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Relationship between wettability and sizing degree of paper containing 
bulking agent

Abstract The addition of a bulking agent achieves the 
bulking of paper and increases the pore volume. In this 
study, the effect of adding bulking agents with various alkyl 
chain lengths (C14, C18, and C22) on the bulk of paper, the 
sizing performance, and sheet wettability was evaluated. 
The bulking effect of a bulking agent with a short alkyl 
chain length (C14) was large, and reduction in the sheet 
tensile strength was confi rmed to be suppressed. Good 
sheet sizing performance was achieved when a bulking 
agent was used with an alkyl ketene dimer (AKD). When 
0.1% or more of AKD was added, using a bulking agent 
with a shorter alkyl chain length increased the improvement 
in the sizing degree. Pyrolysis gas chromatography measure-
ments of the amount of reacted AKD revealed that the 
addition of a bulking agent increased the AKD content of 
the sheet. The sheet contact angle measured by the two-
liquid method tended to increase with increasing alkyl chain 
length. However, the sheet contact angle was not directly 
correlated with the Stöckigt sizing degree. By using 1% 
ferric chloride (FeCl3) and 2% ammonium thiocyanate 
(NH4SCN) aqueous solution, which are used for measuring 
the Stöckigt sizing degree, the time-dependent change in the 
contact angle on the paper sheet surface was measured to 
evaluate wettability. The Stöckigt sizing degree of paper 
sheets was found to be greatly infl uenced by the sheet wet-
tability by NH4SCN solution. In the case of 2% NH4SCN 
aqueous solution, different samples exhibited large wetta-
bility differences. When 0.2% or less of AKD was added, 
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the effect of the concentration on the contact angle was 
confi rmed to be large at all NH4SCN concentrations.
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Introduction

Pulp fi bers have both hydrophilic regions, due to hydroxyl 
groups, and hydrophobic regions, due to CH groups. Pulp 
fi bers suspended in water are processed to form paper by 
fi ltering, pressing, and drying. Hydrogen bonds between cel-
lulose fi bers are the most important bonds in determining 
the strength of paper. The bond forming ability between 
cellulose fi bers depends on the hydrophilicity of the fi ber 
surfaces (i.e., their ability to form hydrogen bonds).1

In recent years, concerns regarding environmental prob-
lems have been growing; thus, the demand for bulkier and 
lighter paper is increasing. In paper bulking during the 
paper manufacturing process, the pore volume of paper is 
increased by adding a compound that coats the surface of 
pulp fi bers and inhibits the formation of hydrogen bonds 
between the fi bers. Recently, numerous bulking agents have 
been developed, and the level of paper bulking on the addi-
tion of these bulking agents has been investigated. Paper 
bulking by the addition of a bulking agent improves paper 
properties, including improved opacity, improved softness 
and texture, and improved printability due to improved 
smoothness. In addition, the amount of raw pulp used can 
be reduced, thus reducing costs.

Asakura and Isogai2 have reported that some cationic 
diamide salts prepared from higher fatty acids and diethyl-
ene triamine are effective in decreasing the sheet density 
and tensile strength of paper. No sizing performance of 
paper was observed by the addition of diamide salt pre-
pared from isostearic acid. Noda et al.3 revealed that the 
drainage resistance of pulp slurries is decreased by the addi-
tion of di(oleamidoethyl)ammonium formic acid salt 
(DOFAS) because of partial coverage by hydrophobic 
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DOFAS molecules of hydrophilic pulp fi ber surfaces. In our 
previous article,4 changes in sheet density, tensile strength, 
and sizing degree of paper were investigated in terms of the 
addition of bulking agents and alkyl ketene dimer (AKD).

In this study, changes in paper sheet properties resulting 
from the addition of bulking agents, which were mainly 
synthesized from fatty acids with three different alkyl chain 
lengths (C14, C18, and C22), were investigated. In addition, 
changes in the sizing performance and the wetting proper-
ties were evaluated when a bulking agent was added under 
neutral papermaking conditions, in which AKD was used as 
the sizing agent.

