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Back-trap Mottle: A Review of Mechanisms and Possible
Solutions

Hak Lae Lee,®>* Hye Jung Youn,* Ming He, and Jiachuan Chen P

Print mottle is a serious and common uneven printing defect that occurs
when printing coated paper by the offset multicolor printing process. It is
characterized by a non-uniform appearance in terms of brightness, gloss,
or color density that appears mostly in solid printed areas. Back-trap print
mottle and water-interference print mottle occur when the quality of the
paper substrate, especially the coating layer quality, is not satisfactory. To
cope with this quality problem of coated papers, the understanding of the
offset printing process, the requirements of coated-paper quality, and the
reasons for this problem should be addressed. In this review, the basic
process of offset printing and the mechanisms of print mottles were
explored, the importance of coating uniformity in both the coating structure
and process was reviewed, and the approaches to cope with print mottle
were introduced.
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INTRODUCTION

Most types of papers, including printing and writing grades, as well as packaging
grades, undergo a printing process. Therefore, printability is a crucial factor that determines
the quality of most paper products (Paltakari et al. 2009). As multicolor printing has
become a common printing method, the use of coated paper or coated board (hereinafter
collectively referred to as coated paper) with excellent appearance and printability has
become a common practice. This is because coated paper provides excellent whiteness,
opacity, and gloss compared with uncoated paper, in addition to excellent print color
density, dot reproducibility, ink holdout, print gloss, and many other advantages in printing.
However, coated paper is susceptible to printing defects, such as picking (dry and wet
picking), ink set-off, and mottling, which are more frequent in coated papers than in
uncoated papers. Among these printing defects, print mottle is one of the most serious and
most frequently occurring printing defects, and one of the main determinants of the quality
of print when printing coated paper by the offset multicolor-printing process (Lyne 1979;
Vanya 1989; Kim et al. 1998; Xiang et al. 2000; Kline et al. 2011a,b). Gumbel (2003)
pointed out that print mottle is a serious print quality problem that causes 42% of the print
quality complaints for coated woodfree paper in Europe.

Mottling is an uneven printing defect characterized by a spotty, low-contrast, low-
frequency, and non-uniform appearance, i.e., small dark and light areas (Fig. 1). It occurs
mostly in solid print areas because uneven printing density or gloss can be easily seen on
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an image with a large area of homogenous tone. The definition of print mottle in the ISO
13660 (2001) standard states that a periodic fluctuation of the print density at a frequency
of 0.4 cycles/mm or less in all directions is print mottle (Fahlcrantz and Johansson 2004;
Xu et al. 2016), with low-contrast and low-frequency (0.1 to 10 mm) printing unevenness.
Né&éatsaari (2006) showed that the mottling in the frequency range of 2 to 7 mm is the most
disturbing to the human eye. This visible non-uniformity may be the result of differential
ink gloss, density, or color of the printed ink film, or due to randomly connected and
disconnected mid-tone dots.

Fig. 1. An example of print mottle. (https://www.ri.se/en/what-we-do/services/stfi-mottling-expert-
software)

TYPES OF PRINT MOTTLE

The various types of print mottles are distinguished by the characteristic that is
affected, e.g., density mottle, opacity mottle, brightness mottle, gloss mottle, and color
mottle (Sandreuter 1994). Opacity and brightness mottle occur when an uneven coating
weight is applied by blade coating on uneven base paper, because the coating color
typically has better optical properties than the base paper. Contour coating on uneven base
paper tends to impart uneven gloss after calendering, because peak and valley areas tend
to be high and low in gloss, respectively (Anttila et al. 2009).

It is more common to describe print mottle in terms of its cause rather than in terms
of the non-uniform properties it generates in paper (Klein et al. 2011a,b). There are several
causes of print mottling, and they involve many parameters, including the type of ink, the
printing press operation, and, most importantly, the properties of the paper. Based on
mechanics, four types of mottling can be identified: printer’s mottle, ink-trap mottle, back-
trap mottle, and water-interference mottle (Saini et al. 2016a, 2016b).

Printer’s Mottle and Ink-trap Mottle

Printer’s mottle often occurs when a misconfigured printing press transfers an
inconsistent layer of ink film to the substrate. In general, printer’s mottle usually occurs
due to incorrect printing conditions. For example, in addition to a misconfigured press and
an incorrectly set-up ink train, fountain solution, ink, or plate can lead to the transfer of an
inconsistent layer of ink film to the paper, creating printer’s mottle. Ink-trap mottle occurs
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in multiple printing nip units when the tack of the ink in the previous nip is too low to trap
the ink in the subsequent nip. These two types of print mottles have no relationship with
the characteristics of the substrate. If the mottle persists even after the printer flips the sheet
or tries another brand of paper of equal grade, it may be described as printer’s mottle or
ink-trap mottle.

Occasionally, print mottling is entirely due to the characteristics of the paper. For
example, some paper may have a mottled appearance after printing while others do not,
even when the same printing ink and printing conditions are used. In such cases, the paper
is the obvious source of the print mottle (Lee 2008). For example, back-trap mottle and
water-interference mottle are directly influenced by the properties of the substrate (Eby and
Whalen-Shaw 1991). Some studies have investigated the relationship of coating properties
with back-trap mottle and water-interference mottle (Purfeerst and van Gilder 1991; Lie
and Kolseth 2007).

