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Optimization Of Dispersion Process Parameters 
For PR 57:1 Pigment To Enhance Gloss Of Water- 

Based Ink On Non-Absorbent Substrate. 
Shilpa S. Anchawale, Y. P. Nerkar 

 
Abstract— Water-based ink, a new type of green packaging material has an efficient application in flexible packaging industry to resolve the 

environmental issues related to VOC (volatile organic compound). Gloss, an optical property of water-based ink which represents the print quality is 

inferior in comparison to solvent and UV ink. In this research work efforts are made for improving the gloss of water-based ink using Pigment Red 57:1. 

Attempt is made to improve the gloss during the dispersion stage, i.e. preliminary stage of ink manufacturing. Organic Pigment Red 57:1 was dispersed 

in water. Pigment dispersion process parameters such as pigment loading, size of grinding media and milling time were optimized for narrowest particle 

size distribution and highest gloss of water-based ink on non-absorbent substrate.  Pigment Red 57:1 was dispersed by varying size of grinding media 

from 0.5 to 1.2 mm, pigment loading from 25 to 37% and by extending milling time from 4 Hours to 6 Hours. Particle size analyzer and glossmeter were 

used to measure the pigment particle size distribution and gloss of dispersed material. Response surface full factorial design was done to analyse data 

and evaluate the effect of dispersion process parameters on particle size distribution and gloss of water-based ink. Analysis of Variance (ANOVA) 

techniques are used to confirm the significance of factors and interaction of factors. Regression model for width of particle size distribution (Wpsd) and 

gloss were developed and tested; The predictions of the model are within 95 % of confidence level. Optimized process parameters provide 113.77 nm as 

minimum particle size distribution and maximum gloss achieved is up to 73.83% which is now comparable to solvent-base ink.   

Keywords : Water-based ink, Pigment Dispersion, Grinding Media, Milling Time, Particle Size Distribution, Gloss, Anova, Regression Model 

———————————————————— 

1 INTRODUCTION                                                                     

During last few years the stake holders are giving importance 
to Green Printing. There is a direct correlation of using this 
technology with the preservation of environment. It is a hot 
topic due to bad effects of global warming. To support this 
mission, reduction of VOC (volatile organic compound) are 
being preferred for the green packaging. Significant rise in 
utilization of water-based inks for the printing on flexible 
packaging units is noticed. [1] 

Optical properties of water-based inks in packaging and 
label printing field are highly important. Optical properties 
such as gloss, transparency, color strength along with basic 
mechanical properties of water-based inks are the key 
influencing factors for the growth of global water-based ink 
market for flexible packaging. 

Gloss is a measure of a specular reflection of light from 
the print surface. Smoother the ink film surface on substrate 
more the specular reflection which provides more gloss of an 
ink. Gloss is strongly influenced by the surface properties of 
the substrate and the physical and chemical properties of the 
ink which strongly affects the smoothness of ink film. [1], [2] 

Gloss of water-based ink when printed on non- 
absorbent substrate is majorly influenced by pigment wetting, 
surface tension of water-based system, degree of dispersion 
and pigment particle size distribution as these parameters 
influences the smoothness of water-based ink film on the non-
absorbent surface. [3] 

Manufacturing process of printing inks involves mixing 
of concentrated dispersed pigment into organic solvents and 
other additives. Pigment dispersion process refers to the 
distribution of pigment powder which is generally in 
agglomeration form into the medium of application, 

accompanied by a reduction of the agglomerate size to their 
optimum pigment particle size. [4], [5].  

To achieve the optimum benefits of a pigment both 
visual and economic, maximum reduction of pigment 
agglomerates towards the primary pigment particle size is 
recommended. Visual benefit in terms of color strength 
depends on the exposed surface area of pigment. Smaller the 
pigment size, higher the surface area gets exposed and 
provides stronger color. Thus, smaller pigment particle size 
reduces pigment loading of the formulation [4], [5]. This 
reduced amount of pigment loading helps for improving gloss 
on non-absorbent substrate.  
 
 For the enhancement of gloss of water-based ink, 
optimization of dispersion process for aqueous pigment is 
utmost important which is majorly responsible for the 
reduction of pigment particle size distribution.[3], [4]  

