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Abstract 

 

Agglomeration is an attraction of fine particles for one another due to their high surface energy, leading to formation of particle 

colonies known as agglomerates. When a polymeric or metallic matrix is reinforced with particles, agglomerates usually create 

regions of discontinuity or weak particle adhesion within the matrix and degrade mechanical properties of the resulting 

composites. In ball-milling synthesis of nanoparticles, formation of agglomerates can be controlled through optimisation of 

milling parameters. In this study, coconut shell (lignocellulosic) nanoparticles were synthesised by varying the charge ratios 

from 2.5 to 40 at constant milling duration (70 hours), speed in terms of drum/vial rotation (194 revolution per minute) and 

ball sizes (5- 60 mm). Assessment of the effects of charge ratios (CRs) on the morphologies and particles sizes of uncarbonised 

coconut shell nanoparticles (UCSnp) was studied. The synthesised UCSnp were characterised using electron microscopy and 

X-ray diffractometry (XRD). The results showed various morphologies and orientations of UCSnp with changes in the CRs. 

Size determination using XRD and SEM revealed a reduction in particle size as the CR increased up to a value of 10. At higher 

CRs, further reduction in the average particle size was not observable.   This could be linked to a balance between particle 

refinement and agglomeration at these higher CRs. Although particle agglomeration was apparent above CR values of 10, 

sizes of the UCSnp obtained above this CRs were much smaller than the initial size (37 μm) of the coconut shell precursor 

particles. This affirmed the ball milling synthesis as a particle refinement process, but not a coarsening/agglomeration process. 

The results obtained from statistical analyses show agreement with experimental results. 
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1. Introduction 

 

Nanoparticles can be engineered when they are 

intentionally synthesised for a purpose or they may occur 

naturally.  Synthesis of nanoparticles is usually accompanied 

by analysis of their properties to determine their sizes, 

morphology and other pertinent properties [1-7]. To 

determine nanoparticle sizes, various approaches can be used 

including theoretical calculation and image sizing. 

Theoretical approaches for nanoparticle size determination 

involves the use of formulas to aid experimental analyses. 

These include laser light diffraction, dynamic light 

scattering, sedimentation, Coulter counting, and differential 

mobility analyses. These techniques provide no information 

about nanoparticle morphology.  Imaging tools such as 

scanning electron microscopy (SEM), atomic force 

microscopy (AFM) and transmission electron microscopy 

(TEM) can be used to reveal nanoparticle morphology in 

addition to particle size determination [2, 8-17]. 

 Recent interest in using agricultural waste particles for 

reinforcing polymers to produce dispersion strengthening 

composites for engineering applications has paved the way 

for research into particle synthesis using various techniques 

[18-19]. Agricultural waste particle processing by ball-

milling has been reported [20-25]. Although, synthesis of 

agricultural waste nanoparticles has been accomplished, 

particle agglomeration is a challenge [23, 26]. Particle 

agglomeration is a physical combination of particles that 

leads to integration or fusion of ultrafine particles during ball 

milling. It occurs when particles attain unstable high energy 

states because of their small sizes. Ultrafine particles seek 

energy minimization through fusion with one another and or 

with coarse particles to improve their stability. 

Consequently, formation of particle colonies, known as 

agglomerates, occurs. Particle agglomeration results in a 

relative particle coarsening and opposes particle refinement, 

which is the purpose of ball-milling. Alternatively, the 

presence of agglomerates among synthesised agricultural 

waste particles creates regions of discontinuity within a 



263                                                                                                                                 Engineering and Applied Science Research October – December 2018;45(4) 

 

 

 

matrix when such particles are used as a reinforcing agent in 

matrix for composite development. Furthermore, diminished 

mechanical properties of the resulting composites due to 

particle agglomerates has been revealed in published 

literature reports [27-28]. Therefore, there is a need to 

optimize ball milling parameters such as charge ratios, 

milling duration, vial speed of rotation, size and nature of the 

milling balls to produce agricultural waste particles with few 

or no particle agglomerates. This study was focused on the 

use of coconut shells to increase their economic value via 

applications of the uncarbonised coconut shell nanoparticles 

(UCSnp) for composite development. A similar study may 

focus on other agricultural wastes that are abundant in 

various regions across the globe.  Particle agglomeration has 

a link with particle sizes [23, 26]. Agglomeration begins 

when some particles have reached their finest state during 

ball milling, so that further milling causes size reduction of 

the coarse particles while the finest particles joins with one 

another and/or coarse particles [29]. However, to predict 

onset of particle agglomeration, knowledge of the minimum 

particle size (size of the finest particles) is very important. 

