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1.  Introduction

The dispersion process of ink involves complete wet-
ting of the pigment surface and then their uniform 
distribution in the application vehicle. Thus, the dis-
persion process includes the breakdown of pigment 
particles, agglomerates (with primary particles touch-
ing each other at the corner), and aggregates (with pri-
mary particles having surface to surface contact), into 
smaller particles and their distribution in a vehicle, 
leading to a colloidal suspension. A colloidal suspen-
sion is characterized by the behavior that the finely 
divided particles do not settle under their gravitational 
forces. 

The dispersion of pigments in printing inks is impor-
tant for several reasons as it improves the color 
strength of pigment, increases the transparency of 
pigment, affects rheological behavior and flow prop-
erties of the ink, provides more gloss and finally, it 
provides stability to ink throughout its shelf life (Pal 
and Fleming, 2006; Simpson, et al., 2015). For getting 
maximum benefits of pigment, it is recommended to 
get the maximum reduction of pigment size as pos-
sible to its primary particle size. The color strength 
of pigment depends on its exposed surface area, so 
the smaller the particles, the higher the surface area 
and thus stronger the color (Herbst and Hunger, 2007; 
Klein, 2010). 

JPMTR 140 | 2007 Original scientific paper
DOI 10.14622/JPMTR-2007 Received: 2020-05-03
UDC 118:547.9-022.5:543.4 Accepted: 2020-12-28

Standardizing milling process parameters 
for the narrowest pigment particle size distribution 
with optimum energy consumption

Shilpa Anchawale, Motupalli (Prasanna) Raghav Rao and Yogesh Nerkar

Department of Printing Engineering, PVG’s College of Engineering & Technology, anchawale.shilpa@gmail.com 
Savitribai Phule Pune University, Pune, India

Abstract

Water-based ink, used in production of a new type of green packaging material has an efficient application in the 
flexible packaging industry to resolve the environmental issues related to volatile organic compound. To get the 
best possible application properties of dispersed pigment whose performance is mainly measured by the particle 
size distribution, it is essential to reduce the size of agglomerates. Concentrated dispersed material is manufac-
tured by using a stirred bead mill, which is an energy-intensive process. The process of dispersion must be done 
efficiently and in the shortest possible time to draw out of the pigment its maximum color properties at the min-
imum cost. The grinding-energy efficiency is a significant parameter in bead milling as that affects the amount 
of energy used during grinding of pigment particles. The milling process needs to be optimized to reduce energy 
consumption. The objective of this study is to determine optimum dispersion process parameters to optimize 
energy consumption to achieve the narrowest pigment particle size distribution of rubine red pigments used in 
water-based ink. Experiments were conducted for fine grinding of organic rubine red pigment using a vertical bead 
mill. The experiments were conducted for varying sizes of grinding media from 0.5 mm to 1.0 mm, for two pigment 
loadings of 30 % and 37 %, and by extending milling time from 4 h to 6 h. The pigment particle size distribution 
and power consumption during each trial were measured to optimize process parameters with minimum energy 
consumption. Response surface design was performed to analyze data. Analysis of variance (ANOVA) techniques 
were used to check the significance of factors and the interaction of factors. The regression model for specific 
energy consumption was developed and tested; validation trial for dispersion process parameters concludes that 
30 % pigment loading and mixed grinding media size provides narrowest pigment particle size distribution of 
128 nm with minimum energy consumption of 1.67 kWh/t.
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Concentrated dispersed material is manufactured by 
using a stirred bead mill. Stirred bead milling is how-
ever an energy-intensive process. Along with this, the 
high prices of raw materials make it essential to look 
the efficiency of the dispersion process (Weber and 
Langlois, 2010). The process of dispersion must be 
done efficiently and in the shortest possible time to 
draw out of the pigment its maximum color properties 
at the least cost (Klein, 2010).

