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Featured Application: Mechanical grinding of microparticle to nanosize.

Abstract: The interest in the utilization of palm oil ash is high, mainly due to their renewable material,
opportunity to enhance the properties and possibility to use in a wide range of applications. Palm oil
ash is the by-product of the palm oil mill boilers and locally available in the form of micro-size
particles. In this research, optimization of the milling process was designed using the Taguchi method
to find the most influencing parameters for the preparation of palm oil ash (POA) nanoparticles
using a ball milling technique. The experiment was applied using a L9 orthogonal array and signal
to noise ratio to investigate the performance of parameters, which are milling time, milling speed,
and balls size. The results from signal to noise ratio reveal that to produce POA nanoparticles in
optimum parameters, the size of balls shows the highest significant effect on the production of POA
nanoparticles, followed by milling time and speed. The results of the parameters optimization
experiment were validated by a confirmation test of milling machine operations.

Keywords: palm oil ash; ball milling; Taguchi method; orthogonal array; signal to noise
ratio; nanoparticle

1. Introduction

Palm oil ash (POA) is an abundant agricultural solid waste in Malaysia. The ash is produced after
the combustion of oil palm fiber and shell as boiler fuel to produce steam for electricity generation and
palm oil extraction. Around 200 palm oil mills are in operation in Malaysia, where thousands of tons
of POA are produced annually and disposed of without any commercial return [1]. The generation of
palm oil ash (POA) and boiler ash (BA) in Malaysia were estimated to be over 4 million tons per year [2].
The generated waste could lead to health-related issues, environmental problems, and also financial
loss [3–5]. Although there are some studies on the utilization of POA such as a partial replacement
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of cement in concrete [6], as an adsorbent for the removal of heavy metal from aqueous solution [7],
flue gas desulphurization [8], and recently as a nano-structured material in polymer [9], most of the
ash is still disposed of in landfill that requires a lot of land area. The utilization of POA in advance or
conventional composites to reduce the cost, appearance, and properties of final products, has gained
the attention of many researchers. Therefore, the utilization of POA becomes an essential topic to be
further investigated.

In order to obtain high-quality POA with fine particle size, homogenous size distribution,
and unique morphology, various preparation techniques have been used to synthesize ultrafine POA,
including ball milling and grinding technique [10,11]. There has been an abundance of investigation
dedicated to the production and characterization of nanoparticles due to their distinct characteristics,
which are unavailable in conventional macroscopic materials. The mechanical ball milling technique
is one of the well-known as a simple and low-cost method for the production of nano-structured
materials [12]. This technique has proved to be an effective way to fracture and reduce the size of
particles with the possibility of obtaining large quantities of nanomaterials. The process inside the
ball mill involved mechanical energy transfer between the balls and the substrate was assured by
continuous impact [13,14].

Over the past decade, there have been several investigations to simulate the dynamics of the ball
milling technique process in addition to analyse the parameters to produce nano-structured materials
and to create the process more efficiently. The ball milling system consists of two rollers and one mill
jar. The rollers rotate in one direction while the mill jar rotates in the opposite direction. During the
rotation of the mill jar around its axis, the centrifugal force was created and helped the mixture of
milling balls and powder. Thus, the impact energy of milling balls assists the friction of the powder into
a smaller size. Many parameters have been tested to optimize the ball milling process, such as milling
speed [15], milling time [16], balls size [17], and a ball to powder weight ratio [18]. Although many
researchers have combined the parameters to determine the most influential parameter to produce
nanoparticles, the results vary from one another. Therefore, there is no conclusive method on the best
parameter applied to the ball milling process to transform macro size materials to nano-scale particles.

The objective of this research is to design a process of transforming natural palm oil ash (POA)
to POA nanoparticles by applying a set of parameter combinations in the ball milling technique.
The traditional experimental design methods are too complex, time-consuming, and complicated
to apply. Many experiments must be carried out when the number of process parameters is more.
To solve this problem, the Taguchi method uses a special design of orthogonal arrays to study the
entire parameter space with a minimum number of experiments [19]. This technique was used to
produce a high content of POA nanoparticles, which is less than 100 nm (0.1 µm) with optimization
process from the Taguchi method analysis. The orthogonal array and signal to noise ratio (S/N) in the
Taguchi experimental design was used to find the optimal level and to analyze the effect of parameters
on the size of POA particles.

