
PEER REVIEWED

T HE PRIMARY OBJECTIVES OF

this study were identifica-
tion of the optimum drying
strategy for a mill and the

best latex binder to reduce back-trap
mottle. Samples prepared on a pilot
coater used a variety of drying strate-
gies. Printing of these samples used a
commercial six-color press to deter-
mine the impact of drying on back-
trap mottle. A Thurstone all pairs
comparison ranking generated a nu-
merical scale for mottle to evaluate
subtle differences in mottle.

Another study objective was to
better understand the mechanisms
that cause back-trap mottle. Believing
that different drying strategies would
lead to different degrees of binder mi-
gration,we used scanning electron mi-
croscope (SEM) micrographs and
X-ray photoelectron spectroscopy
(XPS) data to help quantify binder mi-
gration. In addition, cryo-SEM micro-
graphs of the wet coating colors
helped to understand the effect of
latex on the degree of dispersion in
the wet coating structure and its im-
pact on coating consolidation during
drying.This study incorporated three
latex binders that show different sen-
sitivities to drying conditions in a mill.

Back-trap mottle is a common
problem in offset printing especially
in sheet fed operations. It is often the
primary determinant of subjective
print quality.Multiple impression mot-
tle is another term for back-trap mot-
tle. It occurs as random, unintended
variations in color reflectance of trans-
parent process colors that undergo

contact with subsequent blankets.
Back-trap mottle is due to the uneven
permeability of a coating toward ink
diluent.Surface uniformity and control
of its variation are therefore key con-
siderations. Initial nonuniformities in
the original coating before application
and any subsequent redistribution of
coating constituents during consolida-
tion of the coating layer can affect sur-
face uniformity.

Factors that influence back-trap
mottle include basestock formation,
choice of pigments,choice of binders,
and the drying process. Control of
back-trap mottle is necessary because
of the continually increasing demands
for improved print quality by printers.
A further understanding of the mecha-
nisms that cause back-trap mottle
would help to optimize coating condi-
tions and binder choices to obtain the
highest quality paper possible.

The term mottle will pertain only
to back-trap mottle in the remainder of
this paper.

Structure and chemical composi-
tion of a coating layer influence its
evenness and resultant print quality.
The source of a nonuniform surface is
often attributed to uneven binder dis-
tribution in the coating surface due to
binder migration based on indirect
stain tests. An inappropriate drying
strategy can often cause binder migra-
tion.An uneven web structure or coat-
ing can further exacerbate this. Many
studies on the impact of drying condi-
tions on mottle are available (1–6).The
effect of binder type on mottle has had
less study than the effect of drying.

One report did indicate that binder
type can influence mottle as much as
drying (7).

Current industry understanding
acknowledges the existence of a 
critical drying zone within which
evaporation rates require restriction
to maintain print quality (8–14).
Reduction of evaporation rates within
this zone to below some threshold
value will usually reduce mottle (15).
Differences in migration can only
occur during this critical zone.These
differences can result in significant
variations of print quality. Papers 
coated with the same coating on the
same basestock with the same coating
weight can exhibit a wide range of
mottle depending on what occurred
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ABSTRACT
The drying of paper coatings can signif-
icantly affect the back-trap mottle of
coated paper.This study identified an
optimum drying strategy for a mill and
the best latex binder to reduce back-
trap mottle by preparing samples on a
pilot coater under different drying con-
ditions and printing on a commercial
six-color press. Computer modeling
helped to understand the critical drying
process parameters and to translate
the pilot coater results to the drying
process of the mill. Results shows the
important variables influencing back-
trap mottle. Back-trap mottle is very
sensitive to drying conditions near the
first critical concentration drying zone.
X-ray photoelectron spectroscopy data
showed no significant differences in the
distribution of surface components be-
tween samples with good mottle and
poor mottle. Drying conditions did not
significantly affect coating properties
other than back-trap mottle.

Application:

Drying strategy, binder type, coating
weight, and IR drying and coating
speed influence back-trap mottle.
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within the critical drying zone. The
critical coating solids range corre-
sponding to this zone is approximate-
ly 59–75% where the coating starts to
consolidate and approximately
81–90% where total immobilization
occurs.These values depend on for-
mulation factors. Increased drying
rates before coating immobilization is
desirable with reduced drying rates in
the critical zone to reduce binder mi-
gration that can lead to mottle. After
total coating immobilization, the dry-
ing rates do not significantly affect
coating quality.

Although this general drying strat-
egy is common, its application in a
particular mill is difficult because of
the uncertain location of the critical
drying zone.The critical drying zone is
sensitive to the initial moisture con-
tent of the coating, how much water
has dewatered into the sheet, and the
evaporation rates employed (15).
After application of the coating, there

is an initial surge
of water into the
basestock.
Delaying the start
of evaporation re-
sults in drawing
more water into
the basestock.
The ratio of
drained water to
evaporated water
will affect the po-
sition and nature
of the immobi-
lization point.
One suggestion is
that this bases-
tock absorption

causes swelling of fibers and water-in-
duced roughening (9). These cause
differential mass distribution of the
coating layer.

