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In order to improve the surface characteristics of paper, surface sizing and surface coating are applied to the surface of 
the paper. Filling the pores on the surface with polymerized substances and flatting the surface are aimed in both 
operations. Test papers are either left for air-drying or they could be heated in an oven to dry more quickly. Other 
drying techniques may also affect printing, as well as the optical and physical qualities of the paper.  
In this study, starch-based sizing and calcium carbonated-starch-based coating operations were applied separately on 
paper surfaces. Some of the papers were allowed to dry at room temperature, and the others were dried in an oven. 
When the drying process was completed, paper gloss, water absorption and wettability qualities, as well as the CIE 
L*a*b* color coordinates of all the papers were evaluated. In the following stage of the study, solid tone printing was 
applied on the surfaces of the papers – that had been subjected to different drying processes – using cyan colored ink in 
an IGT C1 printability tester. The effects of air-drying and oven-drying techniques in surface coating and sizing 
operations on the physical and printability characteristics of the paper were evaluated. 
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INTRODUCTION 

There are two inputs in the printing industry: 
paper and ink.1 In order to produce high print 
quality, these two inputs need to have certain 
features. The surface characteristics of the paper 
are of great importance in the process of settling 
and absorption of liquid ink on the paper surface. 
Therefore, the surface structure of the paper is the 
most effective parameter for achieving print 
quality.2 

Paper porosity and absorbency towards 
various ingredients determine the ink holdout 
capacity, drying speed and print quality on the 
surface, which is described as print density.3,4 In 
order to achieve quality printing, it is desired for 
the ink to adhere to the surface of the paper, not to 
drag away from the pores to capillaries, and stay 
on the surface. Filling the pores among the paper 
fibers prevents the ink from dragging away. 

Two techniques can be used to improve the 
surface structure  and make it smoother: sizing  of  

 
surface fibers and surface coating. Surface sizing 
is a manufacturing technique widely used in the 
paper industry to improve the physical properties 
of papers, to control liquid resistance and to 
enhance the printability of paper, including 
surface strength, wettability, surface morphology 
and barrier properties.5,6 In the sizing operations, 
the surface is covered with surface coating resins 
and the pores are closed. Thus, surface durability 
and liquid resistance would increase, and the 
printed ink is prevented from moving along 
within the paper. In the surface coating operation, 
the surface is smoothed out with the filling 
material that is added to the surface coating resin, 
the pores are filled, and the paper becomes more 
suitable for printing.7,8 Inorganic natural 
materials, such as calcium carbonate, are usually 
used as filling material due to their low cost.9,10 
The coating operation aims to improve the optical 
and physical properties of paper, and provide 
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better printability features. These features are 
usually surface smoothness, whiteness, opacity 
and paper gloss.11,12  

In the surface sizing and surface coating 
operations, different types of starch are used as 
binder. Starch is a natural polymer composed of 
two important molecules: amylose and 
amylopectin.13,14 The wide availability of starch, 
its easy processing and low cost increase its 
potential areas of use.15 

Using starch as binder in paper surface 
operations provides so many advantages to the 
paper, for example, developing resistance against 
liquid absorption (limiting absorption), increasing 
durability (tensile strength etc.), smoothing the 
surface out, and creating a scattering environment 
for solid components.16-20 Coating starches are 
modified by physical or chemical ways to 
enhance their existing positive features, to 
decrease their unwanted characteristics, or to 
bring new qualities. Ground starches, starches 
transformed by enzymes, starches oxidized with 
ammonium persulfate, starch ethers, and cationic 
starches are some starch types used in the paper 
industry.21-23 The most often used modified starch 
type in the paper industry is cationic starch, and 
with its use, waste is decreased by half.24,25 

Both the sizing and coating operations that are 
applied to paper surfaces require a drying process 
before surface modification. There are two drying 
techniques that are commonly used. The first one 
is leaving paper surfaces to air-dry, and the other 
one is oven-drying, where papers are dried in a 
hot oven. The different drying speed of these 
techniques can affect the characteristics and 
printability of papers differently. For example, the 
polymerization of the binder with the oxygen on 
the surface of a paper that has been dried slowly 
may cause gloss problems; while in oven-dried 
papers, some yellowing may occur under the 
effect of the heat. Thus, with regard to 
printability, color printing applied to yellow 
papers or papers of other colors can yield 

different color results spectrophotometrically 
(L*a*b*). 