Experiment

Preparation of handsheets and measurement of 
various properties

Commercial hardwood bleached kraft pulp was used as the 
pulp sample. It was beaten to a freeness of 430 ml (Cana-
dian standard freeness) with a beater to prepare the hand-
sheets. Bulking agents having alkyl groups with various 
chain lengths were used as the bulking agent (Table 1), and 
an alkyl ketene dimer (Arakawa Chemical Industries, 
K-903-20) was used as the sizing agent. The pulp concentra-
tion was adjusted to 2%, and bulking agent and AKD were 
added. The prepared pulp sample was diluted, and hand-
sheets for testing were prepared according to JIS P 8222. 
Pressing was performed at 350 kPa for 3 min. The sheets 
were dried at 105°C for 2 min and conditioned under stan-
dard conditions (23°C and 50% RH) before measurement.

In addition to the density of the handsheets, various 
properties including tensile strength and zero-span tensile 
strength were measured according to JIS standards. The 
Stöckigt sizing test was used to evaluate the sizing degree 
of sheets.5 The average value for two sides of paper was 
calculated by measurements performed on each side of 
three test pieces. To measure the pore distribution of sheets, 
a mercury porosimeter (Auto Pore IV 9500, Micromeritics, 
Shimadzu) was used, and the mercury intrusion method was 
followed.6

Measurement of bulking agent and AKD retentions 
in sheets

The retention of the bulking agent was measured as reported 
previously.7 Chloroform was used as the extraction solvent, 
and the Soxhlet extraction method was used.

The AKD retention in a sheet was quantifi ed by pyroly-
sis gas chromatography (Py-GC) using about 1 mg of sheet 
paper.8 A GC 4000 (GL Sciences) was used for gas chroma-
tography, and a Frontier Lab PY-2010SL was used as the 
pyrolysis system. The pyrolysis temperature was 500°C and 
the Py-GC oven temperature was increased from 50° to 
300°C at a rate of 15°C/min. A Frontier Lab Ultra Alloy+-5 
(5% diphenyl–95% dimethyl polysiloxane, 30 m × 0.25 mm 
i.d., 0.25 μm fi lm) was used as the separation column, and a 
hydrogen fl ame ionization detector was used for detection 
and recording. The AKD content of a sheet was evaluated 
based on the peak area of the corresponding component in 
the observed pyrogram.

Evaluation of sheet wettability by the two-liquid method

The wettability was evaluated by the two-liquid method 
using fi ve alkanes. In this method, the contact angle of a 
water droplet on a sheet surface was measured in an alkane.9 
A contact angle meter (CA-D, Kyowa Interface Science) 
was used to measure the contact angles.

Measurement of dynamic contact angle on paper sheet 
surface

The contact angle of droplets on the sheet surface was mea-
sured with 1% ferric chloride (FeCl3) aqueous solution and 
2% ammonium thiocyanate (NH4SCN) aqueous solution, 
which are used in the Stöckigt sizing test,5 and with deion-
ized water. In addition, the contact angle was measured for 
1% and 3% NH4SCN aqueous solutions. Photographs of 
droplets on the sheet surface were taken from the side with 
a Nikon D3 digital single-lens refl ex camera (Nikon, Japan). 
The shooting intervals were at 9–12 frames/s and the shoot-
ing time was 60 s. The average value was calculated by four 
determinations on the glossy side of test pieces.

Results and discussion

Changes in various properties and pore structure due to 
different alkyl chain lengths of bulking agents

The sheet density was reduced when any bulking agent was 
added. In conjunction with this, a decrease in the tensile 
strength was observed. When AKD and 0.8% bulking agent 
were used in combination, bulking agents with shorter alkyl 
chain lengths were found to have greater bulking effects 
(Table 2). The sheet density decreased slightly even when 

Table 1. Properties of bulking agents

Chain length of 
alkyl substituent

Melting point 
(°C)

pH Surface tension
(Nm/m2)

Particle size
(μm)

A 14 75, 90 6.2 40.9 4.45
C 18 78 6.6 62.0 4.77
E 22 91, 106 6.7 40.6 6.15
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AKD was added in combination with A, C, and E. Thus, the 
shorter the alkyl chain length is, the greater the bulking 
effect is even when AKD is added in combination. In addi-
tion, the tensile strength tended to decrease with increased 
bulking. However, when a bulking agent was added with no 
AKD, bulking agent A, which had the greatest bulking 
effect, suppressed the reduction in the tensile strength to a 
certain degree. Thus, bulking agent A has a good bulking 
effect while suppressing the reduction in the bonding 
strength between fi bers to some extent. This was also con-
fi rmed in the previously reported interfi ber bonding evalu-
ation using the same Page equation.7,10,11

