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Abstract: Recently, there has been so much interest in using biomass waste for bio-based products.
Nigeria is one of the countries with an extensive availability of palm biomass. During palm oil
production, an empty palm fruit bunch (biomass) is formed, and a lot of ash is generated. This
study aimed to extract and characterize silica from empty palm fruit bunch (EPFB) ash using the
thermochemical method. The results show that EPFB ash contains a large amount of biogenic silica
in its amorphous form. It could be extracted for further use via calcination at different temperatures
and compared effectively to other biomass materials, such as rice husk ash, sugarcane bagasse, and
cassava periderm. The extracted silica was characterized using XRF, XRD, TGA, SEM, and FTIR,
revealing the highest silica concentration of 49.94% obtained at a temperature of 800 °C. The XRF
analysis showed 99.44 wt.% pure silica, while the XRD spectrum showed that the silica in EPFB is
inherently amorphous. As is evident from the study, silica obtained from EPFB ash is a potential
source of silica and it is comparable to the commercial silica. Thus, it is potentially usable as a support
for catalysts, in the development of zeolite-based catalysts and as an adsorbent.
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1. Introduction

Studies have shown that bio-oil upgrading via existing routes (thermochemical, bio-
chemical, and physicochemical processes) accounts for most of the total biofuel production
costs [1]. According to Wang et al. [2], thermochemical treatment processes can change the
properties and compositions of bio-oil using heat, pressure, hydrogen, and catalysts. The
extraction of silicon dioxide in this study had the tentative aim of achieving an alternative
biomass source of SiO; from empty palm fruit bunch (EPFB) biomass to produce zeolite cat-
alysts, an essential requirement in the thermochemical upgrading of bio-oil. EPFB biomass
generated at approximately 23% per ton of fresh palm fruit bunch processed is the primary
solid waste from palm oil production [3]. The main chemical composition of EPFB ash is
silica, similar to the raw materials typically used in producing zeolites and other industrial
processes [4]. Commercial silica and other alternative sources of silica are commonly used
as catalyst support or in the synthesis of zeolite-based catalysts, usually defined according
to their Si/ Al ratio [5].

Silica in its amorphous form (natural or synthetic) is a specialty chemical that has
a wide range of uses in industries, including catalysis, wastewater treatment, cosmetics,
pharmaceutics, etc., due to its textural and morphological features, high thermal stability
and mechanical strength, and low toxicity [6]. The precipitated silica segment holds a
significant share in silica production and is expected to increase in 2022-2030, owing to
rising demand from various industries [7].
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The recovery of amorphous silica from EPFB ash could be one of the most economical
sources of silica because EPFB is abundant and accounts for a significant percentage of
palm oil processing waste [8,9]. EPFB ash contains a high proportion of biogenic silica in
its amorphous form, which could be extracted via calcination at various temperatures for
further use [6,9]. EPFB ash as a source of silica compares well to other biomass materials,
such as rice husk ash, sugarcane bagasse, cassava periderm, etc. This work successfully
produced synthetic amorphous silica (5i0,) with very low residual carbon content from
EPFB ash. Combustion at 800 °C improved carbon burnout in the siliceous ash product,
and the produced silica was amorphous, with no spatial order of atoms and no associated
hazards. The EPFB ash contained approximately 87-98% silicon dioxide (SiO,), depending
on the palm species and the region from which it was harvested [10,11]. The pyrolysis
of bio-oil from empty palm fruit bunches leaves large amounts of waste ash in landfills.
The ash poses a disposal problem as it is not economically used to produce valuable
materials [3,12]. The waste ash also requires less water for activation, making it economical
to process. Its economic use is one primary waste management option; however, EPFB ash
is underutilized. Consequently, the reutilization of EPFB-pyrolyzed ash could minimize
the waste disposal problem and reduce environmental pollution [9]. Therefore, it is crucial
to develop a method to recycle EPFB waste ash, as it is cost-effective, abundant, and
highly processable.