One of the most important parameters 
affecting the quality of printing is how far the ink 
penetrates into the paper. The main reasons for 
the movement of the ink are the viscosity of the 
ink and the structure and quantity of the 
capillaries under the surface of the print materials 
(Fig. 1). Paper as a matrix for microfluidic inks 
offers many advantages compared to other 
materials, particularly due to its capability to 
transport liquid by capillary forces.26 

Ink is made up of colorants (pigments and 
dyestuffs) that are dispersed or dissolved in a 
binding layer. Binding molecules in the structure 
of the ink (generally, resins and oils/solvents) 
move through the capillary pores of the paper. In 
every absorbent surface, capillaries can be used to 
indicate the movement of the ink. Some of the 
capillary pores are filled or closed with the 
surface sizing and coating. Thus, better results of 
coloring can be obtained on such paper surfaces 
because the binder and the colorant particles 
penetrate less into the paper. 

Wettability is an important property of the 
substrate.28 With regard to paper surfaces, it is 
very important in the choice of the printing ink, 
drying process, and the processes to be performed 
after printing (such as finishing, folding and 
binding). According to the wetting theory, solid 
surfaces with low surface energy values are able 
to resist against the spreading of liquids.29 

The contact angle is measured at the solid-
liquid interface, as the angle from the tangent to 
the drop through the liquid to the solid surface. 
Contact angles from 0° to 90° degrees represent 
wetting, whereas angles from 90° to 180° degrees 
represent non-wetting.30  

In this study, the effect of the air-drying and 
oven-drying step in the surface sizing and coating 
operations on the physical properties and 
printability of paper was investigated.  

 

 
 

Figure 1: Capillary structure of paper27,20 
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Table 1 
Properties of the wood-free paper substrate 

 
Properties Unit Standard Wood-free uncoated paper 
Grammage (g/m2) ISO 536 200 
Thickness/caliper (µm) TAPPI T 411 250 
Bulk (thickness/grammage) (cm3/g) ISO 534:1995 1.25 
Whiteness CIE D65/10 (%) ISO 11475 148 
Opacity with D65/10 (%) ISO 2471 >97 
Gloss TAPPI 75 (%) TAPPI T480 om-92 3.8 
Surface roughness Bendtsen (µm/Pas) ISO 8791-2 300 
Surface energy (mJ/m2) ASTM D5946 39.3 

 

For this purpose, first, surface sizing and 
coating operations were conducted, and then air-
drying and oven-drying were performed to papers 
in the laboratory. The physical properties and 
printability of all testing papers were assessed 
afterwards. 
 

EXPERIMENTAL 
Wood-free uncoated papers, with 200 g/m2 density, 

were used for surface sizing and coating operations 
(Table 1). Cationic starch-based surface sizing was 
applied to standard paper surfaces. The mixture of 
cationic starch, with 7.5% concentration, was heated to 
90 °C for this process. This hot sizing solution was 
cooled down to 60 °C afterwards, and it was applied to 
the paper surface, using the key bar in the paper 
coating device. Then, the same procedure was repeated 
for the coating operation, and 2.7% calcium carbonate 
was added to the sizing solution. Both the sized and the 
coated paper samples, as well as the untreated papers 
(control), were divided into two groups: one of them 
was allowed to air-dry for 24 hours at 23±1 °C and 
50±2% relative humidity, and the other was placed in 
an oven to dry fully for 4 hours at 105±2 °C.  

The surface characteristics of the papers were then 
determined by contact angle measurements according 
to TAPPI T 458 standard. For the measurements, a 
Pocket Goniometer Model PG-X, (FIBRO Systems 
AB, Sweden), program version 3.4., was used. A CCD 
video camera was used to display and record the 
contact angle of the water droplets (distilled water) to 
the paper surfaces. Surface free energy was calculated 
according to ASTM D5946 standard test method, 
depending on the water contact angle.31 

The test papers were printed with process cyan ink 
(DIN ISO 2846-1) on an IGT C1 Offset printability 
tester, according to ISO 12647-2 standard, at 300 N/m 
constant pressure and equal ink density value. Then, to 
determine the printability values of these papers, print 
color changes, yellowing and print gloss measurements 
were performed.  

The color and gloss of the papers were measured. 
Color CIE L*a*b* measurements were carried out on 
printed and unprinted, sized and coated paper surfaces 
according to ISO 12647-2:2013 standard, using an X-

Rite eXact™ spectrophotometer, in the spectral range 
from 400 nm to 700 nm (ISO 12647-1: D50 illuminant, 
2° observers, 0°/45° geometry, black backing), using a 
polarized filter. Color differences (∆E*ab) on the 
samples were calculated according to the formula 
shown below (Eq. 1), according to CIE ∆E* 1976 ISO 
13655 standard, by taking the average of ten 
measurements.27  

              (1) 
where ∆L*, ∆a* and ∆b* are differences in L*, a* and 
b* values between the color determined on the 
specimen and the target color. 