Studies on pigment dispersion parameters on particle 
size distribution of pigment and performance properties of ink 
have been in focus from many researchers.[6], [7], [8], [9], [10] 
  Li Yang(2007) in his study highlighted that gloss of 
water-based ink based on acrylic resin on non-absorbent 
surface was about 81.7 ± 0.9 when the substrate roughness is 
254 ± 26.[3]  
 Further study on gloss of water-based ink was carried 
out by C. Q. Fang (2010). He has evaluated the effect of 
various parameters on gloss of water-based ink which is based 
on polyurethane resin. Maximum gloss of polyurethane based 
water-based ink was about 0.5 when dispersion time is for 
6hrs and when water content, cosolvent content was about 
35% and 5% respectively. [11] 
 Katja Ohenoja (2012) have studied the effect of 
operational parameters such as solid concentration, stirred tip 
speed, grinding media size and grinding media density. He 
obtained narrowest PSD at higher tip speed. It was seen that 
grinding media size had the strongest effect on the particle 
size distribution. Also concluded that high density 
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Ziroconium oxide grinding media and highest solid 
concentration, upto 60% used for dispersion provides 
narrowest PSD (about 0.6µm) at the lowest SEC. [9] 
 In his further study (2014), Katja Oheoja found that 
narrowest particle size distribution upto 300nm of TiO2 was 
achieved when smallest grinding media size used for 
dispersion.[8]  
 Analysis done by Michael H. Moys (2014) for ultrafine 
milling below 100µm, shows that grinding media size, milling 
time and viscosity has major influence on milling rate and 
product size. 
 A.B.G. Simpson, (2014) in his study observed that solid 
concentration of a mill base has a strong influence on particle 
size distribution. Reduced particle size was observed at both 
lower concentration (< 30%) and at higher concentration 
(>50%).[12] 
 Dr. K. Senthilkumar (2014) concluded that grinding 
additives plays an effective role for increasing surface area of 
material. [13] 
 Research work on the ‘Analysis and optimization of 
water‑based printing ink formulations for polyethylene films’ 
was carried out by Jar Carlo C (2018).  In his study he has 
evaluated the effect of ink ingredients such as wax, surfactant, 
and defoamer on gloss of water‑based printing ink 
formulations for polyethylene films. It was found that 
increasing surfactant percentages increases gloss. In his 
research, highest gloss value achieved was 39% for 5u particle 
size. [1] 
 From the literature it is observed that dispersion 
process parameters and ink ingredients have influence on 
particle size distribution and on gloss of ink [1], [7], 
[11][14][15]. Optimization of dispersion process parameters 
and formulation need to done to achieved highest gloss of 
water-based ink.  
 Various research till now have been conducted to 
optimize dispersion process to achieve narrow pigment 
particle size distribution of TiO2, CaCO3 carbon black 
pigment, phthalocyanine blue pigment. [6], [7], [8], [9], [16] 
Optimization of dispersion process parameters for resin free 
dispersion of Red 57:1 pigment in aqueous medium to achieve 
narrow particle size distribution and highest gloss has not 
been investigated.  

Therefore, the focus of this study is to find out the effect 
of pigment dispersion process parameters on gloss of water-
based ink based on Pigment Red 57:1 and optimize the 
dispersion process variables for narrow particle size 
distribution and higher gloss percentage of water-based ink 
for its application in packaging and label printing.  

The manufacturing of printing ink involves dispersion 
of pigment and then letting down of dispersed pigment with 
binders and other additives to achieve the desired properties 
of inks [5]. Concentrated pigment dispersed material is 
manufactured by using stirred bead mill. The principle of 
pigment dispersion process is to break down pigment 
aggregates and agglomerates to primary pigment particle 
(optimum pigmentary particulate size) by applying 
mechanical force. [4], [5] 

Dispersion of pigment is classified into three main 
stages i.e. wetting, disaggregation/ deagglomeration and 
stabilization. In the wetting stage displacement of molecules of 
gas, liquid or other material from pigment surface is achieved 
by the molecules of vehicle. Mostly organic pigments require 
the use of surfactant to wet their surface by vehicle. 
Complexity of this resin free dispersion process is wetting the 
surface of low polarity azo red pigment with high surface 

tension water. During the dispersion of low polarity Azo red 
pigment, dispersing agent is required to wet the surface with 
the high polar vehicle which also act as a stabilizer against 
flocculation and also acts as an anchor between pigment 
surface. [17] 

In Deagglomeration stage, separation of agglomerates 
and aggregates is accomplished by mechanical stresses 
produced by milling machines like Attritor mill, ball mills, 
bead mills. Milling machine should transfer sufficient stresses 
to the mill base to accomplish separation in minimum time 
with minimum energy consumption.  Viscosity of mill base 
should be sufficient enough so that higher stress is applied on 
pigment aggregates and provides particles separations 
efficiently[18].  In this experiment optimized percentage of 
dispersing agents was used. Viscosity of mill base gets affected 
by pigment vehicle ratio. To optimize viscosity various 
pigment vehicle ratios were used in the experiment. 

The effect of the milling process parameters like Milling 
time, size of grinding media, Pigment loading on pigment 
particle size distribution were studied here to obtain 
minimum particle size distribution of Pigment Red 57:1 
during resin free dispersion process.  

 
2. Experimental Procedure: 

 
2.1 Materials: Pigment used for the experiment was pigment 
Red 57:1. Chemical composition of Pigment Red 57:1 is 2-
Naphthalenecarboxylic acid, 3-hydroxy-4-[(4-methyl-2-
sulfophenyl) azo]-, calcium salt (1:1) Azo Red pigment.  The 
pigment used, was manufactured by Sudarshan Chemical 
Industries ltd. Dispersing additive from BYK was used for 
resin free dispersion process. Equilibrium quantity of 
dispersing agent was optimized by depletion method and 
Adsorption Isotherm. Percentage of dispersing agent kept 
constant throughout the experiment. De-ionized water was 
used as a solvent in the grinding experiments. pH of de-
ionized water was 7.3, i.e. close to neutral. BYK 019 is a 
solution of polyether-modified polydimethylsiloxane, was 
used as an antifoaming agent during the pigment dispersion 
process to prevent the foam during the process. For the 
experiment grinding Media based on Zirconium purchased 
from m/s Jyoti ceramics. Different size ranges are 0.4mm to 
0.6mm, 0.8mm to 1.00mm and Mixture of both (0.4mm to 
1mm in 50:50 ratio). 
 
