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ABSTRACT 

 
The prodigious ashes from power electricity generation plants were devastated as solid waste by palm industries into 
environment. PIAW, mostly Palm Oil Fuel Ash (POFA) comprising silica and alumina was discarded as non-profit 
oriented products, thus this work is about PIAW, essentially POFA derived zeolites using ultrasound irradiation. 
Performance of POFA was characterized, and process optimization was done by employing CCD. Pre-treated POFA as 
feedstock and formed zeolites were designated and analyzed using X-Ray Fluorescence (X-RF), Scanning Electron 
Microscopy (SEM) images, Fourier Transform Infrared (FTIR) spectrum and X-Ray Diffraction (XRD) diagram. 
Alkaline concentration (0.6 M-1.4M), irradiation time (140 min-160 min) and KOH/POFA (1.5:1-2.5:1) were examined 
as non-constant variables. Otherwise, ultrasonic power (600W), temperature (80°C) and silica alumina ratio were 
justified as constant and response variables. An optimal synthesized zeolites as ratio of SiO2 and Al2O3 (10.60) was 
found from surface plot based on quadratic typical at KOH=1 M, KOH/POFA=2 and time=150 min. Presence of A, P, X 
and irregular shape structures zeolites are commensurable to another resources, mainly fly ash. These findings are 
also important for waste reduction, recycling and zeolites synthesis from material under economic value. 
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1. INTRODUCTION 

 
Palm industry ash waste (PIAW) is a by-product from 
palm oil mills, resulted from combustion of palm shell 
and bunches for steam generation. PIAW which is 
palm oil fuel ash (POFA) was devastated as solid 
waste by palm oil industries. There have been certain 
ways of the PIAW abundant utilization and treatment 
such as act as fuel sources in oil palm mill and 
dumped in landfill. Unfortunately, the PIAW usage for 
electricity generation via combustion process does 
not enough due to dispose of approximately 0.25 
million tons in landfills [1]. Efforts for PIAW 
utilization via production of value-added materials 
have been being done i.e. additive in concrete and 
cement [4], [5], masonry building blocks [6], 
adsorbent [7] and filler in natural rubber [8] etc. 
Alternatively, conversion of PIAW to zeolite could be 
processed, and it enables the industries to develop the 

under economic value waste to powerful materials. 
Previous researchers related with solid waste zeolites 
from various resources and techniques have been 
being developed [9], [10]. 

Zeolites are one of micro-porous materials that 
commercially used as catalysts and adsorbents like 
gas separation, etc. Framework of zeolite comprises of 
three-dimensional connection of SiO4 and AlO4 

tetrahedra through shared oxygen atoms forming 
many regular arrangements resulted to an open 
crystal lattice. As the substitution of an AlO4 
tetrahedron for a SiO4 tetrahedron, negative charge 
was created [11]. The crystalline aluminosilicate 
material has an intense acid strength and a regular 
molecular sized-pore structure of hydrocarbons [12]. 
There are several forms of zeolites such as limonite, X-
type, Y-type, sodalite and calcium aluminosilicate. 
Zeolites are commonly synthesized using 
hydrothermal approach at 200 °C in an alkaline 
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medium condition. At similar conditions, different 
types of zeolites from various sources can be 
produced. Moreover, the zeolites synthesis were also 
conducted at temperature range of 90°C-200°C [13], 
[14]. However, the hydrothermal methods required 
energy-intensive and time-consuming. Ultrasonic 
approach could be used to minimize the supplied 
energy and erforced time [15]. The application of 
ultrasound for chemical reactions and processes is 
termed as sonochemistry. Presence of ultrasound 
during crystallization may affect the physicochemical 
phenomena which connected to nucleation and crystal 
growth. The sonification plays crystallization time and 
temperature reduction many roles, and it can increase 
the degree of zeolites crystallinity [16]. This paper 
reported about characterization and optimization of 
zeolite synthesis from PIAW, mostly POFA using CCD. 
Effects of KOH/POFA ratio, irradiation time and 
alkaline-KOH concentration as non-constant variables 
were investigated.  