Back-trap Mottle and Fountain Water Mottle

Back-trap mottle is the most common type of print mottle and is typically the result
of non-uniform ink absorbency across the surface of printed paper, which leads to uneven
immobilization of the ink, non-uniform tack buildup, and splitting of the ink (Kim-
Habermehl et al. 1998; Xiang et al. 1999, 2000; Engstrom 2016; Thorman et al. 2018).
This results in a non-uniform ink transfer from the contact print image on the paper surface
to the following printing blanket of the next printing units, which causes further uneven
contact with the following paper surface throughout the subsequent printing units
(Thorman et al. 2018). Several research groups have reported the relationship between
back-trap mottle and non-uniform surface porosity (i.e., the distribution of pores and
clustering of closed areas) in paper (Kim-Habermehl et al. 1998; Xiang et al. 2000; Chinga
and Helle 2003; Shen et al. 2005; Preston et al. 2008).

Water-interference mottle, which is also called fountain-water mottle, wet-trap
mottle, water-repellence mottle, or ink-refusal mottle, is caused by insufficient and uneven
fountain-water absorption by paper, followed by uneven ink absorption (Arai 1989; Shen
et al. 2005). These two types of print mottle demonstrate the importance of having a
uniform paper surface that allows uniform absorption of ink and fountain water (Kasajova
and Gigac 2020).

Many studies have investigated print mottling, but some studies have reported
contradictory results and interpretations. This suggests the need for further research on
print mottling, and that the mottling phenomenon is influenced by a wide variety of factors.
In this review, the cause of print mottle and the relationship between print mottle and the
quality characteristics of the coated paper are discussed, after a brief introduction of the
offset printing process.

OFFSET PRINTING PROCESS

Offset printing, also called offset lithography, or litho-offset in commercial
printing, is a widely used printing technique that was established at the end of 18" century
by Alois Senefelder, a German map inspector (Anayath and Baral 2016). An offset printer
is composed of a plate cylinder, a blanket cylinder, and an impression cylinder (Hakola
2009). A printing plate is attached to the plate cylinder, an offset rubber blanket is attached
to the blanket cylinder, and the impression cylinder is used to carry the paper through the
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printing unit and to provide a hard backing against which the blanket can impress an image
on the paper.

On the printing plate for offset printing, the image area and the non-image area exist
on the same plane. The image area of the offset printing plate is hydrophobic, whereas the
non-image area is hydrophilic (Bruno and Walker 1983). Thus, the image area of the
lithographic printing plate has a high affinity for non-polar (hydrophobic) ink, whereas the
non-image area has a high affinity for fountain water (Bassemir 1982). These chemical
principles ensure that the ink will only adhere to the image areas of the plate.

Table 1 shows that the polar surface energy of the image area is noticeably lower
than that of the non-image area and is similar to that of the ink. In addition, Table 1 shows
that the polar surface energy of the image area exceeds that of the ink itself after ink
application, because a small amount of fountain solution is emulsified into the ink on the
printing press.

Table 1. Surface Energies of the Printing Plate and Ink Surfaces (Bassemir 1982)

A Total Surface Energy Nonpolar Surface Polar Surface Energy
rea Energy
(Dynes/cm) (Dynes/cm) (Dynes/cm)
Image area 449 34.7 10.2
Nonimage area 76.5 34.7 41.8
Ink 33.5 27.7 5.8
Inked image area of 412 298 11.4
plate

The plate cylinder with the printing plate is equipped with a number of rolls to apply
the fountain solution (or dampening solution) and ink. The fountain solution containing a
solution of gum arabic, or other gum compound, is applied to the printing plate before the
application of the ink (MacPhee 1979; Bruno and Walker 1983). When the printing plate
contacts the dampening rollers, the hydrophilic non-image area is uniformly covered with
a thin layer of fountain solution. The hydrophobic image area, however, repels the fountain
solution; thus no fountain solution is retained in the image area. Occasionally, however,
small droplets of the fountain solution may remain on the image area. Subsequently, when
the printing plate is passed through the ink rolls, ink is applied from the ink train to the
hydrophobic image areas of the printing plate, and the image area is covered with an ink
film approximately 1 to 3 um thick (Hakola 2009; Pang et al. 2015). However, ink cannot
be transferred to the non-image area covered with the fountain solution, due to the repulsion
between the ink and the fountain solution, i.e., the fountain solution prevents the ink from
transferring to the non-image area of the printing plate (Lovrecek et al. 1998). The inked
image on the printing plate is printed on a rubber cylinder before it is transferred (i.e.,
offset) to paper or other material. When the printing plate comes into contact with the
rubber blanket, the ink and fountain solution are transferred to the blanket. The fountain
water on the printing area, however, breaks up and forms droplets, because of the
hydrophobic character of the blanket (Engstrém 1994). Finally, the ink and fountain
solution on the rubber blanket are transferred to paper, completing the printing of one color.