Pyrolyzed EPFB ash also contains trace amounts of metallic impurities that need to be
removed and a measurable amount of silica that, if extracted under the right conditions,
could be valuable for zeolite [13,14]. Amorphous silica is generally produced from sodium
silicate, using a lot of energy to melt silica sand, and from agricultural waste, using various
methods such as calcination, leaching, and acid treatments [14,15]. There is a pressing
need to find a less expensive and ecologically benign silica precursor, given the rise in
demand for readily available, pricey zeolite catalysts with a complex manufacturing process
and environmental contamination [16]. The search for these alternate silica sources is
crucial since synthesizing zeolites from chemical reagents is costly [17]. The hydrothermal
synthesis method often utilized to produce zeolite catalysts is the most widely used in
zeolite synthesis. In this method, the raw materials are dissolved in aqueous alkaline
solvents to achieve high product yields at relatively low crystallization temperatures and
short crystallization times without needing an organic template [18].

Previous studies have focused on using renewable raw materials in an environmentally
friendly manner to replace the silicate product of the quartz melt. Generally, silicate has
been successfully extracted from agricultural wastes without the necessary use of templates,
focusing on rice husk [19,20], corn cob [21,22], sugarcane bagasse [23-26], palm kernel ash [27],
and cassava periderm [28]. According to Utama et al. [29], the best extraction conditions were
50 min, a sodium hydroxide concentration of 1.40 N, and a volume ratio of ash to solvent of
0.23. Samat et al. [13], investigated the bio-silica content of EPFB and PKS and their properties
as a function of calcination temperatures. They reported that reasonable amounts of silica
were only available for all samples at higher temperatures, and EPFB achieved the highest
weight loss and, thus, the highest purity of 99.05%.

In another study, Adebisi et al. [25] investigated the use of ash content of three agri-
cultural wastes and showed the existence of biogenic silica and other complex hydroxides
in the wastes that eventually transformed into complex silicates during calcination and
volatilization, affecting the purity of the final products. The study also quantified the ash
content of the biomasses 600, 700, and 800 °C to be 5.22, 6.10, and 7.01% of silicon dioxide,
respectively. In this study, the extraction of silica from empty palm fruit bunch (EPFB) ash
using calcination as the pretreatment step for the ash was performed. The ash and silica
obtained were then characterized using XRD, XRE, TGA, SEM, and FTIR; and the results
compared with those of the commercial silica.
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2. Materials and Method
2.1. Materials

The sample used was obtained from Bayelsa Palm Oil mills in Southern Nigeria.
EPFB-pyrolyzed ash was collected after the pyrolysis of the empty palm fruit bunches.

2.2. Methods
2.2.1. Calcination of EPFB Ash

The sieved EPFB ash was re-carbonized in a low-oxygen atmosphere at 600, 700, and
800 °C for 30 min at a heating rate of 30 °C/min in a closed muffle furnace before being
stored dry to prevent aggregation. The physical properties of the ash considered included
color and density. The compositional analysis of the samples was obtained using X-ray
fluorescence (XRF). Morphology and elemental composition of the produced silica were
checked with a scanning electron microscope equipped with energy dispersive X-ray (EDX).

2.2.2. Silica Extraction

The EPFB ash was washed in 1% HCI to remove impurities and then reacted with
NaOH to precipitate the silica in the ash. The silica was extracted from the EPFB ash
via co-precipitation using 1 M hydrochloric acid (HCI) as solvent and with 3 M NH,OH
precipitant. The mixture was agitated for 30 min at 50 °C on a hot plate equipped with a
magnetic stirrer before filtration. The precipitated white solid particles after the reaction
were allowed to cool down to room temperature. The solid residue was vacuum-filtered
and washed repeatedly with distilled water until the washed water was at a pH of 7.1-7.3.
The product was dried for 3 h at 110 °C in an oven and calcined in an air-steam oven at
550 °C for 3 h at a heating rate of 5 °C/min using a muffle furnace. Then the calcined solid
was ground to a fine powder.

