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improve their strength and printability. This study focuses on the effect

of new eco-friendly coating formulations on the colorimetric
performance of recycled paperboards for packaging applications. China clay
(F1) and montmorillonite clay (F2) based eco-friendly formulations were
prepared and applied on selected recycled paperboards using a K-bar coater for
three different coating thicknesses (4, 10, and 15 pum). The coated recycled
paperboards were printed using an IGT printability tester, and the colorimetric
performance was evaluated by comparing the color difference (AE) of the
printed image with the ISO 12647-2 (2013) standard. The preliminary studies on
coated recycled paperboards printed with black offset ink revealed that recycled
paperboards coated with formulation F1 for 4 um thickness showed better
colorimetric performance compared to those coated with formulation F2. The
China clay-based coating (F1) improved the surface structure by reducing the
surface pores and roughness of the coated recycled paperboards. The improved
surface structure, higher surface energy, and zeta potential of China-based
formulation (F1) have resulted in better printability. Printing solid images using
four-color offset ink with 1 and 2 mL ink volumes was used to test the
colorimetric  printability of coated recycled paperboards. Colorimetric
printability was significantly improved using 1 mL of ink supply due to
decreased ink absorption on coated recycled boards. The hypothesis test was
carried out by performing paired t-test using IBM SPSS 20 software to verify the
experimental results. Prog. Color Colorants Coat. 15 (2022), 175-189© Institute
for Color Science and Technology.

T he coatings are commonly applied on paperboards in packaging to

1. Introduction

Recycled paper has the tangible advantages of
decreasing the use of trees in paper pulp processing,

The packaging solution providers should consciously
use environmentally sustainable alternatives such as
recycled paperboards and eco-friendly coating material
without reducing the quality of the packaging.

helping to build a world that is environmentally
friendly [1, 2]. The coating used on paperboards
improves their optical properties while also enhancing
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their visual appeal. Another significant advantage of
coating paperboards is that it can increase the strength
and printability of the paperboard [3]. Uncoated papers
exhibit greater variations in printed color, owing to
increased dot gain [4]. The absorbency of printing ink
on coated paper increases with the increase in the
porosity of the base paper. The non-uniformity of paper
surfaces affects print uniformity [5]. The clay-based
coating fills the surface cavities of the paper, lowering
water absorption and improving printability [6]. Color
reproduction is an important aspect of print quality.
Smaller pores on the surface of the coated paper absorb
ink slowly during the printing process. In comparison,
larger pores can cause rapid absorption of the ink,
resulting in a reduction in optical ink density [7]. Bio-
based coatings derived from stearic acid in a
hydrophobic starch matrix, when applied to the surface
of the paperboard, exhibit increased resistance to water
and grease absorption [8]. The solid print density, dot
gain, and dot uniformity will influence the quality of
conventional printing [9]. Due to the roughening of the
coated surface caused by the addition of a large amount
of latex binder, the specular gloss of coated carton is
reduced [10]. Styrene-butadiene copolymer dispersion
coatings improve the surface and barrier properties of
paperboards [11]. The in-plane physical strength of the
coated paperboard is higher when coated with
formulations containing Kaolin clay and styrene-
butadiene binder [12]. High-quality offset and
flexographic color printing require effective ink
trapping of primary color printing inks [13]. The
amount of ink transferred on the substrate is
determined by the nip pressure, ink rheology, and the
amount of ink on the offset blanket [14]. The use of
clay-based pigments combined with latex binder
coatings for paper reduces porosity and ink absorption,
resulting in increased print density [15]. Paperboards
coated with organic nanoparticles synthesized by
imidization of styrene-maleic anhydride copolymers
demonstrated good offset printability due to better ink
adhesion as compared to uncoated paperboards [16].
Latex-based coating formulations form a continuous
film on the paperboard, improving its smoothness [17].
The recycled paper substrate can also be used to print a
wide range of colors using an offset printing press [18].
The scanning electron microscopy (SEM) provides
information about coated paper surface roughness and
porosity [19]. The smoothness and absorbency of the
paperboard surface will influence the colorimetric
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values (L*, a*, and b*) of the printed images. The
optical ink density of the flexographic print increases
with the increase in surface free energy of the
biopolymer substrate [20, 21]. The higher optical ink
density is the consequence of a wider coating network
and increased bonding between printing ink and base
paper [22]. The bleached kraft liner coated with nano-
silica synthesized from rice husk (nano-RHS) improves
the image clarity and color density of the printed image
[23]. The objective of this research work is to evaluate
the influence of two types of eco-friendly clay-based
coating formulations, China clay (F1) and
montmorillonite clay (F2), on the surface structure and
colorimetric printability of nine types of recycled
paperboards. The current work demonstrated a novel
method for improving the colorimetric printability of
recycled paperboards at the usage of low ink volumes
by coating them with eco-friendly clay-based
formulations. The coating formulations and coating
thicknesses are also optimized based on colorimetric
printability. The influence of ink volume on the
colorimetric printability of coated recycled paperboards
was evaluated by comparing with 1ISO 12647-2: 2013
standard [24]. The coated recycled paperboards printed
using 1 mL of ink volume showed better colorimetric
printability compared to those printed with 2 mL of
ink.

