applies C-PAMs with different initial charge densities. 
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The growth of GCC aggregates induced by the C-PAMs at pH of 7, 8 
and 9 with different molecular weights is depicted in Figs. 4-14, 4-15, 
and 4-16. It is clear that the effect of molecular weight of C-PAMs on 
the flocculation of GCC was not so significant at pH 7. On the other 
hand, a significant decrease in flocculating effect of GCC was observed 
for the low molecular weight C-PAM under alkaline conditions. 
However, marginal differences in the flocculation rate and median 
particle size were obtained for the C-PAMs with molecular weights of 8 
and 10 Mg/mol. This showed that the C-PAM with medium or high 
molecular weight forms larger aggregates as it is well known in 
papermaking (Wong et al. 2006). The molecular weight, however, did 
make some difference in GCC flocculation if it was low suggesting that 
to keep the flocculation efficiency of GCC particles under alkaline 
conditions it is necessary to choose a medium or high molecular weight 
C-PAMs with high or medium charges. 

Fig. 4-17 shows the aggregates taken at the end of the flocculation 
tests. Fig. 4-18 indicates that the molecular weight of C-PAMs has 
nothing to do with the electrophoretic mobility of the aggregated GCC 
particles. The value was similar as far as the polymers had the same 
charge density. 
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Fig. 4-14. Changes in the median particle size of GCC aggregates induced by the C-
PAMs with different molecular weight at pH level of 7. 
 

 

 
Fig. 4-15. Changes in the median particle size of GCC aggregates induced by the C-
PAMs with different molecular weight at pH level of 8. 
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Fig. 4-16. Changes in the median particle size of GCC aggregates induced by the C-
PAMs with different molecular weight at pH level of 9. 
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Fig. 4-17. Microscopic images of GCC aggregates formed with C-PAMs with 
different molecular weights at pH 9. The molecular weights were 6 Mg/mol (a), 8 
Mg/mol (b), and 10 Mg/mol (c). 
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Fig. 4-18. Electrophoretic mobility of GCC aggregates formed by C-PAMs with 
different molecular weights. 
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3.2 Hydrolysis of the C-PAMs 
 

It was shown that low or low-medium charge C-PAMs lost their 
flocculating power of GCC under alkaline conditions (Figs. 4-5, 4-6, and 
4-7) and medium charge C-PAM also lost its floc forming capability 
when its molecular weight is rather small (Figs. 4-14, 4-15, and 4-16). 
The change of flocculating capability of C-PAM was attributed to the 
hydrolysis of cationic functional groups, which was investigated by 
Akberg and Wågberg (1989). They have reported that monitoring the 
charge density of C-PAMs reveals degradation of the polymers under 
neutral or alkaline conditions. Especially, it has been pointed out that the 
rate of hydrolysis increases when the pH or the temperature increases.  

Fig. 4-19 shows the changes in the charge density of the C-PAM 
solutions at pH 9. The charge density of the C-PAMs decreased at all pH 
levels as time elapsed. Greater reduction in charge density was obtained 
in the early stage of hydrolysis reaction. In the early stage of hydrolysis, 
a high charge C-PAM lost its positive charge more quickly than those 
with lower charge C-PAMs. For instance, C-PAMs with medium or high 
charge densities lost about 50% of their cationic charges during the first 
20 minutes of hydrolysis (Fig. 4-20). It should be noticed that highly 
charged C-PAM showed greater charge density even after the hydrolysis 
reaction. The molecular weight of polymers, however, did not affect the 
hydrolysis rate (Fig. 4-21), because the hydrolysis of C-PAM is a result 
of a chemical reaction between cationic functional groups of C-PAM 
and water. The molecular weight of polymers, however, did not affect 
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the hydrolysis rate (Fig. 4-21), because the hydrolysis of C-PAM is a 
result of a chemical reaction between cationic functional groups of C-
PAM and water. 

This suggests that if one wishes to use the C-PAM as a flocculant 
under the condition of high stock pH and temperature, it is necessary to 
use a high charge C-PAM rather than one might use under normal 
conditions to compensate the loss of cationic charges by hydrolysis. 

 
 
 
 
 
 

 
Fig. 4-19. Changes in the charge density of C-PAMs with different initial charge 
densities at pH 9. 
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Fig. 4-20. Decline rate of charge density from initial charge density of C-PAMs with 
the sequential time (white bar: 0-20 min, gray bar: 0-40 min, and black bar: 0-60 min). 
 