2.3. Analysis of EPFB Biomass Weight Loss

Weight loss analysis was performed to quantify the level of contaminants removed
from the EPFB biomass samples after the washing and calcination operations, showing
the mass of incombustible silica remaining in the waste samples. It was observed that the
weight loss after combustion corresponded to the silica content in the sample. Equation (1)
was used to obtain the weight loss of EPFB-ash-derived silica.

M — M,

Weight loss =
eight loss M

x 100% 1)
where M; and M represent the sample mass before and after the combustion, respectively,
after six hours of calcination.

Characterization of EPFB Ash and Produced Silica

The non-destructive X-ray diffraction (XRD) technique was used to identify the crystalline
phases, orientation, and determine their structural properties. The XRD patterns were obtained
using a Bruker D2 Phaser Diffractometer with a data range of 26 from 10 to 80°. A Carl
Zeiss Sigma scanning electron microscope was used to understand the morphology of the
materials. SEM images and microstructures of EPFB ash were recorded with an acceleration
voltage of 5 kV.

A composition study was carried out to determine the presence of SiO; in the EPFB
ash samples using a PANalytical X-ray fluorescence spectrometer (XRF). The particle size
of the EPFB ash was examined through dynamic light scattering with a 532 nm laser
(Mastersizer 2000). The textural property of the ash was obtained via N, physisorption
at 77 K according to the Brunauer-Emmett-Teller (BET) method using an automatic gas
adsorption analyzer at —195 °C in the range of relative pressures from 0.05 to 0.25. Autosorb
was used to calculate the ash-specific surface area, pore volume, and average pore size. The
total pore volume is given by P/P, = 0.995. The micropore volume was calculated using
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the t-plot method. EPFB ash. Surface chemistry of the produced silica was observed using
an FTIR spectrophotometer (Perkin-Elmer, PC1600, Waltham, MA, USA) with a spectral
range of 400-4000 cm~!. At the same time, thermogravimetric analysis (TGA) was used in
a thermal analysis system to analyze the physical and chemical phenomena related to the
mass loss of EPFB biomass with temperature.

3. Results and Discussion
3.1. Mass Loss of EPFB Biomass at Different Temperatures after Calcination
Table 1 illustrates the weight loss in the samples following extraction with NaOH and

H,SO;4. The yield of silica, obtained using Equation (2), from the EPFB ash carbonization
and extraction process based on the weight of the dry ash was 14.7-17.3%.

B e Weight of silica
Silica Yield(%) = Weight of EPFB ash

x 100 @)

Table 1. Mass loss of EPFB biomass at different temperatures after calcination.

Temperature °C Before Calcination (g) After Calcination (g) Weight Loss (%)

600 15 2.6 82.7
700 15 22 85.3
800 15 24 84.0

The loss of yield could have been due to the washing and transfer of samples during
the silica synthesis [30-32]. Claoston et al. [33] reported values in the 20-45% range above
the values observed in this work. The weight loss of EPFB-pyrolyzed ash calcined at 700 and
800 °C was higher than that of ash burned at 600 °C as shown in TGA plot (Figure 1). The
ash calcined at 600 °C, conversely, contained more organic components, volatile chemicals,
and reactive water. The rest of the ash was mainly silica, which cannot be burned as fuel.

102 -
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0 200 400 600 800 1000
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Figure 1. Thermogravimetric analysis (TGA) profile of the EPFB ash.

3.2. Textural Property and N, Adsorption Isotherm of EPFB Ash

Table 2 provides a summary of the textural property of the calcined EPFB ash. The
table shows the BET surface area, the total volume of the pores, the pore size of the EPFB ash
determined based on the N, adsorption-desorption isotherms (Figure 2) following the BET
method, carried out at a calcination temperature of 800 °C. The ash’s adsorption-desorption
isotherm displayed a type-I isotherm, which is typical of microporous materials and shows
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that nitrogen uptake increased swiftly via adsorption at external surfaces and micropores
at low relative pressures (P/Py) [34,35]. After the monolayer adsorption at low P/P,
the nitrogen uptake was nearly constant, and the adsorption-desorption curves formed a
small hysteresis loop at high relative pressure. The hysteresis in adsorption-desorption
curves suggested some narrow mesopores in the ash [34]. A higher calcination temperature
brought a change in the textural property and morphology of the ash, in which the surface
area and pore volume increased with increasing calcination temperature. The ash sample
had a high percentage of micropores, obtained by subtracting the mesopore and the external
surface area from the total surface area given by the BET area (Sggt), suggesting that there
were many broad microporous carbons and tiny mesopores. The results for calcination
obtained in this work compared effectively to that of Ibrahim et al. [31] and Yang et al. [36]
for, who considered when the surface enlargement could reach up to 80%. The pore
diameter and volume data indicated that the ash had dominant microporous structures.