2. Experimental
2.1. Materials

Nine types of imported recycled paperboards
(Padmavati Fine papers, India) were used in this study.
China clay (English Indian Clays Ltd, India),
montmorillonite clay (Everest Starch, India, Pvt. Ltd),
Sorbitol (Gulshan Polyols Limited, India), ammonia
(Merck, India), Acronal (BASF, India), and four-color
offset process inks (DIC (India) Limited, India) black
(K), cyan (C), magenta (M), and yellow (Y) were
purchased.

2.2. Categorization of the recycled paper
boards

The brightness and colorimetric properties of the
selected recycled paperboards suitable for Fast-moving
consumer goods (FMCG) packaging applications were
measured using Spectrodensitometer D530 (Xrite,
USA). The instrument was calibrated using a standard
white patch provided by Xrite. The colorimetric values
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(L * a*andb *) of recycled paperboard surfaces were
measured by selecting the color measurement option.
The brightness and colorimetric values of the
paperboards were compared with I1SO 12647-2: 2013
standard and categorized for further study.

2.3. Coating

The two types of eco-friendly clay-based coating
formulations, F1 and F2, were prepared by mixing
various ingredients using a magnetic stirrer for an hour
to get a uniform coating formulation. The composition
of the two coating formulations is shown in Table 1.

The particle size, conductivity, and Zeta potential
of these coating formulations were measured using
Mastersizer (Malvern Instruments Ltd, UK). The
viscosity of the coating solutions at 30 °C was
measured using Viscometer (Brookfield, USA) with
spindle LV04 No. 64 at 60 RPM. The surface tension
of the coating solutions was measured using a Surface
Tensiometer (Jencon, India). The coating was carried
out on nine types of recycled paperboards using K-Bar
Coater (RK Print Coat Instruments, UK). The recycled
paperboards were coated with formulations F1 and F2
each for three coating thicknesses of 4, 10, and 15 pum.
The brightness and colorimetric properties of coated
recycled boards were then measured using a
spectrophotometer (Xrite, USA).

2.4. Printing

Both uncoated and coated recycled paperboards (coated
with F1 and F2 each for 4, 10, and 15 um thickness)
were printed initially with 2 mL of black offset ink
using Printability Tester (IGT Testing Systems,
Netherlands) at 0.3 m/s printing speed and 400 N

Table 1: Composition of coating formulations F1 and
F2.

Weight Percent for coating
formulations

Ingredients

China clay 50 -
Montmorillonite clay - 50
Acronal 30 30
Sorbitol 17 17
Ammonia 3 3

printing pressure. The L * a * and b * values of printed
images were measured, and color deviations from 1SO
12647-2: 2013 standard were calculated using the
standard formula. The recycled paperboards coated
with the best coating formulation for optimized coating
thickness were chosen to print using four-color offset
process inks. 1 and 2 mL of ink were then separately
printed on recycled paperboards. The results were
compared to the I1SO 12647-2: 2013 standard to
investigate the effect of ink volume on colorimetric
printability [21].

2.5. Microstructural surface study

The surface images of uncoated and coated Hammer
white recycled paperboards were taken using Scanning
Electron Microscopy (EVO 18, Zeiss, Germany).
These images help to understand the changes in the
surface structure of recycled paperboards after coating.