Pigment dispersion process by using a bead mill is the 
major energy-consuming process during the manu-
facturing of water-based ink. Milling process param-
eters like milling time, size and density of grinding 
media (GM), pigment loading, and speed of machine 
are majorly affecting the pigment particle size distri-
bution and energy consumption during the milling 
operation. Therefore, the milling process parameters 
need to be optimized to increase the milling efficiency 
to achieve the desired particle size distribution with 
minimum energy consumption. (Zheng, Harris and 
Somasundaran, 1996; Hamey, 2005; McDowell, 2006; 
Choi, Lee and Kim, 2009; Weber and Langlois, 2010; 
Inam, Ouattara and Frances, 2011; Schmidt, et al., 2012; 
Ohenoja, Illikainen and Niinimäki, 2013; Senthilkumar 
and Akilamudhan, 2014; Simpson, et al., 2015)

The researchers highlighted that the use of chemical 
additives during wet dispersion improves the surface 
and mechanical properties of individual particles such 
as surface energy and flow of medium which improves 
the efficiency of the grinding process. (Farrokhpay, 
2004, p. 147; McDowell, 2006; Nsib, Ayed and Chevalier, 
2006; Choi, Lee and Kim, 2009)

Kwade’s model (Kwade, 2004) summarized that the 
milling efficiency of a stirred media mill is a product of 
stress intensity and stress frequency. The best milling 
efficiency is obtained by selecting GM size, the density 
of GM, and mill speed as these parameters approach to 
an optimum stress intensity and the maximum stress 
number (Choi, Lee and Kim, 2009; Weber and Langlois, 
2010; Simpson, et al., 2015). During the pigment disper-
sion, specific energy is the amount of energy or work 
required to grind a pigment agglomerate to a desired 
particle size. The most common units of specific energy 
are J/kg or kWh/t of slurry. The amount of specific 
energy required to grind a particular solid to a desired 
particle size is a fixed value, only dependent on the effi-
ciency of the equipment, milling time, density of GM, 
and mill base (McDowell, 2006). Various studies were 
conducted to analyze the influence of materials of GM of 
different specific weights, sizes of GM, stirred tip speeds, 
milling times, and solid concentrations on particle size 
and particle size distribution with optimum energy 
consumption. (Weber and Langlois, 2010; Ohenoja, 
Illikainen and Niinimäki, 2013; Simpson, et al., 2015)

Weber’s rule predicts that when the particles are 
of 0.4 µm to 0.7 µm in size they provide the maxi-
mum scattering for wavelengths between 400 nm 
and 700 nm. Thus maximum scattering from pigment 
particles is observed if the size of the pigment is equal 
to its wavelength. Exactly opposite to this for maximum 
transparency is that the pigment particle should be as 
small as possible. (Herbst and Hunger, 2007) 

Therefore to achieve maximum transparency and 
maximum color strength it is important to obtain the 
narrowest pigment particle size distribution during 
dispersion.

The milling process needs to be optimized to reduce 
energy consumption. Energy consumption can be 
different as per the mill base properties. Energy con-
sumption during the resin-free dispersion of the pig-
ment to achieve narrow particle size distribution as 
well as the effect of the pigment particle size distribu-
tion on transparency are relatively unexplored.

In this study process parameters like milling time, GM 
size and pigment loading were optimized to achieve tar-
get pigment particle size distribution. During each trial, 
power consumption was measured to optimize process 
parameters with minimum energy consumption. The 
optimum value for the GM size, milling time, and pig-
ment loading were determined to obtain the narrow-
est particle size distribution with the optimum stress 
intensity and lowest specific energy consumption.

2.  Experimental procedure

2.1  Materials

Rubine red pigment (PR 57:1) manufactured by 
Sudarshan Chemical Industries Ltd. was used for the 
pigment dispersion process. Dispersing additive, poly-
dimethylsiloxane based antifoaming agent, was pro-
vided by BYK. Constant percentages of a dispersing 
agent, and antifoaming agent were used during the 
resin-free dispersion process. De-ionized water was 
used as a solvent in the grinding experiments and used 
to adjust the pigment loading of the mill base. Grinding 
media of different size ranges were used, purchased 
from M/s Jyoti ceramics. 

