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Abstract

This study demonstrated the performance of the sugarcane bagasse ash (SCBA) impregnated with calcium oxide (CaO) as a novel
heterogeneous basic catalyst in biodiesel production. The SCBA was prepared by calcination for 2 h at 500 to 800 °C and impregnated
with CaO loadings (10 to 40 wt.%). The prepared SCBA/CaO catalyst was characterized using Fourier transform infrared spectros-
copy (FTIR), scanning electron microscopy (SEM), X-ray diffraction (XRD), temperature programmed desorption of carbon dioxide
(TPD-CO), thermal gravimetric analysis (TGA), X-ray fluorescence (XRF) and Brunauer-Emmett-Teller (BET) surface character-
istics. A series of transesterification reactions were conducted to evaluate the performance of the catalysts. As a result, highest FAME
yield of 93.8% was obtained by using SCBAgpoc CaOoe, catalyst at 20:1 methanol-to-oil molar ratio, reaction temperature of
65 °C, with 6 wt.% catalyst in 3 h. Besides, the catalyst can be reused up to 5 reaction cycles with biodiesel yield of 93.0% and 70.3%
at first and fifth cycles, respectively. In this work, it was found that the natural SiO, in the SCBA has a significant role to enhance the
catalytic performance and reduce the catalyst’s deactivation drawback by minimizing the leaching of active sites.

Keywords Biodiesel production - Sugar cane bagasse ash catalyst - CaO supported catalyst - Catalytic reusability - Catalytic
performance

Highlights

1. The success preparation of the CaO impregnated SiO,-rich SCBA as
the heterogenous solid basic catalyst.

2. The prepared SCBA/CaO catalyst resulted 93.8% of FAME yield at
mild reaction conditions for 3 h of transesterification process.

3. The SiO, improves the reusability of catalyst up to 5 reaction cycles by
improving the strength of the active sites-support bonding.
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Introduction

In realization of world fuel crisis, many researchers are drawn
in finding the new renewable energy source in order to dis-
place the current fossil-based fuel; this scenario leads to the
introduction of biodiesel. It was reported that, the easiest and
cost-effective biodiesel production is by transesterification
process [1]. The transesterification process can be catalyzed
either by acidic or basic catalysts which may exist in homo-
geneous or heterogeneous forms. In term of the biodiesel pro-
duction process, the heterogeneous type of catalyst is recom-
mended over the homogeneous catalyst such as sodium hy-
droxide and potassium hydroxide due to fewer corrosive prop-
erties, easy separation and low environmental pollution [2].

The heterogeneous catalysts are further divided into two
which are solid basic and also solid acid catalysts, where the
solid basic catalyst is more preferable for the transesterification
process [3]. This is due to some advantages possessed by solid
basic catalyst, such as long catalyst life, high activity and only
requires moderate conditions in order to operate [4]. CaO is one
of the most studied solid basic catalysts due to its high basicity
and also due to its ability, which can be derived from cheap and
plenty natural resources such as waste eggshells, cockle shells
and oyster shells [5]. However, Chen et al., [6] has reported that
the CaO catalyst also holds some critical drawbacks, which
when they realised that the leaching of Ca®* ions from CaO
surface decreases its catalytic activity after a few cycles.
Moreover, an article by Marinkovi¢ et al., [7] added that the
reduced activity of CaO might be contributed from the poison-
ing of CaO by adsorption of CO, and H,O from air exposure.

Therefore, the implementation of catalyst support becomes
an option not only to improve the catalyst’s stability but also to
enhance its performance. There are various types of catalyst
support such as metal oxides which includes MgO, ZnO and
Fe,O3 [8-10]. However, according to Wang et al. [11], the
metal oxides as supports are not quite practical due to complex
preparation technique, costly and suffer from deactivation.
Hence, the non-metal oxides such as zeolites, alumina and
silica supports are preferable alternatives, as it known as a
good catalyst support due to its properties which includes
good thermal stability, high surface area and also unique large
pore characteristic [12—14]. Witoon et al. [15] have proved the
applicability of silica as the catalyst support for Ca materials
through a study using the Ca/Si composites for the
transesterification process. To avoid the additional cost of
commercialized silica, there have been alternative efforts to
utilize agricultural wastes to obtain natural silica contents [14].
Wang et al. [11] have found that the waste peat able to serve as
a support for the CaO and able to be reused up to 10 reaction
cycles with excellent catalytic activity. They also reported that
the formation of Ca—O—Si interaction between the natural sil-
ica content and CaO improved the catalyst stability and re-
duced the leaching of active sites.