3. Results and Discussion

3.1. Properties of coating formulations

The properties of the two clay-based coating
formulations F1 and F2, such as viscosity, surface
tension, particle size, conductivity, and zeta potential,
are presented in Table 2. The viscosity, surface tension,
particle size, and zeta potential of coating formulation
F1 are significantly higher than that of F2. The
electrostatic attraction between molecules due to
dispersion and adsorption of water-based binder on the
China clay surfaces in formulation F1 has resulted in
an intensely oriented surface structure, increasing the
viscosity of the coating solution. The higher viscosity
of the coating solution can offer a uniform coating
coverage, and hence a smoother coated surface. The
particle size of F2 is found to be finer than F1. Closely
sized particles will result in a narrow particle size
distribution. The larger size differences between the
particles of F1 can lead to a broad particle size
distribution of the coated surface. This type of
arrangement in particle size distribution results in a
closely packed surface structure [25]. The surface
tension of the coating formulation will have an effect
on the printability of the coated recycled paperboards.
The increased surface tension of the coated surface
leads to more ink transfer and higher optical ink
density [22]. The higher Zeta potential of F1 indicates
that it is more stable when compared to F2 [26].
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Table 2: Properties of coating formulations F1 and F2.

Coating Viscosity Surface Particle size (nm) Conductivity zeta
- (CP) at 60 tension Potential
1 F1 4480 525 1300 155.9 185.2 0.172 -56.5
2 F2 1410 49 1286 100.5 116.4 03 -28.7
3.2. Categorization of recycled paperboards as AE =,/[ALZ + Aa? + AbZ] (1)

per 1SO 12647-2: 2013

The standard characteristics of 1ISO paper types and their
respective categories according to 1SO 12647-2:2013 are
shown in Table 3. The brightness and colorimetric
values (L*, a*, and b*) of the recycled paperboards were
measured using Xrite Spectrophotometer D530. The
color difference (AE) between the selected recycled
paperboards and the ISO standard was calculated using
the formula (Eq. 1):

Where AE is the color difference, AL, Aa, Ab is the
deviation of L *, a *, and b * from the ISO standard
measurements, respectively [25].

The AE values calculated in comparison with the
1SO 12647-2 standard for uncoated recycled paperboards
are recorded in Table 4. Then, the recycled paperboards
are categorized according to ISO 12647-2: 2013
standard based on a minimum AE and brightness values.

Table 3: Standard L*, a*, b* and brightness of ISO 12647-2 paper type [25].

Brightne
89

Gloss-coated, wood-free (1)
Matte-coated, wood free (2)
Gloss-coated, web (3)
Uncoated, white (4)

Uncoated,slightly yellowish (5)

92 0 -3 89
87 -1 3 70
92 0 -3 93
88 0 6 73

Table 4: Classification of selected recycled paper boards into ISO paper type (n = 5).

Twill Bright White (1) 86.02 + 3.45 5.90 +0.26
Twill Avorio (I1) 84.40 + 3.68 1.88+0.20
Prisma White (I11) 88.20 £3.78 7.10+£0.34
Prisma lvory (1V) 94.45 + 3.98 6.50 = 0.43

Hammer White (V) 87.00 £ 3.47 4.80 £0.25
Bianco Flash (V1) 89.90 £ 3.68 9.20 £0.38
Contact laid Ivory (V1) 88.28 + 3.43 5.65 +0.29
Contact laid white (V1il) 86.75 + 3.18 3.75£0.30
Contact Natural white (1X) 89.48 +2.78 8.90 = 0.45

178 Prog. Color Colorants Coat. 15 (2022), 175-189

5.40+0.25 72 +3.56 4.2+0.94

0.51+£0.15 90 +3.85 3.60 + 1.05 4
6.32+£0.28 71+3.25 501+1.34 5
7.90 £0.38 71+2.98 4.20+1.29 4
5.40+£0.23 92 +2.45 555+1.45 4
8.00 £ 0.45 73+2.10 9.95 +1.46 5
6.94 £ 0.42 92 +2.85 7.83+1.35 4
6.50 = 0.36 75+2.30 9.17 £1.58 5
9.44 +£0.32 93 +3.46 9.90 £1.49 4
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3.3. Optimization of coating formulation and presented in Tables 5 and 6, respectively. Table 6 shows
thickness that the AE values of the recycled paperboards coated
with formulation F1 are much lower than those coated
with formulation F2 for three coating thicknesses.
Further, it is clear from Table 6 that the AE values of
recycled paperboards coated with formulation F1 for 4
pm  thickness showed minimum AE  values.