Paper gloss measurements were performed with 
micro-gloss 75º geometry, according to ISO 8254-
1:2009 standard, print gloss measurements were 
carried out on a BYK-Gardner GmbH glossmeter, with 
micro-TRI-gloss 60º geometry, according to ISO 
2813:2014. 
 
RESULTS AND DISCUSSION 

Color changes of paper 
The perception of color changes varies from 

person to person, the degree of illumination of the 
place, and many other factors. L*a*b* is a system 
designed by CIE to eliminate these perception 
differences, by turning colors into mathematical 
expressions. In this system, L* = lightness, a* = 
+red/-green, b* = +yellow/-blue. The difference 
between two colors is expressed as ∆E*ab on the 
color scale. 

In this study, the CIE L*a*b* color values of 
untreated base papers (no sizing and coating) are 
as follows: L* = 93.83, a* = 2.54, b* = -7.57. 
Color changes in the papers after air-drying and 
oven-drying, compared to the corresponding 
changes in the base paper, are given in Table 2. It 
may be noted from Table 2 that oven-drying 
changed the color (CIE L*a*b*) of the untreated 
base papers more than air-drying, and it increased 
its yellowness (b*). On the untreated paper, air-
drying caused a deviation that would not be 
normally perceived by the human eye, while 
oven-drying caused an effect that is visible to the 
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trained eye. CIE L*a*b* values of the sized and 
coated papers that were air-dried and oven-dried 
were determined, and the color changes were 
calculated according to ∆E formula, compared to 
those occurring on the untreated control paper. 
The results are tabulated in Table 3. 

When every surface treatment is considered, 
oven-drying has changed the color of the papers 
more than air-drying. When ∆E values of the 
papers are examined, it is found that air-drying 
caused an unnoticeable color change, while oven-
drying caused a more pronounced effect, visible 
to the trained eye (Table 3). A possible 
explanation to this could be the fact that the 
double bonds in the natural starch polymer were 
partially broken because of the heat. This 
situation caused the starch to change its own 
specific color, and consequently, the paper lost 
gloss and color. Besides, oven-drying was noted 
to cause a higher color change in coated paper 

than in sized paper. This can be attributed to the 
presence of calcium carbonate in the coating 
formulation. 
 

Paper gloss 
In order to investigate the effect of different 

drying techniques on the gloss of papers treated 
by surface operations, gloss measurements were 
performed and the results are listed in Figure 2.  

Surface sizing and surface coating operations 
have increased paper gloss, regardless of the 
drying technique. Comparing these two 
operations, surface sizing has increased paper 
gloss more than coating. It is thought that the 
reason surface coating increased gloss less than 
surface sizing is that calcium carbonate (CaCO3) 
molecules absorb light and decrease the 
reflection. Thus, the sizing formulation on the 
surface of the paper increased gloss by reflecting 
light more strongly. 

 
Table 2 

Color changes on dried untreated paper  
 

Applied process  ∆E*ab ∆ L* ∆ a* ∆ b* 

Air-drying 0.28 -0.2 0.02 0.26 
Oven-drying 1.25 -0.38 0.16 1.53 

 
Table 3 

Color changes on sized and coated papers  
 

Applied process  ∆E*ab ∆ L* ∆ a* ∆ b* 

Air-drying – Surface sizing 0.58 -0.44 0.31 -0.4 
Oven-drying – Surface sizing 1.05 -0.12 0.67 1.04 
Air-drying – Surface coating 0.55 -0.49 0.19 -0.28 
Oven-drying – Surface coating 1.98 -0.62 0.55 2.29 

 
 
 
 

 
 

Figure 2: Effect of drying techniques on paper gloss 
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Figure 3: Water absorption on paper after surface treatment (sessile water drop test) 
 
 

  
 

Figure 4: Contact angle and sessile water drop on 
paper surfaces (CCD camera) 

Figure 5: Effect of drying techniques on paper 
surface energies 

 
On untreated papers, drying processes have 

not caused any particular changes in gloss. 
However, when the surface-treated papers are 
examined closely, it can be observed that oven-
drying has increased paper gloss more than air-
drying (Fig. 2). The reason behind this is that the 
high temperature used in oven-drying prevented 
the coating resin from penetrating deeper into the 
capillaries and was polymerized faster. Thus, the 
coating resin was less oxidized during the oven-
drying process, resulting in brighter paper 
surfaces.  
 
Drop volume, contact angle and surface energy 

In this study, in order to determine the impact 
of different drying techniques on liquid 
absorbance and wettability of papers, drop 
volume change and contact angle measurements 
were performed by the sessile water drop 
technique on all the test papers as a function of 
time. Also, surface energies were calculated.  