Data generated on a pilot coater
may not readily translate to the mill
environment because of differences
in dryer configuration. We applied
computer modeling to the drying
process for two reasons. One was to
develop a better understanding of
how drying variables affect the sus-
ceptibility of the coatings to mottle.
The other was to translate the pilot
coater results to the mill by calculat-
ing the critical drying zone from mill
process control data. Although soft-
ware programs are available to design
and optimize the drying process, the
problem has been to obtain reliable
input data. In this study, we systemati-
cally varied drying conditions to cover
a range of drying strategies for inclu-
sion in the computer modeling.

EXPERIMENTAL
Materials

The basis weight of the wood-free
base paper in this study was 112 g/m2

(74 lb/ream).The coating formulation
had 57 parts of a No.1 high brightness
clay, 43 parts of an ultrafine calcium
carbonate, 15.3 parts of styrene/buta-
diene latex binder, and 0.40 parts of a
carboxymethylcellulose thickener.
Coating solids was 65%. Coatings A, B,
and C used the three binders shown in
TTaabbllee  II.

Binder selection included a high
glass transition temperature and small
particle size product that would be
more conducive to binder migration
and a low glass transition temperature
and large particle size binder that
would be less conducive to binder mi-
gration  (16, 17).

Wet coating characterization
Cryofixation. Plunging a small drop of
the paper coating color on a hollow cop-
per sample trivet into liquid nitrogen
rapidly froze the sample. We transferred
the frozen sample to a precooled (-130°C)
Oxford CT 1500 cryo-preparation vacuum
chamber and increased the temperature of
the sample to -90°C.Fracturing the sample
with a precooled scalpel blade exposed a
fresh face that we held at the temperature
for 2 min to sublime the surface ice.

We sputtered a thin layer of conduc-
tive gold onto the samples while they
were in the cryo chamber and then trans-
ferred them directly into an attached JSM-
6320FV field emission gun SEM for
examination at -120°C.

Consolidation. We recorded gloss
and weight loss measurements vs.
time. The coatings were applied on
plastic Leneta scrub test panels fol-

I.Description of coatings A,B,and C

Binder Binder Binder
Coating Tg particle size carboxylation

A Low Large Medium
B High Small Medium
C Medium Medium Low
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D4

AD4

��
D3

AD3

��
D2

AD2

��
��
��
D1

IR

AD1

��
��

IR: Infrared dryer
D1 to D4: Air flotation dryers
AD1 to AD4: Location of sheet temperature measurements

1.Schematic of pilot coater dryers

II.Data for pilot coater coating colors

Brookfield Static
Solids, viscosity, dewatering

Coating % pH 100 rpm, mPa rate, g/m2

A 64.9 8.5 2060 147
B 65.1 8.6 1570 137
C 65.0 8.6 1800 131

III.Drying profiles on the pilot coater

Air setpoint temperatures, °C
Run Number D1 D2 D3 D4

A1 232 232 38 38
A2 149 149 149 149
A3, B3, C3 38 38 232 232
A4 107 107 204 204
A5 204 107 107 204
A6, B6, C6 204 107 204 107
A7, B7, C7 107 204 107 204
A8 107 204 204 107
A9, B9, C9 204 204 107 107
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lowed by measurement of 75° gloss
with time using a Hunter glossmeter
as the coatings dried at room temper-
ature. Weight loss was continuously
measured with time to calculate the
coating solids.

Pilot coater conditions
Pilot coater. FFiigguurree  11 shows a

schematic of the pilot coater dryers
for this study. They consisted of in-
frared dryers followed by four air flota-
tion dryers.(Note the absence of dryer
cans.) A series of infrared pyrometers
provided sheet temperature measure-
ments at positions AD1,AD2,AD3, and
AD4. (Note that A is the designation
for after, and D is the designation for
an air flotation dryer with its number.)

Coating conditions. We coated the
coating colors on two sides on the
pilot coater at 884 m/min (2900
ft/min).A flooded nip applicator unit
had a 0.508-mm (0.020-in.) blade with
a 45° angle. Application temperature
of the coating colors was 30°C.
Adjustment of the blade pressure
achieved the coating weight target of
19 g/m2 (13 lb/ream). TTaabbllee  IIII shows
data for the coating colors.The Abo
Akademi AA-GWR test apparatus (18)
using 0.5-atm pressure for 2 min de-
termined the static dewatering rate of
the coating colors.

Drying strategy. The drying study
had four parts. In the first data subset,
coating A—the control—underwent
the wide range of drying profiles in

TTaabbllee  IIIIII  to span a wide mottle range.
The columns labeled D1, D2, D3, and
D4 refer to the air setpoint tempera-
tures for the four air flotation dryers.
The extreme drying conditions de-
fined by run A1 represented harsh-
early followed by mild-late drying and
those of run A3 represented mild-early
followed by harsh-late drying. Run A2
used a moderate drying profile.The re-
maining drying profiles were interme-
diate drying conditions with the dryer
temperatures varied systematically for
subsequent optimization purposes.
The nozzle air pressures for a given air
flotation dryer remained constant so
nozzle velocities varied with air set-
point temperatures.