All the selected recycled paperboards were coated
separately with coating formulations F1 and F2 for three
different coating thicknesses (4, 10, and 15 pm). The
brightness and AE values for uncoated and coated
recycled paperboards for three different thicknesses are

Table 5: Brightness values of recycled paperboards before and after coating (n = 5).

Brightness (%0)

Recycled o F2
ecycle Uncoated

1
paperboards Coating thickness (pm)
| 872+336  86.02+245 8590%220 85404270 81.67+234 81.00+345  81.20+3.80
I 69.2+2.46  7040+267 71.88+188 7051+1.84 67.42+156 6852+2.34  68.66+2.67

11 89.02+256 88.20+285 87.10+244 86.32+2.45 85.44 £ 3.57 84.76 + 2.56 83.86 £ 3.58

v 725+2.28 7445232 7650+214  77.90+283 70.34 £ 3.18 69.78 £ 2.15 69.05 + 3.26
\ 90.2 £+ 3.65 87.00+3.23 84.80+224 85.40+ 3.4 82.18 £2.45 81.74 £ 3.58 81.26 £ 2.96
Vi 91.8+3.12 89.90+3.57 89.20+345  88.00 +3.26 83.18 +3.74 82.56 £ 3.26 81.78 £ 3.89
VII 71.2+2.68 73.28+212 75.65+232 76.94+3.23 70.85 £ 3.45 69.65 + 3.25 69.80 +£3.24
VIII 90.0 +3.45 86.75+2.88 83.75+252  86.50 +3.28 82.66 £3.12 81.98 £ 2.87 80.57 £3.12
IX 81.8+1.89 79.48+235 7890+215 79.44+3.45 75.37£3.41 75.05 £ 2.58 74.08 + 3.69

'Twill Bright White, "Twill Avorio, "'Prisma White, ' Prisma Ivory, ¥ Hammer White, V' Bianco Flash, V"' Contact laid Ivory, V"

Contact laid white, ' Contact Natural white.

Table 6: The AE values of recycled paperboards before and after coating (n = 5).

Color difference (AE)

Recyced i
0

paperboards Uncoated Coating thickness (um) Coating thickness (um)

| 4.2+0.94 4.2+1.03 5.2+1.36 57+1.48 7.11+1.95 7.34+£1.45 7.78 £1.26

1l 3.60+1.05 490+134 4.60+1.23 4.60 = 1.05 6.55+1.24 6.88 £1.23 7.15+1.12

11 501+134 581+123 481+142 4.81 +1.08 6.45 +1.43 6.50 £1.93 6.80 +1.23
v 420+129 4.66+0.95 4.60+0.88 4.60 +0.98 7.18 +1.58 7.50 £1.70 7.86 +1.34
\ 555+145 6.55%1.23 7.55 +1.07 7.55+0.95 9.12 +1.98 9.45+1.12 9.80 +1.23
VI 995+146 7.85%+1.25 8.95+1.27 8.95+ 1.58 9.77 + 1.56 9.80 +1.39 9.90 +1.47
Vil 783+135 8.73+1.26 8.83+1.45 8.83+1.25 1112 £1.45 11.45+1.23 12.30 £1.67
Vil 9.17+158  8.87+1.63 8.17+1.89 8.17+1.45 11.65+1.38 11.80+1.24 11.98 £1.45
IX 990+149 870+1.24 7.90+1.85 7.90 £1.85 7.11+1.25 7.45+1.29 7.80 £ 1.56

"Twill Bright White, "Twill Avorio, "'Prisma White, "V Prisma Ivory, ¥ Hammer White, V' Bianco Flash, "' Contact laid Ivory, """ Contact laid white,
X Contact Natural white.
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The recycled paperboards coated with formulations
F1 and F2 for 4, 10, and 15 pum thickness were printed
using black offset ink at 400 N printing pressure. The
optical ink densities and AE values of the black offset
ink compared with 1SO 12647-2:2013 are presented in
Tables 7 and 8, respectively.