The charge ratio is defined as total mass of the milling balls 

divided by mass of the material to be refined. This is 

determined before the ball milling process has begun. It is 

done to estimate percentage of free space within the vial, 

which in turn determines collision impact of the milling balls 

with particles during ball milling. The effects of milling 

duration and vacuum carbonisation on the properties of 

coconut shell nanoparticles have been studied and reported 

[26, 29-30]. However, the influence of the charge ratio on the 

sizes and morphologies of coconut shell particles is a main 

focus of the present study. Moreover, threshold charge ratios, 

below which particle agglomeration has no significant 

influence on refinement of coconut shell particles via ball-

milling, have been established experimentally and through 

nonlinear (Gaussian) curve fitting statistical analysis. 

 

2. Materials and methods 

 

 The coconut shell nanoparticles used in this work were 

synthesised via a ball milling technique using 37 μm 

diameter coconut shell powders as a precursor in accordance 

with previous studies [26, 29]. Precursors were milled at 

various CRs, ranging from 2.5 to 40 using a SNH 510….680 

tumbler ball mill, Model A 50….43 at the Federal Industrial 

Institute of Research Oshodi (FIIRO), Lagos, Nigeria. Other 

milling parameters such as milling duration (70 hours), speed 

(194 rpm), milling ball sizes (5-60 mm) and ball material 

(ceramic) were kept constant. The uncarbonised coconut 

shell nanoparticles were analysed and their sizes were 

determined using an ASPEX 3020 Scanning Electron 

Microscope/Energy Dispersive X-ray spectroscopy 

(SEM/EDX), Philips 301 Transmission Electron Microscope 

with Gwyddion software and an X-ray diffractometer 

(Model: PW 1830) at the University of Witwatersrand, 

Johannesburg, South Africa. The Scherrer equation was 

applied using X’Pert HighScore software. To predict 

agglomeration of UCSnp, the material with the smallest 

(minimum) sizes were considered at various charge ratios 

since these have the highest surface energies. Minimum 

crystal sizes obtained from XRD were used in the statistical 

analyses since the theoretical calculations involved in the 

XRD size determination used the Scherrer equation. This is 

unlike image size determination in the cases of SEM and 

TEM analyses. A mono-variate statistical regression analysis 

involving the charge ratio as a predictor variable at seven 

different levels with the minimum size as the dependent 

(response) variable was performed using OriginPro 8 

software. Linear, multiple linear, polynomial and nonlinear 

regression analysis were used to establish a relationship 

between two variables. The regression coefficient of 

determination (R2), probability value (Prob>F), significance 

level and Fisher’s value were determined as well. A 

nonlinear Gaussian function was employed to relate the 

minimum crystal sizes with CRs because of its greater 

prediction level (higher R2
 value) and smaller p-value 

compared to other functions.  The analysis was evaluated at 

α = 0.05, indicating a 95 % confidence level. Analysis of 

variance (ANOVA) was performed to determine the 

significance of the regression analysis. 

 

3. Results and discussion  

 

3.1 Scanning electron micrographs of uncarbonised coconut 

shell nanoparticles 

 

 Figure 1 displays a SEM/EDX magnified image of bulk 

coconut shell, i.e., the precursor. The micrograph in Figure 1 

presents the coconut shell as a solid body with surface 

discontinuities. The defects make the coconut shell appear to 

have many individual layers joined together in a singular 

geometric body. The surface discontinuities act as stress 

raisers, which aid in breakage of the coconut shell during 

crushing and pulverisation. EDX chemical analysis showed 

that the bulk coconut shell contained C, O, Na, Al, Si, P and 

K. This agrees with [26, 29]. Coconut shells, as an organic 

material, are expected to be rich in carbon. However, 

maximum elemental peak was attributed to O rather than C, 

resulting from moisture in the bulk coconut shells. 

Additionally, inorganic compounds in the coconut shells 

such as Na, Al, Si, P and K may also contribute to the 

maximum peak observed for O. 

 

 

 
 

Figure 1 SEM/EDX showing the structural morphology of 

unrefined coconut shell and elemental composition of the 

coconut shell at the analysed area 
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Figure 2 SEM/EDX of revealing morphology of coconut shell nanoparticles obtained at (a) 2.5 and (b) 5 charge ratios with 

their elemental composition at the analysed areas 

 
 The SEM images in Figures 2(a-b) reveal the 

morphology of the UCSnp obtained at 2.5 and 5 CRs and 

after 70 hours of milling. UCSnp appeared dull with various 

sizes and shapes. Individual UCSnp samples can easily be 

distinguished from one another. This is an indication that 

there was a gradual breakage of the precursor powders during 

the milling process with no sign of particle agglomeration. 