 
 

 
Fig. 4-21. Changes in the charge density of C-PAMs with different molecular weights 
at pH 9. 



101 

 

3.3 Two-dimensional fractal dimension 
 

The 2-D fractal dimension of GCC aggregates formed by the C-PAMs 
with different charge density at pH 7 condition was evaluated. The GCC 
aggregates analyzed for the 2-D fractal dimension were the same as the 
particles in Fig. 4-12.  

Through the image analysis, major axis and area were measured and 
theirs plots are presented in Figs. 4-22, 4-23, 4-24, and 4-25. The 2-D 
fractal dimension was obtained from the power of the regression 
equations. 

The lowest 2-D was obtained from the GCC particles aggregated by 
the C-PAM with low charge density. This result is in close agreement 
with those of numerous authors. It has been demonstrated that C-PAM 
with high charge density induces flocculation through bridging and 
patching mechanisms at the same time, while C-PAM with medium 
charge density behaves mainly according to the bridging mechanism 
(Rasteiro et al. 2008b). Thus, the mass fractal dimensions of the 
aggregates formed by high charge density C-PAM are higher. 

The 2-D fractal dimension along the charge density are given in Fig. 
4-26. The increase in the 2-D fractal dimension was maximized at a 
value of 1.86, and no difference in the fractal dimension was found 
above medium charge density. 
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Fig. 4-22. Projected area of GCC aggregates formed at pH 7 as a function of the major 
axis. The scatter plot was obtained by the image analysis for GCC floc formed by C-
PAM with the charge density of 0.3 meq/g. 

  

 
Fig. 4-23. Projected area of GCC aggregates formed at pH 7 as a function of the major 
axis (charge density: 1.0 meq/g). 
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Fig. 4-24. Projected area of GCC aggregates formed at pH 7 as a function of the major 
axis (charge density: 2.1 meq/g). 
 

 

 
Fig. 4-25. Projected area of GCC aggregates formed at pH 7 as a function of the major 
axis (charge density: 3.7 meq/g). 
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Fig. 4-26. Two-dimensional fractal dimension calculated from the image analysis for 
the GCC aggregates formed by C-PAM with different charge densities. The GCC 
flocs were formed at pH 7. 
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3.4 Three-dimensional fractal dimension 
 

Three dimensional fractal dimensions of GCC flocs formed with C-
PAMs at pH 7, 8 and 9 are depicted in Figs. 4-27, 4-28, and 4-29. The 
fractal dimensions at 0 minute, which is for GCC slurries without C-
PAM, were around 2.3. In general, the fractal dimension decreased 
substantially in the early stage of flocculation because of the initial 
flocculation and growth of the flocs in loose structure. Rasteiro et al. 
(2008) have shown that the mass fractal dimension decreases abruptly 
during the initial stage of flocculation when the flocs grow rapidly. In 
other words, as flocs grow the porosity of the aggregates increases, 
resulting in a decrease in the fractal dimension. 

The result in the final stage of Fig. 4-27 showed a good agreement 
with the result from 2-D fractal dimensions in Fig. 4-26. Close 
agreements between 2-D and 3-D fractal dimensions have been reported 
a lot in earlier studies (Chakraborti et al. 2000; Kim et al. 2001; Yu et al. 
2006). An increase in the 3-D fractal dimension was found with 
increasing charge density below the medium charge density, and soon it 
was equilibrated above the medium charge density. 

Low charge C-PAM gave very low levels of 3-D fractal dimensions 
at all three pHs, which indicated that tight flocs were not formed with 
this low charge C-PAM. Other polymers showed higher 3-D fractal 
dimensions during the intermediate and the final stage of flocculation 
indicating that the loose floc structure turned into tight ones in the later 
stage of stirring. When medium or high charge C-PAM was used, no 
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differences were found in the fractal values at pH 7. Fractal dimension 
of GCC flocs at pH 8 was similar to that of pH 7. But some differences 
were found for the C-PAMs with charge densities ranged from 1.0-3.7 
meq/g. 

Obviously, the high charge C-PAM gave a greater fractal value than 
low charge one at pH 8. The reduction in fractal dimensions was more 
pronounced at pH 9 as shown in Fig. 4-29. Two C-PAMs with low and 
low-medium charge densities did not give strong and tenacious GCC 
flocs. Especially low-medium charge C-PAM gave significant reduction 
in the fractal dimension indicating that the floc forming property of this 
low-medium C-PAM was severely decreased at pH 9. The fractal 
dimension for the low-medium charge density was very similar to that 
for the low charge density PAM in Fig. 4-28. It seemed that the 
hydrolysis, ended up a reduction in charge density of C-PAM, caused 
the low-medium charge C-PAM at pH 9 to act as the low charge C-PAM 
at pH 8. The GCC aggregates induced by the high charge density PAM 
showed the highest fractal dimension at all pH indicating a rapid and 
tight flocculation of GCC was made with this high charge C-PAM.  