Table 7 shows that the optical densities of the printed
black offset ink on the recycled paperboards increase
after coating. The optical ink densities have increased

with the increase in coating thicknesses. This may be
because the clay pigment (formulation F1) covers the
pores due to its closely packed surface structures, shape,
layered characteristics, and greater aspect ratio [5].
Hence, the ink absorption of coated recycled
paperboards decreases, leading to increased ink film
thickness. Increased thickness of the clay-based coating
will result in fewer surface pores, resulting in much
lower ink absorption and higher optical densities.

Table 7: The optical density of black images printed on uncoated and coated recycled paperboards (n = 5)

Optical density

Coating thickness (um) Coating thickness (um)

Recycled

paperboards

Uncoated

| 0.75 £ 0.06 1.24+0.08 1.54+0.07 1.684+0.04 0.73£0.07 1.23+0.02 1.52+0.05
I 0.74 £0.05 1.30+0.04 1.51+0.03 1.76 + 0.05 0.71+£0.04 129+0.04 1.73%0.05
Il 0.78 £0.07 1.29+0.03 1.54+0.05 1.71 +0.06 0.76+0.05 1.28+0.05 1.69+0.06
v 0.79£0.08 1.23+0.08 1.53+0.04 1.73 £ 0.08 0.75+£0.08 1.22+0.07 1.71+0.08
\ 0.74 £0.04 1.25+0.03 1.55+0.06 1.72 £ 0.06 0.74+0.04 124+0.06 1.70+0.07
VI 0.81 £0.04 1.23+0.02 1.49+0.07 1.70 £ 0.05 0.78+0.03 1.22+0.07 1.71+0.05
Vil 0.77 £0.02 1.24+0.04 153+0.05 1.73+0.07 0.75+0.05 1.22+0.05 1.70+0.05
Vil 0.80 £ 0.05 1.29+0.05 1.50+0.04 1.68 + 0.03 0.78+0.03 1.27+0.07 1.62+0.07
IX 0.76 + 0.06 1.32+0.06 1.56 +0.07 1.66 £ 0.05 0.75+0.04 130+0.04 1.63+0.08

"' Twill Bright White, "Twill Avorio, ""Prisma White, " Prisma Ivory, ¥ Hammer White, ' Bianco Flash, V"' Contact laid Ivory, "

Contact laid white, '* Contact Natural white.

Table 8: The AE values for a black image printed on uncoated and coated samples (n = 5).

Color difference (AE)

Recycled F1 F2

paperboards

Coating thickness (um) Coating thickness (um)
Uncoated
I I I AT T

| 11.40+245 8.70+256 1350+254 2434+278 1050+256 12.70+1.67 24.34+3.45
I 10.80+265 880+2.65 1485+278 2539+298 9.85+265 1280+1.63 25.39+*345
Il 1450+3.23 10.65+298 17.68+289 21.24+265 14.68+345 14.65+143 21.24+3.56
v 12.10+3.21 9.20+3.25 1958+238 21.60+267 1158+3.12 1720+146 21.60+3.21
\Y 9.60 + 2.56 6.35+356 1790+294 2371+268 7.90+267 1535+128 23.71+298
VI 10.70+2,78 6.95+2.67 1890+276 2442+298 9.90+287 16.95+185 24.42+259
VII 10.20 £2.54  8.40+ 2.76 18.45+234 21.09+315 1045+269 1640%+1.76 21.09+3.23
Vil 11.80+2.75 10.78+3.24 1990+296 24.01+3.65 1290+3.24 18.78+172 24.01+3.97
IX 1750+2.78 19.26+324 1950+287 2310+256 2050%+258 16.26+2.09 23.10+3.45

"Twill Bright White, ""Twill Avorio, "'"Prisma White, 'V Prisma Ivory, ¥ Hammer White, ' Bianco Flash, V"' Contact laid Ivory, V"

Contact laid white, ' Contact Natural white.
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From Table 8, it is clear that the AE of the black
printed image on the recycled paperboards coated with
formulation F1 for a thickness of 4 um shows the least
color deviation from 1SO 12647-2: 2013 standard. The
AE has also increased with an increase in coating
thickness for both the coating formulations. This is
mainly due to the reduction in lightness values at
higher coating thicknesses. The amount of ink
transferred to the substrate, optical ink density, and
lightness (L*) of the black image printed using black
offset ink on uncoated and coated (with 4 pm
thickness) recycled paperboards are listed in Table 9.