The UCSnp in  Figure 2(b) appears smaller and less dull than 

its counterpart in  Figure 2(a). The elemental composition of 

UCSnp in  Figure 2 agrees with that of the bulk coconut shell 

in Figure 1. However, in terms of peak height, C had a greater 

peak than O. The C peak in Figure 2(a) had a height of about 

1300 counts, 73 % higher than that of O peak, while in  

Figure 2(b), the C peak is 250 % taller than that of O. The 

increase in the C peak and fall of the O peak could be 

associated with drying of the UCSnp during the course of 

ball milling and associated temperature induced friction. 

The SEM micrograph in Figure 3 shows the 

morphologies of UCSnp obtained with CR values of 10, 20 

and 40. It was observed from Figure 3 that UCSnp exists in 

the form of fused solid bodies of various shapes, sizes and 

degrees of particle integration or agglomeration. The degree 

of particle integration increased as shown in Figure 3 as the 

CR value rose from 10 to 40. However, agglomerated 

particles in Figure 3(b-c) show many fine particles that were 

fused due to the increased surface area to volume ratio as the 

particle size reduction progressed during the course of ball 

milling. During this process, rotation of the mill vials caused 

a continual falling of grinding balls and particles during 

which the coconut shell particles collided with the milling 

balls and inner wall of the vial.  This resulted in dissociation 

of the particles at point of tangential collisions between two 

balls or a ball and the inner surface of the drum/vial. These 

cause various fracture processess such as impact, tearing, 

compression and attrition, which are the driving forces for 

the breakage of the precursor particles, as shown in Figure 4. 

The extent of breakage increased as the CRs values rose from 

2.5 to 40 (since the milling duration was constant) due to 

greater kinetic energy with which the balls impacted or 

struck the precursor particles. Comparison of Figure 2 with 

Figure 3 shows that there was a gradual breakage of the 

precursor particles, leading to formation of fine particles 

from coarse particles. As the breakage continued, surface 

energy of the newly formed fine particles increased, resulting 

in particles with a high energy state, especially above CR 

values of 10. This caused fusion or integration of fine 

particles to reestablish a minimum energy state, serving as a 

driving force for the formation of agglomerated particles, as 

shown in Figures 3(b-c). However, the degree of 

agglomeration increased with the CR value due to enhanced 

impacts by the milling balls. Such impacts subjected  the 

particles to compressive forces which caused their fusion or 

integration. The enhancements in the impact were a function 

of increased kinetic energy due to incremental changes in the 

CR value.  Brighter appearance of UCSnp can be linked to 

the fading of the brown colour of the coconut shell particles 

due to repeated plastic deformation induced breakage during 

the course of milling [26]. 

 

3.2 Transmission electron microscopic images of 

uncarbonised coconut shell nanoparticles 

 

 Figure 4 presents TEM images of UCSnp obtained at 

various CR values.  The TEM images reveal each individual 

particle is approximately spherically shaped with varying 

degrees of particle agglomeration. By comparing the images 
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Figure 3 SEM/EDX showing various degrees of particle agglomeration within coconut shell nanoparticles obtained by milling 

for 70 hours at (a) 10, (b) 20 and (c) 40 charge ratios 

 

from Figures 4(a-e), it can be observed that UCSnp appeared 

smaller as the CR value increased until it was above 10. 

Above this value the particles seemed larger than their 

counterparts at CR values of 10 or less. The larger sizes of 

the UCSnp above Cr values of 10 can be ascribed to their 

fineness and enhanced surface area, leading to interfacial 

particle adhesion. The ball impacts on the particles caused 

breakage of the particles at every collision between balls and 

UCSnp. This enhanced the Van der Waals’ attraction and 

other intermolecular energies among the particles, leading to 

their fusion or clustering. A similar observation was made 

from the SEM micrographs in Figure 3. 