Note that A, B, and C in the run
number nomenclature refer to the
binders of Table I. For the second data
subset, four conditions’ drying profiles
A3,A6,A7,and A9 were identical to the
first study for coatings B and C.These
drying profiles covered the range of
mottle results seen in the first subset.
These same four conditions evaluated
the effect of lower coating weight 13
g/m2 (9 lb/ream) for coating A in the
third data subset. XPS and cryo-SEM
analyses were done on coatings from
the second subset of coating condi-
tions because they spanned the range
of mottle behavior. Evaluation of the
use of infrared drying and changes in
coating speed 975 m/min or 3200
ft/min used only limited runs in the

fourth data subset because the major
focus of this study was on variation of
the air flotation drying profile.

Finishing conditions. The coated
papers underwent supercalendering
at 3 x 107 g/m2 and 93°C using four
nips per side at 305 m/min (1000
ft/min).We then sheeted these papers
and printed them on a six-color sheet
fed press.

Coated paper characterization
SEM. We sectioned representative

samples of the coated papers and
stained them with osmium tetraoxide
for 24 h.The samples then underwent
impregnation with an epoxy resin im-
pregnated in a vacuum followed by
pressure curing overnight and polish-
ing.A Cambridge S-360 SEM provided
back scattered electron imaging.

XPS. A Kratos AXIS 165 X-ray pho-
toelectron spectrometer provided
XPS spectra. Line profile measure-
ments used 11 sample points at 1-mm
increments. Each data point repre-
sents a 200 µm x 600 µm area.
Element peaks used for determining
the components were the following:
Na (1s),O (1s),Ca (2p),C (1s), Si (2p),
and Al (2p).

End-use testing. End-use testing
used TAPPI test method procedures.

Press trial protocol
Make ready. Plates in the six-color

sheet fed press had the following se-
quence: black, cyan, magenta, yellow,
black, and cyan.The press design in-

IV. Input variables for regression analysis

Variable Description

Z1 temperature Zone 1 temperature
Z3 temperature Zone 3 temperature
Delta T1 Difference in sheet temperature from the start of zone 1 to the end of zone 2
Delta T2 Difference in sheet temperature from the start of zone 2 to the end of zone 3
Start temperature Distance in dryer section at which sheet temperature first starts to drop due to evaporative cooling
CS range Time in the dryer section during the transition through the critical solids range (72–81% coating solids) 

normalized by coating weight
Avg ER Average evaporation rate in the critical solids zone
Max ER Maximum evaporation rate in the critical solids zone
Delta ER Differential in evaporation rate from the start to the end of the critical solids zone
ER at 23.5% Evaporation rate at the center of the critical solids zone

moisture
Coating weight Coating weight
Latex Latex type normalized by Thurstone scale ratings within the drying conditions of the latex evaluation
Speed Web speed
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corporated bearer to bearer contact between the blanket
cylinder and impression cylinder. Blanket to paper impres-
sion was set by packing blanket 0.1 mm (0.004 in.) over the
bearer.All units used the same brand and concentration of
one step alcohol-free fountain solution.The pH was 4.2,and
the electrical conductivity was 1300– 1500 micro Siemens.

The lift contained house paper that was close in caliper and
quality to the test paper.This allowed ink densities and reg-
istration to come close to the specified range.After starting
the press,we adjusted the ink and fountain solution flow to
prevent catch up and to ensure that the tiny, 4% unprinted
circles in a 96%, 150 lines per in. (59 lines per cm) shadow
tone were open. Press speed was 8000 impressions per
hour. Solid, 100%, ink densities were within 0.05 density
units of the specified targets:black 1.55,cyan 1.20,magenta
1.20, and yellow 0.90.

Test print run. After the press operator was satisfied
with the ink and fountain solution balance, we loaded the
lift with 500 sheets of each test paper.We loaded 500 sheets
of house paper last to run first to allow for final adjustment
of ink densities.Then we restarted the press at the same
speed.

After running 200 sheets, we pulled a bundle of 20
sheets and carefully stapled them together to prevent scuff-
ing during shipping. If any problems arose after 200 sheets,
we made appropriate adjustments, ran an additional 200
sheets and pulled 20 more sheets.

Distinguishing back-trap mottle from other mottle. To
avoid confusion with various types of halftone mottle, we
restricted the subjective evaluations to the 200% secondary
blue trap formed by 100% second down cyan and 100%
third down magenta. After this wet trap occurred on the
press, three further back-trapping contacts were imposed
on the ink films through the design of the print form and
color sequence.

To avoid confusion with wet repellency mottle, we
made comparisons between the 100% second down cyan
and the 100% sixth down cyan. If wet repellency had oc-
curred, it would have been a light, sometimes grainy mottle
in late unit colors.