As shown in Table 9, the lightness (L *) value of
black images printed on recycled paperboards with 2
mL of ink have decreased significantly after coating
with formulation F1 for a coating thickness of 4 um.
Even though the amount of ink transferred is reduced,
the optical ink densities of the black image are
increased after coating. This is primarily due to the fact
that printing ink has a lower absorption rate on coated
surfaces, leading to lower lightness values (L*).

3.4. Microstructural surface analysis

Figure 1a, b, ¢ shows SEM images of uncoated and
coated (with F1 and F2 for 4um thickness) hammer
white recycled paperboard, respectively. The surface of
the uncoated recycled paperboard is very porous and
uneven (Figure 1a). The surface unevenness of the
recycled paperboard is reduced after its coating. The
coating of the recycled paperboards has resulted in the
sealing of pores and gaps between the paperboard fibers.
This may have resulted in the reduction of ink
absorption on recycled paperboards. However, it is
observed that the recycled paperboard coated with
formulation F1 (Figure 1b) showed much-reduced
surface unevenness when compared to that coated with
F2 (Figure 1c).

3.5. Effect of ink volume on the color difference
(AE)

The optical densities for black, cyan, magenta, yellow,
red, green, and blue images printed using 2 and 1 mL
of ink with formulation F1 for 4um coating thickness
are presented in Table 10.

Table 9: Ink transfer, optical ink density, lightness, and AE for the black image on uncoated and coated recycled
paperboards.

Uncoated Coated (F1, 4 um)
Recycled Ink Color Color

Optical Lightness difference Ink amount Optical Lightness

transferre ) 2 . difference
L* L*
d (g/m?) density (L*) (AE) (g/m®) density (L*) (AE)

| 122+0.10 0.75+0.06 39.8+0.52 1140+245 090+0.10 124+0.08 1456%0.70 8.70*2.56

paperboards

Il 132+0.05 0.74+0.05 39.23+0.62 1080+265 0.83+0.05 130+0.04 1286+0.80 8.80*2.65

11 1.30+0.03 0.78+0.07 3953+099 1450+323 094+003 129+003 1245+0.34 10.65+2098

v 133+0.04 0.79+0.08 36.57+088 1210+321 095+0.02 123+0.08 12.65+054 9.20+3.25
\ 1.30+£0.03 0.74+0.04 3857+092 9.60+2.56 095+0.04 1.25+0.03 1453+0.73 6.35+3.56
VI 132+0.04 081+0.04 3722+097 10.70+278 093+0.03 123+0.02 1475+0.72 6.95=*2.67
Vil 1.31+0.02 0.77+0.02 36.32+0.87 1020+254 093+0.02 124+0.04 1252+0.73 8.40%2.76
Vil 131+0.03 0.80+0.05 3831+076 11.80+275 096+004 129+005 14.64+0.72 10.78+3.24
IX 1.25+0.04 0.76+0.06 39.06+0.58 1750+2.78 093+0.03 1.32+0.06 1554+0.61 13.26+3.24

' Twill Bright White, "Twill Avorio, ""Prisma White, ' Prisma Ivory, ¥ Hammer White, V' Bianco Flash, V"' Contact laid Ivory, V"

Contact laid white, ' Contact Natural white.
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Table 10: Optical density for black (K), cyan (C), magenta (M), and yellow (Y) printed images.

Optical Density

paperboards

| 1.24+0.08 1.14+005 113+0.02 088+0.03 096+0.04 0.87+0.03 0.87+0.03 0.78+0.04

1l 1.30+0.04 1.15+003 114+0.05 087+005 0.86+0.03 0.89+0.04 0.88+0.03 0.76+0.04

1| 1.29+0.03 112+0.04 113+002 0.88+003 0.95+004 0.86+004 0.87+0.04 0.77+0.02

v 1.23+0.08 114+0.03 116+0.03 0.88+0.04 0.94+003 0.85+003 0.84+0.03 0.76+0.03
\% 1.25+0.03 1.15+005 114+0.03 090+0.05 095+004 086+0.03 085+002 0.75+0.03
VI 1.23+0.02 1.09+0.02 1.07+0.03 0.87+0.02 093+004 085+0.04 084+004 0.75+0.02
VIl 1.24+0.04 110+0.04 111+004 0.85%£005 0.95+003 0.84+004 0.86+0.03 0.76+0.03
VIl 1.29+0.05 1.13+004 114+0.04 087+006 097+0.03 0.87+0.03 0.84+0.04 0.78+0.04
IX 1.32+0.06 115+0.04 115+005 0.88+0.05 0.94+004 0.88+0.02 0.87+0.04 0.79+0.02

"Twill Bright White, "Twill Avorio, ""Prisma White, ' Prisma Ivory, ¥ Hammer White, ' Bianco Flash, V"' Contact laid Ivory, V"

Contact laid white, * Contact Natural white.