The bulking effect is mainly determined by the bulking 
agent content of sheets. Therefore, retention of the bulking 
agent in the sheet was measured by chloroform extraction. 
In all cases where only a bulking agent was used and AKD 
and a bulking agent were used in combination, bulking 
agents with longer alkyl chain lengths had higher retentions 
(Table 2). This is considered to be due to bulking agents with 
longer alkyl chains having larger particle sizes so that they 
are sterically bulkier in pulp suspensions; consequently, the 
fi xed amount is increased. However, a strong correlation 
between the fi xed amount and the bulking effect was not 
observed.

The average pore diameter of a sheet decreased when 
bulking agent alone was added, and the average pore diam-
eter decreased with increasing alkyl chain length (Table 2). 
When AKD alone was added, the average pore diameter of 
the sheets also decreased. However, when AKD was used 
in combination with a bulking agent, the average pore diam-
eter increased compared with that found on the addition of 
AKD alone, and it tended to increase with increasing alkyl 
chain length. However, the increase in the sheet pore 
volume on the addition of a bulking agent is not necessarily 
closely related to the alkyl chain length.

Effect on sizing performance

Figure 1 shows the amount of added AKD and the AKD 
content of the sheet measured by Py-GC. When a bulking 
agent was used with AKD, the AKD content of the sheet 

increased. In all cases, the AKD retention increased on the 
addition of a bulking agent. In this experiment, AKD was 
added after the addition of the bulking agent; therefore, the 
bulking agent may function as an additional retention site 
for AKD.

However, the sizing degree of the sheet was not always 
consistent with the AKD content results (Fig. 2). Specifi -
cally, when 0.05% of AKD was added, the sheet with the 
lowest AKD retention, to which only AKD had been added, 
exhibited good sizing performance. Accordingly, when 
0.05% of AKD was added, the bulking agents increased the 
AKD retention, but they may have suppressed the sizing 
performance. When 0.1% or more of AKD was added, the 
sizing performance improved with increasing AKD content. 
When 0.1% of AKD and 0.8% of bulking agent were added 
together, the sizing degrees of sheets were 23.5, 25.7, and 
24.2 s for A, C, and E, respectively. Thus, they displayed 
similar sizing performances as that when only 0.2% of AKD 
was added (26 s). When a bulking agent is used in combina-
tion with AKD, a good sizing performance is achieved as 

Table 2. Effects of addition of bulking agents on sheet density, tensile index, and pore diameter of handsheets

Additiona Sheet density
(g/cm3)

Tensile index
(Nm/g)

Chloroform extractive 
content

Retention of Chloroform 
Extractives

Average pore diameterb

(μm)

(mg/g) (%)

Control 0.67 46.3 – – 5.3
A 0.62 38.0 4.30 53.7 3.4
C 0.64 38.3 4.88 60.9 2.7
E 0.65 32.4 5.63 70.3 2.3

AKD 0.66 46.2 – – 3.3
A + AKD 0.62 33.6 4.32 55.1 3.5
C + AKD 0.62 35.7 4.71 58.7 4.3
E + AKD 0.63 32.6 5.53 69.6 6.0
a Bulking agents added at 0.8%; AKD added at 0.1%
b By mercury intrusion method

Fig. 1. Alkyl ketene dimer (AKD) content in handsheets as deter-
mined by pyrolysis gas chromatography. Bulking agents A, C, and E 
were added at 0.8%. Broken line, calibration curve; solid line, observed 
relationship
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well as a bulking effect, even when a small amount of AKD 
is added.

When the amount of AKD that was added was increased 
up to 0.2%, bulking agents with shorter alkyl chain lengths 
exhibited better sizing performances. On the other hand, 
when 0.2% of AKD was added, the AKD content of the 
sheet increased from 0.99 mg/g (when only AKD was 
added) to 1.37, 1.41, and 1.24 mg/g when A, C, and E were 
also added, respectively (Fig. 1). Accordingly, not only the 
AKD content but also the interactions among the bulking 
agent, AKD, and pulp fi bers contributed to the sizing per-
formance. When the AKD content of the sheet was lower 
than about 0.4 mg/g, longer alkyl chain lengths gave better 
sheet sizing performances. When the AKD content was 
higher than about 1 mg/g, shorter alkyl chain lengths gave 
better AKD sizing performances.