Ranking and rating of mottle
We visually evaluated mottle of the print signatures in an all-
pairs comparison ranking of the samples separated into the
four data subsets. A Thurstone scale factor for the mottle
rankings assessed the relative intensities of perceived print
quality differences (19, 20).This Thurstone scaling generat-

Coating A

Coating B

Coating C

2.Cryo-SEM of coatings A,B,and C
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ed a linear numerical scale to distin-
guish subtle differences in mottle and
related the magnitude of the data to a
proportion of the population.A lower
Thurstone scale factor correlates to
samples exhibiting less mottle.We also
generated Thurstone scale ratings
from the combined data of all four data
subsets.

Statistical analysis and computer
modeling of the drying process
Statistical analysis. We initially

used 13 independent variables for a re-
gression analysis with the composite
Thurstone mottle ratings as the re-
sponse.TTaabbllee  IIVV  shows these variables
selected using mill experience.

We disregarded input variables
that were highly confounded with
each other or showed low sensitivity
defined as the product of the regres-
sion coefficient of a variable with its
range of values. We also conducted a
factor analysis using linear combina-
tions of the above input variables with
the Thurstone scaling values.

Computer modeling. A proprietary
software program from TEC Systems
modeled the drying process.The fol-
lowing eight input variables were nec-
essary: pilot coater geometry (sheet
path distances),coating speed,coating
weight, initial basestock and coating
moisture content, dryer setpoint tem-
perature,nozzle velocity, and humidity
of the ambient air.We did not monitor
recycle moisture.The output data con-
sisted of the calculated net evapora-
tion rates, sheet temperatures, and
moisture content for the coatings

throughout the drying process.

RESULTS
Wet coating characterization
Cryofixation. We examined the

wet coatings using cryofixation and
SEM to assess the state of dispersion
before coating application.This tech-
nique allows the study of microstruc-
tures in coatings (21). Cryo-SEM
looked for evidence of latex effects on
the degree of dispersion in the wet
coating structure and its possible im-
pact on coating consolidation during
drying.

FFiigguurree  22 shows the cryo-SEM re-
sults at 12,500X magnification. The
data indicate more open structures for
coating A than the other coatings.
Although the differences between
coatings B and C were more subtle,
coating C exhibits a more consistent
distribution of wet state microstruc-
ture. The initial wet coating mi-
crostructure or its sensitivity to
immobilization under super cooled
conditions may relate to the suscepti-
bility for mottle.

Coating consolidation. Watanabe
and Lepoutre (22) have proposed a
mechanism for structure consolidation
during drying.They defined two struc-
tural parameters—the first critical con-
centration (FCC) and the second
critical concentration (SCC).The FCC
represents the immobilization point
where a pigment matrix has devel-
oped in the wet coating layer and par-
ticle alignment at the surface is
maximum.The water film at the coat-

ing surface breaks at the FCC.This cor-
responds to a decrease in gloss.
Menisci start to form at the surface of
the wet coating as drying continues.
Coalescence of the binder in the pres-
ence of water occurs between the
FCC and SCC.This results from the de-
velopment of capillary forces that
draw the matrix together.The particle
network compacts until sufficiently
tight to resist the compressive forces
at the SCC.This is the point of maxi-
mum compaction and represents the
solids concentration of maximum
packing.After the SCC,air replaces the
remaining water left in the pores cor-
responding to an increase in opacity.

FFiigguurree  33 shows the immobilization
curves of all the coatings.The curves
indicate that the FCC of all the coating
layers occurred at a coating solids con-
tent of approximately 74%.The SCC
occurred at a coating solids content of
approximately 82% for coatings A and
C and approximately 84% for coating
B. Delta gloss difference between the
initial and final gloss measurements
was significantly smaller for coating B
than for coatings A and C.The smaller
delta gloss and smaller SCC values ex-
hibited by coating B were normal be-
cause of the higher glass transition
temperature of binder B.

Effect of drying strategy on 
mottle

The primary objective of this study
was identification of the critical drying
process parameters to reduce mottle
for a mill. Drying strategy and binder
type were the only variables from the

4.Cross-sectional SEM of A3 and A7
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four data subsets—drying strategy,
binder type,coat weight,and IR drying
and coating speed that showed a sig-
nificant effect on mottle. Further dis-
cussion will focus on the effect of
these two variables on mottle.

TTaabbllee  VV shows the mottle ratings
of coating A run with different drying
profiles. A lower Thurstone scale fac-
tor correlates to the least mottle. We
replicated sample runs A1 and A7
identified by an R in the run number.
The difference in Thurstone scale fac-
tors among these replicate runs was
approximately 0.40. Sample run num-
bers A8,A6,and A3 exhibited the most
severe mottle and showed similar rat-
ings to each other of approximately
2.50 ± 0.05.

SEM. FFiigguurree  44 shows cross-section-
al SEM data of samples A3 and A7.Both
samples exhibited a higher binder
concentration at the coating surface
than at the interior of the coating.
Sample A3 showed clustering of the
binder at the surface, but sample A7
exhibited a more uniform binder dis-
tribution at the surface and a higher
binder concentration at the top of the
coating surface than sample A3.