The rubber blanket is soft and therefore highly flexible, permitting good printing
on rough paper, wood, cloth, and leather (e.g., Encyclopedia Britannica covers). The rubber

Lee et al. (2021). “Back-trap mottle review,” BioResources 16(3), 6426-6447. 6429



PEER-REVIEWED REVIEW ARTICLE b | oresources.com

blanket not only allows a good transfer of ink to diverse substrates, but also plays a role in
reducing the wear of the printing plate by rough paper or other substrates. In four-color
printing, separate black, cyan, magenta, and yellow inks are successively applied to give
the best print quality (Engstrém 1994). In some cases, the order of black and cyan is
swapped for printing.

MECHANISM OF MOTTLING

Back-trap Mottle

When a printed paper from a printing unit is fed to the next printing unit and
contacts the inked rubber blanket, a part of the previously printed ink is retransferred to the
blanket. This phenomenon occurs only when the pre-printing ink located in the image area
contacts the non-image area at the next printing nip. Because the blanket is made of rubber,
it is hydrophobic. Therefore, on the surface of the blanket corresponding to the non-image
area, the fountain solution does not exist in the form of a film (as on the printing plate) but
is deformed into droplets or irregular shapes. Thus, the fountain solution that exists as a
uniform film on the hydrophilic non-image area of the printing plate loses its uniformity
when it is transferred to the blanket. Therefore, the non-image area on the blanket is not
covered by the dampening solution in which the ink from the previous color unit is
retransferred (i.e., back-trapped) from the printed paper.

|Fountain

Fountain | |
Ink A water water Ink B
Blanket Blanket
| =t I
Lot
Film splitting of inks acK" Film splitting
1 1 trapping

Fig. 2. Schematic diagram demonstrating the mechanism of back-trapping in wet offset printing.
The cyan ink on the printing plate (Ink A) transfers to the rubber blanket and finally to the paper.
In the next printing unit, which applies magenta ink (Ink B), the ink similarly transfers from the
plate to the paper via the blanket. However, some of the cyan ink on the paper is back-trapped to
the blanket. The amount of back-trapped ink may not be uniform, and this results in back-trap
mottling.
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When the printing ink on the paper contacts the image area on the next printing
unit, the over-printing ink on the blanket is transferred onto the under-printed ink on the
paper. The opposite process, i.e., the transfer of the under-printed ink back to the image
area on the blanket of the over-printing unit, does not occur. This is because the tack value
(i.e., the resistance of an ink film to splitting) of the previous printing ink is higher than
that of the next printing ink (Oittinen 1976; Voltaire 2004). The concepts explained thus
far are shown schematically in Fig. 2. In multi-color printing, the first printed ink transfers
to the second, third, and fourth printing blankets. The final thickness of the ink remaining
on the paper varies, according to how much ink is back-trapped by the blanket.

If the ink absorption of the printed surface is uniform, the amount of back-trapped
ink will be uniform across the surface, and thus no mottling occurs. If the ink transferred
from the first printing unit is completely set before the printed paper is fed to the next color
unit, back-trapping does not occur at all (Oittinen and Saarelma 2009). However, the dwell
time between the printing units of the lithographic printing press is short (usually < 0.2 s,
or up to a few s at maximum, depending on the configuration of the printing press) (Kolseth
2009). Furthermore, complete setting of the ink cannot occur, due to the absence of a dryer
between the printing units (Hakola 2009).

The ink absorption characteristics of coated paper differ considerably from place to
place on the paper surface. Thus, the point-by-point variation in the ink-setting rate
correlates with the back-trap mottle problem on coated paper (Xiang et al. 1999; Lee 2008).
With an increase in printing speed, ink absorption between printing units is greatly reduced.
If the ink-absorption properties of the printed surface vary from place to place on the paper
surface, the phenomenon shown in Fig. 3 occurs. That is, the moment the ink is transferred
from the offset blanket to the paper (Fig. 3), the thickness of the ink on the paper is almost
uniform.

The ink transferred to the paper starts to penetrate the paper by capillary action. In
areas with smaller pores on the surface of the printed paper, the penetration rate of the ink
vehicle is slower than that in areas with larger pores (Lee 1992; Lee et al. 1997). Therefore,
during the dwell time before the next printing nip, greater penetration of the ink vehicle
occurs in areas with larger pores, and less occurs in areas with smaller pores. That is, ink
setting proceeds over a considerable thickness in areas with larger pores, but not in areas
with smaller pores. The tack and viscosity of ink increases as the penetration of the ink
vehicle increases. Immobilized ink is not affected by film splitting and tends to remain on
the paper surface, and it does not transfer back or become back-trapped to the blanket of
the next printing unit.

Because approximately half of the non-immobilized ink is transferred back to the
blanket of the next printing press by film splitting, greater back-trapping of the ink occurs
in areas with smaller pores, where the absorption of the ink vehicle is low, than in areas
with larger pores (Anttila et al. 2009; Kolseth 2009). This results in the retention of a
thinner ink film in areas with smaller pores than in areas with larger pores. Thus, the ink
density in areas with smaller pores is lower than that in areas with larger pores, because a
small amount of ink remains after back-trapping. Ozaki et al. (2008) showed that an uneven
ink-varnish distribution leads to back-trap mottle, and that there is little varnish penetration
in regions with a thin-coated layer.