Droplets of water were placed on the surfaces 
of the test papers, and the volume changes of the 
droplets were assessed over time. Thus, it was 
observed that the air-dried papers showed the 
fastest absorbance, while oven-dried papers 
presented the slowest absorbance (Fig. 3). This 
could be explained by the fact that, under the heat 
of the oven, the cell walls of cellulose were 
degraded, leading to the formation of an 
incrustation. This serves as an additional coating 
that decreases the water affinity of cellulose. To 
conclude, the oven-drying technique increased the 
liquid resistance of papers.  

The images of the sessile water drops confirm 
that, on the sized and coated papers, the contact 
angles of the water droplets have decreased, while 
the surface energies of these papers have 
increased. The lowest contact angle and the 
greatest surface energy were obtained for the 
coated papers.  

In comparison with the oven-drying technique, 
air-drying decreased the contact angle of the 
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sessile water drop and increased the surface 
energy on all the paper surfaces (Figs. 4 and 5). 
Thus, it can be concluded that the air-drying 
technique increases the wettability of paper, while 
oven-drying decreases it. The possibility to cover 
a larger area of paper surface with a smaller 
amount of ink would arise, due to higher 
wettability and lower contact angle on the paper 

surface. Also, a smaller amount of ink on the 
paper surface means that the ink film would dry 
in a shorter time, requiring smaller energy 
consumption. Due to quicker drying, printing 
problems, such as contamination, will occur less 
and finishing processes after printing, such as 
folding and binding, can be started in a shorter 
time. 

 
 

  
 

Figure 6: Effect of drying techniques on printing 
color change (cyan) 

Figure 7: Effect of drying techniques 
on print gloss 

 
Print color changes  

Process cyan color printing was applied to the 
papers treated by different surface operations, and 
color changes as a function of time were 
measured as CIE ∆E* (Eq. 1). As a result, it could 
be concluded that, in both sized and coated 
papers, printed colors changed over time more in 
oven-dried papers, compared to the air-dried ones 
(Fig. 6). The conclusion is that the oven-drying 
technique affects the color of the treated paper 
surface more in comparison with the air-drying 
technique. Under the effect of the heat in oven-
drying, the double bonds in the cationic starch 
from the sizing and coating formulations broke, 
causing the printed color to change more 
significantly over time.  

Also, a deeper change occurred on the coated 
surfaces, compared to the sized ones. This was 
attributed to the side reactions with calcium 
carbonate, which caused a color change in the 
paper support itself and thus affected the print 
color as well.  
 

Print gloss 
In the printability tests, it was determined that 

the ink film gloss on the sized papers was higher 
than that on the coated ones (Fig. 7). The reason 
for the high print gloss on the sized papers lies in 
the fact that the surface pores of the paper were 

covered with the resin from the sizing 
formulation, which increased liquid resistance in 
the paper. Thus, the printed ink was prevented 
from moving forward into the paper, and greater 
print gloss was obtained.  

The lower print gloss on the coated papers 
may have two possible explanations. Firstly, the 
calcium carbonate particles used in the coating 
formulation dispersed the reflection, while 
increasing surface roughness. This limited both 
paper and print gloss. Secondly, the calcium 
carbonate absorbed the liquid on the surface, 
allowing it to penetrate deeper into its structure. 
In other words, the varnish providing ink gloss 
was wrapped with calcium carbonate, forming 
nodes. The liquid phase in the printed ink was 
absorbed by the coating material and less varnish 
remained on the surface to provide print gloss.  

In the papers treated by both surface 
operations, the air-drying technique produced 
slightly higher print gloss (Fig. 7), demonstrating 
that oven-drying limits the print gloss. Moreover, 
the same situation was observed in the untreated 
papers, without any surface sizing or coating.  
 

CONCLUSION  
In the present study, paper was subjected to 

sizing and coating operations and then air-dried or 
oven-dried to investigate the effect of the drying 
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techniques on the color, gloss and surface 
properties. It was concluded that the oven-drying 
technique affects the color of paper more 
significantly than air-drying, especially in coated 
papers, where oven-drying caused deeper print 
color changes. Air-drying enhanced print gloss, 
while oven-drying contributed to higher surface 
contact angle and lower surface energy in all the 
papers, thus leading to a decrease in surface 
wetting. Therefore, especially in applications 
requiring higher liquid resistance (such as in 
packaging), the sizing operation followed by 
oven-drying should be preferred. However, in 
applications where high ink density is used and 
quick ink absorption and drying are desired, air-
drying is recommended for both sized and coated 
paper surfaces, as oven-drying in this case will 
slow down ink penetration. 
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