2.2 Premixing of Material: Premixing of material was done 
under low shear rate with the help of REMI make stirrer and 
allowed the samples to soak for 24hrs. Mixture of deionized 
water, dispersing agent and antifoaming agent were mixed 
initially and later slowly addition of pigment in the premixed 
vehicle did under low shear rate. Formulation used in 
dispersion process is indicated in Table 1. 
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Table 1 Formulation used during resin free dispersion of Pigment 
Red 57:1 

Ingredient 
Specifi 

-cation 

Amount  

% 

 

Amount  

in  

gm 

Purpose of  

ingredient 

Pigment 
PB  

57:1 

25 to  

30% 
152gm 

Coloring  

Agent 

Dispersing 

Agent 

Disperse 

BYK 
8.3% 41.04gm 

Dispersion 

of pigment 

Antifoaming 

Agent 
BYK 019 0.4% 2gm 

Rupture the 

foam 

Deionized 

water 
DI Water 60 to 65% 

200 to 

300gm 

Acts as a 

vehicle. 

 
2.3 Variables for Experiment: Few experiments were 
conducted initially to fix the density of grinding media and 
RPM of bead mill. Grinding media of density 6 are more 
efficient for to reduce the pigment particle size. 2600RPM is a 
critical speed of machine where maximum stresses are 
generated which is required for breaking of pigment 
agglomerates and aggregates. Density of grinding media and 
RPM of machine are the constant parameters during the 
dispersion process. The major parameters, which affects the 
pigment particle size distribution, were screened and 
considered as input parameters. A general full factorial design 
of experiments (DOE) was generated to evaluate the pigment 
particle size distribution. It comprised of three levels of 
grinding media size, three levels of pigment loading and three 
levels for milling time. Thus, the total trials in the design were 
27. The detailed experimental design along with input 
parameters and their levels are indicated in Table 1. 

 
Table 2 Variables and their levels used during resin free dispersion of 

Pigment Red 57:1 
 

Variables Level 1 Level 2 Level 3 

Zirconox  

beads 

0.5 (0.4 to 

0.6mm) 

1 (0.8mm to 

1.0mm) 

0.75(Mixture  

of 

both (50:50)) 

Pigment  

Loading 
25% 30% 37% 

Milling  

Time 
4hrs 5hrs 6hrs 

 
2.4 Equipments:  
Fig. 1 Grinding bead mill. 1.Drive shaft 2. Grinding chamber 3. 
Water jacket 4. Outlet for the discharge Lab Bead Mill: Most of 
the mills used for grinding of liquid inks are stirred media 
(bead mill)  [5]. The laboratory-scale stirred bead mill 
equipped with a stationary grinding chamber, a high-speed 
stirrer with cowl blade fixed on a drive shaft used for the 
grinding Azo red pigments. The volume of grinding chamber 
is 1.5liter and 600mesh was used for the separation of the 
grinding media from the dispersed material. 500 gm of premix 
was prepared for lab scale. For cooling purpose, the grinding 
vessel is equipped with a water jacket. During dispersion 
water jackets were used to maintain constant temperature i.e 
250 C to 270C. Fig.3 shows the general arrangement of machine. 
All dimensions are in mm. and scale used is 1:1. The shaft 

rotated with 2600 rpm i.e. tip speed is 6m/s. First, 500 gm of 
premix was made. The multiple passes were given to 
premixture during the dispersion process to give identical 
treatment for all the particles, so that narrower PSDs were 
more likely to be obtained. Total 12 passes were given to 
premixture slurry. 

 
Fig. 1 Grinding bead mill. 1.Drive shaft 2. Grinding chamber 3. 

Water jacket 4. Outlet for the discharge 
 

Particle Size Analyzer: Particle size distribution measurement 
were carried out at Sudarshan Chemical Industries on 
Malvern Particle Size Analyzer (Zetasizer nano-s90model). 
This equipment provides particle size distributions from 10nm 
up to 1000nm by intensity method.  The Particle size analyser 
provides data for average particle size, Pick size, width of pick 
and cumulative volume of D(10), D(50) and D(90). D(10) 
means 10% particles lies below D(10).  D(50) means 50% 
particles lies below D(50) & D(90) means 90% particles lies 
below D(90).[19] Width of the particle size distribution 
(WPSD) provides size range of pigment particles which 
occupies total 80% volume of the dispersed material was 
calculated from the following equation. 
 