 

3.3 X-ray diffraction of uncarbonised coconut shell 

nanoparticles 

 

 Figures 5-8 show the XRD profiles of UCSnp obtained 

at various CR values. The diffractogram in Figure 5 reveals 

an XRD profile of UCSnp obtained at a CR value of 2.5, 

showing C, Al2Si2O5(OH)4 and SiO2 at various diffraction 

angles (2θ) ranging from 0 to 80˚. The same phases were 

observed in the XRD profiles of UCSnp obtained at a CR 

value of 5 in Figure 6, while the phases of UCSnp obtained 

at a CR value of 10 in Figure 7 were SiO2 and C2CaMgO6 

(CaCO3MgCO3) [26]. The consistency of SiO2 in crystalline 

form in Figures 5-7 is an indication that coconut shells 

contain silicon compounds in addition to organic compounds 

such as cellulose and lignin. This is evidenced by the large 

hump in Figure 7 and published research results [31]. 

Formation of compounds such as Al2Si2O5(OH)4 and 

CaCO3MgCO3 can be linked to chemical interaction of 

various constituents of coconut shell particles during the ball 

milling process. This is in line with the published literature 

[32-35]. Figures 8-9 depict the XRD profiles of UCSnp 

obtained at CR values of 20 and 40. It was observed that SiO2 

was the only phase present. Absence of Al2Si2O5(OH)4 and 

CaCO3MgCO3 can be linked to agglomerated particles of 

SiO2, which may have blocked the reflected X-rays from 

Al2Si2O5(OH)4 and CaCO3MgCO3 during the XRD analysis. 

A similar observation was made in the literature [33]. By 

matching (see Figure 10) the XRD profiles in Figures 5-9,      

it can be seen that the count score corresponding to                  

the   maximum   peak   of   each  diffractometry   measurement  



Engineering and Applied Science Research October – December 2018;45(4)                                                                                                                                 266                                                                                                            

 

 

 

 

 

 
 

Figure 4 TEM images displaying degrees of particle agglomeration and size ranges of UCSnp obtained through milling for 

70 hours at (a) 2.5, (b) 5 (c) 10 (d) 20 and (e) 40 charge ratios 

 

increased incrementally with the CR value. Also, an 

incremental change in the peak widths reflects increased 

peak broadness as the CR increased to a value of 10 (see 

Figures 5-7). Above a CR value of 10, further peak broadness 

was not observed (see Figures 8-9). The peak broadness up 

to a CR value of 10 indicated continual breakage of coconut 

shell particles, resulting in a decrease in their sizes. However, 

above this CR value , fine particles with high surface energy 

adhered to one another to form agglomerated particles with 

reduced surface energy. This is supported by the SEM 

micrographs and TEM images in Figures 2-5. In previous 

work, similar agglomeration was observed with 

uncarbonised and carbonised coconut shell nanoparticles 

after 46 and 16 hours of ball milling, respectively, at a CR 

value of  10 [26, 30, 36]. Since the UCSnp and CCSnp           

are synthesised to serve as nanoparticles for polymer and 

metal reinforcement [19, 37], optimisation of ball milling 

parameters is important to obtain nanoparticles with            

little or no agglomeration. Nanoparticle agglomeration is 

undesirable in a composite matrix. Agglomerates are 

discontinuous domains within a matrix and diminish the 

mechanical properties of the composites [38]. 
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Figure 5 X-ray diffractometric properties of uncarbonised coconut shell nanoparticles obtained via milling for 70 hours at a 

charge ratio of 2.5, showing various phases at different diffraction angles, 2θ 

 

 
 

Figure 6 X-ray diffractometric properties of uncarbonised coconut shell nanoparticles obtained by milling for 70 hours at a 

charge ratio of 5 showing various phases at different diffraction angles, 2θ 

 

3.4 Particles sizes and charge ratios 

 