Table 2. Surface properties of calcined EPFB ash at various temperatures.

Temperature °C

BET Surface Area (m?/g) Total Pore Volume (cm3/g) Micropore Volume (cm®/g) Average Pore Size (A)

600 91 0.02 0.007 83.66
700 580 0.10 0.060 25.08
800 921 0.24 0.170 20.86
9
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—@— Adsorption —{ll—Desorption

Figure 2. Absorption/desorption isotherm of N, on EPFB ash. Line (a—d) correspond to the adsorp-
tion branch while line b-d to the desorption branch.

For the ash calcined at 800 °C the isotherm in Figure 2 showing the adsorption-
desorption behavior is shown to possess a type IV isotherm indicative of a microporous
material in which a hysteresis loop can be detected according to the IUPAC (International
Union of Pure and Applied Chemistry) classification [35]. The upper portion (b-d) of
the loop is the desorption zone, while the lower portion (a-d) is the adsorption zone.
The adsorption isotherm (d-b) directly crossed the line that extended up to P/P, = 1.
Accordingly, the adsorption behaviour of the ash shows a Type IV isotherm, indicating a
mesoporous material [37]. In the low relative pressure range, the adsorbed volumes grew
significantly, as seen in the initial stage. Most of the nitrogen molecules were therefore
adsorbed into the microporous structure. At higher temperatures, the walls between
two adjacent pores gets damaged, causing the existing pores to be strengthened and
extended, forming new porosities with more extensive surface areas and smaller pore
diameters, enabling easy adsorption onto the materials. The sample had a large fraction of
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micropores, indicating a larger volume of broad microporous carbon and the presence of
small mesopores.

The textural property of the produced silica from the EPFB ash in comparison with
that of the commercial silica is presented in Table 3. The disparity in the BET surface area
of the commercial silica (0.92 m? g~!) in comparison with that of the silica produced from
EPFB ash (0.38 m? g~ 1) could be attributed to the complete removal of organic matter and
impurities in the commercial silica [38]. Moreover, the commercial silica has a lower mean
pore size (19.97um) than the mean pore size (23.9 um) of silica produced from EPFB ash but
a higher specific weight or density (2.69 kg/m?) than that of the produced silica from EPFB
ash (2.27 kg/m3). The average pore size of the silica obtained from the EPFB ash, which
is about 23.9 um, indicates that the produced silica is mesoporous [38,39]. Generally, the
EPFB ash, the produced silica from it and commercial silica exhibited similar characteristics,
indicating that EPFB ash may be useful in the production of biogenic silica.

Table 3. Properties of EPFB ash compared to the produced silica and commercial silica.

Property EPFB Ash EPFB Silica Commercial Silica *
Mean pore size (um) 5.2 239 19.97
Specific weight/density (kg/ m3) 7.18 2.27 2.69
Surface area (m? g 1) 3.85 0.38 0.92
Si0O, (%) 29.5 59.85 99.24
Morphology Amorphous Amorphous Crystalline

*Source = [40].