Evaluation of sheet wettability

Matsunaga and Ikada9 made it possible to measure the solid 
surface free energy by the two-liquid method. In the two-
liquid method, the contact angle of a polar liquid such as 
water is measured by immersing a solid with a high surface 
energy, such as cellulose or hydrophilic polymer, in a satu-
rated hydrocarbon.

In this present study, each component of the sheet surface 
free energy was calculated from the respective contact 
angles in fi ve alkanes (Table 3). When a bulking agent alone 
was added, longer alkyl chain lengths gave larger dispersion 
component of the sheet surface free energy (γS

d) and almost 
no change in polar component of the sheet surface free 
energy (γS

p). Thus, increasing the number of alkyl chain 
carbon atoms in the bulking agent does not affect γS

p of a 
sheet. On the other hand, when used in combination with 
AKD, γS

p decreased with increasing alkyl chain length. Thus, 
longer alkyl chain lengths generate more interaction with 
AKD, reducing γS

p. In the case of a reactive sizing agent such 
as AKD, the acid–base interaction with water is thought to 

be suppressed by the sizing agent coating the cellulose 
surface. As a result, the fi bers become hydrophobic and 
good sheet sizing performance is realized. In all cases, good 
sizing performance was achieved without affecting the 
sizing effect of AKD.

Figure 3 shows the relationship between the AKD 
content of the sheet and the contact angle by the two-liquid 
method. In all cases, the sheet contact angle increased with 
increasing amounts of added AKD. This is consistent with 
the results of Yoshinaga et al.12 Larger contact angles were 
observed when AKD alone was added than when AKD and 
a bulking agent were added. In addition, bulking agents with 
longer alkyl chain lengths produced sheets with larger 
contact angles. The addition of a bulking agent provides 
some hydrophilicity to a sheet; as a result, the contact angle 
is reduced. Furthermore, a longer alkyl chain length 
increases the hydrophobicity, so that sheets with larger 
contact angles were formed. Measuring the sheet contact 
angle by the two-liquid method evaluates the sheet surface 
free energy without considering the effects of spreading 
pressure on the sheet and water permeation into the sheet; 
consequently, a direct correlation with the Stöckigt sizing 
degree was not observed.

Fig. 2. Relationship between AKD addition and sizing degree of hand-
sheets prepared by adding AKD with bulking agent A, C, or E added 
at 0.8%

Table 3. Surface energy parameters (in mJ/m2) of AKD-sized 
handsheets

Additiona γ S
d γ S

p γ

A 3.3 37.4 40.7
C 39.5 39.0 78.6
E 124.7 33.5 158.2
AKD 83.7 1.5 85.2
A + AKD 70.6 8.9 79.4
C + AKD 165.3 3.0 168.3
E + AKD 104.1 0.9 105.0

γ , surface free energy of sheet
a Bulking agents added at 0.8%; AKD added at 0.1%

Fig. 3. Relationship between AKD content in handsheets and contact 
angles with n-hexane. Bulking agents A, C, and E were added at 0.8% 
and the contact angle with n-hexane was measured at a contact time 
of 30 s
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Evaluation of Stöckigt sizing degree and contact angle 
on sheet

In the past, paper wettability was evaluated by measuring 
the contact angle.13 Measurement of the dynamic contact 
angle change over extremely short times when paper is in 
contact with water was performed by Okayama et al.14–16

The measurement results of the Stöckigt sizing degree of 
a sheet suggest that the sheet wettability might have changed 
when a bulking agent and AKD were added in combination, 
(Figs. 1 and 2). Therefore, the contact angle change on the 
sheet surface was measured for 1% FeCl3 and 2% NH4SCN 
(used for measuring the Stöckigt sizing degree) and deion-
ized water. The surface tensions of 1% FeCl3 and 2% 
NH4SCN were 64.0 and 56.0 Nm/m, respectively.

