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ABSTRACT

Printing quality is strongly influenced by the structural and chemical propetties of paper
surface, which depend not only on the properties of the base paper but also on the final treat-
ment of paper surface. At present, surface treatment is an important step of papermaking for im-
proving the final product quality and may comprise mechanical and/or chemical operations. For
instance in uncoated printing and writing papers surface sizing is becoming a common practice
for controlling paper roughness and mainly the spreading and absorption of liquids. Typically,
only starch is used as sizing agent, but there is an increasing tendency for combining starch with
synthetic polymers that enable a better control of the surface hydrophilic character.

This study aims at analyzing the influence of different surface sizing formulations on some
chemical properties of paper surface, such as energy and acid-base character. For that, seven
paper samples were analyzed using two distinct techniques ~ inverse Gas Chromatography
(IGC) and Contact Angle Measurements. The paper surface free energy and its polar and disper-
sive components were assessed by measurements of the contact angle with different test liquids
in a OCA 20 Dataphysics equipment. Besides, the dispersive component of the surface energy
and the acid-base character of the surface at different temperatures, as well as the Ka and Kb
constants were evaluated by IGC in a Dani GG 1000 equipment.

The results confirmed that both the contact angle and the IGC measurements are very
useful for the characterization of the paper surface chemistry. In addition, it was demonstrated
that the nature and amount of sizing influences the paper surface energy and its acid-base char-
acter, and the results were interpreted considering the properties of the compounds used for
surface sizing. This study is very important for better understanding the mechanisms that rule
paper-ink interaction, namely for ink-jet and offset printing.
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INTRODUCTION

At present, there is an increasing demand concerning the quality of printing and writing
paper grades (P&W). The performance of this commodity depends on the properties of the fi-
brous matrix and on the characteristics of the paper surface, which are influenced by the quality
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of the pulp fibers, the refining process, the chemicals added in the preparation of the furnish,
the operations at the paper machine and the modifications of paper surface (Oliver et al. 2001;
Branddo 1999). These modifications include calendering and/or chemical treatments such as
coating and surface sizing (Koskela 2003; Pruszynski 2003; Branddo 1999). Today, chemical
modifications of paper surface for improving printing quality is a common practice in papermak-
ing and, as a consequence, there is a large increase in the production of new chemicals that
meet specific end-use paper requirements.

For surface sizing, cationic starch alone or a mixture of cationic starch and a synthetic
polymer are used to control the hydrophilic character of paper surface, preventing excessive
absorption of liquids and inks (Brandao 1999). A thin reticular matrix film is formed at paper sur-
face. This film reduces the number and size of pores as well as paper roughness, and modifies
paper surface energy, so that not only liquid penetration but also liquid spreading is attenuated
(Koskela 2003; Brand&o 1999). Surface sizing is affected by the sizing formulation properties
(composition, viscosity, pH, temperature) as well as the paper properties (basis weight, bulk,
internal sizing, water content and surface energy, porosity and roughness) (Pruszynski 2003).
However, these properties must be adequately controlled in order to avoid too much penetra-
tion of the surface sizing agent in the sheet structure. For selecting the most appropriate surface
sizing agent for a specific paper it is essential to test its performance at lab scale. Parameters
of the surface sized paper, like energy, porosity and roughness, which largely influence ink sprea-
ding, penetration and drying, have to be determined.

Many studies can be found in the open literature concerning paper coating and the char-
acterization of paper surface, both in physical and chemical terms (Forsstrém et al. 2003). Howe-
ver, not many studies have been performed and published regarding surface sizing of fine pa-
pers. The objective of this study is to evaluate the influence of different surface sizing treatments
on some chemical properties of paper surface, such as energy and acid-base character. For that
two different techniques were applied in this work: contact angle measurements and Inverse gas
chromatography (IGC).