2. Materials and Methods

Palm oil ash (POA) was obtained from United Oil Palm Mill, Penang. More than 10 kg of palm oil
ash was taken from this mill. The bio waste from the boiler particularly from the hopper outlet has
been chosen to be converted to nanomaterial due to its small particle size. The small particle makes it
effortless to grind to nanoparticle size in the ball milling process. Figure 1 showed that the raw palm oil
ash (POA) in greyish colour, consists of irregularly shaped particles and a median size of about 20 µm.



Appl. Sci. 2020, 10, 985 3 of 15Appl. Sci. 2020, 10, x 3 of 16 

  

Figure 1. Raw palm oil ash from the hopper outlet of boiler. 

The POA from the hopper outlet was dried at 70 °C for 24 h in the oven to remove the excess 
water content. Then, the dried POA was sieved using a 60 mesh size sieve to separate micro-sized 
particles such as sands, stones, and macroparticles. The fine dried palm oil ash was further ground 
to smaller particle size, followed by an optimization process using a ball milling technique. The 
mechanical milling process was done using a horizontal ball mill at the following conditions: Ball to 
powder weight ratio was 10:1, three control factors (milling time, milling speed, and balls size), and 
was performed at room temperature. The POA nanoparticles obtained from the ball milling process 
was kept at a high temperature condition around 110 °C in the drying oven for 24 h to prevent 
agglomeration and was kept in a dry place to avoid contact with moisture. Characterization of the 
particle size was done using particle size distribution analyzer. Then, the optimization of the ball 
milling process was calculated by using the Taguchi method to obtain optimum parameters in 
producing POA nanoparticles. Results obtained from the optimization process by the Taguchi 
method was further conducted with a confirmation test to validate the most significant parameters 
in the preparation of palm oil ash nanoparticles. Figure 2 depicts the process optimization through 
the ball milling technique. 

 
Figure 2. Diagram depicting the preparation of palm oil ash (POA) nanoparticle by design 
optimization. 

Figure 1. Raw palm oil ash from the hopper outlet of boiler.

The POA from the hopper outlet was dried at 70 ◦C for 24 h in the oven to remove the excess water
content. Then, the dried POA was sieved using a 60 mesh size sieve to separate micro-sized particles
such as sands, stones, and macroparticles. The fine dried palm oil ash was further ground to smaller
particle size, followed by an optimization process using a ball milling technique. The mechanical
milling process was done using a horizontal ball mill at the following conditions: Ball to powder weight
ratio was 10:1, three control factors (milling time, milling speed, and balls size), and was performed
at room temperature. The POA nanoparticles obtained from the ball milling process was kept at a
high temperature condition around 110 ◦C in the drying oven for 24 h to prevent agglomeration and
was kept in a dry place to avoid contact with moisture. Characterization of the particle size was
done using particle size distribution analyzer. Then, the optimization of the ball milling process was
calculated by using the Taguchi method to obtain optimum parameters in producing POA nanoparticles.
Results obtained from the optimization process by the Taguchi method was further conducted with
a confirmation test to validate the most significant parameters in the preparation of palm oil ash
nanoparticles. Figure 2 depicts the process optimization through the ball milling technique.
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2.1. Design of Experiment