3.3. X-ray Fluorescence (XRF) Analysis

Table 4 shows the chemical composition (%) of the samples and the coexistence of
oxides such as Si0,, CaO, Al,O3 and K,O in the ash. As shown in the table, the level of SiO,
in EPFB ash, determined by EDS at the various calcination temperature was in the range of
25% to 60%, with no significant trends observed in the calcination temperatures. Previous
studies including Bhardwaj et al. [41], Gomesa et al. [42] and Van et al. [43] reported the
presence of silica (SiOy) as (92.81%), (86.0%) and (87.4%) respectively in agricultural waste
ash with small quantities of other metallic and non-metallic oxides. The main metallic
impurities identified in the EPFB ash were calcium, iron, potassium, magnesium, and
phosphorus in concentrations of 7.34-15.72%, 1.55-13.74%, 10.36-11.66%, 8.62-8.73%, and
5.4-6.28%, respectively. The concentration of the impurities in the ash obtained were
comparable to those reported in the literature using other analytical techniques such as
EDTA complexometric titration [3,44]. The wide variation in the concentrations of the
impurities with those found in literature can be attributed to factors such as palm species,
climatic differences, type of soil, and use of fertilizers [45].

Acid leaching was used to remove these metals from the produced silica, and due
to the low carbon content in the EPFB ash at 800 °C, the samples were slightly white and
were preferred to the ash obtained at 600 and 700 °C. SiO, increased to 90% while the
level of impurities decreased, revealing that the extraction of silica from EPFB ash is more
effectively carried out through chemical treatment. The other elements in the ash, except
for SiO,, were dissolved in acid with reference to Fernandes et al. [40].

3.4. XRD Analysis of EPFB Ash and Produced Silica

The phase identification in the EPFB-ash-produced silica and commercial silica was
assessed by observing the typical reflectance of spectral peaks at 20 degrees produced when
materials containing certain crystals are analyzed with XRD. The X-ray diffraction pattern
of EPFB ash at three different temperatures (600, 700, and 800 °C) analyzed via XRD with
a wavelength of CuKa = 1.540 A at a rate of 2°/min in the angle range of 20 = 5 — 80°
determined the diffraction pattern, the crystal structure, and the particle size of the ash and
extracted silica.
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Table 4. % Elemental compositions of EPFB-derived silica at various calcination temperatures

compared to commercial silica.

Oxides of Element 600 °C 700 °C 800 °C Commercial Silica *
SiO, 25.4 39.97 59.85 99.24
CaO 13.33 15.72 7.34 0.1147
K,0 7.41 10.36 11.66 0.38

Al,Os 8.27 1.73 1.97 0.68
Fe, 05 15.84 13.74 1.55 -
P,0s5 - 5.40 6.28 0.0244
MnO 0.51 0.38 0.44 0.0072
MgO 425 8.73 8.62 -
Na,O 0.31 0.83 0.56 -
TiO, 1.59 0.21 0.15 -
Cr,O3 0.15 0.07 0.06 -
Pb - - - 0.0002
Mo - - - 0.0006
LOI 5.2 1.16 0.95 <4

* Data for commercial silica was taken from Fernandes et al. [40].

At calcination temperatures above 700 °C, the SiO, in EPFB ash would consist phases
of cristobalite and some tridymite because of the melting of the surfaces of ash silica and
bonding of particles together [34]. This behavior was demonstrated in the calcination
applied here and the ash was in crystalline form according to its XRD spectrum (Figure 3)
with clearly defined Bragg’s peaks at 20 value of 30° and sharp peaks at several 20 degrees
due to the presence of crystalline quartz. The sharp quartz peak in the ash was converted
to an amorphous silica solid due to the thermochemical process [46]. The XRD patterns of
the extracted and commercial silica are shown in Figure 4. The silica derived from EPFB
ash was inherently amorphous, as indicated by the large hump at the diffraction angle 26
between 33 and 35°, confirming the amorphous nature of the silica [29].

120 Q
Cc
100 Ash Q k
800 °C ,l o} Q
80 PP | M v LL_A‘V_.M._ o
c Q
— 60 Q k
= Ash
= . ) hh. " ‘,lw gq. 2 Jklul PO Y .Lil.. oy bt
Z 40 - - wadbo Wi et
2 700 °C Q
2
£ 20 k Qq
Ash Q c u Q
0 vGOO"C PO P :J,\LA‘ML}[A’ kbl Aol N
] 10 20 30 40 50 60 70 80 20 100

Q= Silica (SiOs), k = KalSiOs and C = calcium carbonate (CaCOs)

Figure 3. XRD pattern of the EPFB ash at various calcination temperatures.
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Figure 4. XRD pattern of produced silica and commercial silica.