In general, the color that is printed in the first unit of the press shows the most back-
trap mottling. Thus, as cyan ink is typically the first color printed (black, cyan, magenta,
and then yellow is a common order), most back-trap mottling is observed in cyan printing
(Whalen-Shaw and Eby 1991). In contrast, black ink does not show back-trap mottling
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because it is run on a press at an ink film thickness that is 1.5 to 2.0 times greater than that
of the three process colors, and it has slower setting characteristics (Plowman 1994). A
last-down yellow ink cannot back-trap, as it does not contact any subsequent blankets in
the press.

After Back-
trapping
Vehicle Absorption SR EIE S O
After Printing and Immobilization I I I I
— J —
PAPER
Small Large Small Large Small Large
Pore Pore Pore Pore Pore Pore
Area Area Area Area Area Area

Fig. 3. The difference in ink absorption between two areas with different porosity. An area with
small pores absorbs a small amount of ink, which results in a low retention of ink after back-
trapping. In contrast, an area with large pores has a greater retention of ink after ink
immobilization before back-trapping, which results in a thicker ink film and a higher ink density.

Water-interference Mottle

Water-interference mottle results from the imbalance between the amount of
fountain solution or dampening solution applied to the paper surface and the ability of the
paper to absorb this (Plowman 1994; Lie and Kolseth 2007; Preston et al. 2008; Thorman
et al. 2018). Water-interference mottle can occur when only a single printing unit is used
and with any ink formulation. For example, a single-color press that prints only black can
exhibit severe water-interference mottle, and a multi-color press can exhibit this type of
mottle in every ink color.

Water-interference mottle is most objectionable in screen areas and halftone
pictures (Plowman 1994). Water-interference mottle frequently occurs when the water
applied to the paper in one of the printing units is not absorbed by the paper before it
reaches a subsequent printing unit (Aspler and Lepoutre 1991). Water-interference mottle
occurs more frequently in the satellite press because the distance between the printing units
is shorter for the satellite press than the presses arranged in a series (Engstrom 1994). Arai
(1989) showed that non-uniform absorption of fountain solution causes print mottle, which
corresponds directly to the non-uniformity of the surface distribution of binders and
pigments.
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FACTORS ASSOCIATED WITH BACK-TRAP MOTTLE

Coating Structure

The influence of coating structure on printing properties has been investigated in a
number of studies (Zang and Aspler 1995; Donigian et al. 1997, 2004; Lee et al. 1997;
Chinga and Helle 2003; Resch et al. 2010), and many studies have shown that non-uniform
surface porosity is an important factor for back-trap mottle (Kim-Habermehl et al. 1998;
Xiang et al. 2000; Chinga and Helle 2003; Shen et al. 2005). Engstrom (2016) and Xiang
et al. (1999) showed that non-uniform pore structure of the coating causes uneven ink-
vehicle absorption to the coating, which results in uneven ink split in the printing nip and
causes back-trap mottle (Li and Li 2014; Alm et al. 2015). As the pore size is a principal
factor for ink setting rates, the non-uniform pore size distribution on the coating surface is
the prime cause of print density mottle (Preston et al. 2008). Non-uniformity of the coating
structure and coating weight distribution, especially the binder distribution, has also been
shown to be a major causative factor in back-trap print mottle (van Gilder and Purfeerst
1994; Chinga and Helle 2003; Kentt& et al. 2006; Engstrom 2016).

Local variations in coat weight have been shown to greatly influence back-trap
mottle (Engstrom et al. 1991; Whalen-Shaw and Eby 1991; Engstrom 1994, 2016; Kentta
et al. 2006; Ozaki et al. 2008; Ragnarsson et al. 2013). This influence is attributable to the
fact that mottled areas with a low ink density have a higher concentration of latex on their
surfaces, which is caused by the greater mean coating thickness and mean raw stock
roughness in these areas compared to those with a high ink density (Whalen-Shaw and Eby
1991). In general, an increase in the coat weight leads to an increase in binder migration to
the surface layer. Therefore, when a thick part and a thin part of the coating layer coexist
on the same coating surface, the content of the surface binder is higher in the part with the
higher coat weight (i.e., the thick part). This is because more moisture evaporates from the
surface of the higher coat-weight area during the drying process than from the lower coat-
weight area, and thus a larger amount of the binder migrates to the surface layer with the
evaporating water in the former area (Whalen-Shaw and Eby 1991).

Base Paper Formation and Roughness

Variations in coat weight occur due to the irregularities of the base paper, and this
is reported as the main cause of non-uniform coating (Gane 1989; Tomimasu et al. 1990;
Matsubayashi and Saito 1992). This phenomenon is more common when a level coating is
applied with a blade coater than when a contour coating is applied with an air-knife coater.
A high blade pressure during the coating application that increases the water penetration to
the paper, the use of compressible base papers, and an increased water pick-up between
application and metering (i.e., a long dwell coating) plasticize the paper and improve the
uniformity of the mass distributions of coatings (Engstrom 2016). However, these
parameters may have a detrimental effect on the runnability during blade coating in terms
of web breaks.