WPSD =  D90−D10      ---    Equation 1[9] 
 

where D90 and D10 are the particle sizes in nanometres 
represents to the 90% and 10% values in the cumulative 
volumetric size distribution. Thus width of the particle size 
distribution (WPSD) provides size range of pigment particles 
which occupies total 80% volume of the material. [20] 
 
Gloss meter: Gloss is measured by RHOPOINT NOVO Gloss 
meter. The gloss angle (measurement geometry) used for the 
measurement plays a major role. The standard measurement 
geometry of gloss meter is 20°, 60° or 85° depending on the 
test sample. In this experiment the medium gloss range (60° 
angle) was used to determine the gloss values.  
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3. Results and Discussion 
 
3.1  Analysis of dispersion process parameters on  
  particle size distribution. 
 
3.1.1 Effect of Grinding Media size on Particle Size 
Distribution:  
Effect of three different bead sizes on WPSD was analysed. The 
grinding media used for experiment was zirconium oxide with 
varying bead diameter from 0.4mm to 1mm. Fig. 3 indicates 
the effect of grinding media size viz a) 0.4 – 0.6 mm (named as 
0.5mm), b) 50:50 ratio of both 0.4 – 0.6 mm and 0.8 – 1.00 mm, 
(named as  0.75 mm) and c) 0.8-1.0 mm ( named as 1.0 mm) on 
particle size distribution at three different pigment loading in 
the range of 25-37 % and for three different milling time (4-6 
Hours).  

It is seen from the figure 3 (a-c) for the grinding media 
size of 0.5 mm, 0.75 and 1.00 mm the size distribution is 
observed in the range of 195-128nm, 166 -116 nm and 277-158 
nm respectively, where the pigment loading was varied in the 
range of 25-37 %, and the milling time in the range of 4 – 6 
Hours. Higher grinding media size viz. 1 mm provides wider 
particle size distribution than smaller grinding media size. 
Smaller grinding media size 0.5 mm reduces Wpsd up to 174 
nm for 30% pigment loading when milling continued for 6 
Hours. It is observed that mixed grinding media size viz. 0.75 
mm provides narrowest width upto 116 nm for 30% pigment 
loading when milling continued for 5 Hours. 

Fig. 2 Effect of bead size on particle size distribution at three different 

pigment loading and three different milling time. (a) Particle Size 

Distribution for 0.4mm to 0.6mm grinding media (b) Particle Size 

Distribution for Mix (0.4mm to 0.1mm) grinding media (c) Particle Size 

Distribution for 0.8mm to 1mm grinding media 

 

Thus, for three different pigment loading i.e. 25%, 30% and 

37% and at three milling time narrowest WPSD is achieved when 

mixed grinding media was used. Mixed grinding media carries 50% 

smaller size beads which increases surface area in comparison with 1 

mm sized beads. Higher surface area increases number of contact 

points between bead to bead.  

Large sized grinding beads have different momentum 

compare to smaller one due to their mass difference [9]. Thus, the 

mixture of both 0.4 - 0.6 mm and 0.8 - 1.00 mm, grinding media 

gives rise to two different momentum as a result of different mass of 

the beads which breaks the monotonous movement between them. 

Varying movements provides higher rate for reduction of PSD value 

in comparison with single momentum grinding media, even though 

for the grinding media size of 0.5 mm, higher surface area is 

expected in comparison with 0.75 mm. Grinding media of diameter 

0.8 to 1mm provides higher Wpsd due to less contact points between 

bead to bead compare with smaller size of grinding media in 

comparison with small size. Overall it is observed that grinding 
media size has got significant effect on Wpsd. 

  
3.1.2 Effect of Pigment loading on Particle Size 

Distribution:  
 The other parameter which affect Wpsd is pigment loading. 
Therefore, effect of different pigment concentration on width 
of particle size distribution was analysed. It is required that 
fluidity of mill base should be sufficient enough to transfer 
maximum forces on pigment material. It was noted that 
pigment loading less than 25 %  and greater than 37 % does 
not leads to viscosity values suitable for pigment dispersion. 
Therefore, the pigment loading was varied in the range of 25-
37 %.  Fig. 4(a -c) indicates the effect of pigment loading on 
particle size distribution at three different grinding media size 
and three different milling time.  In through set of 
experiments, as mentioned above, now the WPSD data has been 
present for different grinding media size and milling time.   

It was noted that maximum reduction in Wpsd for 25, 
30 and 37 % pigment loading was 150,116,158 nm respectively. 
1mm grinding media size provides highest reduction in Wpsd 
as 158nm at 37% than 25 and 30% pigment loading. For small 
grinding media size viz. 0.5 mm and 0.75 mm the narrowest 
PSD was achieved at 30 % pigment loading as compared with 
25 % pigment concentration due to maximum utilization of 
collisions of grinding beads. However, for higher pigment 
concentration viz. 37 %, Wpsd was found to increased. This is 
attributed to reduced fluidity of mill base as a result of higher 
pigment loading and higher surface area of grinding beads, 
which reduces the free motion of grinding beads and thus 
indirectly reduces the collisions of grinding beads. Similar 
result was obtained in [9] where smaller Wpsd was achieved at 
solid concentration of 60% as it exhibited good fluidity 
properties for titanium dioxide pigment. 