The Taguchi method provides a simple, efficient, and systematic approach to determine the
optimum parameters. In addition, the Taguchi method provides a more simplified way to setup the
combination of experiment parameters compared to the factorial method, instead of testing all possible
combinations of parameters available. The parameters tested in this experiment are milling time,
size of stainless-steel ball, and milling speed. These parameters were used to produce homogenous
and high purity nanoparticles of less than 100 nm consistently. Table 1 shows the parameters selected
and the levels for each parameter. In the preparation of palm oil ash nanoparticles by the ball milling
technique, the Taguchi proposed to use the orthogonal array to screen the experimental conditions and
means. Furthermore, by using this method, the least of the experimental process could be developed
based on the number of factors and levels. In addition, the advantage of this method was to achieve the
best combination of design parameters and optimal results. Corresponding to the main factors namely
milling time, milling speed, size of balls, and each has three levels shown in Table 1, an orthogonal
array L9 of Taguchi design was established for numerical experiments. Due to the orthogonal array,
the analysis and calculation time reduce significantly, hence becomes more efficient. A combination of
structured parameters in nine experiments each with three replications with the obtained results of the
L9 array is shown in Table 2.

Table 1. Parameters selected and levels for each parameter.

Parameter Level 1 Level 2 Level 3

Milling Time 6 h 12 h 24 h
Milling speed 100 rpm 130 rpm 170 rpm

Size of stainless-steel ball 10 mm 16 mm 20 mm

Table 2. Experimental results for the particle size (mean ± SD, replicated three times).

Experiment Milling Time
(hour)

Milling Speed
(rpm)

Size of
Balls (mm)

Mean Particle Size
(µm)

1 6 h 100 rpm 10 mm 0.48 ± 0.06
2 6 h 130 rpm 16 mm 0.41 ± 0.07
3 6 h 170 rpm 20 mm 0.23 ± 0.06
4 12 h 100 rpm 16 mm 0.28 ± 0.09
5 12 h 130 rpm 20 mm 0.19 ± 0.04
6 12 h 170 rpm 10 mm 0.15 ± 0.08
7 24 h 100 rpm 20 mm 0.11 ± 0.07
8 24 h 130 rpm 10 mm 0.13 ± 0.04
9 24 h 170 rpm 16 mm 0.09 ± 0.07

In the Taguchi method, to determine the effect of each parameter on the production of nanoparticle
of palm oil ash (POA), the signal to noise ratio based on mean value needs to be calculated for each of
the parameter combinations, respectively. The S/N ratio was used to measure the quality characteristic
deviating from the desired value. The value of S/N from each experiment was used to determine the
optimum parameters and the most influential parameters to the results. The term ‘signal’ represents
the desirable value (mean) for the output characteristic and the term ‘noise’ represents the undesirable
value (SD) for the output characteristic [20]. The S/N ratio formula for the static design was divided
into three categories, viz. ‘nominal is the best’, ‘larger the better’, and ‘smaller the better’. In this
experimental design, the ‘smaller the better’ formula was chosen to analyze the production of POA
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nanoparticle. The S/N ratio was calculated for each factor level combination. The formula (Equation (1))
for the ‘smaller-is-better’ S/N ratio can be expressed as:

Signal− to− noise (S/ N) = −10 log
1
n
+

n∑
i=1

Y2
i (1)

where
Y is a response to the given factor level combination
n is a number of responses in the factor level combination.

2.2. Materials Characterization

2.2.1. Particle Size Measurement

The palm oil ash (POA) particle size of the initial materials and milled powders were measured
with a Malvern Mastersizer (Malvern Instruments Ltd, Gravewood Malvern, UK) Scirocco 2000 by
dynamic light scattering measurements. In each measurement, the detector and laser were aligned,
and the background calibrated. Size distribution was quantified as the relative volume of particles in
size bands presented as size distribution curves (Malvern MasterSizer Software v 5.60, Gravewood
Malvern UK). The particle size distribution was described according to D-values (D0.1, D0.5, and D0.9),
which are corresponding to 10%, 50%, and 90% of the cumulative mass [21]. The measurement was
repeated three times and the average value would be analyzed by Taguchi method to predict the
optimum parameters and desirable performance.

2.2.2. Morphology Studies

Transmission electron microscopy (TEM) was carried out with an energy-filtered transmission
electron microscopy EFTEM Libra—Carl Zeiss instrument to study the palm oil ash POA nanoparticle
morphology. The POA nanoparticles were oven dried at 60 ◦C for 1 h before using the TEM. The POA
nanoparticles were prepared in acetone and dispersed with an ultrasonicator for 10 min. The samples
for TEM analysis were prepared by placing a drop of colloidal dispersion containing POA nanoparticles
onto a carbon-coated copper grid. Embedded POA nanoparticles were air dried at room temperature
before being examined under TEM instrument under control condition.