Sugarcane bagasse ash (SCBA) is an abundantly available
agricultural waste resulted from the burning process of sugar-
cane bagasse after the sugar extraction [16]. Compared to
other biomass waste, this work anticipated to explore the cat-
alytic role of SCBA due to its significant amount of natural
silica content which might be applied as the catalyst support
[16-18]. Moreover, due to its abundance which often causes
the improper disposal problem, the utilization of the sugarcane
bagasse ash waste will benefit in terms of the waste manage-
ment and thus helps to reduce the environmental pollution.

To date, no implementation of SCBA as a catalyst support
has been reported. Therefore, in this work, SCBA was used for
the first time as a catalyst support for CaO to determine its
feasibility as a novel basic heterogeneous catalyst for the bio-
diesel production. The optimum preparation conditions in-
cluding the best calcination temperatures and catalyst loading
were determined. Various characterization methods were im-
plemented to study the morphological and chemical properties
of the synthesized catalysts. The catalytic performance under
various parameters together with the reusability analysis was
also evaluated.

Materials and Methodology
Materials

Sugarcane bagasse (SCB) was collected from sugarcane juice
industries in Shah Alam, Malaysia. On the other hand, the
edible-grade palm oil was supplied from local market near
Shah Alam, Selangor, Malaysia. The potassium hydroxide,
KOH (99%); commercialized calcium oxide, CaO (99%); tet-
rahydrofuran, THF (99%); methanol, CH;0OH of analytical
grade (99.5%); and internal standard (methyl heptadecanoate
(98%)) with FAME mix brand Supelco CRM 1918 were pur-
chased from Merck Aldrich chemical company. All reagents
and solvents used in this work were of analytical grade and no
purification was needed. The physiochemical properties of the
palm oil were analysed using standard method based on
American Society for Testing and Material (ASTM) standard
and Malaysian palm oil board (MPOB), such as acid value
(ASTM D974), FFA value (ASTM D974), saponification val-
ue (ASTM D974), molecular weight (ASTM D464) and mois-
ture content (ASTM MPOB), and the results are presented in
Table 1.

Preparation of SiO,-Rich SCBA/Ca0 Solid Basic
Catalyst

Briefly, SCB was sieved to 60—100 mesh and then washed
with deionized water thoroughly in order to remove the un-
necessary materials. The SCB was then dried at 105 °C to
remove all moisture content, followed by calcination process
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Table 1 The physiochemical properties of palm oil

Description Analysis  Standard method
Moisture content (wt%) 0.6 MPOB
Saponification value (mg KOH g ') 201.1 ASTM [D974(00)]
Molecular weight (g mol ") 8394 ASTM (D464)
Acid value (%) 2.4 ASTM [D974(00)]
FFA content (%) 1.2 ASTM [D974(00)]
Fatty acid compositions (%): % composition

Oleic acid (C18:1) 58.3

Palmitic acid (16:1) 24.0

Lauric acid (C12:0) 9.8

Myristic acid (C14:0) 1.7

Stearic acid (C18:0) 6.2

at temperatures of 500 °C, 600 °C, 700 °C and 800 °C to
obtain the optimum calcination temperature to acquire SCB
ash (SCBA). The resulted ashes were then preceded to serve
as the catalyst support and labelled as SCBA (5ppoc), SCBA
(600°C)» SCBA (700°C) and SCBA (800°C)» respectively.

The catalyst activation method was adopted from Chen
et al. [12] with slight modification. The prepared SCBA was
then impregnated with different percentage of CaO (10%,
20%, 30% and 40%) using the wet impregnation method. To
prepare 10% CaO loading on SCBA, typically 1 g of CaO was
mixed with 50 mL of distilled water. The solution consisting
Ca (OH), was then added with 9 g of SCBA and proceeded to
continuous stirring at 400 rpm for 4 h and was left for 24 h for
ageing process. The white precipitate was re-calcined at tem-
perature of 600 °C for 2 h to produce SCBA/CaO catalyst.

Characterizations of Sugar Cane Bagasse Ash Catalyst

To ensure the successful preparation of the CaO supported on
the SCBA, few characterization techniques were carried out.
The Phenon XL scanning electron microscopy (SEM) instru-
ment was employed to provide the morphological analysis of
the prepared catalyst. The identification of the functional
groups on the catalyst was recorded by using Fourier-
transform infrared spectroscopy (FTIR) by Perkin-Elmer IR
spectrometer ranging 400 to 4000 cm™'. Meanwhile, analysis
using X’Pert Pro, Panalytical X-ray diffraction instrument was
also implemented to determine the detailed qualitative aspect
of the prepared catalyst. The catalyst stability towards the
thermal exposure was obtained through SETARAM
SETSYS Evolution 1750 instrument of thermal gravimetric
analyser.