Dahlstréom and Uesaka (2012) show that the mass density of the underlying base
sheet greatly affects the porosity of the relatively bulky clay/GCC (ground calcium
carbonate) coating, but that this is not so for a more compact clay coating. Additionally,
they show that areas with more fibers in the base sheet are more compressed by
calendering, resulting in a decreased coating porosity, which contributes to mottle in offset
printing.
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Therefore, to minimize print mottle, it is necessary to find a way to minimize the
variation in the binder content of the surface layer by preventing the variation in coat
weights and coating structure.

Binder Migration

Binder migration has been defined as “a differential movement of a binder or
binders with respect to pigment particles, leading to non-uniform binder distributions in
coated paper and paperboard” (Lee and Whalen-Shaw 1993). Binder migration within a
coating has also been a subject of research for many years, and a good literature review of
this research topic was conducted by Whalen-Shaw (1993).

The binder in a coating color moves to the surface of a coating layer or down to the
paper surface during the drying of the coating color. This results in an uneven distribution
of binder inside the coating layer, with more binder on the coating surface or the coating-
paper interface, thereby forming a binder-enriched layer. Dahlstrém and Uesaka (2012)
found that a binder-enriched area may be less than 500 nm thick at the coating surface, and
at the coating-paper interface (Fig. 4). When this occurs, there is insufficient binder present
in the center of the coating layer, which reduces the binding force inside the coating layer
and consequently reduces the coating strength and causes a picking phenomenon during
printing (Dappen 1951; Engstrom 1994). Moreover, the characteristics of the coating
surface, including the surface energy and liquid absorption, also change because the latex
binder, which is more hydrophobic than the pigments and fills the voids between the
pigments (Jarnstrom et al. 2010). In addition, a print mottle phenomenon may occur due to
the uneven distribution of binder on the surface. Furthermore, with increasing amounts of
latex, the absorption time generally increases, probably due to the additional latex
decreasing the porosity of the paper (Jarnstrom et al. 2010).
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Fig. 4. Binder amount is distributed from the coated surface down to the base sheet, divided into
20 layers. Types of pigment and calendaring influence the binder distribution (Dahlstrém and
Uesaka 2012).

Factors that influence binder migration

Several factors, such as the type of binder and pigment, the solid contents of the
coating color, the absorption property of the base paper, the drying rate, and the use of
water retention aids, influence binder migration (Whalen-Shaw 1993). Yamazaki et al.
(1993) showed that starch and latex have different migration behavior during the
consolidation process of coating. Compared with latex, starch migrates more easily toward
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the base sheet or the coated surface and has more influence on print mottling of the coated
paper. The roles of pigment in dewatering and binder migration have been reported by Lee
(1992) and Baumeister and Kraft (1980). It was shown that the dewatering rate from the
pigment suspension is inversely proportional to the square of the specific surface area of
pigments, and a greater migration of binders may occur for the lower-surface area pigment
coatings. Di Risio and Yan (2006) found a correlation between the arrangement of the
binder microdomains within the paper-coating layer and the packing ability of the
pigments. They showed that the size distribution of pigment particle strongly influenced
the uniformity of binder configuration even for the coating layer without any binder
migration. In other words, coarser pigments tend to give larger microdomains of binders
with a greater local variability than less coarse pigments.

The dewatering of the coating color to the base substrate also influences binder
migration. Base papers with larger pores and higher water absorptivity exhibit greater
binder migration (Krishnagopalan and Simad 1976; Eklund and Salminen 1986; Salminen
et al. 1995). A higher binder migration into the base paper results in greater dusting and
picking during printing. This is because areas with low binder exist within the coating
layer. The importance of drying rate in binder migration and print mottling has been
highlighted by Ashan (1986), Hagen (1986), Norrdahl (1991), Bushhouse (1990), and
Backfolk et al. (2006). They showed that uneven binder migration toward the coating
surface results in uneven binder contents at the surface and eventually print mottling due
to the uneven ink transfer and water and ink absorption.

Evaluation of binder migration

The uniformity of the binder contents and distribution within the coating layer have
been associated with print quality. Because printing defects, such as mottling, are closely
associated to the uniformity in binder distribution, diverse methods have been applied to
analyze the spatial distribution of the binder within a coating layer (Groves et al. 2001).
The techniques summarized in Table 2 can be divided into three groups: electron
microscopy, chemical spectroscopy, and scanning probe microscopy. Although diverse
efforts have been made to evaluate the factors that influence the spatial binder distribution
in the coating layer, the factors that govern this remain contradictory (Di Risio and Yan
2006).