3. Results and Discussion

3.1. Parameters Optimization

The results of the Taguchi experiments according to L9 orthogonal array were analyzed and the
response values of mean particle size distribution obtained from particle size analyzer are shown in
Table 2. All the responses with three repetitions from each experiment were evaluated individually.
The results showed that each experiment exhibited a various range of particle sizes. The finest size of
POA particles was obtained in experiment number nine with 0.09 (± 0.07) µm of mean particle size.
Meanwhile, experiment number one obtained a greater size with 0.48 (± 0.06) µm of mean particle size.

The TEM images of the POA nanoparticles obtained in nine experiments (Table 2) are shown
from Figures 3–5. The particle size distribution histogram Figure 3A–C and TEM image of POA
nanoparticles from experiment one to three (E1–E3) are shown in Figure 3. The TEM images only reveal
the lateral dimension of the nanoparticle but no information on the nanoparticle height. Though, with
the dimension of the width particles from the TEM images, the lateral particle size distribution can
be obtained [22]. From the histogram, the size distribution is narrow, and the major peak is centered
at 480, 410, and 230 nm. The TEM image of experiment one (E1) illustrated the identical of the POA
shape which is spherical. However, The TEM image significantly reveals that the smaller the particle
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size distribution, POA tends to agglomerate, and identification of particle shape and size becomes
more complicated.
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Figure 3. TEM image (E1–E3) and POA nanoparticle distribution (A–C) from experiment one, two,
and three of the Taguchi optimization processes.
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Figure 4. TEM image (E4–E6) and POA nanoparticle distribution (D–F) from the experiment four, five,
and six of the Taguchi optimization processes.
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Figure 5. TEM image (E7–E9) and POA nanoparticle distribution (H–I) from experiments seven, eight,
and nine of the Taguchi optimization processes.

Meanwhile, a distribution curve for particle size histograms in Figure 4D,E and TEM images from
experiment four to six (E4–E6) are shown in Figure 4. It can be observed that the TEM images illustrated
the irregular shape and size of POA nanoparticles with a wide range of distribution. The morphology
showed the irregular shape of POA nanoparticles probably due to rigorous impact and forces during
the ball milling process. For the particle size distribution according to the experiments, a major peak is
centered at 280, 190, and 150 nm, respectively. The last three experiments of L9 orthogonal array with
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the TEM image and distribution of particle size histograms are shown in Figure 5. The TEM images
from experiment seven to experiment nine (E7–E9) showed that the POA nanoparticles still retain the
spherical morphology although through the different ball milling process parameters. This behaviour
could increase the interest of POA utilization in a wide range of applications. In the meantime,
the lower peak of distribution in experiment 7 Figure 5G may be due to the agglomeration of POA
nanoparticles compared to experiment eight Figure 5H and nine Figure 5I. Furthermore, the smaller
POA nanoparticles tend to adhere to each other due to growing of inter-particle bonding. It is significant
to mention that there is a great possibility the aggregation of the nanoparticles occurred and leads to the
declining volume of POA nanoparticles. Nevertheless, the distribution particle analysis still obtained
the major peak at 110, 130, and 90 nm of each experiment, respectively, as presented in Figure 5.

Although experiment number nine resulted in a higher distribution of POA nanoparticles,
to determine the optimum parameters and most influential parameter, the signal to noise (S/N) needs
to be calculated. In this experiment, the signal to noise ratio was used to identify the control factors
that reduce the variability of the results by minimizing the effects of uncontrollable factors. The S/N
value was used to determine the most significant parameters and which level is highly contributing
to the output [23]. The S/N output was calculated according to the “smaller is better” equation for
static design. The Taguchi method provided by commercial software Minitab 16 was used to calculate
the signal to noise ratio of each experiment. The computed signal to noise ratio value was presented
in Table 3. As shown in Equation (1), from the objective of the-lower-the-better quality characteristic
which is to minimize the response, a greater S/N ratio corresponds to a smaller variance of the output
characteristic around the desired value.