Effect of binder type on mottle
TTaabbllee  VVII shows the mottle ratings

of coatings A, B, and C run with four
different drying profiles.The effect of
drying profiles on mottle for a given
binder formulation was consistent.
These coatings also had differentiation
in their resistance to mottle.The sever-

ity of mottle depended on the choice
of binder type in the coating formula-
tion as the following average
Thurstone scale factors—best to
worst—show: 0.82 for coating C, 1.29
for coating B, and 1.81 for coating A.

XPS. We conducted surface char-
acterization by XPS of the coatings to
probe the mechanism relating drying
conditions to mottle further. Other re-
searchers have used the method to
characterize the surface of coated
paper (23–27). FFiigguurree  55 shows atomic
composition defined as the average of
11 points sampled along a line at 1-
mm increments.

Coating C exhibited a more con-
sistent distribution of the surface com-
ponents compared with the other
coatings.This provides confirmation of
the end-use data that also indicated
coating C was the most resistant to
mottle.The ratio of C/Ca suggests that
increased binder content at the sur-
face resulted only when using a harsh-
late drying profile of 38°C, 38°C,
232°C, and 232°C setpoint tempera-
tures for D1, D2, D3, and D4, respec-
tively, for coatings A and B.The ratio of
Si/Ca also increased for the harsh-late
drying profile indicating higher clay to
calcium carbonate ratios. Other than
these observations no significant
trends based on the standard deviation
values of the elemental analysis corre-
lated drying conditions to surface
composition, although other cases of
significant variations in mottle did
occur.For example,samples A7 and A9

V.Back-trap mottle for coating A with different drying profiles with
best ranking for mottle listed at top

Air setpoint temperatures, °C
Run Number D1 D2 D3 D4 TSF

A7R 107 204 107 204 0.00
A7 107 204 107 204 0.39
A5 204 107 107 204 0.58
A1R 232 232 38 38 0.91
A2 149 149 149 149 1.05
A1 232 232 38 38 1.32
AIR1 204 204 107 107 1.55
A9 204 204 107 107 1.66
A4 107 107 204 204 1.98
A8 107 204 204 107 2.45
A6 204 107 204 107 2.49
A3 38 38 232 232 2.50

TSF:Thurstone scale factor
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5.XPS analysis

VI.Back-trap mottle showing effect of binder type with best ranking
for mottle listed at top

Air setpoint temperatures, °C
Run Number D1 D2 D3 D4 TSF

C7 107 204 107 204 0.00
B7 107 204 107 204 0.09
B9 204 204 107 107 0.58
A7 107 204 107 204 0.80
C9 204 204 107 107 0.85
C6 204 107 204 107 0.94
C3 38 38 232 232 1.47
B6 204 107 204 107 1.76
A9 204 204 107 107 1.80
A3 38 38 232 232 2.23
A6 204 107 204 107 2.42
B3 38 38 232 232 2.71
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exhibited significant differences in
mottle Thurstone scale factors of 0.20
and 1.66, respectively, but showed
similar surface composition. Samples
A6 and A3 exhibited similar mottle
Thurstone scale factors of 2.49 and
2.50, respectively, but showed signifi-
cant differences in C/Ca ratios.

Statistical analysis of mottle from
the combined data set

We combined the mottle ratings of the
data sets from all four data subgroups.
Using these Thurstone scale factors as
a response,we performed a regression
analysis using the four most significant
of thirteen input variables from Table
IV. We analyzed the data again using a
critical coating solids range of 72–78%
after visual inspection of the graphical
output of the drying model. TTaabbllee  VVIIII
shows the sensitivity of the significant
variables defined as the product of the
regression coefficient of a variable
with its range of values and coefficient
of determination from both these
analyses.Table IV gives the variable de-
finitions. In both cases, the effect of
binder type was comparable to that of
the other drying variables.

Two variables were highly con-
founded to the significant variables
listed above but did not improve the
model.Delta T1 was confounded with
delta T2, and maximum evaporation
rate in the critical solids zone was con-
founded with the critical solids range.
After the statistical modeling was
complete, we substituted several
other variables such as zone 2 tem-
perature,zone 4 temperature,distance
to the start of the critical solids range,
and evaporation rate at the start of the

critical solids range. No improvement
in the model occurred by adding any
of these variables.

We also did a factor analysis using
linear combinations of the input vari-
ables that yielded results consistent
with the regression analysis. In addi-
tion, we analyzed the data again using
a critical solids range of 72–78%. Four
resultant factors from the factor analy-
sis were the following:

• Factor 1 relates to the harshness of
drying in the critical solids zone.

• Factor 2 relates to the setting of
the latex structure.

• Factor 3 relates to the sheet tem
perature profile through the 
dryers.

• Factor 4 relates to coating speed.

The Eigen values relative variation ex-
plained by the model due to the differ-
ent factors for factors 1 through 4 are
3.77,2.75,2.58, and 1.75, respectively.