On the other hand, the quantity, distribution and strength of
active sites were examined by Thermo Finnigan TPDRO 1100
series temperature programmed desorption of carbon dioxide
(TPD-CO,). Moreover, the exact amount of CaO impregnated
on the SCBA was quantified with Epsilon 3 XL Benchtop of
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X-ray fluorescence (XRF) spectrometer. Furthermore, the
studies on the surface characteristics of SCBA and SCBA/
CaO were accomplished by the physical absorption of gas
molecules on solid surfaces including the pore volume and
pore diameter by Belsorp I Brunauer-Emmett-Teller, N, sorp-
tion analysis.

Transesterification of Palm Olein Oil

The catalytic activity of the prepared catalysts was evaluated
via the transesterification of palm oil. The reaction was con-
ducted in 150 mL of three-necked round-bottom flask con-
nected with condenser in oil bath. Generally, an amount of
catalyst, methanol and 30 g of palm olein oil were added in
the reactor and heated up to 65 °C and stirred at 500 rpm.
Catalyst was then separated from the products through centri-
fugation at the end of the reaction while the excess of metha-
nol was recovered by rotary evaporation. The final product
mixture was allowed to separate into two layers: biodiesel at
the top and glycerol at the bottom. Biodiesel product was then
collected and analysed by using Agilent 7890A Series Gas
Chromatography with flame ionization detector (GC-FID)
and equipped with HP-INNOWax polar capillary column with
30 m length and internal diameter of 0.5 mm. Carrier gas used
was helium gas with flow rate of 1.5 mL min'. The temper-
ature programming employed for the analysis was setup as
follows: initial oven temperature of 100 °C held for 1 min,
continued with temperature ramping at the rate of 30 °C min
to 190 °C for 2 min and raised to 250 °C with rate of
10 °C min~" and maintained for 7 min. Meanwhile, the injec-
tor and detector ports were set at 250 °C and 280 °C, respec-
tively. Prior to the biodiesel analysis, the product was diluted
with n-hexane containing methyl heptadecanoate as internal
standard. The hydrogen and air intakes were set at 450 mL and
40 mL min ", respectively. The biodiesel yield was finally
computed using equation from standard method EN 14103.

Reusability of the Catalyst

The reusability of the catalyst was evaluated by reuse of the
spent catalyst for the next reaction cycle. The spent catalyst
was washed carefully with THF several times to remove the
remaining methanol and reaction product on catalyst surface
and reused without thermal activation. The biodiesel yield
obtained from the product through each cycle was recorded.

Product Assessment by Chromatographic Analysis

The produced methyl ester’s compositions were further con-
firmed via Agilent Technologies 5890 Series II gas chroma-
tography equipped with HP 5971 mass spectrometer detector
and a 30 m x 250 um x 0.25 um of HP 5-MS capillary col-
umn. The temperature of injector and detector ports was
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programmed at 250 °C and 300 °C, respectively, with He as
carrier gas (30 mL s '). The oven was set initially at 60 °C and
increased up to 170 °C with the heating rate of 10 °C min ™.

Results and Discussion
Preliminary Analysis of the Feedstock (Palm Oil)

Preliminary analysis of the feedstock is very important to de-
sign the catalyst suitable for the type of the feedstock. In this
work, Table 1 shows the properties of the palm olein oil re-
sulted from the test carried out using standard methods of
ASTM and MPOB Malaysia. It was observed that the low
acid content and high glyceride content indicated the compat-
ibility for the alkaline types of the catalyst to catalyze this
reaction [19].

Catalyst Characterization

It is well-established that the calcination process is an impor-
tant step in the catalyst preparation process, not only to re-
move all unnecessary volatile compounds, but it also could
significantly affect the structure and efficiency of the catalyst
itself [20]. The SCBA was initially calcined at various tem-
peratures and subjected to BET analysis to understand how
calcination temperatures can affect the surface structure and
porosity of the SCBA, as in Table 2. It can be learnt that the
largest surface area of 2905.8 m? g ', pore volume of

22.716 cm® g~ and pore radius of 31.27 nm of SCBA were
resulted from the calcination process at temperature of 500 °C.
However, the surface area, pore volume and pore size of the
SCBA were reduced as the calcination temperature increased
to 600 °C, 700 °C and 800 °C. This can be explained by the
sintering effect which could permanently damage the surface
structure caused by high temperature during the thermal treat-
ment [21]. Table 2 also lists the surface area of other biomass
ashes from previous studies. Each biomass ash exhibits differ-
ent surface area and pore sizes depending on the calcination
condition. Interestingly, compared to other biomass ashes in
the previous studies, the SCBA in this study presents the
highest surface area.