 
2. MATERIALS AND METHODS 

 
2.1. Materials 
 
The PIAW, mostly POFA was supplied by CH Biotech 
Sdn Bhd, Teluk Intan, Perak, Malaysia. Potassium 
hydroxide was ordered by Permula Sdn Bhd, Kuantan, 
Malaysia. The commercialized zeolites was provided 
by Gelanggang Kencana, Sdn Bhd, Malaysia. 

 
2.2. Methods 

 
2.2.1. Pre-treatment and performance of PIAW 

 
The PIAW, principally POFA was dried and sieved for 
foreign and uncombusted palm fibres separation. 
Next, the used samples were ground for pozzolanic 
reaction enhancement. Calcination of PIAW was 
conducted by using a muffle furnace at 800oC for 2 
hours. This treatment was subjected to remove 
unburnt carbon, volatiles matters and others 
impurities removal. The POFA performance was then 
identified using X-Ray Flourescence (XRF), Fourier 
Transform Infrared (FTIR) and Scanning Electron 
Microscopy (SEM) for composition, infrawave and 
morphological identification. 

 
2.2.2. Experimental procedure 

 
In mixing steps, potassium hydroxide (analytical 
grade) was agitated with deionized water. Then, the 
POFA and KOH were mixed in supersonic device with 
specification of adjustable Crest Ultrasonic P1800D, 
like power and temperature (Fig 1). The temperature 
was set up constant by heater and controller. 
Frequency and ultrasonic wave power of 45 kHz and 
600 W were arranged respectively. Irradiation time 
(140 min-160 min), alkaline concentration (0.6 M-1.4 
M) and KOH/POFA ratio (1.5:1-2.5:1) were preferred 
as altered variables. Ultrasonic power (600 W), 
operation temperature (80°C) and silica alumina ratio 
were substantiated as constant and response 
variables. The mixture was then filtered to obtain 
solids of synthesized zeolites and washed until 

neutral. Obtained filtrate was dried, grinded and 
stored in desiccator prior to use. The resulted zeolites 
were then characterized and analyzed.  
 

 

Fig 1. Crest Ultrasonics P1800D for PIAW derived zeolites 
optimization 

 
2.2.3. Zeolites characterization  

 
Zeolites characterization was carried out based on 
obtained optimal process parameters. Morphology, 
infrared spectra, and X-ray diffraction of synthesized 
zeolites were recognized and compared with others. 
Zeolites types, texture and phases were also 
discovered. Silica and alumina ratio was subjected to 
ascertain the resulted zeolites interpretation.   

 
2.2.4. CCD optimization  

 
CCD via Design Expert 7 program comprising 15 runs 
was employed for analysis of optimal synthesized 
zeolites. The lay out from CCD was tabulated by test 
run, KOH/PIAW ratio, ultrasonic exposure time and 
KOH concentration. Five levels with five replicates at 
the central point, and these set points for each 
variables with low (coded value: -2) and high value 
(coded value: +2) were applied , as shown in Table 1.   

Response of the experiments was analyzed based on 
SiO2/Al2O3. The highest silica per alumina ratio was 
selected as the best condition from PIAW conversion 
to zeolites. Validated three times of experimental 
results were approved for process parameter 
optimization. In front of the terms, positive sign 
attributed to synergistic effects on the silica-alumina 
ratio as synthesized zeolites.  

Error analysis was calculated between predicted and 
experimental values as given in the following equation 
1. 