The three most important singular
variables in Table IV from the factor
model were the maximum evapora-
tion rate in the critical solids zone,
delta T2, and latex. High correlations
existed between the following vari-
ables: Delta T1 with Delta T2 and coat-
ing solids range with maximum
evaporation rate, average evaporation
rate, and evaporation rate at 25%.
Results from the factor analysis were

consistent with those obtained from
the regression analysis.

Computer modeling
Computer modeling provided a better
understanding of the critical drying
process parameters and translated the
pilot coater results to the drying
process of the mill. The theoretical
curves consist of the calculated net
evaporation rates and calculated sheet
temperatures of the coating through-
out the drying process plotted against
the sheet path distance.We noted the
air setpoint temperatures for each air
flotation dryers by shading and show
the FCC and SCC values in the figures
discussed below.

FFiigguurree  66 shows the theoretical re-
sults for runs A5 and A6.A5 exhibited
significantly less mottle than A6 with
Thurstone scale factors of 0.58 and
2.49, respectively.The drying profile
for the first two air flotation dryers
was identical for both runs.Within the
critical drying zone initially defined as
the region between the FCC and SCC,
run A6 exhibited higher net evapora-
tion rates and sheet temperatures com-
pared with A5.The values for run A5
started to increase significantly toward
the latter part of the critical drying
zone in D4 toward a longer sheet path
distance.Improved mottle therefore re-
sulted even when the evaporation rate
significantly increased toward the end
of the critical drying zone.These data

VII. Sensitivity of significant variables result-
ing from regression analysis

Critical coating
solids range 72–81% 72–78%

Delta T2 3.08 1.09
Delta ER -2.31 NA
Binder type 1.26 1.34
CS range -1.16 NA
Max ER NA 2.12
R2 0.82 0.83

NA: not applicable
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suggest that this zone is narrower than
the region bounded by the FCC and
SCC.The critical drying zone seems de-
fined by a coating solids range of
72–78% centered around 75%. In addi-
tion, a threshold of approximately
0.009 kg/sec/m2 (7 lb/h/ft2) for net
evaporation rates occurred within this
critical region. Severe mottle resulted
above that point.

FFiigguurree  77 shows the theoretical re-
sults for runs A7 and A8.They also ex-
hibited significant differences in
mottle with Thurstone scale factors of
0.20 and 2.45, respectively. Severe
mottle again seems to relate to an
evaporation rate above a threshold
value within a narrow coating solids
range.The drying profile for the first

two air flotation dryers was also iden-
tical for both these runs.The D2 set-
point temperature was higher than
runs A5 and A6.Before the critical dry-
ing zone, the net evaporation rate his-
tory therefore did not affect mottle.

FFiigguurree  88 shows the theoretical re-
sults for runs A9 and A3.They exhibit-
ed significant differences in mottle
with Thurstone scale factors of 1.66
and 2.50, respectively. Run A3 repre-
sented a harsh-late drying profile and
had the largest increase from the D2
to D3 air setpoint temperatures of all
the drying profiles used. Runs A9 and
A3 represented extreme drying pro-
files used for all three coatings.Similar
profiles resulted with coatings B and
C.The results shown in Figs. 6–8 as 

discussed below were therefore repre-
sentative of all the coatings.

FFiigguurree  99 shows the theoretical and
actual sheet temperature measure-
ments for run A2. It had the following
drying profile: 149°C, 149°C, 149°C,
and 149°C for D1 through D4 air set-
point temperatures.A2 represented a
moderate drying profile and was the
only run with equivalent air setpoint
temperatures for all the dryers. The
measured sheet temperatures signifi-
cantly increased within the region
bounded by the FCC and SCC.

Other end-use properties
Drying conditions over the range cov-
ered in this study did not significantly
affect coating appearances or other
end-use properties except porosity
and percentage of drop using the
K&N Labs test in a few cases.This was
true even for coatings formulated with
latexes conducive to binder migra-
tion—high glass transition tempera-
ture and small particle size.

DDIISSCCUUSSSSIIOONN
Our results show that drying strategy
and choice of latex binder in the coat-
ing formulation significantly influ-
enced mottle. We successfully
translated the regression results to
practical application at a mill to re-
duce mottle.The following methodol-
ogy was a starting point:

• Determining the critical dryer
that was approximately located in
the critical drying zone

• Measuring web temperatures be-
fore and after this critical dryer

• Reducing evaporation rates in this
critical dryer with adjustment of
processing conditions to control
the web temperatures so the exit
temperature was lower or similar
to the entering web temperature

• Decreasing the target coating
speeds to lengthen the immobi-
lization zone.

This methodology and the use of coating
C have reduced mottle issues at the mill.
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FFiigguurree  1100  shows profiles of evapo-
ration and sheet temperature with dry-
ing time. Minimal drying occurs
during the preheated phase where
most of the energy transferred goes to
heating.With application of additional
heat, the web will experience a de-
cline in the rate of temperature in-
crease. This causes a corresponding
rise in the rate of evaporation. The
evaporation rate reaches a maximum
during the steady state of evaporation
phase. As the evaporation rate de-
clines, sheet temperatures increase.