Fig. 3 Effect of pigment loading on particle size distribution 

for three different grinding media size and at three different 
milling time. (a)  Particle Size Distribution for 25% pigment 

loading (b) Particle Size Distribution for 30% pigment loading (c) 

Particle Size Distribution for 37% pigment loading  
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3.1.3 Effect of Milling Time on Wpsd:  
The Effect of milling time on Wpsd was analysed. 

Milling time was extended from 4h to 6h. Fig. 5 (a-c) indicates 
the effect of milling time on Wpsd at three different grinding 
media size and three different pigment loading. Overall 
observation specifies the reduction in Wpsd upto 277nm and 
150nm during 4Hours to 6Hours of milling for 25% and 37% 
pigment loading respectively. For 4Hours of milling time 
maximum reduced Wpsd was 147nm when 0.75mm grinding 
media along with 30% pigment loading was used. For same 
condition when milling time was extended for 5Hours, more 
reduction in Wpsd i.e. 116nm was observed due to increase in 
stress frequency; however if milling continued for 6Hours, 
increase in Wpsd was observed as 125nm, this is attributed to 
the fact that during dispersion process pigment particles are 
broken down into several smaller particles which creates new 
surfaces of different surface energies. Different particle sizes 
due to difference in surface energies creates imbalance surface 
energies among the pigment particles. This imbalanced surface 
energies of pigment particles means the van der waals surface 
energies attracts each other and responsible for re-
agglomeration of pigment. [5][7] 

Fig. 4 Effect of milling time on particle size distribution for three 
different grinding media size and for three different pigment 

loading. (a)  Particle Size Distribution after 4hrs of milling time (b) 

Particle Size Distribution after 5hrs of milling time (c) Particle Size 

Distribution after 6Hours of milling time  

 
3.2 Statistical Analysis:  
 
3.2.1 Main effect plot and interaction plot for particle size 
distribution. 

 Main effect plot is a graph which connects the 
response mean for each factor level by a line. Fig. 5(a) shows 
the main effect plot of grinding media size, milling time and 
pigment loading. These factors appear to affect the width of 
particle size distribution (Wpsd). Main effect plot explains the 
significance of grinding media size, milling time and pigment 
loading on particle size distribution. Overall narrow width of 
PSD is achieved at 30% pigment loading, mixed grinding 
media and at higher milling time i.e. at 6hrs. 

 

(a) 

 
(b) 

Fig. 5(a) Effect of process parameters on pigment particle size 

distribution, 5(b) Interaction plot for particle size 

distribution 

 

Interaction plot explains the effect of two process parameters 

namely i) size of the grinding media and pigment loading, ii) 

Size of grinding media and milling time and iii) pigment 

loading and milling time on the mean value of particle size 

distribution. Thus, the interaction plots explain the 

dependency among the two categorical factors to achieve the 

response. Usually, these plot exhibit two separate parallel lines 

throughout the measurement range indicates independency of 

the process parameters. On the other hand, if these two lines 

interact with each other depicts dependency of these 

parameter on the final response. The interaction plots for 

width of particle size distribution (Fig. 5b) consist of non-

parallel lines representing interaction of grinding media size 

and pigment loading, grinding media size and milling time. It 

is seen from the Fig. 5(b) that as the pigment loading increases 

the size distribution decreases for grinding media size of 1 

mm. On the contrary, for the grinding media size of 0.75 and 

0.5 mm, the size distribution decreases up to 30 % loading; 

above which it increases.  This can be attributed to the fact that 

as the pigment loading increases, viscosity of mill base starts 

increasing. Viscosity of mill base obtained due to 30% pigment 

loading with higher surface area grinding media, utilizes 

maximum force of dispersion in reducing particle size 
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distribution. Viscosity of mill base obtained more than 30% 

pigment loading with higher surface area of grinding media 

utilizes more dispersion force for the momentum of material 

rather than grinding of material, which increases particle size 

distribution. Smaller grinding media size provides higher 

surface area in contact with pigment. 

 

3.2.2 Analysis of Variance for Wpsd:  

Analysis of Variance (ANOVA) is a statistical tool used to 

understand variability in data for different factors, errors 

present in data and also helps to understand the significance 

level of each factor with the response.  Output from ANOVA is 

observed in the form of table. Table3 lists the source of 

variation, their degrees of freedom (DF), the total sum of 

square (SS) and the mean square (MS). It also includes F-

statistics and p-values to determine the significance of factor to 

determine the response. Source of variation includes variation 

due to factors such as grinding media size, pigment loading 

and milling time. Also includes the variation due to interaction 

of grinding media size and pigment loading and error present 

in the data. Statistical terms such as DF, SS) and MS were used 

to calculate F-statistics value and probability (P) value to 

determine whether factor is significant. Value of P is compared 

against significance level (α) of 0.05. Referring P value from to 

the ANOVA (Table 3) which are below α value of 0.05 indicates 

that all the main factors are significant for the reduction of 

Wpsd. The higher F-statistics value for grinding media size is 

26.74 and secondly milling time is 26.26 which indicates the 

most significant factor that influences the Wpsd. The 

interaction of grinding media size and pigment loading are 

significant in minimizing Wpsd at 95% confidence level. Table 

4 shows a higher percentage of coefficient of determination (R-

Sq.), indicating that 89.02% of the variability could be explained by 

the model at 95% confidence level. The adjusted R-Sq of 85.73% 

indicates significant improvement of the model by using three 

parameters. The R-Sq. (predicted) of 80.04% indicates that the model 

predicts new observations nearly as well as it fits the existing data. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 ANOVA table for Response Surface for particle size 

distribution 

Response Surface Regression:  