According to the literature, higher fractal dimension of flocs 
guarantees stronger floc strength (Li et al. 2006; Li et al. 2007; Zhu et 
al. 2009). Li et al. (2006) showed the relation between the fractal 
dimension and floc strength of kaolin aggregates. So, it means that flocs 
with higher fractal dimension would resist being collapsed from various 
shear forces in the papermaking process. Furthermore, the merit of a pre-
flocculation technique can be maximized when filler aggregates with 
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compact structures are applied to paper. It has been reported that GCC 
flocs with higher fractal dimension result in better paper strength, 
especially in tensile and internal bond strength (Im et al. 2013), since the 
flocs have less specific surface area in paper product than the flocs 
having loose structures. 

This result suggests that C-PAM with a high charge density may 
have an advantage of forming large aggregates of GCC with tight and 
tenacious floc structure more rapidly in all pH conditions. 

 
 
 
 
 
 

 
Fig. 4-27. Mass fractal dimension of GCC particles aggregated by the C-PAMs with 
different initial charge densities at a pH level of 7. 
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Fig. 4-28. Mass fractal dimension of GCC particles aggregated by the C-PAMs with 
different initial charge densities at a pH level of 8. 
 

 

 
Fig. 4-29. Mass fractal dimension of GCC particles aggregated by the C-PAMs with 
different initial charge densities at a pH level of 9. 
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Even when the C-PAMs with different molecular weight were applied, 
the trend presenting the changes in fractal dimension was similar to each 
other as shown in Fig. 4-30. The rapid increase in size resulted in the 
steep decrease in fractal dimension in the early stage. As the polymers 
rearranged on the GCC surfaces and the aggregates stabilized over time, 
the fractal dimension increased, forming compact structures. 

Even though there were differences in the size of GCC aggregates 
formed by C-PAMs having different molecular weight at pH 7 and 8 
(Figs. 4-14 and 4-15), no difference in their fractal dimension was found 
in Figs. 4-31 and 4-32. It means that the GCC particles aggregated by 
C-PAMs with different molecular weight would have the similar 
structure as far as they were formed by C-PAMs with the similar charge 
density. It describes that molecular weight of C-PAMs does not affect 
the fractal dimension significantly. At pH 9, the GCC aggregates formed 
by the C-PAM with molecular weight of 6 Mg/mol resulted in the lowest 
fractal dimension. 
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Fig. 4-30. Mass fractal dimension of GCC particles aggregated by the C-PAMs with 
different molecular weights at pH 7. 
 

 

 
Fig. 4-31. Mass fractal dimension of GCC particles aggregated by the C-PAMs with 
different molecular weights at pH 8. 
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Fig. 4-32. Mass fractal dimension of GCC particles aggregated by the C-PAMs with 
different molecular weights at pH 9. 
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3.5 Adsorption behavior of the C-PAMs 
 

The adsorption behavior of the hydrolyzed C-PAMs was monitored 
using QCM-D. Both the frequency and the dissipation obtained at third 
overtone are presented in Figs. 4-33 and 4-34. From Fig. 4-33, it is clear 
that C-PAM with a high charge density adsorbed less onto the sensor 
than those having lower charge densities. Also Fig. 4-34 shows that 
highly charged polymer adsorbed in flat configuration. It means that a 
polymer molecule of the high charge C-PAM occupies a larger area than 
those with lower charge densities. It also shows that stronger bonding 
between the polymer and substrate could be induced by the high charge 
density of C-PAM. On the other hand, C-PAMs with lower charge 
densities gave larger adsorbed mass, which suggested that this C-PAMs 
formed a loose and fluffy structure after adsorption. This was also shown 
by Saarinen et al. (2008) and Lee et al. (2014). 
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Fig. 4-33. Changes in the frequency (∆f3/3) of the hydrolyzed C-PAMs with different 
initial charge densities at pH 9. The polymers were hydrolyzed for 30 min before the 
QCM-D analysis. 
 

 
Fig. 4-34. Changes in the dissipation (∆D3/3) of the hydrolyzed C-PAMs with 
different charge densities at pH 9. 