Figure 1: SEM images of recycled paper board (a) Uncoated, (b) Coated with F1, and (c) Coated with F2.

The L * a * b * values of black, cyan, magenta, recycled paperboards with F1 for 4um thickness are
yellow, red, green, and blue images printed with 2 mL measured. The AE values are then calculated in
of ink on an IGT printability tester at 400 N on coated comparison with 1SO 12647-2:2013 using the standard
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color difference formula and presented in Table 11.
The higher AE on coated recycled paperboards
(Table 11) when compared with 1SO 12647-2:2013
standard was mainly due to excessive ink transfer and
reduced ink absorption by coated recycled paperboards.
These results were the motivation to investigate the

influence of reduced ink volume on the colorimetric
printability of recycled paperboards. Therefore, the
coated recycled paperboards are then printed using 1 mL
of ink by keeping all other print settings constant. The
AE between color images printed with 1 mL ink and ISO
12647-2 standard reference are presented in Table 12.

Table 11: Color difference (AE) for black (K), cyan (C), magenta (M), yellow (Y), red (R), green (G), and blue (B) for 2 mL
ink supply.

Color difference (AE) for 2 mL ink volume

et |k e v v R o | e

Recycled

| 8.70 +2.56 6.87 +3.82 8.45 +3.65 1297 +4.28 1324+339 17.27+424  2217+527
I 8.80 + 2.65 7.45+3.32 8.78 £3.43 1272 +456  12.38+3.65 16.74+432 23.07+4.54
11 10.65+2.98 7.04+245 10.28 +3.54 12.79+3.43 1342+432 1645+475 21.66+4.54
1\ 9.20 +3.25 7.51 +3.98 10.53 + 3.45 1141 +3.43 1235+£256 1512+454 2541 +5.65
\% 6.35 + 3.56 7.39+253 1281+3522 14.89+443 1428+354 1647+432 20.03+545
VI 6.95 + 2.67 7.62 +1.85 10.89 + 2.54 1225+234 1363+354 16.06+4.68 23.44+576
VII 8.40 +2.76 7.94 +£2.54 10.83 + 3.56 1141 +343 1299+432 16.90+356 22.17+596
Vil 10.78 £3.24  7.34+3.32 10.36 £ 2.72 12.06 +3.54 1391+3.86 1657 +4.64 25.21+4.65
IX 1326 +3.24  7.72+2.98 13.30 £+ 3.42 12.62+3.53 1415+268 15.65+584 21.33+5.76

' Twill Bright White, "Twill Avorio, "'"Prisma White, " Prisma Ivory, ¥ Hammer White, V' Bianco Flash, V"' Contact laid Ivory, Y™

Contact laid white, '* Contact Natural white.

Table 12: Color difference (AE) for black, cyan, magenta, yellow, red, green, and blue for 1 mL ink supply.

Color difference (AE) for 1 mL ink volume

I G VR N N RN

Recycled

paperboard

| 7.26+354 10.01+435 8.06+3.85 457+443 545+465 641+349 1259+3.79
I 7.58+3.65 10.19+398 6.12+3.75 4.18+114 094+024 567+154 14.91+4.43
1l 6.34 +3.21 897+387 533+£376 121+056 278+097 456+142 12.73+3.64
v 6.45 + 3.83 6.05+357 647+287 3.88+158 191+054 4.60+1.63 13.08+3.75
\% 7.08 £3.92 994+376 297+143 358+173 6.00+124 514+175 13.42+354
Vi 729+3.64 9.69+398 439+321 236%+123 7.26+142 443+147 14.02+65
VII 6.29 = 3.52 9.04+352 748+454 453+165 497+153 478+153 13.18+454
VIII 7.17 £ 3.62 998+3.67 572+376 247+124 3.68+154 3.07+1.64 13.00%3.75
IX 6.47+3.78 452+465 7.84+398 271+123 410+143 6.78+1.53 13.08+3.76

'Twill Bright White, "Twill Avorio, "'"Prisma White, ' Prisma Ivory, ¥ Hammer White, V' Bianco Flash, ¥"' Contact laid Ivory, V"

Contact laid white, ' Contact Natural white.
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Figures 2-7 shows the visual comparison of AE
between solid color images printed with 1 and 2 mL of
ink volume on nine types of coated recycled
paperboards, respectively.