Besides, the changes of the surface area and the porosity of
the SCBA catalysts could also be associated with the amount
of metal impregnation. The impregnation of the CaO on the
SCBA catalyst’s support was successfully done by wet im-
pregnation process. It was found that the surface area, pore
volume and pore size of SCBA impregnated CaO was signif-
icantly reduced from 2351.8 m”* g " to less than 6 m* g~ '. As
shown in Table 2, as the amount of impregnated CaO in-
creased, the surface area of the SCBA/CaO catalyst was de-
clining from 5.37 to 4.18 m* g ' and the pore volume reduced
from 62.096 to 40.712 cm® g, This trend may be attributed
by the distribution of CaO on the SCBA surfaces together with
the clogging of available pores by CaO, and this continued to
be more significant as the amount of the CaO impregnated
increased [11]. However, when the CaO impregnation was
increased up to 40 wt.%, no obvious enhancement to the

Table 2 The BET data of the prepared SCBA samples and comparison with other reported heterogeneous catalyst from previous studies
Heterogeneous Calcination ~ CaO Loading  Surface area  Pore volume  Pore radius (nm)  Actual amount  Quantity of active
catalyst temp. (°C) (Wt.%) (m? gfl) (em® gﬁl) of CaO (Wt%)® sites (umol/g*l)C
*SCBAs00°c 500 - 2905.8 22.72 31.27 - -
*SCBAg00°c 600 - 2351.8 14.40 25.05 - -
*SCBA 9o 700 - 18124 8.04 17.73 - -
*SCBAggo-c 800 - 0.35 0.01 37.23 - -
SCBAG00°cCaO (109 600 10 537 0.08 62.10 13.13 2119.20
SCBA40:cCa0 (207 600 20 5.34 0.07 52.55 19.29 2502.30
SCBAg0-cCa0 300 600 30 4.66 0.04 41.18 29.46 2861.70
SCBA600-cCa0 (407 600 40 4.18 0.05 40.71 29.96 3889.75
SCBA [22] 800 - 576.00 0.32 222 - -
Rice husk ash [23] 700 - 13.24 0.08 221.57 - -
Rice husk ash [14] 900 - 132.83 0.36 15.89 - -
Waste pomelo peel [21] 500 - 21.20 39.20 - - -

600 - 18.80 34.00 - - -

700 - 3.80 10.40 - - -
Wood ash [24] 450 - 371.90 0.02 10.6 - -

#Sample analyzed before impregnation with CaO
® Analyzed by XRF
¢ Analyzed by TPD-CO,
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CaO amount compared to 30 wt.% of CaO loadings was from
29.46 to 29.96 wt.%. This could probably be due to that
SCBA medium was reaching its capacity limit and further
addition of CaO loading beyond 40 wt.% might be too
excessive.

Basically, different calcination temperature could lead to dif-
ferent degree of decarbonization process and affect the diffrac-
tion patterns of the catalyst structure. The XRD patterns for
each SCBA are demonstrated in Fig. 1a. As received, the cal-
cined SCBA at 500 °C exhibited several diffraction peaks at
20 =22.0°, 32.1°, 35.0°, 40.1° and 44.5° corresponded to the
presence of SiO, (JCPDS 01-082-1555). Meanwhile, diffrac-
tion peaks at 20 =27.6° and 29.0° were detected that matched
to the K,0O compound (JCPDS 00-023-0493). As the calcina-
tion temperatures were elevated further, the intensity of these

peaks increased, showing that higher calcination temperature
increases the metal oxide compositions [25].

On the other hand, Fig. 1b presents the XRD patterns of the
SCBA that were calcined at fixed temperature of 600 °C but
impregnated with varied CaO percentages from 10 to
40 wt.%. As demonstrated, when an amount of CaO was
impregnated into SCBA, a few changes can be observed to-
wards the XRD patterns. As more weight percent of CaO was
introduced into the SCBA, a sharp reduction of SiO, peaks
intensity can be seen together with the appearance of CaO
peaks at 20 =28°, 32° and 46° (JCPDS 00-021-0155). The
XRD patterns of SCBA/CaO404, present the new peaks at
20 = 35%nd also 37° which were belonged to the characteris-
tic peaks of Ca,SiO, phase (JCPDS 01-083-0461). This pres-
ence of new peaks showed that there was a chemical reaction