Wpsd versus Grinding Media Size, Pigment Loading, Milling 

Time  

Stepwise Selection of Terms 

α to enter = 0.15, α to remove = 0.15 

The stepwise procedure added terms during the procedure in order 

to maintain a hierarchical model at each step. 

Analysis of Variance 

Source                                         DF   
   Adj 

SS 

Adj 

MS 

  F-

Value 

 P-

Value 

Model      6 28059.6 4676.6 27.03 0 

Linear                                               3 10070.7 3356.9 19.4 0 

Grinding Media Size                                 1 4630.5 4630.5 26.76 0 

Pigment Loading                                       1 896.1 896.1 5.18 0.034 

Milling Time                                         1 4544.2 4544.2 26.26 0 

Square                                                2 13514.9 6757.5 39.06 0 

Grinding Media Size 

* Grinding Media 

Size               

1 7920.7 7920.7 45.78 0 

P igment Loading * 

Pigment Loading                   
1 5594.3 5594.3 32.33 0 

2-Way Interaction                                     1 4206.9 4206.9 24.31 0 

Grinding Media Size 

* Pigment Loading              
1 4206.9 4206.9 24.31 0 

Error                                            20 3460.4 173     

Total                                           26 31520       

 
Table 4 Summary of model for particle size distribution 

 

      S     R-sq   R-sq(adj)   R-sq(pred) 

13.1537 89.02% 85.73% 80.04% 

 
 

3.2.3 Regression Equation: 
Regression equation describes the statistical relationship 
between dispersion process factors and Wpsd. Equation helps 
to predict new observations.  
 

Table 5 Regression Equation 

Regression Equation: 

Wpsd = 1078 - 423 Grinding Media Size- 
46.20 Pigment Loading - 15.89 Milling Time  
              + 581.3 Grinding Media Size*Grinding Media Size           
              + 0.876 Pigment Loading*Pigment Loading    
              - 12.43 Grinding Media Size*Pigment Loading 

 

3.2.4 Surface plot of Wpsd vs process parameters:  
Fig 6(a-c) presents the 3D views of the response surface for 
Wpsd. Surface plot represents that the narrowest Wpsd was 
achieved for 30% pigment loading, o.75 grinding media size 
and for higher milling time.  
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(a) 

(b) 

 
(c) 

Fig. 6 Response surface for Wpsd (a) 3D surface plot of Wpsd% vs 
grinding media size and milling time. (b)  3D surface plot of Wpsd% vs 

grinding media size and pigment loading (c) 3D surface plot of Wpsd% 

vs pigment loading and milling time 

 
3.3 Effect of Wpsd on gloss of water-based ink: 
The Effect Wpsd on gloss of water-based ink was analysed. 
Dispersion experiment based on 25 to 37% pigment loading, 
0.5mm to 1mm grinding media size and 4 to 6Hours milling 
provides varying width of Wpsd. Total twenty-seven 
formulations of various Wpsd were prepared. Drawdowns by 
using bar coater no. 1 were taken to analyse the effect of 

particle size distribution on gloss of water-based ink. Fig 7(a) 
presents the normal distribution of data measured for gloss of 
various formulations. Fig. 7(b), depicts the negative linear 
relation between Wpsd and gloss of water-based ink. 
Narrower particle size distribution provides higher gloss. This 
is attributed to the fact that narrowest Wpsd helps to pack well 
at the ink film surface which produces a uniform ink layer on 
surface. The amount of light scattering depends strongly on 
particle size of pigment. Very small particle scatters very little 
light. Scattering increases with increasing particle size until the 
particles are about the same size of the wavelength of light and 
then it decreases for still larger particles. Thus, surface 
uniformity collective with the less scattering power of smaller 
particles, results in a higher degree of gloss. 

(a) 

(b) 

Fig. 7(a) Histogram of gloss 7(b) Fitted line plot for gloss 
 
3.3.1 Analysis of Variance for Gloss of water-based ink:  
In this analysis Wpsd is the only factor considered; so, one-
way ANOVA is used to predict the effect of Wpsd on gloss of 
water-based ink.  
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Table 6 ANOVA table :Regression analysis for percentage 
gloss 

 

      S     R-sq   
R-

sq(adj)        

4.03714 87.00% 86.50% 
     

        
Regression Equation in Uncoded Units 

The regression equation is Gloss % =103.8 - 0.2946 Wpsd (nm) 

        
Analysis of Variance: Gloss % versus Wpsd 

Stepwise Selection of Terms 

α to enter = 0.15, α to remove = 0.15 

Analysis of Variance 

Source                                         DF   
   Adj 

SS 

Adj 

MS 

  F-

Value 

 P-

Value 

Regression Model      1 2735.52 2735.52 167.84 0.000 

Error                                            25 407.46 16.3     

Total                                           26 3142.98       

         
Above models with one predictor is referred to as simple 
linear regression model. The regression result tells that 
particle size is significant for gloss because of their low p-
values. Particle size distribution account for 87% of the 
variance of gloss. For each 1% increase in the amount of gloss, 
the percentage of Wpsd is expected to decrease by 0.2946 %. 