The FCC and SCC structural para-
meters relate approximately to the
start of the steady state and falling rate
of evaporation phases of the drying
process,respectively (10, 28).The FCC
probably represents a solids concen-
tration below which high intensity
drying can safely be used without ad-
versely affecting print quality.The SCC
probably represents the completion of
coating immobilization beyond which
the sensitivity of the coating to evapo-
ration rate is low. FCC and SCC there-
fore associate qualitatively with the
range of the critical drying zone.

Our results suggest that the FCC
occurs further along the drying profile
than the start of the steady state of
evaporation phase as generally be-
lieved. The data in Figure 9 indicate
that the sheet temperatures from run
A2 with a drying profile of equivalent
air setpoint temperatures for all driers
significantly increased within the re-
gion bounded by the FCC and SCC.
The FCC is therefore probably closer
to the end of the steady state of evap-
oration phase near the falling evapora-
tion rate zone.The computer modeling
results for other run conditions also
support this conclusion.The degree of
mottle is very sensitive to drying con-
ditions near the FCC.

Our results agree with the consen-
sus that the best drying strategy is re-
duction of the drying rate in a critical
solids zone followed by hard drying
after the critical zone.The key issue is
a precise definition and determination

of the critical zone.Our modeling data
show that the critical drying region as-
sociates with a narrow coating solids
range of 72–78%.This critical drying
region is narrower than that bounded
by the FCC (74%) and SCC (84%) for
coatings A and C and 82% for coating
B.These results indicate that the cal-
culated critical drying zone centers
around the FCC. The threshold net
evaporation rate within this narrow
region is 0.009 kg/s/m2 (7 lb/h/ft2) by
definition.Severe mottle results above
this region. If these net evaporation
rates were ≤ 0.007 kg/s/m2 (5
lb/h/ft2),the least amount of mottle re-
sulted.

The best description of the effect
of drying conditions on mottle uses
the coating solidification process
rather than defining optimum drying
conditions by an energy input para-
meter.A possible explanation for the
propensity to mottle from severe dry-
ing conditions at the FCC comes from
consideration of the coating consoli-
dation mechanism that FFiigg..  1111 shows.
The coating consists of two different
coating layers (29, 30). One is a high
solids filter cake at the coating immo-
bilization solids that lies near the FCC.
The other is a lower solids liquid coat-
ing layer near the application solids.
We assume a small transition zone be-
tween these two layers instead of a
more gradual solids gradient across
the coating layer.The filter cake pro-
gressively grows in thickness as the

coating continues to lose water until it
reaches the air coating interface. At
that point, a free liquid layer no longer
exists.The evaporation rate of the coat-
ing should probably decrease.The liq-
uid phase of the coating is still very
mobile and can lead to redistribution
of the coating constituents depending
on the relative rates of evaporation and
transport of liquid to the coating sur-
face.

We could experimentally scrape
off some coatings before the third air
flotation dryer indicating the exis-
tence of a mobilized layer or liquid
coating layer as shown above.
Immobilization of the coatings oc-
curred sometime within the third air
flotation dryer, since we could not
scrape off any coating after this dryer.
As shown earlier, data in Fig. 9 indi-
cates that the third dryer encompasses
some falling rate of evaporation phase.
The key to controlling mottle is to
avoid harsh drying conditions at the
early stages of the falling evaporation
rate phase to avoid exceeding a critical
threshold net evaporation rate. With
extremely high evaporation rates se-
vere enough to cause turbulent con-
vection currents, disruption of the
coating structure randomly at this
point could induce surface nonunifor-
mity and result in the transport of fluid
phase components to areas where
they were not originally distributed.
This effect would also depend on 
localized regions of thicker coating
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within surface depressions of the
basestock.This could exacerbate sur-
face nonuniformity that is conducive
to mottle.The disruption probably de-
pends on the ratio of the energy input
to the amount of water remaining in
the coating structure.

The consolidation of a paper coating
during drying is a complex process
during which a substantial reduction
of thickness can occur with consider-
able redistribution of the coating com-
ponents. Vanderhoff and Bradford
suggested consideration of convec-
tion or surface tension-driven currents
that arise in the film at a critical stage

of drying causing
migration of
small particles
and resulting in
an uneven distrib-
ution of latex par-
ticles (31). They
proposed that
clay platelets be-
come immobi-
lized at a stage of
drying where
some small latex
particles are still

free to move.The conditioning phase
refers to a reduced rate or stoppage of
evaporation during the drying
process—a mild-late condition.This al-
lows the aqueous phase of the bulk
coating layer to move in the surface
pores to the coating surface where
binder enrichment results. In a harsh-
late drying profile, less binder proba-
bly goes to the coating surface where
water evaporation and binder deposi-
tion could take place because the
evaporation rate will be higher than
the transport rate in the pores.

In our study,we used different dry-
ing profiles to induce different binder
distributions throughout the coating
to evaluate its effect on mottle. SEM
photomicrographs in Fig. 4 show that
a sample with a higher and more uni-
form binder concentration at the coat-
ing surface exhibited less mottle than a
sample that exhibited severe mottle.
This agrees with earlier work (13, 32,
33).These results indicate that binder
enrichment in the coating surface as

such cannot be the sole cause of mot-
tle. Mechanisms have previously been
proposed to explain this.These are an
evaporation phase gap or conditioning
phase in drying strategy (34, 35) as de-
scribed above.