2.2  Premixing of material

To prepare a premixture, initially, a mixture of deionized 
water, dispersing agent, and the antifoaming agent was 
prepared and later slow addition of pigment was allowed 
under low shear rate by using a stirrer (make-REMI). 
Prepared premixture was allowed to soak for 24 h. The 
formulation used for mill base is provided in Table 1.
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Table 1: Formulation of a mill base used during 
a resin-free dispersion of PR 57:1

Ingredient Specification
Amount 
(%)

Purpose of 
ingredient

Pigment PR 57:1 25 to 30 Coloring agent
Dispersing 
agent

Disperse BYK 7 to 8 Dispersion 
of pigment

Antifoaming 
agent

BYK 019 0.35 to 4 Rupture 
of the foam

Deionized 
water

DI Water 60 to 68 Acting 
as a vehicle

2.3  Variables for experiment

Experiments were conducted to fix the levels of few 
parameters such as the speed of the stirrer, the den-
sity of GM, range of GM size, and pigment loading. The 
significant parameters and their levels for the pigment 
particle size distribution were screened and consid-
ered as input parameters to optimize the energy con-
sumption. Higher density of GM as 6.2 g∙cm−3, speed 
of the machine as 2 600 rpm, and GM size as 0.5 mm 
to 1 mm were determined to be the more efficient 
values for the reduction of the pigment particle size. 
Response surface design of experiments (DOE) was 
generated to evaluate the energy consumption for 
narrow particle size distribution. The experimental 
design consists of three factors, namely GM size, mill-
ing time, and pigment loading, and different values of 
each factor (called levels of the factors). In the design it 
includes three groups of sizes of GM (zirconox beads): 
0.4–0.6 mm (named as 0.5 mm), 0.8–1.0 mm (named 
as 1 mm) and 50 : 50 ratio of both 0.4–0.6 mm and 
0.8–1.0 mm (named as 0.75 mm), two pigment loading 
percentages: 30 % and 37 %, and three milling times: 
4 h, 5 h and 6 h. Thus, the total trials in the design were 
18. The detailed experimental design along with input 
parameters and their levels are indicated in Table 2. 

2.4  Equipment 

Most of the mills used for grinding of pigments are 
vertical and horizontal bead mills due to their high 
efficiencies, low energy consumption, and high unit 
output. The lab-scale vertical bead mill equipped with 
a stationary grinding chamber, a high-speed stirrer 
with cowl blade fixed on a drive shaft which rotates 

at 2 600 rpm (tip speed is 6 m∙s−1) was used for pig-
ment dispersion. The capacity of the grinding cham-
ber is 1.5 liter. After dispersion 600 mesh was used 
to separate GM from the dispersed material. For lab 
scale 500 g of premixture was prepared. To maintain 
the constant temperature of mill base as 25 °C to 27 °C 
during dispersion, the grinding vessel is equipped with 
a water jacket. The particle size distribution of dis-
persed samples was measured by Malvern particle size 
analyser (Zetasizer Nano s90 model) at M/s Sudarshan 
Chemical Industries. Two watt meters were connected 
to the power supply to measure active power during 
the dispersion of the material.

Initially power consumption for the unloaded mill 
(empty mill) is measured from reading observed in two 
watt meters W1 and W2. It was measured ten times for 
every ten minutes. The average value of active power 
provides the value of N0. Active power was measured 
throughout the dispersion process and for each trial 
power consumption was calculated. 

2.5  Calculations

Width of particle size distribution (WPSD), transpa-
rency, specific energy consumption (SEC) and stress 
intensity (SI) were calculated by using Equations [1] 
to [5].

Width of particle size distribution, which provides a 
size range of pigment particles which occupies a total 
80 % volume of the dispersed material, was calculated 
by using Equation [1].

WPSD = D90 − D10 [1]

where D90 and D10 are the particle sizes in nanometres 
representing the 90 % and 10 % values in the cumu-
lative volumetric size distribution (Ding, et al., 2013; 
Barth, Schilde and Kwade, 2013).