It is evident from Figures 2-7 that the AE values for
cyan, magenta, yellow, red, green, and blue ink images
printed each with 1 mL ink volume on nine types of
recycled paperboards have been reduced significantly
compared to those printed with 2 mL ink. The AE of
images printed with 2 mL of ink is higher due to the
reduction of ink absorption on the surface of coated
recycled paperboards. The improved colorimetric
performance when printed with 1 mL of ink is due to

E2CCINK 01 CCINK

the better transfer of ink on the surface of coated
recycled boards. Further, this may be due to the
improved surface energy of coated surface due to the
higher zeta potential of China clay-based coating
formulation. The printing on coated recycled
paperboards with reduced ink volume has resulted in
improved color quality and consistency. The reduction
in ink supply offers several advantages, including
increased ink mileage, reduced ink waste, and the easy
cleaning of inking systems with a reduced amount of
cleaning solvents. Thus, coating recycled paperboards
with  clay-based coatings will improve the
sustainability of package printing.

TWILL BRIGHT WHITE

CONTACT NATURAL WHITE

CONTACT LAID WHITE

CONTACT LAID IVORY

BIANCO FLASH

TWILL AVORIO

\  PRISMA WHITE

PRISMA IVORY

HAMMER WHITE

Figure 2: Comparison of color difference for cyan between 1 and 2 mL ink.
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Figure 5: Comparison of color difference for red between 1 and 2 mL ink.
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Figure 6: Comparison of color difference for green between 1 and 2 mL ink.
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@2 CCINK 1 CCINK
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Figure 7: Comparison of color difference for blue between 1 and 2 mL ink.

3.6. Hypothesis testing for evaluating the
influence of reduction in ink volume on
colorimetric performance

The experimental results of AE values for coated
recycled paperboards printed with 2 and 1 mL of ink
were subjected to hypothesis testing at a 5 %
significance level. The following hypothesis was tested
by paired t-test [6].

Ha: There is a significant improvement in the AE

values of black, cyan, magenta, yellow, red, green, and
blue printed images after reducing the ink volume from
2tol1mL.

Ho: There is no significant improvement in the AE
values of black, cyan, magenta, yellow, red, green, and
blue printed images after reducing the ink volume from
2 to 1 mL. The results of paired t-test and correlation
coefficients calculated using IBM SPSS 20 software
are presented in Table 13.

Table 13: Statistical significance of coating on the AE values of coated recycled paperboards.

Significance value
Colors t . Result
-- (2-tailed)
K

7.74 0.004 Significant
C 1.87 0.080 Not significant
M 6.04 0.001 Significant
Y 17.96 0.001 Significant
R 12.93 0.001 Significant
G 26.1 0.000 Significant
B 14.76 0.000 Significant
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Table 13 shows that the significance level
calculated using IBM SPSS 20 is less than 0.05 for all
the colors except cyan. Hence, the H, is accepted. The
AE of coated recycled paperboards have improved
significantly after reducing the ink volume from 2 to 1
mL for magenta, yellow, red, green, and blue printed
images [6]. Thus, the coating of recycled paperboards
reduces lightness (L*) by lowering ink absorption,
leading to a better colorimetric performance at 1 mL of
ink while compared to those printed with 2 mL of ink.

4. Conclusions

Two clay-based eco-friendly coatings were developed
using China clay (F1) and montmorillonite clay (F2) as
the primary coating materials and coated separately on
nine different types of recycled paperboards for three
different coating thicknesses (4, 10, and 15 pum). The
uncoated and coated samples (4, 10, and 15 pum) were
printed initially with black color offset process ink using
2 mL of ink on an IGT printability tester at 400 N
printing pressure. The optical densities of black color
offset ink on the coated recycled paperboards increased
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