Figure 4 shows that all the contact angles of water exhib-
ited similar trends and are not affected greatly by the addi-
tion of bulking agent and AKD. On the other hand, the 
contact angle of FeCl3 and that of NH4SCN on the sheet 
surface displayed different trends depending on the kind of 
bulking agent used (Fig. 5). Sheets to which C + AKD or E 
+ AKD had been added exhibited a large contact angle for 
1% FeCl3, and the sheet to which only AKD had been added 
had a smaller contact angle. In all cases, the change in the 
contact angle for 1% FeCl3 with the amount of AKD added 
exhibited similar trends. However, the addition of A + AKD 
exhibited a different trend of contact angle for 2% NH4SCN 
than those of C + AKD and E + AKD. This trend is similar 
to the change in the Stöckigt sizing degree of the sheet. 
Accordingly, the present Stöckigt sizing degree is assumed 
to be largely infl uenced by the sheet wettability with FeCl3 
and NH4SCN (particularly by the wettability with NH4SCN).

When 0.05% of AKD was added, the contact angle of 
2% NH4SCN on the sheet surface with added A + AKD was 
markedly lower than those with C + AKD or E + AKD (Fig. 
5). This indicates that the wettability, by NH4SCN, of the 
sheet with added A + AKD was large. Because not much 
difference was observed with the AKD content of the sheet, 

it is considered that the NH4SCN wettability of the sheet 
with added A + AKD contributed to the low sizing degree.

On the other hand, when 0.1% or more AKD was added, 
no signifi cant effect was observed on the sheet contact 
angle. When 0.1% of AKD was added, the AKD content of 
the sheet changed very little. Thus, there was not much dif-
ference in the sizing degree of sheets in the range of 20–25 s. 
When the additive rate of AKD was 0.2%, the AKD content 
of the sheet increased markedly due to the addition of a 
bulking agent. The change in the contact angle depended 
mainly on the AKD content. In the case of C + AKD for 
the highest AKD content, the NH4SCN wettability was rela-
tively high. As a result, A + AKD is considered to have the 
highest sizing performance.

Figure 6 shows the contact angles for two different 
NH4SCN concentrations. In the case of 1% NH4SCN, A + 
AKD had similar contact angles to those of the other cases, 
and similar wettabilities were also measured. However, 
lower wettabilities were obtained when the NH4SCN con-
centration was 3%. Thus, the difference in wettability 
among respective samples was small for 1% NH4SCN. In 

Fig. 4. Relationship between AKD addition in handsheets and contact 
angles with water. Bulking agents A, C, and E were added at 0.8% and 
the contact angle with water was measured at a contact time of 60 s

Fig. 5. Relationship between AKD addition in handsheets and contact 
angles with 1% FeCl3 and 2% NH4SCN. Bulking agents A, C, and E 
were added at 0.8% and the contact angles with 1% FeCl3 and 2% 
NH4SCN were measured at a contact time of 60 s
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Fig. 6. Relationship between AKD addition in handsheets and contact 
angles with 1% and 3% NH4SCN. Bulking agents A, C, and E were 
added at 0.8% and the contact angles with 1% and 3% NH4SCN were 
measured at a contact time of 60 s

addition, for all concentrations of NH4SCN, the contact 
angles when 0.2% of AKD was added were very similar. 
Thus, when 0.2% or lower AKD is added, the effect on the 
contact angle of NH4SCN was found to be high.

Conclusions

Bulking agents with shorter alkyl chain lengths have higher 
bulking effects. In addition, it was found that a bulking 
agent with an alkyl chain length of C14, which has a high 
bulking effect, suppressed the reduction in paper strength.

Py-GC measurements revealed that the addition of a 
bulking agent increased the amount of AKD fi xed in the 

sheet. When the amount of added AKD was increased to 
0.2%, a bulking agent with a short alkyl chain length 
improved the paper sizing performance.

When AKD and a bulking agent were added together, 
the sheet contact angle, measured by the two-liquid method, 
tended to increase with increasing alkyl chain length. Low-
ering of γS

p of a sheet was also confi rmed.
The measurement of the Stöckigt sizing degree was 

found to be greatly infl uenced by the sheet wettability for 
2% NH4SCN. In addition, when 0.2% or lower AKD was 
added, the effect of the concentration on the contact angle 
became high at all NH4SCN concentrations.
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