Contact angle measurements are commonly considered convenient to determine the
paper sheets surface energy, because they are fast, simple and based on easy-to-use equa-
tions for the calculation of surface energy components (Chibowski 2003; Shen et al. 2000;
Briggs et al. 1989). IGC has also proved to be a powerful tool for the characterization of solid
surfaces, like fibers and paper (Carvalho et al. 2005; Santos et al. 2001) and particularly those
that can not be easily studied by other methods. Due to interactions between the stationary
phase and the probe molecules either the dispersive component of the surface energy of the
sample (v, as his acid/base character can be achieved (Carvalho et al. 2005; Walinder 2000;
Cordeiro et al. 1995).

EXPERIMENTAL

A calendered uncoated base paper (80 g/m?), produced with a Eucalyptus globulus kraft
pulp and without any surface treatment, was surface sized with cationic starch (Ss), with three
different blends of cationic starch and co-acrylonitrile-acrylate (Sa) and with three different
blends of cationic starch and co-styrene-acrylate (Sb), as described in Table |. These surface
sized samples were no further calendered.
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Table 1 — Samples description

Sample Sizing formulation (% m/m)

Ss 100% (cationic starch*)

Sa.5 95%:5% (cationic starch* : co-acrylonitrile-acrylate)
Sa.10 90%:10% (cationic starch* : co-acrylonitrile-acrylate)
Sa.20 80%:20% (cationic starch* : co-acrylonitrile-acrylate)
Sb.5 95%:5% (cationic starch* : co-styrene-acrylate)
Sb.10 90%:10% (cationic starch* : co-styrene-acrylate)
Sb.20 80%:20% (cationic starch* : co-styrene-acrylate)

The surface sizing formulations were applied using a Mathis laboratory coating device,
(SVA-IR-B), which operates automatically with different velocities of the applicator roll. A 0.15
mm roll was used and its velocity was adjusted to 6m/min. The drying process was performed in
two steps: first with an IR drier coupled to the applicator roll using a 1.0 kW drying intensity; and
next with air drying for at least 10 min. The total surface sizing pick-up was 3.5 + 0.3 g/m?.

The Acrylate copolymers were selected due to their different hydrophobic character (Sty-
rene is more hydrophobic than Acrylonitrile). Some properties of the compounds used in this
work were determined in laboratory and the results are presented in Table 2. The monomers
proportion of each copolymer was computed by calculated elemental analysis.

Table 2 — Properties of the compounds used to produce the surface sizing formulations

Compound Monomers  Solidscontent  pIf Molecular weight Molar Surface tension
proportion (%) (gfmol) volume(cm)  (dinelem)
Cationic starch™ n.a. 12.8 6.7 160.1 107.0 66.8
Co-acrylonitrile-acrylate (2) 1:1 35.2 34 125.1 115.5 45.9
Co-styrene-acrylate (b) 1:2 25.5 4.7 176.2 232.6 45.4

A The cationic starch suspension was collected at the paper mill, and includes other pro-
cess additives used in industry, such as optical brightener (OBA) and salt.

For evaluating the impact of surface sizing on paper surface properties, contact angle
measurements were performed with the DataPhysics equipment OCA20, using the sessile drop
method (Brigs et al. 1989). By measuring on the same solid surface the contact angle of diffe-
rent liquids whose surface tension components are known it is possible to derive the total solid
surface energy and its dispersive and polar components. For the surface energy calculation the
OWRK method was applied. The theory behind this method and the surface tension values of the
liquid probes used are presented elsewhere (Chibowski 2003; Briggs et al. 1989; Owens 1969).
For each paper sample, pieces from at least three different sheets were used and for each liquid
probe a minimum of 10 drops were measured.

Inverse gas chromatography was the other technique selected to evaluate the impact of
surface sizing on paper surface properties. The main difference between IGC and conventional
Gas Chromatography is that in IGC the material under analysis is the stationary phase and the
compounds injected (probes) have well known properties. The principle of IGC is simple: an inert
carrier gas elutes a minute quantity of a probe molecule through a column packed with the sta-
tionary phase, which in this case is paper. Due to interactions between the stationary phase and
the probe molecules, the probe molecules are retained for a certain time. The application of IGC
in surface characterization enables the evaluation of the dispersive component of the surface
energy and its variation with temperature and also of the surface acid/base character (Carvalho
et al. 2005).