Table 3. Signal to noise ratio (S/N) for each experiment.

Experiment Milling Time Milling Speed Size of Balls SN Ratio

1 1 1 1 0.92
2 1 2 2 −0.31
3 1 3 3 0.43
4 2 1 2 0.32
5 2 2 3 1.51
6 2 3 1 1.20
7 3 1 3 3.94
8 3 2 1 3.39
9 3 3 2 −0.28

The S/N response table by factor level for the milling time, milling speed, and size of balls was
created in an integrated way and the results are tabulated in Table 4. The delta (∆) value was calculated
using (highest S/N–lowest S/N) for each parameter and compared. From the point of the “smaller
is better” quality characteristic, the size of the ball’s performance showed the larger delta (∆) value
compared to other parameters. This is evidence that the size of balls showed the greatest influential
parameter in the ball milling process followed by milling time and milling speed. The greater delta (∆)
values for a parameter, the effect of the parameter on the process will correspond to a smaller variance
of the output and generate better performance of the experiment [24,25]. Therefore, the size of the
ball’s performance was the most significant parameter for producing POA nanoparticles.
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Table 4. Signal to noise ratio for each parameter and level.

Level Milling Time Milling Speed Size of Balls

1 0.34422 1.72604 * 1.83909
2 1.01416 1.53138 −0.09304
3 2.3507 * 0.45170 1.96308 *

Delta ∆ 2.00652 1.27434 2.05612
Rank 2 3 1

* Optimum parameter level.

3.2. The Influence of the Studied Parameters on the Responses

The unpredictable effects of the processing parameters on POA particle size are shown in Figure 6.
According to the main effect of the S/N ratio presented in Figure 6, the effects on the production of POA
nanoparticles increase with higher milling time. Despite the milling time considered as an influential
parameter in this process, nevertheless with longer milling time, the POA particles tend to agglomerate
due to the rapid reduction of POA size and would be challenging to analyze by particle size analyzer.
This is also supported by Goya [26], where nanoparticles tend to agglomerate and are challenging
to disperse even though using the ultrasonic treatment. Moreover, there is a possibility of powder
contamination due to chipping or breakage from the stainless steel ball and the inner wall of the
milling jar. As tested by Kumar and Kumar [27], an increase of milling time will affect mineralogy and
physicochemical of POA due to the creation of new surface and particle breakage, which undergoes
structural changes and mechanical activation.Appl. Sci. 2020, 10, x 11 of 16 
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Figure 6. Main effects of S/N ratio for POA particles size versus the level of input parameters.

Lower milling speed, as illustrated in Figure 6, showed a higher impact on the production of
POA nanoparticles. In the ball milling process, rotational at higher speed could affect the particle size
distribution and particle characteristics. Findings from [16] revealed that heat would be produced
due to impact and abrasion between balls and milling jar walls. Hence, the energy input into the
powders will increase and could deform the properties of particles. Additionally, the high temperatures
generated may also contaminate the transformations of powders. As reported by Suryanarayana [28],
higher milling intensities could increase the average crystal size due to the enhanced dynamical
recrystallization. However, there are certain limitations to the maximum speed that could be engaged
depending on the design of the mill and milling jar. In fact, almost all researchers applied more than
100 rpm even higher up to 2000 rpm to produce nanoparticles [29]. Though, the ball milling practice
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beyond the maximum speed limit will cause the balls to pin to the inner wall of the milling jar and
could not produce any impact force.