 
3.4 Effect of dispersion process parameters on Gloss of 
water-based ink: 
 
3.4.1 Main effect plot and Interaction plot for particle size 
distribution: 
Fig 8(a) shows the main effect plot of grinding media size, 
milling time and pigment loading. These factors appear to 
affect the gloss because the lines are not parallel to x axis.  
Main effect plot explains the significance of grinding media 
size, milling time and pigment loading on gloss of water-based 
ink. Overall highest gloss is achieved at 30% pigment loading, 
o.75 grinding media size and at higher milling time i.e. at 6hrs. 
The interaction plots for gloss of water-based ink (Fig. 8(b)) 
consist of non-parallel lines representing interaction of 
Grinding media size and pigment loading, pigment loading 
and milling time. Interaction at 37 % pigment loading for 
0.5mm and 0.75 grinding media shows the minimum gloss. 
This can be attributed to the fact that increased pigment 
loading increases viscosity affects the dispersion process and 
provides wider Wpsd. This reduces specular reflection and 
contributes for reduction of gloss.  

 

(a) 

 

(b) 
Fig. 8(a) Effect of process parameters on gloss % 8(b) Interaction 

plot for gloss % 
 
3.4.2 Analysis of Variance for Gloss:  
Significance of dispersion process parameters on gloss of 
water-based ink is presented in ANOVA (Table 7). P values 
below α value of 0.05, specifies that all the main process 
factors such as grinding media size, pigment loading and 
milling time are significant for gloss of an ink. The higher F-
statistics value for milling time is 48.54 and secondly grinding 
media size is 19.92 which indicates the most significant factors 
that influences the gloss of an ink. The interaction of grinding 
media size and pigment loading is significant in minimizing 
Wpsd at 95% confidence level. Table 8 shows a higher 
percentage of coefficient of determination (R-Sq.) indicating 
that 91.65% of the variability could be explained by the model 
at 95% confidence level. The adjusted R-Sq of 89.15% indicates 
significant improvement of the model by using three 
parameters. The R-Sq. (predicted) of 85.93% indicates that the 
model predicts new observations nearly as well as it fits the 
existing data. 
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Table 7 ANOVA table for Response Surface Regression for 
gloss 

Response Surface Regression: 

Gloss versus Grinding Med, Pigment Load, Milling Time  

Stepwise Selection of Terms 

α to enter = 0.15, α to remove = 0.15 

The stepwise procedure added terms during the procedure in 

order  

to maintain a hierarchical  model at each step. 

Analysis of Variance 

Source                                       DF      Adj SS 
Adj 

MS 

  F-

Value 

 P-

Value 

Model      7 3072.58 438.94 27.12 0.000 

Linear                                               3 1187.96 395.99 24.46 0.000 

Grinding Media 

Size                             
1 322.37 322.37 19.92 0.000 

Pigment Loading                   1 79.93 79.93 4.94 0.039 

Milling Time                              1 785.66 785.66 48.54 0.000 

Square                                                   2 1272.37 636.18 39.3 0.000 

Grinding Media 

Size* Grinding 

Media Size                    

1 718.69 718.69 44.4 0.000 

Pigment loading 

* Pigment 

Loading                  

1 553.68 553.68 34.21 0.000 

2-Way 

Interaction                       
2 627.36 313.68 19.38 0.000 

Grinding Media 

Size* Pigment 

Loading                

1 500.82 500.82 30.94 0.000 

 Pigment 

Loading * 

Milling Time                

1 126.54 126.54 7.82 0.012 

Error                                            19 307.54 16.19     

Total                                           26 3380.12       

 

Table 8 Model Summary 

      S     R-sq   
R-

sq(adj)   

R-

sq(pred) 

2.05666 91.65% 89.15% 85.93% 

 
3.4.3 Regression Equation: 
Regression equation describes the statistical relationship 
between dispersion process factors and Gloss. Polynomial 
model fitting was done for the response gloss, and the best fit 
model was determined and suggested by the software. From 
the results, it can be observed that gloss can be best 
represented by a square model equation, which is the model 
selected for the study.  