IGC experiments were carried out using a DANI GC 1000, equipped with a flame ionization
detector (FID). In order to reduce the particles size, the samples were cut into small pieces (about
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2 x 2 mm?) before packing. On average, approximately 2 to 3 g of each sample were packed
in stainless steel columns, 0.5 m long and 0.4 mm ID. The packed columns were conditioned
for approximately 12 h under a helium flow before the beginning of the analysis. The experi-
ments were carried out at temperatures between 35 and 60°C in 5°C intervals. The injector and
detector were kept at 180 and 200°C respectively. Helium was used as carrier gas and to each
sample tested the flow was selected to ensure that neither absorption nor diffusion of the probes
would occur inside the column. Small amounts of each probe vapor (<1 pl) were injected into
the carrier gas flow to ensure that the experiments took place at infinite dilution. To determine
the dispersive component of the surface energy, a series of n-alkane probes was used, while to
achieve the acid/base properties five polar probes were used: trichloromethane (CHCI,, acidic),
dichloromethane (CH,Cl,, acidic), acetone (amphoteric), ethyl acetate (ETA, amphoteric) and tet-
rahydrofuran (THF, basic). Natural gas (83.7 % methane) was used to determine the dead reten-
tion volume. The relevant characteristics of the probes used, such as the dispersive component
(v?) of the surface tension, molecular surface area (a), Gutmann’s modified acceptor number
(AN¥), Gutmann’s donor number (DN) and Lewis character can be found in literature, as well as
the method for the calculation of the dispersive component of the surface energy (. and of the
acid/base properties of the surface (Wa, Ka and Kb) (Carvalho et al. 2005; Santos 2005; Cordeiro
et al. 1995).

When non polar probes are used (n-alkane series), only dispersive interactions occur. By
plotting RTIn(V ) vs 2Na(y%)"? a straight line is obtained, usually referred to as the reference line.
The slope of the reference line leads to the determination of vy for a given temperature:

2. N2 a-(2)? +C=R-T-In(V) (1)

N is the Avogadro’s number, a is the cross-sectional area of the probe to be tested, R is the
ideal gas constant, T is the absolute temperature and V_is the net retention volume of the n-
-alkanes.

In order to obtain the acid (Ka) and base (Kb) parameters of the solid surface, the interac-
tions of the polar probes with the samples are analyzed and the deviation from the reference line
is quantified, allowing the estimation of the work of adhesion W s

W;:R.Tln( v,
N-a Vn,Ref

V. rer IS the retention volume established by the n-alkanes reference line and V. is now the reten-
tion volume of the polar probes.

) @)

By following the same procedure applied to the n-alkanes, experiments are undertaken
at different temperatures in order to determine the enthalpy (AHS) an entropy (ASS) of adsorption
from the linear relation of AH® vs DN/AN*, for the series of polar probes characterized by different
AN* and DN numbers, the acidic, Ka, and basic, Kb, constants are calculated:

s
CAr) e DN ©
AN * AN *

RESULTS AND DISCUSSION

The results of surface energy and of the corresponding polar and dispersive components,
obtained by contact angle measurements, are presented in Table 3.

From Table 3 is possible to observe that, for all samples, the predominant component of
surface energy is the dispersive component. Besides, sample Ss has the higher polar compo-
nent and the higher polar character. The surface sizing agent b reduces the total surface energy
and the higher is its percentage the larger is the reduction. The reduction of the surface energy
relative to the starch sizing is mainly caused by the diminution of the polar component. The effect
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of sizing agent a in the total surface energy is not evident, but once again there is a significant re-
duction of the polar component. These differences are due to the fact that the polar character of
surface sizing agent b is not so pronounced, because of the presence of the Styrene monomer.