Traditionally, the binder and pigment concentrations at the top surface of coated
paper have been quantified by X-ray photoelectron spectroscopy, often called electron
spectroscopy for chemical analysis (ESCA) (Tomimasu et al. 1986; Arai et al. 1988; Strom
and Carlsson 1993). Other spectroscopy methods, such as UV absorption spectroscopy
(Fujiwara and Kline 1987; Klein 1988, 1991) and Fourier transform infrared/attenuated
total reflectance—infrared (FTIR/ATR-IR) spectroscopy (Halttumen et al. 2001), were not
successful in determining the amount of latex in the coating surface or the correlation of
print mottle and binder distribution on the surface, due to their limited surface sensitivity.
Bitla et al. (2003) and Vyorykka et al. (2001, 2004a,b) have shown that confocal Raman
microscopy provides excellent compositional maps of coating layers at a resolution of 2
pm in planar dimensions. In general, spectroscopic techniques detect no distinct chemical
differences between two samples, where one has serious back-trap mottle and the other has
no back-trap mottle. This is probably because these techniques focus on analyzing deeper
layers of the structure to identify surface non-uniformities. Likewise, ESCA does not
clarify the relationship between print mottle and the surface structure of coated paper, due
to the limitation of its resolution (Fardim and Holmbon 2003; Zhen and Wang 2013).
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Table 2. Methods Used to Evaluate Binder Migration and Distribution in the

Coating Layer

Method Measured ltem Citation

UV spectroscopy UV absorption of SB latex Fujiwara and Kline (1987)

UV spectroscopy SB latex distribution on the surface Kline (1988)

UV spectroscopy SB latex migration Kline (1991)
FTIR/ATR-IR Latex content in the coating Kentta et al. (2000)
FTIR/ATR-IR SB latex distribution at the coating Halttumen et al. (2001)

surface
FTIR/ATR-IR ratex distributon In the coating Kentta et al. (2006)

Raman spectroscopy

Binder depth profile

Vyorykka et al. (2001)

Raman spectroscopy

Effect of GCC particle size on latex

Bitla et al. (2003)

migration
Raman microscopy Mapping of chem|cg_l and physical Vyorykka et al. (2004)
composition
Confpcal Raman Depth profiles of coated and printed Vyorykka et al. (2004)
microscopy papers
Chemical composition of the coated Strém and Carlsson
ESCA
surface (1993)
ESCA Surface binder concentration Tomimasu et al. (1986)
ESCA Surface profile of the binder Arai (1989)
ESCA, ToF-SIMS, FE-SEM* Distribution of _papermakmg Fardim and Holmbon
chemicals (2003)

SEM-EDXA * and ESCA

Effects of drying temperature and
pigment types on binder migration

Zhen and Wang (2013)

ToF-SIMS *

Analysis of the coating surface

Zimmerman et al. (1995)

SEM and image analysis

Coating structure characterization

Chinga and Helle (2002a)

SEM and image analysis

Coating structure on LWC paper

Chinga and Helle (2002b)

FE-SEM and image

Coating structure characterization

Lee et al. (2018)

analysis
FE-SEM anq image Effect of SB latex on the coating Lee and Lee (2018)

analysis structure

AFM * Film formation of barrier latex Rissa et al. (1999)
AFM Barrier-coating analysis Vaha-Nissi et al. (2000)
AFM Latex-film formation in coatings Kugge (2004)
AEM Binder m|grat|o_n and ink Li and Gu (2015)

penetration

AFM Binder distribution in the z-direction Di Risio and Yan (2006)

* Notes: FE-SEM (filed emission scanning electron microscope); SEM-EDXA (scanning
electron microscope-energy dispersive X-ray analysis); ToF-SIMS (time-of-flight secondary ion
mass spectrometry); AFM (atomic force microscopy).

Mechanisms of binder migration

Research on binder migration has been conducted for many years, and various
theories have been proposed to explain why binder migrates. The modified capillary
transport mechanism proposed by Hagen (1986, 1989) and the boundary-wall effect
mechanism proposed by Ranger (1994) are most widely accepted, even though these two
mechanisms contradict each other. Hagen (1986, 1989) proposed that latex particles are
dragged to the surface by capillary flow when water evaporates. Hagen’s capillary transport
mechanism, however, fails to explain the fact that migration mainly takes place in the early
stage of drying, before the formation of the first critical concentration (Watanabe and
Lepoutre 1982; Engstrém et al. 1987; Zang et al. 2010).
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In contrast, Ranger (1994) suggested that the enrichment of latex binder at the
surface is mainly due to the boundary wall effect of the coating applicator during coating
application, which causes a near-wall depletion of particles. The strength of near-wall
depletion decreases with decreasing particle size, which results in the enrichment of latex
at the surface. In addition, the strength of depletion decreases as the particle concentration
increases (Hartman Kok et al. 2002, 2004). The concentration of latex on the surface of a
paper coating decreases as the solids content of the suspension increases (Krishnagopalan
and Simad 1976; Watanabe and Lepoutre 1982; Yamazaki et al. 1993; Ranger 1994),
which cannot be explained by the boundary wall mechanism. The boundary wall
mechanism also contradicts the findings of some studies that have shown that nano-sized
particles, including latex particles in paper coatings, mainly migrate to the surface after
coating application (Watanabe and Lepoutre 1982; Luo et al. 2008).