Transparency was determined by ASTM D344-11(2016) 
method for visual assessment (ASTM, 2016), and 
instrumental ASTM D2805-11(2018) standard method 
(ASTM, 2018) used to calculate opacity. The BYK opac-
ity chart (Figure 1) was used to calculate opacity by 
using Equation [2]. A uniform ink drawdown by using 
bar coater no. 1 was applied on a black/white contrast 
chart. After air-drying the drawdown, a spectropho-

Table 2: Variables and their levels used during optimization of resin-free dispersion process for PR 57:1 

Variables Level 1 Level 2 Level 3

Zirconox beads 0.4 mm to 0.6 mm (0.5 mm) 0.8 mm to 1.0 mm (1 mm) Mixture of both (50 : 50), (0.75 mm)
Pigment loading 30 % 37 % –
Milling time 4 h 5 h 6 h
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tometer (make: Gretag Macbeth, model: Eye-One Pro) 
was used to measure Y (tristimulus value) against white 
and Y against black of contrast chart. Transparency 
was calculated by using Equation [3].

Figure 1: Byko-chart Opacity 3B (BYK, n.d.)

Opacity	(%)	=	 -
𝑌𝑌(against	black)
𝑌𝑌(against	white)8 × 100 

 

 [2]

where Y is a tristimulus value.

Transparency (%) = 100 − Opacity (%) [3]

where opacity is calculated from Equation [2].

Specific energy consumption was determined by using 
two wattmeter method, which was used to measure 
the power throughout the dispersion process time. 
Power data was measured after every 10 min from both 
wattmeters to calculate power consumption for each 
design of the experiment. The power was recorded 
during grinding and SEC was calculated (Equation [4]) 
as the power input integrated over the grinding time tG 
and divided by the mass of slurry (m), 

SEC = ∫(N – N0)∙dtG  / m  [4]

where SEC (kWh/t) is specific energy consumption, 
N (kW) is necessary electrical power running the filled 
mill with beads and slurry, N0 (kW) is necessary elec-
trical power running the empty mill, (N − N0) (kW) is 
active electrical power, and m (t) is a mass of slurry.

The stress-energy or stress intensity of GM describes 
the maximum kinetic energy of two colliding grinding 
beads. Optimum stress intensity and maximum energy 
utilization will happen when the stress intensity is just 
sufficient to break the particle. The stress intensity of 
the GM (SIGM) was calculated using Equation [5].

SIGM = 𝑑𝑑GM# ∙ 𝜌𝜌GM ∙ 𝜈𝜈T%	  [5]

where SIGM (Nm) is stress intensity of the GM, d (m) is 
bead diameter, ρ (kg/m3) is specific weight of GM, and 
νT (m/s) is stirrer tip speed.

2.6  Analysis of the impact of WPSD on 
transparency of water-based ink 

The effect of WPSD on the transparency of water-
based ink was analyzed. When there is one categorical 
independent variable and one quantitative dependent 
variable, one-way analysis of variance (ANOVA) is pre-
ferred statistical technique. It tells us if the dependent 
variable changes according to the level of the indepen-
dent variable (Vik, 2014).

In this experiment WPSD is considered as independent 
variable and transparency is dependent variable. For 
the analysis, WPSD is the only factor considered; so, 
one-way ANOVA is used to predict the effect of WPSD 
on transparency of water-based ink. Above model with 
one predictor is referred to as simple linear regression 
model.

3.  Results and discussion

3.1  Effect of WPSD on transparency 
of water-based ink 

Dispersion experiment based on different pigment 
loading, GM size, and milling time provides varying 
widths of WPSD, which were measured by using par-
ticle size analyzer. Figure 2a presents the normal dis-
tribution of data measured for transparency of various 
formulations. Figure 2b describes the negative linear 
relation between WPSD and transparency of water-
based ink. Narrower WPSD provides higher trans-
parency. This is attributed to the fact that narrowest 
WPSD provides more surface area to interact with light 
and improves the absorbency of pigment. The amount 
of light scattering which influences the transparency 
depends strongly on the particle size of the pigment. 
Very small particle scatters very little light. Scattering 
increases with increasing particle size until the parti-
cles are about the same size of the wavelength of light 
and then it decreases for still larger particles. Thus, 
less scattering power of smaller particles, results in a 
higher degree of transparency, which is very import-
ant in four color conventional printing processes to 
achieve the higher strength of colors.