In all the EPFB ash samples, the major components were Si, Al, K, Mg, Ca, and P,
but the silica concentration was higher in the 800 °C sample than in the 700 and 600 °C
samples. The XRD peak of the EPFB ash derived silica at 26 value of 31.8° indicates silica in
amorphous form (Figure 4). The silica XRD patterns resembled the common SiO, gel made
from EPFB ash, as reported for palm kernel shell [27]. This is also consistent with similar
XRD patterns of amorphous silica obtained from corn cob [27], rice husk [40], sugarcane
bagasse [25], palm kernel shell [47], cassava periderm [28], and commercial amorphous
silica gel [29].

3.5. Surface Morphology Analysis

The morphological structures and percentages of elements in the EPFB ash and ex-
tracted silica were examined using a scanning electron microscope (SEM) in conjunction
with Energy-Dispersive Spectroscopy (EDS). Figures 5 and 6 show the morphology (SEM
images) of the surface structure of the EPFB ash, which was produced at a calcination
temperature of 800 °C, and the extracted silica at a scanned magnification of 25 and 10 um.
Irregular geometries such as cylindrical, flaky, angular porous, and spongy structures
grouped into spherical clusters were recognized.

Electron Image 2

25pum

Figure 5. SEM micrograph of silica extracted from EPFB ash.
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Electron Image 1

10pm

Figure 6. SEM micrograph of EPFB ash calcined at 800 °C.

The SEM images (Figure 5) generally showed irregular shapes with particle sizes
of around 200 nm, which were believed to be silica. Many of these silica bodies were
found embedded on the surface of the ash and the extracted silica, and agreed with the
literature [13]. The SEM micrograph of the produced SiO, shows that the particles were
irregular in shape. Awadh and Yaseen [48] reported similar irregular shape for silica
obtained from rice husk ash and the authors attribiuted it to agglomeration. The amount of
silica in the ash was 29.5% with some metallic impurities and 45.1% for the extracted silica
as shown in Figure 6. The shape of the extracted silica were irregular with agglomerated
particles. The EDS peaks for the extracted silica mainly contained Si and O elements. At the
same time, the ash showed prominent Si and O peaks (Figure 7) with several other metallic
impurities, as shown in Table 5. The elemental composition and phases of silica and ash
calcined at 800 °C are shown in Figures 7 and 8. The presence of unburned particles, such
as carbon, in the sample, was indicated by the formation of a crystalline structure.

M spectrum 1
Wi% o

549 03
451 03

Figure 7. EDX graph of extracted silica.

Table 5. Elemental composition of ash and extracted silica.

Elements Peak (keV) Ash at 800 °C (wt%) Extracted Silica (wt%)

Si 0.05 29.5 45.1

O 1.75 48.1 54.9

C 0.025 10 -

Ca 3.74 4.6 -

Mg 1.84 3.3 -

K 3.47 3.1 -
P 2.00 0.8 -

Al 1.5 0.7
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Figure 8. EDX graph of EPFB ash produced at 800 °C.