 Figures 4(a-e) presents the sizes of UCSnp determined 

from TEM images using Gwyddion software. UCSnp 

obtained at a CR of 2.5 after 70 hours of ball milling had 

approximate diameters of 4 to 200 nm as revealed in 

Figure 4(a). Figure 4(b) shows that sizes of UCSnp 

nanoparticles produced at a CR of 5 after 70 hours of ball 

milling varied from 4 to 149 nm. In Figure 4(c), the sizes of 

UCSnp nanoparticles produced at a CR of 10 with 70 hours 

of ball milling varied between 0 and 136 nm. The sizes of 

UCSnp produced at a CR of 20 were between 0 and 101 nm, 

while the minimum and maximum sizes of UCSnp produced 

with a CR value of 40 were 1.1 and 107.4 nm, respectively 

(see Figures 4(d-e)). The minimum sizes of UCSnp obtained 

from XRD at CR values of 2.5, 5, 10, 20 and 40 were 11.8, 

10.95, 2.95, 7.97 and 13.43 nm, respectively. The respective 

maximum sizes were 133.07, 113.11, 153.58, 97.28 and 

266.43 nm. Average corresponding sizes of UCSnp obtained 

from TEM, SEM and XRD are shown in Figure 11. To 

ensure the accuracy of our results, these experiments were 

done in triplicate and the results averaged. Each bar in 

Figure 11 represents the mean sizes (obtained from SEM, 

TEM and XRD) of three UCSnp samples and the error bars 

indicate the standard deviations of these measurements 

(SEM, TEM  and XRD).  All  XRD  peaks,  attributed  to  the  
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Figure 7 X-ray diffractometric properties of uncarbonised coconut shell nanoparticles obtained by ball milling for 70 hours at 

a CR value of 10 showing phases at different diffraction angles, 2θ 

 

 
 

Figure 8 X-ray diffractometric properties of uncarbonised coconut shell nanoparticles obtained via ball-milling for 70 hours 

at a CR value of 20 showing phases at different diffraction angles, 2θ 

 

phases in Figures 5-9, were used in determining the sizes of 

UCSnp at 2.5, 5 10, 20 and 40 CRs, respectively, using the 

Scherrer equation (Section 2). Generally, the observation 

from Figure 11 was that the average size decreased with 

increasing CR values. This observation is similar to reports 

of particle refinement with increased duration of ball milling 

[24-25, 39]. The decrease in the average particle size was 

very apparent up to a CR value of 10. Above this, further 

reduction in the average particle size was not observable in 

SEM images and XRD, while TEM revealed a gradual 

decrease in the sizes, though the decrease was less than that 

observed at CR values of 10 and less. At CR values above 

10, there is a balance between further reduction in particle 

size and particle agglomeration. As the ball milling 

progressed, uneven distribution of the ball impacts on the 

particles caused differences in particle breakage. This 

resulted in production of both fine and relatively coarse 

particles at any instant in the ball mill. An increase in the CR 

value enhanced the magnitude of the ball impacts on the 

particles with consequent particle refinement and 

agglomeration. Particle refinement with increased milling 

duration has been reported in literature [40-41]. Similarly, 

differences in TEM and XRD sizes of Nano-crystalline 6061 

Al powder produced by cryogenic milling has been revealed 

[39]. Also, size differences of Al (1xxx) nanoparticles 

obtained from TEM, SEM and XRD were attributed to 

discrepancies in equipment operation [42-43]. In the present 

study, differences in crystalline and particles sizes likely 

occurred since only crystalline phases (XRD peaks) were 

used  in the crystal  size determination, while crystalline  and 
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Figure 9 X-ray diffractometric properties of uncarbonised coconut shell nanoparticles obtained by milling for 70 hours at a 

CR value of 20 showing phases at different diffraction angles, 2θ 

 

 
 

Figure 10 Superimposed XRD profiles of UCSnp revealing peaks with different intensities and broadness 

 

amorphous phases were involved in image sizing analyses by 

SEM and TEM aided by software. Therefore, these findings 

are in agreement with literature observations [23, 39, 42]. 

 A balance between particle refinement and 

agglomeration is required to attain minimum sizes of 

lignocellulosic particles. At its minimum size, UCSnp are 

characterised by high surface energy. They are 

thermodynamically unstable. Agglomeration of fine particles 

minimises their energy and restores their stability.  The 

scatter plot in Figure 12 present the variation of the minimum 

particle size of UCSnp obtained from XRD at various CRs. 

It was observed that UCSnp attained a minimum size at a CR 

value of 10. This implied that, in milling precursor particles 

for 70 hours, the finest particles have high tendency to form 

stable clusters at CR values above 10. Moreover, to establish 

the exact CR above which particle agglomeration counters 

particle refinement, minimum particle sizes and charge ratios 

were analysed using a spline curve and nonlinear  regression 

with a Gaussian function as shown  in  Figure 12. Minimum 

size (Ms) of the UCSnp was used as the dependent variable  

(response) while the CRs were predictors. A formula for 

predicting the Ms obtained from nonlinear (Gaussian) 

regression analysis is expressed in Equation 1, while Table 1 

reveals values and standard errors of each parameter used in 

Equation 1.  Ms (see Table 2) at any CR of interest, within 

and outside the scope of the analysis can be estimated 

through substitution of the values of yo, A, w, xc in Table 1 

and the CR in Equation 1. 