114 

 

4. Summary 
 

The influence of the charge density and molecular weight of C-PAMs 
on the flocculation of GCC particles was investigated at pH 7, 8 and 9, 
and the results were examined using a fractal dimension analysis and 
QCM-D method. C-PAMs with high charge densities gave larger GCC 
aggregates under neutral and alkaline conditions. There were no 
differences both in the flocculation rate and equilibrium size between 
the GCC aggregates induced by C-PAMs with medium and high charge 
densities at pH 7. However, greater reduction in the size of GCC 
aggregates and flocculation rate was obtained at pH 8 and 9. Low and 
low-medium charge C-PAMs lost their flocculation capacity under 
alkaline conditions and this was attributed to the hydrolysis of the 
cationic functional groups of C-PAM. To compensate the loss of cationic 
charge sites of the C-PAM in alkaline conditions by hydrolysis, it was 
suggested to use a high charge C-PAM. The fractal analysis 
demonstrated that the GCC flocs formed by high charge C-PAM have 
higher fractal dimensions indicating denser and stronger GCC flocs 
were formed. This suggested that the use of high charge C-PAM with a 
molecular weight over 8 Mg/mol would provide better performance in 
forming denser GCC aggregates in a short time during the pre-
flocculation process. 
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Effects of process variables for GCC pre-flocculation on the floc and 
handsheet properties were examined in the present study. Adding C-
PAMs at high concentrations on GCC slurry yielded larger floc in early 
stage of mixing. Higher stirring speeds yielded smaller median size and 
narrower span of the distribution, as well. Diluting the flocculated GCC 
slurry with much water immediately after floc forming allowed the 
particle size and distribution of flocs to remain constant. The use of GCC 
flocs improved the tensile strength of handsheets by 15%. It is suggested 
that a simple change in process variables, such as the concentration of 
polymer and the dilution of aggregates suspension, could give larger 
flocs in size, improving the paper strength. 

However, GCC flocculation was less effective than expected in real 
applications at higher pH levels because of hydrolysis of C-PAMs. To 
the best of my knowledge, the results in this study are the first reported 
data on the hydrolysis of C-PAMs and their effects on GCC pre-
flocculation under neutral and alkaline conditions. The present study 
describes that C-PAMs are hydrolyzed under neutral and alkaline 
systems. The degradation of polymer should be considered a critical 
factor affecting the flocculation ability, because C-PAMs lost their 
inherent electrostatic characteristics with increasing degree of 
hydrolysis. As a result of hydrolysis, C-PAMs formed choline chloride 
to afford negative charges on the polymer chain. The amount of choline 
chlorides eliminated from C-PAMs increased with increasing pH level 
and elevating temperature which results in a decrease in the charge 
density. Through QCM-D measurement, absorption behaviors of 
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hydrolyzed polymer were examined. As hydrolysis progresses, C-PAMs 
rather formed a flat and rigid structure on substrates. It worsen the ability 
to form the inter-particle bridging flocculation. Consequently, the 
median size of GCC aggregates decreased with increasing degree of 
hydrolysis.  

Owing to the large molecular weight, C-PAMs as flocculating agents 
are still attractive for GCC pre-flocculation processes, despite the 
weakness under alkaline conditions. So, finding the optimum 
characteristics of C-PAMs which resist the hydrolysis was believed as 
an effective way to overcome the problem. Effects of charge density and 
molecular weight on the growth and structural characteristics of GCC 
aggregates were investigated. GCC aggregates induced by C-PAMs with 
higher charge densities were larger than that treated with low charge C-
PAMs. Furthermore, C-PAMs with higher charge densities formed 
aggregates to have higher mass fractal dimensions which means that the 
flocs are compact and dense. However, differences in the floc size and 
fractal dimension were not significant depending on molecular weight 
of C-PAMs in this study. It was just found that the use of C-PAM with 
molecular weight above 8 Mg/mol results in faster flocculation rate and 
larger equilibrium size. 

The results suggests that hydrolysis of C-PAMs has to be considered 
to understand a reduction in flocculation efficiency under alkaline 
conditions. Furthermore, it is suggested that an application of C-PAMs 
with higher charge densities and higher molecular weights would have 
advantages of improving the growth rate and density of GCC flocs. 
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초록 

 

중질탄산칼슘(GCC)을 이용한 충전물 선응집 공정은 pH가 9 내지 

10에 이르는 GCC 슬러리에 대개 pH 5 이하의 양이온성 고분자전해질을, 

주로 양이온성 폴리아크릴아미드(C-PAM), 혼입하여 이루어진다. 고분자

전해질의 투입량은 충전물 대비 0.1 wt% 이하로 매우 적기 때문에 산성

의 고분자가 전체 충전물의 pH에 미치는 영향은 미미하다고 할 수 있다. 