Fig. 1 XRD patterns of a SCBA (a) °
calcined at various temperatures B 5o,
(500 °C, 600 °C, 700 °C and . ® K,0
800 °C) and b SCBA that were .
calcined at 600 °C impregnated l Al O H0oe
with various CaO percentages D npemandh
(10 wt.%, 20 wt.%, 30 wt.% and
40 wt.%)
700°C
2
&
£
g
£
ok o A e
WM‘; | N O e oa S00°¢
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between SiO, compound in the SCBA itself with the impreg-
nated CaO forming new phase Ca,SiO,, and this interaction
can help to improve the stability of the CaO catalyst by hold-
ing the Ca element through the Si-O—Ca bond [11].

The FTIR spectra of the SCBA, CaO and the SCBA/CaO 49,
catalysts are presented in Fig. 2. The presence of silica in the
SCBA was further confirmed via IR spectra of SCBA which
displayed major absorption band at 1026 cm ™" corresponded to
the asymmetric stretching of Si—-O-Si. Thus, it indicates the pres-
ence of siloxane bond [1]. This result was matched with the XRD
pattern of raw SCBA that mainly contained with SiO,.

Meanwhile, according to the IR absorption band for
SCBA,09ca0 catalyst, the incorporation of CaO into the
SCBA caused a new major band that appeared at 946.31 cm .
This band was devoted to Si-O—Ca bond which further proved
the existence of the interaction between CaO and SiO, that con-
tributed to the formation of a new compound namely Ca,SiO,4 or
CaSiO; [6]. The introduction of CaO into SCBA also reduced
the intensity and caused the weakening of the silica peak in IR
spectrum at 1026 cm ! (Si—O-Si), which was consistent to the
previous XRD pattern. Meanwhile, the major absorption band at
3641 cm ' and 871.67 cm™ ' was signified to the stretching of O—
H, and C—O bonds of CaO that were introduced into SCBA. The
absorption band at region 1418 cm ™" indicated the presence of
CO5 2 (carbonate ions) on SCBA400.ca0 catalyst which is also
due to the presence of CaO [14].

The surface morphologies of the SCBA catalysts are pre-
sented by SEM micrographs in Fig. 3. The irregular agglom-
eration can be observed for the structure of SCBA in Fig. 3a,
which may be due to the formation of metal oxides after cal-
cination process and also the formation of some network of
pores [26]. Further impregnation of SCBA with 10 wt.% of
CaO (Fig. 3b) showing the irregular surface structure with
unclear pores indicated the presence of CaO that covered the
surface and pores of SCBA. The morphological changes to-
wards the raw SCBA were in line with the surface character-
istics analysis (BET) where the increase in number of CaO on

the SCBA reduced the surface area, pore volume and pore size
of the catalyst.

Meanwhile, the EDS analysis of the SCBA, SCBA/CaOy04),
SCBA/C&O(QO%), SCBA/C&O(30%) and SCBA/CB.O(40%) cata-
lysts revealed the existing components in the catalysts as shown
in Table 3. It was observed that the major components of SCBA
itself were composed of Si, Ca, K, P and Mg which contributed
to the basicity of the catalyst. The ascending weight percentages
of Ca elements in the SCBA after the impregnation of CaO
confirmed that the process was done accordingly.

Figure 4 a shows the TPD-CO, profile of the SCBA cal-
cined at fixed 600 °C temperature with various CaO loadings.
Before impregnation with any CaO, it was found that no major
peaks can be observed for the SCBA that indicated that it has a
quite low basic property. However, the basic sites densities
were increased consistently with the addition of the CaO on
the SCBA. The SCBA with 40 wt.% CaO catalyst possessed
the highest basic densities with 38,895.75 umol g ' followed
by 30 wt.% CaO, 20% wt. CaO and 10 wt.% CaO which were
2861.70, 2502.30 and 2119.20 pmol g ', respectively, as
shown in Table 2. The TPD-CO, plots of 40 wt.% depicted
the most intense peak at temperature between 600 °C and
700 °C when compared to lower CaO percentage catalysts,
and the desorption peaks at the temperature zone more than
500 °C were associated with the strongly basic property [19].

Meanwhile, the calcination temperature also has a significant
effect in determining the basic densities of the catalyst. Figure 4 b
presents the basic densities of the catalyst with varied SCBA
calcination temperatures with fixed CaO loadings at 40%. It
was found that, the basic density of prepared catalyst was in-
creased from 2895.19 to 3889.75 pmol g when the calcination
temperatures were increased from 500 to 600 °C. However,
further increase of calcination temperature reduces the quantity
of basic sites around 2861.20 to 3107.73 umol g . This might
be related to the surface area of the SCBA, which was lowered at
high calcination temperature and hence reduced the amount of
CaO on the surface of SCBA.