 

𝑀𝑠 = 𝑦𝑜 + (
𝐴

𝑤√
𝜋

2

) 𝑒−2(
𝐶𝑅−𝑥𝑐

𝑤
)2

                                                 (1)  

  

 The discrepancies between the actual and the predicted 

values of Ms are presented as residuals in the last column of 

Table 2. The residuals account for variance of the adjusted 

R-square from unity (100%). The coefficient of 

determination (R2) was 0.91597, which accounted for 91.6 % 

of the observed data.   
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Table 1 Values and standard errors of parameters characterising the model function 

 
 yo xc W A Sigma FWHM Height Statistics 

 Value Error Value Error Value Error Value Error    Reduced 

Chi-

Square 

     Adj.  

   R-Square 

Β 12.98985 1.09 13.48657 0.579 9.4209 1.76 -154.79829 27.94 4.71045 11.09227 -13.11033 1.37486  0.91597 

yo- is the minimum particle size at the onset of milling, xc- is the threshold charge ratio, W- is the full width half maximum,  

A-is the amplitude, π is a constant (3.142) 

 

Table 2 Confirmation and validation of experiments 

 

Charge Ratios Ms (nm) 

Actual Predicted Residual 

2.5 11.19 12.12621 -0.93621 

5 10.95 10.40302 0.54698 

10 2.95 3.02097 -0.07097 

20 7.97 7.94995 0.02005 

40 13.43 12.98985 0.44015 

 

Table 3 Analysis of variance (ANOVA) for UCSnp 

 

Analysis Elements DF Sum of Squares Mean Square F Value Prob>F 

Regression  4 496.33204 124.08301 90.2517 0.04719 

Residual 1 1.37486 1.37486   

Corrected total 4 65.44288    

 

 
 

Figure 11 Histogram presenting average sizes of uncarbonised coconut shell nanoparticles obtained by ball milling for 70 

hours at various charge ratios determined from different particle size analyses (XRD, SEM and TEM) 

 

 
 

Figure 12 Variation of UCSnp minimum sizes with charge 

ratios 

The equation/function developed demonstrates a good 

prediction of the experimental data. This agrees with 

observations in the literature [44-45]. Table 3 shows that 

values of Prob>F and the F-value are 0.04719 and 90.2517, 

respectively. This implies that the Gaussian regression 

analysis is effective in establishing a relationship between 

Ms and CRs with a high F-value (90.2517) affirming that 

there is a very low level of noise in the calculations with four 

degrees of freedom in developing the function given by 

Equation 1. 

 Moreover, the experimental data showed the attainment 

of the finest particles at a CR value of 10, while the results 

obtained from regression analysis revealed a threshold CR of 

13.49±0.6. The implication of this is that at the threshold CR 

(13.49±0.6), some of UCSnp are so fine that further increase 

in CRs promotes their agglomeration. Then, the effect of 

particle  agglomeration counters particle size reduction  such  
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that further reduction in the size of milled UCSnp is 

diminished and opposite effect is achieved.   There is good 

agreement between the regression analysis and experimental 

results. Therefore, it is inferred, based on the results of the 

regression analysis, that the maximum threshold CR for 

obtaining UCSnp through ball milling is 13.49±0.6. Above 

this CR value, prolong ball milling of UCSmp (37 μm) leads 

to greater particle agglomeration. Below 13.49±0.6 CRs, 

particle refinement is very high. However, above a CR value 

of 13.49±0.6, particle agglomeration dominates particle 

refinement leading to little further reduction in particle sizes, 

as supported by the TEM data in Figure 4 as well as SEM 

and XRD. 

 

4. Conclusions 

 

 The effects of charge ratio on agglomeration and 

refinement of coconut shells were studied. The sizes of 

uncarbonised coconut shell were determined using SEM, 

TEM and XRD. Statistical analysis was done to establish the 

relationship between sizes of the finest coconut shell 

particles and charge ratios as a tool to predict formation of 

stable particle agglomerates during ball milling. Broadening 

of the XRD peaks as the CR increased is an indication of a 

decrease in particle size. XRD, SEM and TEM results 

revealed a decrease in the UCSnp average sizes with an 

incremental increase in the CR. Experimental data, spline 

curve fitting and Gaussian models revealed that a balance is 

reached between particle refinement and agglomeration at 

10, 12.5 and 14.261 CRs such that ball-milling of 37 μm 

diameter coconut shell powders for 70 hours above the 

specified CRs resulted in formation of stable particle 

agglomerates that retarded further reduction in the average 

sizes of UCSnp. Both spline curve fitting and Gaussian 

regression show fair agreement with the experimental data. 
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