Table 3 — Surface free energy

and the corresponding dispersive and polar components for the

different papers, determined by contact angle measurements

Surface energy (mN/m)

d
Sample Total Polar Component  Dispersive Component Ys(o/i ;( :
¥s ¥s" ¥
Ss 51.25+0.74 15.85+£0.50 3540 +0.54 69.1
Sa.5 53.78 £ 0.39 10.45+0.25 43.33+0.31 80.6
Sa.10 48.23 £0.65 8.47+0.38 39.76 £0.53 82.4
Sa.20 53.26 +£0.44 12.33+£0.28 40.92 £0.34 76.9
Sh.5 49.18 +0.51 5.67+0.29 43.51+042 88.5
Sb.10 47.79 £0.73 10.58 £ 0.44 37.21 £0.58 77.9
Sb.20 40.42 + 0.53 0.06+0.04 40.36 £0.53 99.9

Figure 1 shows that, as expected, the increase of the polar component of the surface free
energy id followed by a decrease of the contact angle with water.
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Figure 1 — Effect of the polar component of surface energy’s variation in water contact angle

The analysis of the paper samples by IGC allows the determination of the surface energy’s
dispersive component and its variation with temperature, which is an important information for
some printing technologies, namely laser printing. The results obtained for the paper samples
tested in this work are presented in Figure 2.

50

IS
@

Dispersive compnent of the surface energy.
d
~
S

1

Ys (mn/m)

30

N
@

cnipn S8
- 5a.5
e 82,10
s 82,20
4 8D.5
- Sb.10
w0 8b.20

- : '
35 40 45 50 55 80
Temperature (°C)

Figure 2 — Variation with temperature of the surface energy’s dispersive component

for all the paper samples analyzed

Sample Ss presents, in general, smaller values of y_¢, in agreement with the results ob-
tained by the contact angle measurements (Table 3), and for all samples y ¢ tends to decrease
with temperature. The amplitude of variation differs from sample to sample. The application of
surface sizing agent a increases the impact of temperature in the results (larger variation with
temperature for samples Sa.5, Sa.10 and Sa.20 than for sample Ss) while the application of sur-
face sizing agent b as an opposite effect (smaller variation with temperature for samples Sb.5,
Sb.10 and Sb.20 that for sample Ss).
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The IGC analysis allows the fitting of experimental correlations to the variation of v, with
temperature, for each sample. The results are presented in Table 4, which also mcludes the re-
sult of the extrapolation for 25°C (in order to allow a more direct comparison with the y_¢ values
obtained by the contact angle measurements).

Table 4 — Experimental correlations for calculation of vy at different temperatures and y,2 values
obtained for 25°C

Sample Correlation r’ v 1~ 25c (nN/m)
Ss yJd=-031T+4937 0.94 41.58
Sa.5 ygd =-043T+6137 097 50.57
Sa.10 v 34 =.063T+6636 0.88 50.67
Sa.20 d =-0.37T +55.59  0.95 46.22
Sb.5 d =-042T +57.08 093 46.67
Sb.10 d =-0.19T+47.71 092 42.94
$b.20 d =-023T+49.79 095 44.06

The good correlations presented in Table 4 (r? > 0.88) confirm the quality of the technique
and enable the use of the equations for computing the values of y.dat 256°C in order to better
compare with the values obtained by the contact angle measurements. The resulting compari-
son is plotted in Figure 3 and reveals that the vy ® IGC results are always supetrior to those ob-
tained by measuring the contact angle, although following practically the same tendency along
the various samples. This is not an unexpected result, since in IGC paper roughness does not
interfere with the measurements as it occurs in contact angle measurement. As a consequence,
the more energetic ‘sites’ of the samples are analyzed in IGC, leading to higher values.
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Figure 3 — ysd values from contact angle measurements and IGC.