The regression result (Table 3) tells that particle size 
is significant for transparency because of their low 
p-values. Particle size distribution account for 97.5 % 
of the variance of transparency. For each 1 % increase 
in the amount of transparency, the percentage of WPSD 
is expected to decrease by 0.07 %. 
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observed that with longer milling time the WPSD is 
reduced.

Referring to Figure 2b narrow WPSD provides max-
imum transparency. Hence narrow WPSD is rec-
ommended which will provide higher strength for 
dispersed pigment. The pigment dispersion process 
to achieve narrow WPSD is least expensive when the 
grinding process works for 37 % (Figure 3b) it is for 
largest GM at the minimum of the SEC. It is observed 
from Table 4 that minimum specific energy was con-
sumed to achieve narrowest WPSD for 30 % pigment 

3.2  Effect of GM sizes on WPSD and SEC 

The effect of three different GM sizes on WPSD and 
cumulative SEC were analyzed. The GM used for the 
experiment was zirconium oxide with different levels 
of varying bead diameter named as 0.5 mm, 1 mm, and 
0.75 mm. 

Figure 3 indicates the effect of GM sizes on WPSD and 
cumulative SEC for two different pigment loading 
percentages. It is seen from Figure 3a larger GM size 
provides wider WPSD than smaller GM size. It is also 

a)                        b)
Figure 3: Effect of GM size on WPSD and cumulative SEC for three different milling times at two different pigment 

loadings: (a) for 30 % pigment loading, and (b) for 37 % pigment loading

 

 

 

 

Table 3: ANOVA, regression analysis and regression equation for transparency
Regression analysis: transparency (%) versus WPSD (nm)

Analysis of variance for transparency

Source DF Adj. SS Adj. MS F-value p-value

Model  1 68.9 68.9 633.4 0
Pure error 16  1.7  0.1
Total 17 70.6

R-sq = 97.5 %  R-sq(adj.) = 97.4 %
Regression equation:

Transparency (%) = 84.04 − 0.07 WPSD (nm)

a)                        b)
Figure 2: (a) Histogram of transparency, and (b) negative linear relation between transparency and WPSD

69 

Fitted Line Plot 
Transparency (%); 84.04 − 0.07 WPSD (nm) 

120 130 140 !SO 160 170 180 190 200 210 

WPSD (nm) 

S 0.329807 
R-Sq 97.S% 
R-Sq(adi) 97.4% 
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loading and when milling continued up to 5 h with 
0.75 mm GM size. But if milling extended for 6 h it 
increases the WPSD with increased SEC. The 0.5 mm 
GM size also provides moderately narrow WPSD but is 
slightly higher than 0.75 mm GM size with low energy 
consumption. Higher GM size consumes less energy 
but provides wider WPSD which reduces the overall 
performance of pigment. Smaller GM size of the same 
density as larger GM size dramatically increases the 
number of grinding beads per liter of the mill work-
ing volume. Along with this the kinetic energy of the 
grinding beads is increased by the ratio of the specific 
weight of the bead material by equal stirrer tip speed 
in the mill. Both parameters, reduction in bead size 
and using beads with higher specific weight, improve 
the milling efficiency because the increased surface 
area of beads achieves more contact points where 
impact, shear and compression forces takes place 
between the beads and pigment particles; along with 
this higher kinetic energy generated helps to reduce 
particle size effectively. Due to increased surface 
area of GM, utilization of free material was observed, 
which increases the viscosity of mill base and needs 
more energy at a specified tip speed for the momen-
tum of the mill base.