More recently, Zang et al. (2010) proposed an alternative mechanism that attributes
latex migration to differences in the Brownian mobility of particles and the surface trapping
effect. Based on the Stokes-Einstein theory, the mechanism holds that particles with
relatively small size have higher Brownian mobility than larger particles, and therefore
these smaller particles diffuse more toward the air-water interface. In addition, water
evaporation drives small particles toward the surface, where they accumulate due to the
surface-trapping effect. However, this mechanism cannot quantitatively describe particle
movements in a concentrated dispersion because collisions and interaction/flocculation
between particles would invalidate the Stokes-Einstein theory developed for dilute
dispersions. Thus, the Brownian motion of particles and the surface-trapping effect appear
to play roles in binder migration. Before the drying of coating colors, latex particles move
freely by Brownian motion, and the particles with a relatively small size tend to exhibit
more Brownian motion. Due to the surface-trapping effect, however, the particles stop
moving at the interface between the coating solution and air layer, which results in a higher
binder concentration on the surface of the coating layer. Further studies are warranted to
understand the exact mechanism of particle migration. Interestingly, binder migration plays
a critical role in the manufacture of the lithium-ion rechargeable battery (Fig. 5).
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Fig. 5. A schematic of the drying process of lithium-ion battery anodes (Kumberg et al. 2019).
Notice that styrene butadiene rubber (SBR) and carboxymethyl cellulose (CMC) migrate with the
evaporating water, which results in uneven binder content in the thickness direction. The principle
of binder migration and the mechanism of coating structure in pigment coating provide valuable
explanation of the phenomena indicating the possibility of expanding the application of pigment
coating to the new technology.
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The emerging applications in battery technology provide evidence that there are
plenty of opportunities for the coating technologist to contribute in new industrial sectors.

Drying Technology to Minimize Print Mottle

Binder migration from the coating toward the base sheet occurs because water in
the coating liquid moves toward the base paper and to the coating surface during coating
application and consolidation. Binder migration itself does not lead to print mottle unless
it results in a non-uniform binder distribution on the surface (Ragnarsson 2012). The
influence of surface binder content on the print density and ink receptivity has been shown
by Zang and Aspler (1998), Zhen and Wang (2013), and many others.

The water contained in the coating layer can move into the base paper by capillary
absorption and application pressure and to the coating surface by evaporation during the
drying process. Latex tends to move in the direction of water, either into absorbent base
papers during application or to the coating surface during drying (Chattopadhyay 2014).
Thus, binder migration depends on the amount of and speed with which water is absorbed
into paper, and the amount of water that evaporates (Hagen 1986). When using the same
drying process, if the solids content of the coating color is high, the binder migration
decreases. Intensive drying conditions at high temperatures lead to greater binder
migration, whereas mild drying conditions at lower temperatures yield a more uniform
thickness profile of binder in the coating (Schut 1972; Zhen and Wang 2013).

If different areas of coating consolidate at different parts of the drying section, the
coating structure becomes heterogenous, resulting in mottling of the printed image
(Heikkila and Rajala 2000). Aschan (1986) introduced the critical solids range that starts
with the first local disappearance of free surface water and ends with the drying of the last
surface pockets filled with wet coating. If a high drying rate is applied during the critical
solids range at which small islands of dried surface coexist with alternating wet areas of
coating, uneven binder migration will result, causing print mottle. Therefore, to suppress
print mottling, it is necessary to keep the drying speed low from the moment the coating
color begins to immobilize until the entire coating surface is immobilized. Naatsaari (2006)
showed that the evaporation rate at the critical stage determines the level of mottle for a
coating color with starch binder. When the solids content of the coating color is higher than
the critical solids range or consolidation point, the latex particles cannot migrate because
they are completely immobilized by pigment particles. In this case, the drying speed after
the immobilization point has no influence on latex migration or on print mottle.

Three-zone drying has been suggested as a desirable low-speed drying method for
use in the critical solids range, to minimize binder migration in the critical stage (Hagen
1986; Engstrom et al. 1991). However, in the case of woodfree colors, the theory of high-
low-high drying rate is not applicable. In fact, to maintain the high drying rates in all three
stages is more suitable to achieve uniform binder contents for coated and double-coated
woodfree paper (Engstrom 2016). Rajala et al. (2004) showed that the use of an
impingement dryer for initial drying provides better coating quality than the use of IR
drying, and a high drying power in the first dryer using impingement dryer reduces print
mottle and gives better gloss/smoothness results (Rajala et al. 2004). This means that less
mottle results when the evaporation rate is high at the beginning of evaporation than when
it is low. In contrast, Li et al. (2010) showed that a high drying temperature results in
uneven binder distribution, which promotes print mottling. However, they did not evaluate
the influence of the drying rate in the drying stage.
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PREVENTIVE MEASURES FOR PRINT MOTTLE

The uniformity of raw stock is of paramount importance. This includes its
formation uniformity, surface smoothness, sizing uniformity, etc. Base paper with poor
formation can result in uneven binder distribution in the coating layer, eventually resulting
in an uneven, mottled print image (Pylkko6 2000). This is generally attributable to the fact
that uneven formation of the base paper results in variations in coat weight. If different
areas of coating consolidate at different drying rates in different parts of the drying section,
then the coating structure becomes heterogeneous, resulting in a mottled print image
(Heikkila and Rajala 2000). In addition, if the sizing degree of the base paper is not
uniform, the absorption characteristics of the coating color will not be uniform, which will
lead to non-uniform immobilization of the entire coating surface and eventually cause print
mottling (Lee et al. 1997; Park and Lee 1998). Increasing the amount of coating solids is a
useful way to decrease binder migration, especially starch migration (Yamazaki et al.
1993). Promoting the immobilization of printing ink is particularly effective for preventing
back-trap mottle. To this end, it is necessary to increase micro-roughness on the surface of
the coating layer and to keep the porosity of the coating layer high. To achieve this, it is
preferable to use precipitated calcium carbonate or an appropriate plastic pigment. In some
cases, a method to decrease the binder content may be used.