 

Table 9 Regression equation 

Regression Equation in Uncoded Units 

Gloss % =  -144.8+ 112.8 Grinding Media Size 
+ 11.54 Pigment Loading- 10.08 Milling Time -
 175.1 Grinding Media Size*Grinding Media Size          
- 0.2757 Pigment Loading*Pigment Loading          
+ 4.287 Grinding Media Size*Pigment Loading 
+ 0.539 Pigment Loading*Milling Time 

 
3.4.5 Surface plot of gloss vs process parameters:  

The 3D views of the response surface of gloss are shown 
in Fig. 9(a-c). Based on the graphs, the highest gloss would be 
achieved for 30% pigment loading, 0.75 grinding media size 
and for higher milling time. The milling process parameters 
affects the gloss of water-based inks as narrow Wpsd of 
pigment provides more specular reflection from ink surface 
and hence increases gloss of ink. 

Exceptional case observed for mixed size of grinding 
media at higher milling time. In this case re-agglomeration 
happened, which increases the average particle size and also 
provides wider width of particle size distribution. Larger 
particle size increases scattering and reduces specular 
reflection hence reduces gloss of ink. 

 

 
(a) 

 
(b) 
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(c) 
Fig. 9 Response surface for gloss % (a) 3D surface plot of Gloss % vs 
grinding media size and pigment loading (b) 3D surface plot of Gloss 

% vs grinding media size and milling time. (c) 3D surface plot of 
Gloss % vs pigment loading and milling time 

 

3.4.6 Optimization from Regression Model: 
The optimization plot shows the effect of each factor viz. 
grinding bead size, pigment loading, Milling time on the 
responses Wpsd. The vertical red lines on the graph represent 
the current factor settings. The numbers displayed at the top 
of a column show the current factor level settings (in red). The 
horizontal blue lines and numbers represent the responses 
Wpsd for the current factor level. Minitab software calculates 
the minimum Wpsd and highest gloss when grinding media 
size is 0.75 mm, pigment loading is 31.66% used and when 

milling is continued for 6h.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.10 Optimization Plot from regression model for smallest 

Wpsd and highest gloss%. Multiple Response Prediction:  
 
 
 
 
 
 
 
 
 
 

Table 10 Optimized Value 
 

Variable              Setting 

   Grinding Media 

Size   0.750 

   Pigment Loading       31.666 

   Milling Time         6 

    
Table 11 Response fit 

Response      Fit   SE Fit        95% CI            95% PI 

Wpsd       113.78 6.56  (100.09, 127.46)   (83.11, 144.44) 

Gloss% 73.83     2.02   (69.61,  78.05)   (64.41,  83.25) 

Regression equation of Wpsd and Gloss are used to calculate 
the expected prediction for Wpsd is 113.78nm and Gloss is 
73.83% to the specified variable settings. Additionally, the 
confidence interval indicates the 95% confidence that the mean 
of the width of particle size distribution at these settings is 
between 100.09nm and 127.46nm and gloss is between 69.61% 
and 78.05% .The prediction interval indicates 95% confidence 
that a single new observation will fall between 83.11nm and 
144.44nm and will provide gloss in between 64.41% and 
83.25%. 

3.4.7 Validation Trial: 

Validation trial was conducted for the optimized variable 
setting. Optimized variable setting is mixed grinding media 
size (0.75), 6hrs of milling time and 31% pigment loading. 
Particle size distribution (Wpsd) was measured by the particle 
size analyser and gloss of same trial was also measured with 
glossmeter.  

Table 12 Response Predicted Values 

Variable Setting Wpsd Gloss% 

Grinding Media 

Size 
0.750 

125nm 70% 
Pigment Loading 31.666 

Milling Time 6 

Width of particle size distribution is 125nm, Gloss achieved is 

70% for the drawdowns taken for the ink formulation.  

 

4 CONCLUSION 
In this research work detailed study is carried out. It is noticed 

that various factors such as 1. Grinding media size, 2. Pigment 

loading and 3. Milling time have significant effect on the 

milling rate and efficiency of milling process. Smaller the 

grinding media narrower the width of pigment particle size 

distribution. Mixed size of grinding media provides slightly 

higher rate of particle size reduction. Higher pigment loading 

increases the viscosity. Percentage of pigment loading should 

be sufficient enough for the maximum utilization of collisions 
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of grinding beads. For 1mm grinding media size narrower 

pigment particle size distribution was achieved at higher solid 

content i.e. at 37%. Smaller grinding media size provides 

narrower particle size distribution at 30% pigment loading. 

Common observation of effect of milling time on Wpsd 

interprets that as milling time increases, Wpsd becomes 

narrower due to increase in stress frequency. Exceptional case 

happened when mixed grinding media used along with 30% 

pigment loading after 5Hours of milling time. Gloss represents 

the specular reflection of light from ink surface. Particle size 

and particle size distribution affects the gloss. Very small 

particles scatter very little light and narrowest Wpsd helps to 

pack well at the ink film surface which produces a uniform ink 

layer on surface. This condition increases specular reflection 

and thus provides higher gloss. It is observed that 0.75mm 

(mixed size) of grinding media for 30% pigment loading 

provides higher gloss up to 72% when milling time is above 

5hrs.  Validation trial for optimized condition (mixed grinding 

media size (0.75), 6hrs of milling time and 31% pigment 

loading) concluded that Wpsd achieved is 125nm and gloss 

reached upto 70% 
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