Fig. 2 FTIR spectra of SCBA,

Ca0 and SCBA/CaO ¢, SCBA

Ca0O

SCBA/CaO}

4
3641.54

% Transmittance

4000 3500 3000

2500 2000 1500 1000 500

Wavenumber (cm™?)
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Fig. 3 SEM images of the a
SCBA, b SCBA/CaO1q5) €
SCBA/CHOQO%). d
SCBA/CaO(30%). €
SCBA/CaO(40%)

Table 3  EDS analysis of the catalysts
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Out of the catalysts prepared, SCBAgopec CaOuoa) Was then
subjected to the TGA-DSC analysis to examine its thermal pro-

file (supplementary data 1). The prepared catalyst demonstrated

no major weight loss even at a high temperature around 500 °C
with only 10% weight loss from the initial weight around 100 to

Figure Elements (wt.%)

O Ca Si P K Mg
SCBA 40.90 8.22 5.18 11.07 2783  6.80
SCBA g%ca0,  34.56 14.49 10.17 4.84 18.62  2.56
SCBA%ca0 3752  22.00 12.23 5.58 19.37 330
SCBA309%ca0 43.03 2427 10.41 6.28 12.55 336
SCBA40%ca0 3498 2741 11.15 3.51 20.61 1.99

300 °C which was normally due to the removal of volatile com-
pound and moisture [27]. As no critical weight changes were
observed with the thermal profile of SCBA4p-CaO (400, cata-
lyst, calcination temperature of 600 °C was considered enough to
produce a thermally stable catalyst and higher temperature might
be causing the unnecessary energy cost in catalyst production.
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Fig.4 TPD-CO, of SCBA/CaO catalysts. a Different CaO loadings with

fixed calcination temperatures (600 °C). b Different calcination tempera-

ture with fixed CaO loadings (40 wt.%)

. TCD Signal (mV)

SCBAsoc

Effect of Calcination Temperature and Active Sites
on the Activity of Catalyst

Basically, optimum calcination temperature of the SCBA is
very important for industrialization to reduce the preparation
cost of the catalyst without ignoring their performance. The
Si0,-rich SCBA produced from various calcination tempera-
tures were initially impregnated with 40 wt.% of CaO and
subjected to the transesterification test for catalytic evaluation.

Figure 5 illustrates the relation between the calcination tem-
peratures of SCBA with the biodiesel yield obtained. It was

7

FAME vyield, %

500 600 700 800
Calcination temperature, °C

Fig. 5 The catalytic activity of SCBA,CaOy¢, catalyst calcined at
different temperature via transesterification of palm olein oil. (Reaction
conditions: 20:1 methanol-oil ratio, 6 wt.% catalyst loading, reaction
time of 3 h and 65 °C reaction temperature)

observed that the highest biodiesel yield obtained was 90%
resulted from reaction catalysed by SCBA calcined at 600 °C.
However, the biodiesel yield was notably descending as the
calcination temperature of SCBA was raised up to 800 °C.
This may be associated by the sintering effect which produced
low surface area (Table 2), when the sample was heated above
600 °C. The damage of the catalyst structure will affect the
performance of the catalyst itself by lowering its catalytic capa-
bility thus resulting in lower biodiesel yield [21]. Most impor-
tantly, the basicity or the active site distributions play a major
role in determining the performance of the catalyst [28]. In
relation, as obtained from Fig.4b, the catalyst prepared from
the calcination temperature of 600 °C possessed the most basic
densities which explain the high yield obtained when compared
to catalysts of other calcination temperatures.

Meanwhile, Fig. 6 shows the effect of different loading of
active sites on the SCBA towards the activity of prepared

100 -
90 1 = N
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -

0

Biodiesel yield (%)

10% 20% 30% 40%
CaO percentages (%)

Fig. 6 Effect of CaO amount on the SCBA support (reaction conditions:
20:1 of methanol—oil molar ratio, 6 wt% of catalyst loading, reaction time
of 3 h and 65 °C reaction temperature)
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catalyst. It was found that the SCBA incorporated with
40 wt.% of CaO yielded the highest biodiesel yield which
was 89.78% when compared to the other SCBA/CaO.