Other valuable information obtained from IGC experiments concerns the evaluation of the
acid-base character of paper surface, by computing the values of the work of adhesion and of
Ka and Kb. The values obtained for the work of adhesion with an acidic (CH,CL,) and a basic
(THF) probe for each sample, at 40°C, are represented in Figure 4 (a), Whereas the Ka and Kb
values obtained for each sample are presented in Figure 4 (b).
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Figure 4 — Graphical representation of: (a) work of adhesion obtained by IGC for each sample with CH,CI,
and THF at 40°C; (b) Ka and Kb values obtained by IGC for each sample.
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In Figure 4 (a) it is possible to see that, for all samples, the work of adhesion of the acidic
probe (CH,CL) is higher than the work of adhesion of the basic probe (THF), which indicates that
all paper surfaces present a basic character. The addition of the synthetic surface sizing agents
increases the work of adhesion of CH,Cl,, and thus the basic character of the surface. By analy-
zing the effect of each synthetic surface sizing agent separately, it is possible to observe that for
agent a the highest values of Wa are for 10% of incorporation and the smallest ones for 20%.
This finding indicates that the effect of this compound in acid/base properties of paper increases
until approximately 10% and then decreases again. On the other hand, for surface sizing agent
b the highest values of Wa (for both probes) are obtained with 5% of incorporation and then the
increase of surface sizing agent content leads to the decrease of Wa, being the smallest values
obtained for 10% of surface sizing agent in the basic probe and for 20% in the acidic probe.
These observations are not related with the pH of the compounds, which would be the most ob-
vious relation, since the cationic starch presents the highest values of pH (Table 2) and sample Ss
has the smallest values of Kb. The variations observed between samples with the same surface
sizing agent in different amounts are possibly related to the compounds molecular volume (Table
2). Surface sizing agent a is smaller and the corresponding ‘maximum’ effect detected occurs
for 10% of incorporation in the sizing formulation, while the bigger surface sizing agent b exerts
the ‘maximum’ influence in the acid/base character of the surface for 5% of incorporation (for the
tested formulations). This observation may indicate that after the available pores (or active sites
for interaction) in paper surface are occupied, the addition of more surface sizing agent does not
increase its influence on the surface acid/base propetrties. The values of Ka and Kb observed in
Figure 4 (b) are in agreement with those obtained for Wa, since that for all samples Kb is higher
than Ka, confirming the basic character of the papers surfaces as well as the increasing of the
surface basic character with the addition of the synthetic surface sizing agents.

CONCLUSIONS

The results presented in this work confirm the suitability of contact angle measurements
and IGC in achieving some very important chemical properties of papers surface, such as energy
and acid-base character.

By contact angle measurements it was verified that the contribution of the dispersive
component is bigger that the contribution of the polar component to the surface free energy
of the samples evaluated in this study. The combination of the cationic starch with synthetic
surface sizing agents causes the diminution of the polar component of the surface energy, and
therefore the surface becomes less hydrophilic. This can be very useful to control ink penetration
in printing, namely in inkjet printing. The application of a more hydrophobic surface sizing agent
decreases more significantly the polar component of surface energy.

Concerning to IGC measurements it was possible to verify that the dispersive component
of the surface free energy decreases with temperature for all samples tested and that the sample
with only cationic starch in the surface presents the smallest values of the dispersive compo-
nent. Concerning to acid/base character, all samples proved to have a basic character (which
can be a consequence of the pulp production process itself) and the impact of each surface
sizing agent proved to depend on the molecules size and is not directly related to the amount of
compound added to the sizing formulation.

Comparing the values of the dispersive component of surface energy it was verified that
IGC leads 1o higher values than contact angle measurements.

Comparing the surface sizing agents tested, it was verified that the application of surface
sizing agent b significantly decreases the polar component of the surface energy, and reduces
the impact of temperature variations in the dispersive component, while the application of sur-
face sizing agent a has a smaller effect in the polar component diminution and increases the
impact of temperature variations in the dispersive component of the surface free energy.
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After all these considerations it is possible to conclude that both these techniques are
very important in what concerns to the complex issue of paper surface chemistry studies and
can give useful information to better understand the differences between papers that are in the
origin of differences in printing quality (which many times remain without valid explanation if only
surface physical properties are studied).
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