Large-sized grinding beads have different motion paths 
and speeds compared to a smaller one due to their 
mass difference. Single GM size provides monotonous 
movement among the material. The 0.75 mm GM size, 
as it is the mixture of both 0.4−0.6 mm and 0.8−1.0 mm, 
provides rise to two different momentums as a result 
of the different mass of the beads, which breaks the 
monotonous movement between them and increases 
the irregular movements. This will help to break more 
effectively the pigment particles and provides higher 
rate for reduction of WPSD value in comparison with a 
single size of GM, hence it reduces the dispersion time 
and indirectly reduces the energy consumption. Thus 
the 0.75 mm GM size optimized the energy consump-
tion to provide narrowest WPSD.

3.3  Effect of pigment loading on WPSD and SEC

The effect of different pigment loading for three differ-
ent GM sizes on the WPSD is presented as a function of 
a cumulative SEC as shown in Figure 4.

Narrow WPSD is observed for the lowest solid concen-
tration i.e. 30 % with minimum energy consumption. 
This result is applicable for 0.5 mm and 0.75 mm GM 
size when used for dispersion. But for the 1 mm GM 
size (Figure 4c), narrow WPSD is observed at higher 
pigment loading (37 %) with moderately less energy 
consumption. This is attributed to the fact that 1 mm 
GM size i.e. higher GM size reduces the number of 
grinding beads required in a specified volume. 

 a)

 

 

b)

 

 

c)
Figure 4: Effect of two different pigment loadings on 
WPSD and cumulative SEC at three different milling 
times with constant GM size: (a) for 0.5 mm GM size, 

(b) for 0.75 mm GM size, and (c) for 1 mm GM size

Along with this it also reduces the surface area of 
grinding beads, which reduces the ratio of the surface 
area with material volume. More free moving material 
is present, which provides unused collisions of the 
grinding beads inside the mill. When pigment load-
ing is increased it consumes the free moving material 
and provides the required viscosity to mill base which 
utilizes the maximum collisions of grinding beads to 
reduce the particle size. Thus, when 1 mm GM size i.e 
higher GM size and 37 % i.e. high solid percentage are 
used for dispersion it provides narrow WPSD with 
moderately less energy consumption. For the 0.5 mm 
GM size (smaller GM size) as well as the 0.75 mm GM 
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size (mixed GM size), ratio of surface area to the mate-
rial is very high, which reduces free-flowing material; 
so when pigment loading is 30 % it provides sufficient 
viscosity to mill base to utilize the maximum collision 
of GM, which helps to reduce the particle size distri-
bution. But for higher pigment loading (37 %) viscos-
ity gain is observed, which restricts the free motion of 
grinding beads and ultimately reduces the frequency 
of collisions; hence wider WPSD is observed even 
though high energy is consumed during dispersion. 
The 0.75 mm GM size provides narrowest WPSD after 
5 h of milling time with minimum energy consumption.

 

 
Figure 5: Stress intensity with optimum (marked by the 

green arrow) of GM with respect to WPSD and 
cumulative SEC

The stress intensity of GM corresponds to the max-
imum kinetic energy of two colliding grinding beads 
at the stress events. When the maximum utilization of 
kinetic energy takes place at stress events to break the 
pigment particles then it is an optimum stress inten-
sity. Stress intensity for different solid percentages of 
dispersion remains constant as it is assumed that the 
velocity of the mill base is equivalent to a tip speed of 
stirrer. Figure 5 shows the WPSD at different SEC as a 
function of stress intensity. It can be seen from Figure 5 
that the lower the stress-energy, the lower the particle 
size. When energy consumption is considered, the opti-
mal stress-energy is seen to be around 6.9∙10−5 kWh 

(written as 6.9E-05 kWh in the legend in Figure 5) to 
the low energy consumption with narrowest WPSD. 
The stress-energy 2.9∙10−5 kWh (2.9E-05 kWh) can also 
be considered as optimal stress energy as it also pro-
vides moderately narrow WPSD with slightly higher 
energy consumption than 6.9∙10−5 kWh stress inten-
sity. Thus, the most efficient grinding is observed at 
the smallest GM size, but the optimum condition is 
observed at mixed GM size. 