We also measured XPS data on the
x-y surface uniformity of binder distri-
bution besides the cross-sectional SEM
data. Besides the extreme harsh-late
drying condition, variation of drying
profiles did not result in differences of
the degree of surface component dis-
tribution determined by XPS.This sug-
gests the existence of some mottle
controlling parameter other than
binder migration. Supporting this is
data showing that mottle was the only
end-use property that drying condi-
tions significantly affected over the
range covered in this study.In addition,
the initial wet coating structure or its
sensitivity to immobilization may re-
late with the susceptibility for mottle.

This parameter may relate to struc-
ture or some mechanism occurring
just at or near the coating surface.
Earlier work by others suggested con-
sideration of a coating structure effect
or something other than the binder
distribution in the coating surface that
relates to the mechanism for mottle
(13, 14). Engstrom and Rigdahl have
postulated that a surface latex concen-
tration may exist below which varia-
tion in surface porosity causes mottle
(35). Kline suggested that pore struc-
ture and surface binder concentration
with some complex set of parameters
may significantly affect print quality

Migration of liquid phase into base paper

Liquid coating
layer

Immobilized
layer

11.Calculated and actual sheet temperature measurements for run
A2 with shaded areas representing air flotation dryers D1–D4

VIII. Effect of variables on back-trap mottle

Variable Effect on back-trap mottle

Drying strategy Significant
Binder type Significant
Coating weight Insignificant
IR drying and coating speed Insignificant

Insignificant ratings used a limited number of runs.
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(16). Although the control and opti-
mization of coating structure are nec-
essary to achieve wet and dry coating
strength required for offset printabili-
ty, structure on a different scale or an-
other mechanism may play an
important role in reducing mottle.

SUMMARY AND CONCLUSIONS
The primary objective of this study
was identification of the critical drying
process parameters at a mill to reduce
back-trap mottle. We studied the im-
pact of drying strategy, binder type,
coating weight, and infrared drying
and coating speed on the susceptibili-
ty to back-trap mottle.We applied coat-
ings onto a 112 g/m2 (74 lb/ream)
wood-free basestock on a pilot coater
that had air flotation and infrared dry-
ers but not dryer cans.Computer mod-
eling translated the pilot coater results
to the drying process of a mill.
Variation of drying strategy and its re-
lationship to back-trap mottle showed
the following results:

• Drying strategy and the choice of
binder in the coating formulation
significantly influenced back-trap
mottle as TTaabbllee  VVIIIIII  shows.No
consistent trends related coating
weights of 19 g/m2 (13 lb/ream
and 13 g/m2 (9 lb/ream)), infrared
drying,and coating speed to back-
trap mottle using the limited data
in our runs.

• Statistical analysis of back-trap mot-
tle rankings provided numerical
ratings that allowed computer
modeling and regression analysis.
We obtained predictive equations
for target back-trap mottle values
with the following significant vari-
ables:maximum evaporation rate
within the critical solids zone,
binder type,and change in sheet

of wet state microstructure.Drying
conditions over the range covered
in this study did not significantly
affect coating appearances or
other end-use properties except
porosity and percentage K&N
drop in a few cases.This was true
even for coatings formulated with
latexes prone to binder migration
high glass transition temperature
and small particle size.

Future work will focus on further un-
derstanding of the mechanistic effect
of drying conditions on the consolida-
tion process to improve the ability to
control operating conditions of dryers
to reduce back-trap mottle and tailor
binder modification.TJ
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temperature between the second
and third air flotation dryers.
Translation of the regression re-
sults to practical application at a
mill successfully reduced back-
trap mottle.

• Theoretical results agreed with the
work of others showing a re-
quired balance between a harsh-
early and mild-late drying strategy
and restricted net evaporation
rates within a specific solids range
to reduce back-trap mottle.
Quantification of a threshold net
evaporation rate within a narrow
range coating solids of approxi-
mately 72–78% gave 0.009
kg/s/m2 (7 lb/h/ft2).Above this
value,severe back-trap mottle 
resulted.

The calculated critical drying
zones were narrower than the re-
gion bounded by the FCC and
SCC.Computer modeling results
also showed the calculated critical
drying zones centered around the
FCC.The FCC is probably located
closer to the start of the falling
rate of evaporation phase of the
drying process rather than the
start of the steady state of evapora-
tion phase as generally believed.
The degree of back-trap mottle is
highly sensitive to drying condi-
tions right at the FCC.High evapo-
ration rates at this point may cause
sufficient disruption to produce
nonuniform surface conditions
conducive for back-trap mottle.

• SEM,XPS,and cryo-SEM data indi-
cated that improved back-trap
mottle resulted from a more 
consistent and higher binder con-
centration at the coating surface,a
more consistent distribution of the
surface components of a coating,
and a more consistent distribution
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