In the meantime, an increase in the size of balls in the ball milling process, as illustrated in Figure 6,
showed a significant effect in producing POA nanoparticles. The ball size is a critical parameter
influencing the performance of a ball milling process. It is well known that to produce effective
breakage of large particles, larger balls are needed, whereas smaller balls are needed for the effective
breakage of fine particles. The optimization of balls size was very limited due to variables data obtained
from the previous experiment. Nevertheless, research by Nkwanyana and Loveday [30] found out
that using a larger size of balls would contribute minimal impact on the rate production of particles.
Based on the effect of product fineness study by Fuerstenau, Lutch [31], to produce the finer particle
distribution, the higher quantity of smaller balls are needed. This was due to the total expended energy
between balls and particles that assist the deagglomeration of the fine particles. According to Cho
and Kwon [32], to ensure the milling efficiency of materials, a comprehensive investigation should be
carried out to delineate the potential optimum parameters influencing the distribution of particles
such as mill rotational speed, mill speed, mill diameter, and powder filling.

3.3. Analysis of Variance (ANOVA) Approach

ANOVA is one of the statistical models approach by using computational techniques to detect
the performance of factors and their interactions by comparing the percentage of contribution of each
parameter to the response [33]. The primary purpose of applying ANOVA is to investigate which design
parameters significantly affect the quality characteristic. Thus, it can be decided which independent
factor dominates over the other and the percentage contribution of that particular independent variable.
This analysis is measured by the sum of the squared deviations from the total mean signal to noise
ratios (S/N) to obtain which parameters significantly affect the preparation of POA nanoparticles.
Statistically, there is a tool called the F-test, which was named in honour of Sir Ronald Fisher. The F-test
was conducted to see which design parameters have a significant effect on the quality characteristic.
In this analysis, the F-ratio is a ratio of the mean square error to the residual error and is traditionally
applied to determine the significance of a factor [34].

From the results of ANOVA, the last column in Table 5 illustrated the percentage contribution of
each parameter. Percentage (%) contribution is defined as the significant rate of the process parameters
and larger values represent a more significant effect on the preparation of POA nanoparticles. It can be
observed that the size of balls has the most significant effect with 43.42% contribution, followed by
milling time (34.08%) contribution, and milling speed (15.39%) contribution. However, the significant
effect of the relationship between parameters could be seen in contributing factors (%). It is observed
that contributing factors (%) reveal there was an interaction effect of process parameters. Moreover,
this theory supported by Sharma and Chattopadhyaya [35] found out that the more significant the
contributions of a particular factor to the total sum of squares, the larger the ability is of that factor to
influence process parameters.

Table 5. Results of ANOVA approach to prepare POA nanoparticles.

Parameter DoF Sum of Square Means Square F-Test Contribution (%)

Milling Time 2 6.2614 3.1307 4.80 34.08
Milling Speed 2 2.8275 1.4138 2.17 15.39
Size of Balls 2 7.9762 3.9881 6.11 43.42

Error 2 1.3053 0.6527 7.11
Total 8 18.3704 100

DoF: Degree of freedom.
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The optimization results from the combination of parameters, which were predicted as 20 mm
of ball’s size, 24 h milling time, and 100 rpm on milling speed, must be supported through the
confirmation test. The confirmation experiments were conducted to validate the optimal parameters
obtained by the Taguchi method. This test aims to validate the optimal process parameters and to
show how close the respective prediction with the real experiment is. Moreover, the confirmation
test is highly recommended by Taguchi to verify the accuracy of the optimal process parameters that
have been selected. Under these conditions, to validate the palm oil ash (POA) properties, the particle
size distribution and morphology characteristics were carried out by particle size analyzer and TEM
micrograph, respectively.