3.4  Statistical analysis of SEC

Histogram of the residuals (Figure 6a) is an explora-
tory tool to show general characteristics of the residu-
als including typical values, spread, and shape. It shows 
the normal distribution of samples. Normal probability 
plot (Figure 6b) of residuals shows that the points in 
this plot form a straight line, which means that the 
residuals are normally distributed.

3.5  Main effect plot and interaction plot

Main effect plot (Figure 7a) explains the significance of 
GM size, milling time, and pigment loading on specific 
energy consumption. The 0.75 mm GM size, higher pig-
ment loading i.e. 37 % and higher milling time provide 
higher specific energy.

In the interaction plots (Figure 7b), the upper-left one 
consists of non-parallel lines representing there is an 
interaction between GM size and pigment loading. 

The ANOVA table (Table 4) summarizes the linear terms, 
the squared term and the interaction. Higher F-value of 
linear terms compared to square term and interaction 
term, indicates that the model is majorly explained by 
the linear terms. The p-values from the ANOVA table, 
which are below α value of 0.05, indicate that all the 
main factors such as GM size, pigment loading and mill-
ing time are significant for energy consumption. The 
higher F-statistics values for pigment loading, GM size 
and milling time indicate these are the most significant 
factors that influence energy consumption. The inter-

a)                        b)
Figure 6: (a) Histogram of SEC residuals, and (b) normal probability plot of residuals for SEC response



224 S. Anchawale, M.(P.) Raghav Rao and Y. Nerkar  –  J. Print Media Technol. Res. 9(2020)4, 217–227

action of GM size and pigment loading is significant 
for energy consumption at a 95 % confidence level. 
Table 4 shows a higher percentage of R-sq., indicating 
that 97.07 % of the variability could be explained by 
the model at a 95 % confidence level. The adjusted R-sq 
of 93.87 % indicates a significant improvement of the 
model by using three parameters. The predicted R-sq 
of 95.85 % indicates that the model predicts new obser-
vations nearly as well as it fits the existing data. The 
regression equation describes the statistical relation-
ship between dispersion process factors and energy 
consumption. Table 4 provides the regression equa-
tion that helps to predict new observations for desired 
particle size distribution with energy consumption. 

3.6  Optimization from regression model

The optimization plot (Figure 8) shows the effect of 
each factor ie. GM size, pigment loading, and milling 

time on the cumulative energy consumption to achieve 
the desired particle size. The vertical red lines on the 
graph represent the current factor settings. The num-
bers displayed at the top of a column in a square bracket 
show the current factor level settings. The horizontal 
dash lines and numbers represent the responses of 
WPSD and energy consumption for the current factor 
level. Minitab software calculates the narrowest WPSD 
and minimum energy consumption for two hold values 
of GM size, namely 0.75 mm and 0.5 mm. 

Figure 8 explains that when the same amount of 
energy consumption is considered it is observed that 
0.75 mm GM size will provide narrowest WPSD com-
pared to 0.5 mm GM size. Hence 0.75 mm GM size, 30 % 
pigment loading, and milling time of 5.63 h are the opti-
mized parameters which will provide narrowest WPSD 
with minimum energy consumption as shown in the 
Figure 8. 

a)                        b)
Figure 7: (a) Main effect plot of SEC and (b) interaction plot of SEC, both for different GM sizes (in mm), 

pigment loadings (in %) and milling times (in h)

Table 4: Response surface regression model for energy consumption
Response surface regression: energy consumption versus GM size, pigment load, milling time 

Stepwise selection of terms   α to enter = 0.15, α to remove = 0.15
ANOVA for energy consumption