 

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑒𝑟𝑟𝑜𝑟 (%) =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙−𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
× 100%                 (1) 

 

Effect of the chosen variables and the interaction with 
each other by obtained silica-alumina ratio as zeolites 
was illustrated in three-dimensional surface diagram. 
The results of the CCD were identified and interpreted 
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by analysis of variance (ANOVA), and coefficient R2 

and R2 adjusted determination were run by Design 
Expert 7. Empirical equation was determined by the 
Fisher variance ratio (the F-test value) for 

examination of created model. The CCD has also been 
being widely applied in various adsorption, 
separation, etc. for optimization [17], [18].  

Table 1. The manipulated optimization variables using CCD  

Coded factor levels 

Optimized variables -2 -1 0 +1 +2 

A: KOH/POFA 1.5:1 1.75:1 2:1 2.25:1 2.5:1 

B: Irradiation time, min 140 145 150 155 160 

C: KOH concentration (M) 0.6 0.8 1 1.2 1.4 

 
3. RESULTS AND DISCUSSION 

 
3.1. Materialization of PIAW  

 
Materialization of PIAW, mainly POFA for zeolites was 
related on performance analysis. Morphological 
structure of POFA was distinguished using scanning 
electron microscopy (Fig 2). The scanning electron 
diagnosis of POFA shows less fibrous form than cubic 
structure. Poros characteristics and cubic structure of 
the PIAW have been found by the SEM image of x 
1000. Textures images of POFA revealed diffused melt 
phase. The POFA has also covered an aluminosilicate 
glass phase. Absorption band characteristics of POFA 
were presented by FTIR analysis in Fig 4. Silanol 
group, Si-OH was reflected by stretch band at 3447.80 
cm-1. This band was reported which present in range 
of 3200-3750 cm-1. The unique characteristics were 
also found around 1300-1400 cm-1 that belongs to 
alcohol and phenol on adsorbent surface. Al2O3 also 
included in this adsorption band at 550 -875 cm-1. 
XRD diagram of POFA was illustrated in Fig 5, which it 
predominantly consisted of aluminosilicate-glass, 
quartz and mullilite. These structures were almost 
similar with fly ash. Broad hump around 20o-22o and 
15o - 40o stipulated the amorphous identity of POFA 
[19]. X-RF analysis of POFA could be exhibited with 
chemical compounds. The chemical contents of POFA 
were SiO2 (50.29%), CaO (18,16%), K2O (7.10%), 
Al2O3 (6.53%), MgO (6.48%), P2O5 (5.62%), Fe2O3 
(4.02%), TiO2 (0.37%), Na2O (0.29%), MnO (0.13%) 
and ignition loss (1.01%). The POFA constituents of 
SiO2, CaO, Al2O3 etc. have also been reported by 
another researchers [20], but the dissimilar 
composition and characteristics were caused by 
various operation methods, feedstocks and palm oil 
plantation areas. 

 
3.2. Zeolites improvization 

 
Zeolites improvization was also conducted by 
elemental, X-ray diffraction, morphology and infrared. 
The infrared analysis results of zeolites were 
displayed in Fig 4. Characteristic bands were 
commonly stated to spectra of zeolites. The peaks 
region 650-720 cm-1 attributed to internal 
tetrahedral: symmetric stretch, 750-820 cm-1 
corresponded to external tetrahedra: symmetric 
stretch, and 950-1250 cm-1 related to internal 
tetrahedral: asymmetric stretch [21].  

 
 

 
Fig 2. SEM images of POFA at 1000 x magnification     

 

Fig 3. SEM images of zeolites at 1000 x magnification 
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Fig 4. FTIR spectrum of POFA and zeolites (optimum)    

 

Fig 5. XRD diagram of POFA and zeolites (optimum) 