Latex binders that contain a low amount of butadiene show high ink-absorbency
rates, due to their more open structure than binders that contain higher amounts of
butadiene. Groves et al. (1993) showed that latex binder with butadiene content higher than
35% increases the vehicle penetration into the latex, which results in an increase of ink
absorption. The importance of the S/B ratio was demonstrated by Purfeerst and van Gilder
(1991), who tested the tail-edge picking, back-trap mottle, and fountain-solution
interference depending on S/B ratios. They showed that latexes with a high glass-transition
temperature (Tg) improved the tail-edge picking and decreased fountain-solution
interference, while they showed more severe back-trap mottle. Yamazaki et al. (1993), who
determined the latex content in a coating surface with ESCA, showed that high-Tq latex
migrates more easily than low-Tq latex, which was more evident for high-coating-weight
papers. The importance of the Ty of latex in binder migration has also been shown by
Nowicki and Scriven (1990) and Kugge (2004). They showed clearly that greater migration
occurs when a high-Tg latex is used; this was because high-Tq latex is less tacky or has a
low tendency to adhere to pigments. In a separate research, Engstrom et al. (1987) reported
that a low Tg latex is less likely to show print mottle, and they attributed to the fact that a
low Tq latex shows little variation in ink absorption despite the variations in coat weight.
However, this is effective only when the coat weight is less than 25 g/m2. When the coat
weight is higher than this, the positive effect of using low Tg latex decreases.

Kwon et al. (2019) showed that use of a styrene-acrylate latex containing
hydroxyethyl methacrylate (HEMA) comonomer leads to more uniform print gloss and
less mottling. They found that this is because HEMA comonomers generated a more
uniform binder distribution on the coating surface and in the z-direction of the coating
layer, which results in more uniform print-ink absorption and less print mottling. Oh et al.
(2019) investigated the effect of the core-shell structure of styrene-acrylate latexes on the
coating structure and print mottle and showed that a hard-shell latex with a high styrene
content in its shell gives a higher gloss and less rough paper with finer pores, which results
in an increased ink absorption rate and better printing uniformity and less mottling.
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It is advantageous to keep the distance from the blade to the drying section short,
as this reduces the amount of water that penetrates from the coating color into the base
paper before drying, thus yielding a more uniform binder distribution. Short dwell
application (SDA) via blade coaters tends to generate less print mottling compared to long
dwell application (LDA). This is because SDA prevents immobilization progressing to the
coating surface until drying starts, and thus the coating solids across the entire coating
surface remain below the immobilization point. In contrast, LDA allows the areas with low
coat weight to reach a state of immobilization before drying starts, because of water
absorption by the base paper. Thus, LDA creates two areas: an immobilized area and a
non-immobilized area ink. Variations in coating weight and the interval period between
coating and drying, i.e., the dwell time, result in differences in the starch content in the
coated surface more easily than the latex content, which promotes print mottle (Yamazaki
et al. 1993).

CONCLUSIONS AND PERSPECTIVES

The mechanism by which print mottle occurs in coated paper, and how the
characteristics of the coated paper and the coating process relate to print mottle, have been
examined in this review. It has focused mainly on coating structure, binder migration, and
coat weight variation because these are the primary causes of print mottle in offset printing.
An understanding of the printing process, and of ink absorption and fountain-water
absorption, is essential to fully clarify the causes of and solutions for print mottling.
Although extensive research efforts have been devoted to understanding print mottling over
the past 50 years, many unanswered questions remain. This review suggests that achieving
uniformity in the formation of base paper, the coating structure, and binder migration are
critical for obtaining mottle-free paper.

Many technical developments, including not only in the paper and coating
technology but also in the printing process and printing inks, have been made in the 21%
century especially in the USA and Europe to solve the print mottling of coated papers. In
this review, the developments made in the pigment coating technology was reviewed. But
it should be remembered that the final solution of printing should be found from the
collaborative efforts of the papermaker, printer, and ink maker.

It is interesting to know that the scientific knowledge on the printing mottle, binder
migration, and pigment coating structure can be applied to the development and
manufacturing of the rechargeable battery. For example, among rechargeable batteries, the
lithium-ion batteries use almost the same principle as in pigment coating. Binder migration,
drying cracking of the coating layer, and many other phenomena associated with the
lithium-ion batteries can be explained based on the knowledge of the pigment coating,
which will provide new opportunities for pigment coating technologists in improving not
only the processing but also the quality of the rechargeable lithium-ion batteries.
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