Source DF Adj. SS Adj. MS F-value p-value

Model  5 3.86 0.77  79.56 0.00
Linear  3 3.33 1.11 114.57 0.00
GM size  1 0.86 0.86  88.68 0.00
Pigment loading  1 1.90 1.90 195.50 0.00
Milling time  1 0.58 0.58  59.53 0.00
Square
 GM size * GM size  1 0.44 0.44  45.69 0.00
2-way interaction
 GM size * Pigment loading  1 0.08 0.08   8.39 0.01
Pure error 12 0.12 0.01
Total 17 3.97

R-sq = 97.07 %  R-sq(pred.) = 95.85 %  R-sq(adj.) = 93.87 %
Estimated regression coefficients for energy consumption:

Energy consumption = −2.22 + 3.76 GM Size + 0.02 Pigment loading + 0.21 Milling time 
− 5.33 GM Size * GM size + 0.09 GM size * Pigment loading
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Additionally, as presented in Table 5, summarizing the 
optimization results the confidence interval (CI) indi-
cates the 95 % confidence that the mean of the WPSD 
at these settings is between 117.39 nm and 140.31 nm, 
and the SEC is between 1.51 kWh/t and 1.73 kWh/t. The 
prediction interval (PI) indicates 95 % confidence that 
WPSD of a single new observation will fall between 
103.44 nm and 154.26 nm and SEC will be between 
1.37 kWh/t and 1.86 kWh/t.

3.7  Validation trial

A validation trial was conducted for the optimized set-
ting (Table 6). The WPSD of 128 nm was achieved with 
1.67 kWh/t SEC. These values are close to those esti-
mated using the model (see Table 5).

Table 6: Response predicted values 
for optimum energy consumption

Variable Setting 
WPSD 
(nm)

SEC 
(kWh/t)

GM size (mm)  0.75
128 1.67Pigment loading (%) 30.00

Milling time (h)  5.63

4.  Conclusion

Width of particle size distribution (WPSD) shows neg-
ative linear relation with transparency of water-based 
ink. Narrower WPSD provides higher transparency. In 
the bead milling process size of grinding media (GM), 

a)                        b)
Figure 8: Optimization plot from the regression model for the smallest WPSD and minimum SEC: (a) hold value 

0.75 mm GM size, and (b) hold value 0.5 mm GM size

 

 

                    

 

Table 5: Multiple response prediction for 0.75 mm hold value of GM size
Response optimization: SEC, WPSD

Optimized value

Variable Setting

GM size 0.75 mm
Pigment loading 30 %
Milling time 5.63 h

Solution

Solution GM size
Pigment 
loading

Milling 
time

WPSD 
fit

Energy 
consumption fit

Composite 
desrability

1 0.75 mm 30 % 5.63 h 1.62 128.85 0.93

Solution

Response Fit SE fit 95 % CI 95 % PI

SEC (kWh/t)   1.62 0.0497 (1.51, 1.73) (1.38, 1.86)
WPSD (nm) 128.85 5.2600 (117.39, 140.31) (103.44, 154.26)
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the pigment–binder ratio, and milling time have a 
significant effect on the milling rate and efficiency of 
the milling process. Smaller GM size provides narrow 
WPSD with minimum energy consumption. Mixed GM 
size provides a slightly higher rate of WPSD reduction 
with the lowest energy consumption. Percentage of 
pigment loading should be sufficient enough for the 
maximum utilization of collisions of grinding beads 
which affects the rate of particle size reduction and 
energy consumption. The model showed more than 
96.57 % predictability. Validation trial for dispersion 
process parameters concludes that 30 % pigment load-
ing, mixed GM in wide range of sizes (named 0.75 mm, 

and milling time of 5.63 h) provide narrowest pigment 
particle size distribution of 128 nm with minimum 
energy consumption of 1.67 kWh/t. 

In this research the regression model was developed for 
a specific type of pigment. Research can be continued 
in a direction that would include energy efficiency and 
optimization of pigment particle size distribution for the 
grinding of other process colors as well as special color 
pigments. Also, the optimization of percentage of dis-
persing additive for resin-free dispersion for all process 
color pigments is recommended to develop cost-com-
petitive stable pigment dispersion for water-based ink.
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