이는 선응집 반응이 일반적인 초지 환경보다는 다소 높은 pH 조건에서 

일어난다는 것을 의미한다. 기존의 연구는 선응집 공정의 pH 조건이나 

온도를 고려하지 않고 수행되어, 실제 적용 시 그 효과가 미미한 경우가 

많았다. 온도와 pH가 높은 환경에서 C-PAM이 가수분해 된다는 사실이 

알려져 있지만, 이것이 충전물 선응집에 미치는 영향은 거의 보고되어 있

지 않다. 본 연구는 C-PAM의 가수분해가 충전물과의 응집 반응에 미치

는 영향을 조사하고, 가수분해된 고분자전해질의 흡착 거동을 분석하여 

응집성능에 영향을 미치는 메커니즘을 규명하고자 수행하였다. 또, 그에 

대한 지식을 바탕으로 가수분해에 따른 응집 효율의 저하를 완화할 수 

있는 방안을 찾고자 하였다. 

응집 과정을 실시간으로 추적하기 위해 레이저 회절 장비(LDS)를 이

용하였다. 이 장비를 통해 입도, 분포 등의 기본적인 정보는 물론 광산란 

정보를 함께 얻을 수 있어 프랙탈 차원을 통해 응집체의 구조적 성질을 

이해할 수 있었다. 온도와 pH 조건에 따른 가수분해 정도를 파악하기 위

하여 고분자 전하밀도를 측정하였고, 이온 크로마토그래피를 이용하여 가

수분해 산물을 정량분석 하였다. 또한, 수정 진동자 미세저울(QCM-D)을 

이용하여 pH 7~9 조건에서 가수분해된 C-PAM의 흡착 특성을 조사하였

다. 온도와 pH가 높아질수록 충전물과 C-PAM의 응집으로 형성되는 플

록의 입도가 감소하였다. 또한, 고분자 내 에스테르기의 가수분해로 염화
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콜린이 탈리되는 동시에 음전하가 형성되어 전하밀도가 감소하였다. 가수

분해는 온도와 pH가 높아질수록 활발히 일어났다. QCM-D 측정을 통해 

가수분해가 일어난 C-PAM이 기질에 납작하고 단단한 구조로 흡착되는 

것으로 밝혀졌고, pH와 온도 증가에 따른 응집 효율의 감소가 고분자 흡

착 특성의 변화에서 기인한다는 것을 의미한다. 전하밀도가 높은 C-

PAM은 pH가 높은 조건에서 응집 속도가 가장 빨랐으며 응집체의 형성 

과정에서 프랙탈 차원의 감소도 가장 적었다. 이는 현대의 고속 초지 조

건과 선응집 공정의 높은 pH 조건을 고려했을 때 높은 전하밀도의 C-

PAM을 사용하는 것이 우수한 선응집 성능을 나타낼 것이라는 것을 의미

한다. 비록 본 실험에서 사용된 고분자의 분자량 범위에서는 응집체의 입

도와 프랙탈 차원에 큰 차이를 나타내지 않았으나, 분자량 8백만 이상의 

고분자를 적용했을 때 응집 속도가 빨랐고, 응집체의 크기도 컸다. 

본 연구의 결과는 염기성 조건에서의 선응집 공정을 이해하는데 있

어서 C-PAM의 가수분해를 반드시 고려해야 한다는 것을 의미한다. 가

수분해가 진행될수록 음전하의 GCC 표면에 흡착할 C-PAM의 양이온성

기가 소실되어 입자간의 가교 응집 능력이 저하되기 때문이다. 알칼리 조

건에서 충전물의 응집 속도를 높이고, 단단한 구조를 갖도록 제조하기 위

해서는 기존의 초지 공정에서 보류제로 사용하는 C-PAM (중간 전하밀도)

보다 다소 높은 전하밀도의 고분자를 사용하는 것이 유리할 것으로 판단

된다. 

 

주요어: 가수분해, 고분자전해질, 분자량, 수정 진동자 미세저울, 응집, 이

온크로마토그래피, 입도 분석, 전하밀도, 탄산칼슘, 폴리아크릴아미드, 프

랙탈 차원, 흡착 
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