3.4. Characteristic of Palm Oil Ash Morphology and Particle Size Distribution

The particle size distribution of the POA nanoparticles under predicted optimal condition from
the Taguchi method was illustrated in the histogram graph in Figure 7. A study by Akbari and
Tavandashti [36] proposed that to obtain reliable and valid frequency versus particle size curve,
hundreds of particles should be measured for an optimum sample size. The histogram graph for
particle size distribution shows the intensity or frequency versus the size range typically. It was
observed that the majority of the POA particle size distributed between 70–110 nm of particle sizes.
From the histogram profile, the average diameter of the POA nanoparticles was estimated to be
80 nm. The smallest particles were obtained with the lowest intensity and were estimated to be eight
(8) nm. Meanwhile, the largest particles exhibited at 0.2% intensity were estimated to be 200 nm.
Although the histogram reveals the POA nanoparticle’s distribution, the information is still inadequate
to characterize the behaviour of the POA nanoparticles. Moreover, the distribution of the POA
nanoparticles probably influences by the agglomeration resulting in variation of POA nanoparticles
sizes. This behaviour occurred because of the robust and attractive interaction between nanoparticles
derived from strong Van Der Waals force. A recent study by Aqeel Ashraf and Peng [37] revealed that
a high concentration of nanoparticles with extraordinary surface area commonly aggregated more
rapidly, hence formed larger nanoparticles. Therefore, the preparation of POA nanoparticles mainly
depends on the optimal parameters that could increase the number of nanoparticles and significantly
decrease the agglomeration of nanoparticles. Thus, transmission electron microscope will be used to
view the image of POA nanoparticles individually.
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Figure 7. TEM micrograph (200 nm) and particle size distribution graph of palm oil ash nanoparticles.

Transmission electron microscope (TEM) micrograph visualized the morphology and distribution
of POA nanoparticles. Moreover, the TEM image supplies quantitative information about the shape,
size, and distribution of particles on a very local scale. Figure 7 showed the TEM image of POA
nanoparticles, which is in accordance with the particle size distribution, which is evaluated by laser
diffraction particle size analyzer. From the TEM image, the POA nanoparticles appear in black colour.
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The black colour was probably due to that less transparent towards electron beam and electronic
density of POA nanoparticles element as reported by Pishvaei, Farshchi [38], Yazdimamaghani,
and Pourvala [39]. The TEM micrograph reveals that the POA nanoparticles possess an irregular size
and uniformly distributed within 70 to 200 nm range without having agglomeration. This similar
finding also reported by Abdul Khalil and Rus Mahayuni [11] that ground POA particles had an
irregular shape and the size was measured less than 50 nm. In addition, within that nanometric
range, there was slightly an agglomeration that occurred between POA nanoparticles. It was assumed
that the agglomeration occurred between POA nanoparticles due to the increase in surface area and
energy of POA nanoparticles. In this study, the ball milling process involved complex mechanical
forces such as particles that are repeatedly fractured and flattened. In the case of the spherical shape
of POA nanoparticles that can be observed in the TEM image, it is probably due to the balanced
formation of milling force between balls, milling jar, and POA particles. Hence, the POA particles
resist being fractured and flattened, causing particles to obtain a size more than 100 nm. Therefore,
the confirmation test indicated that the results obtained from the selection of optimal parameters could
produce a significant size of palm oil ash (POA) nanoparticles. The results confirming the success
of Taguchi statistical analysis in obtaining optimal parameters to produce POA nanoparticles were
presented in Table 6.

Table 6. Optimum parameters.

Parameter Level Description

Milling Time 3 24 h
Milling Speed 1 100 rpm
Size of balls 3 20 mm

4. Conclusions

The design of the experiment by the Taguchi method has been applied to obtain optimum process
parameters to produce palm oil ash (POA) nanoparticles using a horizontal ball milling technique and
analyzed with the Taguchi L9 orthogonal array. From the statistical design experiment, the results were
analyzed using a signal to noise (S/N) ratio to identify the optimum parameters. The most significant
parameter on the production of POA nanoparticle is the size of balls followed by the milling time
and milling speed, respectively. The optimum size of balls in this experiment is 20 mm, while the
optimum milling time is 24 h, followed by 100 rpm on milling speed parameter. The analysis of the
experimental design was conducted to verify the optimal ball milling parameters. The percentage
contributions of the size of balls, milling speed, and milling time are 43.42%, 34.08%, and 15.39%,
respectively. In addition, the confirmation test using predicted optimum parameters by the Taguchi
method show the evidence of POA nanoparticles in particle size distribution and morphology analysis.
Hence, significant improvements in the preparation of POA nanoparticles performed by the Taguchi
method bring out the best process parameters. It can be a beneficial practice for use in the industries to
optimize productivity performance with minimum cost and loss of time.
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