For justification of zeolites presence, there was 
characteristic peaks within region 420-1200 cm-1, it 
was IR character of zeolites A [22]. Presence of 
zeolites A was also supported by characteristic band 
at 1035 cm-1 [23]. Peak at 564 cm-1 indicated zeolite X 
as reported by previous reports [24]. Bands closed to 
1419 cm-1, it designated carbonate stretching 
vibration that facilitated nucleation and zeolites 
crystallization [25]. The peak at 1638 cm-1 was 
associated with zeolites P [26]. Elemental analysis of 
zeolites was also governed by SiO2, CaO, Al2O3, etc. 
The SiO2/ Al2O3 ratio > 5, it reflected the PIAW, 
typically POFA conversion with high silica zeolites. 
Morphology of zeolites was identified by scanning 
electron microscope with 1000 x magnitudes (Fig 3). 
The image almost match zeolites A and P as obtained 
by precursory discoveries [27], [28]. Surface 
morphology and structural were irregular, rough and 
different compared raw material. Estimated, it was 
caused by alkali activation and cavitation bubbles 
from ultrasonic irradiation. Next, zeolites recognition 
was also examined using X-ray diffraction (Fig 5). The 
image indicated presence of zeolite A, P and X. 
Amorphous phase and high intensity peak obtained 
were virtually similar to former data [29].  

 

3.3. CCD optimization model  

 
3.3.1. Factorial design and quadratic model 

 
Three factorial design: KOH/POFA ratio (A), 
ultrasonic time (B) and KOH concentration (C) have 
been optimized by Response Surface Model (RSM) 
using CCD. The list of experiments designed by CCD is 
shown in Table 2. Regression analysis was performed 
to fit the response variable. The results of the CCD 
were identified and interpreted by analysis of 
variance (ANOVA), and the final empirical model is 
presented as: 

 
Y = 10.44 + 0.29A − 0.12B − 0.13C − 0.045AB +
0.045AC + 0.13BC − 0.24A2 − 0.19B2 − 0.17C2      (2) 

where Y is predicted silica per alumina ratio, A is 
KOH/POFA ratio, B is irradiation time and C is KOH 
concentration. In front of the terms, positive sign 
attributed to synergistic effects on the silica per 
alumina ratio of the synthesized zeolites. The 
importance of the empirical model was determined by 
the Fisher variance ratio (the F-test value). 
Statistically evaluation was subjected to approve the 
eligibility of used empirical model based on data 
variations. The model adequacy was elucidated with 
ANOVA as presented in Table 3. 

Regression parameters of the predicted response 
surface quadratic model were exhibited. Higher F-
value is unity, the more certain of the empirical model 
is described sufficiently, the data variation and the 
predicted significant terms of the synthesized zeolites 
are real. With 95% confidence level, the tested model 
was significant, and the reflected model F-value was 
25.28. Obtained R-square was 0.9785, and the found 
value of 97.9% from total variation in the silica per 
alumina responses.  

Table 2. Experimental layout from CCD 

Test 
Run 

KOH/POFA 
Ratio 

Ultrasonic 
irradiation 
time (min) 

KOH 
Concentration 

(M) 

1 2.25 155.00 0.80 

2 2.25 145.00 1.20 

3 1.75 155.00 1.20 

4 1.75 145.00 0.80 

5 1.50 150.00 1.00 

6 2.50 150.00 1.00 

7 2.00 140.00 1.00 

8 2.00 160.00 1.00 

9 2.00 150.00 0.60 

10 2.00 150.00 1.40 

11 2.00 150.00 1.00 

12 2.00 150.00 1.00 

13 2.00 150.00 1.00 

14 2.00 150.00 1.00 

15 2.00 150.00 1.00 
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The error analysis of actual compared prediction 
model was < 10%. There are only a 0.12 % chance 
that a “Model F-value” was large, it could be occured 
due to noise. The obtained value enables the reliable 
model in estimating the silica per alumina ratio. 
Significance model was stated with Probability 
(Prob)>F less than 0.05. Analysis of variance has also 
been examined for rapid synthesis of zeolites NaA 
using microwave with a low probability value (P>F<0) 
and the model value F = 27.88 exceeded the table 
value F=2.72 [30]. Both results fitted well and 
specified the model terms were impressive.    