3.6. FTIR Identification of Functional Groups in Silica

The observations show that the probability of finding silica in EPFB ash strongly depends
on the presence of precursor silica groups in the sample. FTIR was used to assess the functional
groups contained in the synthesized and commercial silica, as shown in Figure 9. At the same
time, Table 6 summarizes the peak data of the dominant groups identified with the silica
bond, including CH interaction and the OH groups in the silica. The generated silica’s most
significant IR absorption band was detected between 619 cm~! and 1151 cm~!. FTIR spectra
of EPFB waste biomass ash, the EPFB ash derived, and the commercial silica in the range of
450-4000 cm ! are shown in Figure 9. The most significant IR absorption band in the EPFB-
ash-generated silica was detected between 619 cm ™! and 1151 cm~!. A band at 797 cm ! was
designated as Si-O, which was sharp in the commercial silica sample. At the same time, the
peak intensity decreased in EPFB-pyrolyzed ash-derived silica, and the EPFB ash was present
in all the materials with little shifts in band location. A band at 1089 cm ! presented in all the
samples was due to TO4 (tetrahedral) of Al-Si, which indicated the presence of clinoptilolite
(Na, K, Ca),-3Al3(Al, 5i);5i1303612H,-O) [49]. The crystalline absorption band at 1069, 1085,
and 913 cm ! was due to the asymmetric Si-O-Si mode of siloxane in EPFB silica, commercial
silica, and EPFB ash and was associated with the stretching, bending, or deformation of the
5i-O bond according to Sritham and Gunasekaran [50] and Osman and Sapawe, [51]. Similar
absorption bands at 1064 cm~1, 1086 cm ™1, and 1100 cm ™! have also been found by other
researchers, including Awadh and Yaseen [48] and Osman and Sapawe [51]; these bands were
assigned to Si-O-Si stretching. The siloxane-induced band at 913 cm~! in EPFB ash changed
to a higher frequency of 1069 cm ! in the derived silica, indicating silica activity [46]. The
stretching vibration of the Si-O bond and the tetrahedral coordination of amorphous silicon
dioxide caused a strong peak at 1151 cm ™! [46]. Si-OH (OH groups) had a broadband range
of 1620 to 1700 cm ! in the ash and silica matrix [48]; however, there was no band detection
at 1450-3450 cm ! in all materials, suggesting the removal of all traces of water molecules
and polar functional groups during the calcination process [52].

Table 6. Summary of the peak data of the dominant groups in EPFB ash, produced silica and
commercial silica.

Wave Number Compound
516-767 Si-O bond
1000-1058 5i-O-5i asymmetric bond stretching vibration
1720-2159 In-plane C=H bond
1998-2096 OH groups of Si-OH

2841-3000 OH stretching (H,0) and hydroxyl (Si-OH)
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Figure 9. FTIR spectra for EPFB-ash-generated silica and commercial silica.

The IR spectrum of the ash and the produced SiO;, demonstrates the presence of all
the vibrational bands of Si-OH, O—Si—O and Si—O—Si typical of amorphous SiO;. The
results of the absorption peak for the ash and commercial silica differed slightly to the EPFB-
ash-extracted silica. The absorption pattern of the commercial silica had peaks representing
SiO; functional groups at 1058 cm ! (the stretching vibration of the Si-O group), 695 cm ™!
(symmetrical stretching modes of the Si-O-Si), and 1150.86 cm ™! (absorption symmetric
stretching modes of Si-O-Si) wavenumbers.

4. Conclusions

The calcination of EPFB biomass ash as a pretreatment step to producing silica, which
could be applied in bio-oil upgrading, is demonstrated in this study. There has been
extensive study on the effects of calcination temperature (600-800 °C) on the properties
of silica formed from EPFB-pyrolyzed ash. The resulting silica had a tiny crystal size
(43 nm) and a strong basicity according to the results obtained by lowering the calcination
temperature (600 °C). As the calcination temperature rose from 600 °C to 800 °C, the
amount of acid in the bio-oil dramatically increased from 17.89% to 32.30%. The amount of
impurities in the silica significantly dropped from 11.47% to 5.21%, showing improved silica
quality. In general, the formation of silica is more advantageous at an 800 °C calcination
temperature. We effectively extracted amorphous silica (SiO,) from pyrolyzed EPFB waste
ash in the final step of the process. The potential for silica in manufacturing catalysts for
bio-oil upgrading was evaluated by comparing its characteristics with that of commercial
silica. Accordingly, the weight loss in the sample represented the quantity of silica present
in the ash, with lower temperatures carrying somewhat less silica than the ash calcined
at 800 °C. The production of porous and amorphous silica from pyrolyzed ash of empty
palm bunch biomass is evidence that simple calcination processes and acid leaching could
obtain silica with a purity of over 98 percent. Synthetic silica offers a lot of potential for
application in the production of zeolite catalysts for use in upgrading bio-oil.
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