This may be attributed to the high basic densities of the
catalyst. Even though the surface area of the SCBA impregnated
with 40 wt.% was lowest from the previous BET analysis, it was
counterpart by the high basic densities as characterized from
previous TPD-CO,. Hence, the SCBAgpec CaOoq, catalyst
was chosen for further evaluation and used for determination
of optimum parameter during transesterification process.

Effect of Reaction Parameters on Transesterification
of Palm Olein Oil

For the optimization purpose, the SCBAggpoc CaOoe, cata-
lyst was then subjected into a series of transesterification pro-
cess with one varied reaction parameter at a time to obtain the
final optimum reaction conditions. The parameters that were
under study include the methanol—-oil molar ratio, the catalyst
loading, reaction temperature and reaction time.

@ Springer

Reaction temperature (°C)

For the methanol—oil molar ratio, the ratios were varied
from 9:1 to 23:1 M ratio. Figure 7 a presents the correlation
between the methanol-oil molar ratio towards the FAME
yield or biodiesel yield assisted by 5 wt.% of catalyst loadings,
3 h of reaction time at 65 °C. It was observed that the FAME
yield was in conjunction with the increment of methanol—oil
molar ratio. Since, stoichiometrically a transesterification re-
action requires 3 mol of methanol for each triglyceride and
excess methanol amount helps to drive the reaction equilibri-
um towards the FAME product following the Le’Chateliers
effect. However, the improvement of the FAME yield found to
peak up to 91.2% at 20:1 methanol-oil molar ratio and de-
clined as amount of methanol increased to 23:1 with slight
decrease from 91.2 to 89% due to the occurrence of catalyst
dilution by the excess methanol amount [11]. Meanwhile, the
amount of catalyst also affects the rate of transesterification
process. As regards, a series of the transesterification reactions
were carried out under the reaction conditions of reaction tem-
perature of 65 °C, methanol-oil molar ratio of 20:1 and 3 h as
shown in Fig. 7b with varied catalyst amount. Initially, FAME
yield rose up sharply when the catalyst amount is added from
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Fig. 8 The biodiesel yield obtained from each cycle under optimized

reaction conditions (6 wt% catalyst loadings, 3-h reaction time, 20:1
methanol: oil ratio and 65 °C reaction temperature)

4 to 5 wt.% yielding 53.9 to 89.36% of FAME vyield.
According to Chen et al. [29], this may be due to the additional
amount of catalyst aid the contact between the reactant and
catalyst which could produce higher conversion. The maxi-
mum of FAME yield can be seen up to 92% by addition of
6 wt.% catalyst. However, further addition of catalyst more
than 6 wt.% only disturbs the reaction process. As been re-
ported by Fadhil et al. [30], too much catalyst presence could
increase the mass transfer resistance thus lowering the reactant
concentration on catalyst surface, hence lowering the rate of
reaction.

Figure 7 ¢ shows the FAME yield response towards the
reaction time from 1 to 5 h at fixed 65 °C reaction temperature,
20:1 methanol—oil molar ratio and 6 wt% of SCBAggg-c
CaOoq, catalyst. The FAME yield recorded highest after
3 h reaction time which was 93.6% and the elongated reaction
duration results in lower FAME vyield. The circumstances
could be influenced by the fact that too long reaction time will
enhance the solubility of biodiesel in the glycerol thus reduc-
ing the FAME yield as has been stated by Chen et al. [12]. In
addition, Wan et al. [31] reported that the elongation time
could cause the reaction to shift backwards which is conse-
quent to product loss.

Lastly, Fig. 7d displays the relation between the reaction
temperatures and FAME yield. The reaction conditions were
equally setup to 20:1 methanol-oil ratio, 3-h reaction time and

Table 4 Comparison with reported catalysts

6 wt.% catalysts with varied temperatures (50 to 70 °C). The
FAME yield was found to escalate from 65 to 93.8% as the
reaction temperatures were elevated from 50 to 65 °C.
Theoretically, increased temperature helps to boost the colli-
sion between the reactants hence increasing the rates of reac-
tions due to the endothermic reaction, where the
transesterification process needs energy to collide and react
[32-34]. At the same time, the higher temperature also helps
to lessen the limit of diffusion between the catalyst and reac-
tants [35]. When the reaction was conducted over 70 °C, a
small reduction of FAME yield was noted from 93.8 to 91%
and this was related to methanol boiling point, where higher
temperature forcing the methanol to rapidly evaporate ob-
structs the reaction between methanol, oil and catalyst [36].
Therefore, the reaction temperature was concluded to be opti-
mum at 65 °C.