 
3.3.2. Effects of model components 

 
Effects of the chosen variables interactions with silica 
per alumina ratio as synthesized zeolites were 
illustrated in three-dimensional surface plot diagram 
(Fig 6). At ultrasonic exposure time (145-150 min) 
and KOH/POFA ratio (2.0 – 2.25), it might be achieved 
the maximum silica per alumina ratio. The silica per 

alumina ratio increased up to 10.60, with enlarged 
KOH/POFA ratio and exposure time. In addition, when 
KOH concentration, KOH/POFA ratio and irradiation 
time were extended up to peak, the obtained silica 
alumina ratio verified optimum value. A good 
interactions of the two variables within the three-
dimensional surface diagram was also assigned by the 
elliptical shape [31]. 

 
3.3.3. Model verification  
The CCD model generated during RSM was verified by 
experiments run for an obsessed optimal medium 
setting. A KOH concentration of 1 M was found SiO2 
and Al2O3 ratio of 10.60 as measured zeolites 
parameters, at KOH/POFA ratio of 2:1 and irradiation 
time of 150 min. The experiment was carried out 
depended on these relevant modes to justify the 
actual value. The validation data were arrayed in 
Table 4. Laboratory results revealed SiO2 and Al2O3 of 
10.32, which are almost and fitted well with the 
optimized value using CCD generated by the RSM tool.  

 Table 3. ANOVA and adequacy of the quadratic model 

Source Sum of squares Degree of freedom Mean square F value p-value 

Prob > F 

Model 3.08 9 0.34 25.28 0.0012 

A 0.68 1 0.68 50.49 0.0009 

B 0.11 1 0.11 8.15 0.0356 

C 0.14 1 0.14 10.36 0.0235 

AB 5.4 E-003 1 5.4 E-003 0.40 0.5557 

AC 5.4 E-003 1 5.4 E-003 0.40 0.5557 

BC 0.045 1 0.045 3.32 0.1279 

A2 1.31 1 1.31 96.55 0.0002 

B2 0.88 1 0.88 64.98 0.0005 

C2 0.69 1 0.69 50.79 0.0008 

Residual 0.068 5 0.014   

Lack of fit 0.014 1 0.014   

Pure error 0.054 4 0.014 1.01 0.3719 

Cor total 3.15 14    
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Fig 6. CCD generated response surface plot for PIAW derived 
zeolites as SiO2/Al2O3 

 

Table 4. Optimization results of PIAW derived zeolites as 
SiO2/Al2O3   

Optimum  

validation 

Experimental/ 

Actual 

Predicted 
by RSM  

Using CCD 

% Error 

1 10.32 10.60 2.64 

2 10.03 10.60 5.38 

3 10.14 10.60 4.34 

  
4. CONCLUSIONS 

 
Characterization and optimization of PIAW derived 
zeolites have been exhibited to be efficacious within 
150 min of irradiation time at 80°C. The formed 
zeolites were found at KOH/POFA ratio (1.5:1 – 2.5:1) 
and alkaline concentration (0.6 M-1.4 M) at ultrasonic 
power of 600 W. Zeolites performance and treated 
PIAW were assessed, which showed that the different 
morphology, chemical substituent, diffraction, 
infrared and phases are strictly controlled by 
synthesis operation parameters. Appearance of A, P 
and X zeolites and asymmetrical structures are 
comparable with diversified zeolites waste sources. 
Effects of used variables and its interactions were 
tested by analysis of variance. Statistically 
examinations were significant (p <0.05), and some 
correlations among each other were disclosed. 
Experimental results (SiO2 /Al2O3 = 10.32) acquired 
were well matched with the optimized value given by 
the CCD (SiO2 /Al2O3 = 10.60). The resulted zeolites as 
SiO2 /Al2O3 from PIAW substantially POFA could be 
also optimized using additional statistical methods, 
like Taguchi, etc.   
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