Catalyst’s Reusability Evaluation

The important part to commercialize the heterogeneous cata-
lyst in biodiesel production is the ability to be easily separated
and recyclable. In this work, the reusability test of the SiO,-
rich SCBA/Ca0O was conducted and compared with the un-
supported commercialized CaO catalyst as shown in Fig. 8.
The SCBA00°CaO (404, Was remarked to perform higher cat-
alytic activity than the unsupported commercial CaO, where
the yield obtained was 92.36% which was higher than com-
mercialized CaO at only 81.4%. This scenario may be linked
to the higher basic properties resulted from the combination of
SCBA and CaO compared to the CaO itself as referred to
previous Fig.4a. The amount of existing basic sites in the
SCBA that naturally exists including Ca, Si, P and Mg as
reported in Table 3 might contribute to the enhanced basicity
of the SCBA/CaO catalyst. In the stability aspect, the synthe-
sized SCBAgpp-CaO (404, catalyst was able to maintain its
performance up to the 5th reaction cycle with acceptable bio-
diesel yield of 70.3%. The TPD-CO, analysis showed that the
basicity of the catalyst drops from 3895.75 to
2010.6789 umol/g (supplementary data 2) after 5 reaction
cycles which explains the reduced catalytic activity after the
fifth cycle.

Catalyst Reaction conditions
Catalyst loadings ~ Temperature (°C)  Time (h) Methanol- Biodiesel  No. of cycles References
(Wt%) oil ratio yield (%)
CaO/palm mill ash 6 45 3 12:1 97.09 3 (require thermal [26]
activation)
CaO/Rice husk ash 3 60 2 15:1 87.5 6 [14]
SiO,-rich CaO/SCBA 6 65 20:1 93.8 5 (no reactivation process)  Present work
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Table 5

Methyl esters percentages in biodiesel product as matched with library spectral

Methyl Ester species

Scientific Name

Molecular formula

Linear formula Composition, %

Methyl myristate Methyl tetradeconoate C;5H300,
Methyl palmitate Methyl hexadecanoate C,7H340,
Methyl stearate Methyl octadecanoic CoH330,
Methyl oleate Methyl cis-9-octadecenoate CoH360,
Methyl linoleate Methyl (9Z,12Z)-octadeca-9,12-dienoate  C;9H340,

CH;(CH,);,COOCH; 2.99
CH;(CH,);4,CO,CH; 36.43
CH;(CH,);4CO,CH; 53.14

CH,(CH,);CH=CH(CH,),CO,CH;, 14
CH;(CH,)3(CH,CH=CH),(CH,);CO,CH; 0.88

However, the unsupported CaO catalyst was found to have
failed to accomplish a good yield after the 3rd cycle which
was only below 50% conversion. According to Buasri et al.
[37], poor performance of CaO-based catalyst after a series of
consecutive cycles was a consequence from the bond breaking
and formation of Ca(OH), or maybe calcium diglyceroxide on
the catalyst surface and thus prohibited the interaction be-
tween the active sites of the catalyst and the reactants.
Obviously, the synthesized catalyst (SCBAgpp-CaO (409))
showed better stability than the unsupported commercial
CaO, which was coherent to the existence of the CaO-SiO,
interaction, that successfully helps to minimize the lixiviation
of calcium from catalyst surface [11, 14, 38].

The performance and stability of the prepared catalyst in
this work was in-line with other related waste—ash catalyst
summarized in Table 4. Lani et al. [14] and Ho et al. [26]
produced CaO supported on palm mill and rice husk ashes
producing 97% and 87% FAME yield, with 3 and 6 reaction
cycles respectively.

Biodiesel Product Analysis

The biodiesel product obtained after the optimized reaction
conditions was then preceded to be analysed by using GC-
MS to confirm the methyl ester content in the FAME product
and to obtain exact percentages by matching with the mass
library spectral. The methyl ester percentages in the final prod-
uct were justified in Table 5 below, where the produced bio-
diesel was confirmed to contain methyl esters that majorly
consist of palmitic acid and oleic acid methyl esters with
36.43 and 53.14%, respectively, followed by myristic acid.

Conclusions

In overall view, this study was successfully evaluated the fea-
sibility of the SiO,-rich SCBA/CaO catalyst as a novel het-
erogeneous catalyst in biodiesel production. The as-prepared
catalyst exhibited a good catalytic performance when synthe-
sized through the ideal preparation conditions which were
600 °C calcination temperature followed by 40 wt.% of CaO
and operated under the optimum reaction conditions of 20:1
methanol oil ratio, 3 h reaction time, 6 wt.% catalyst loadings

@ Springer

and 65 °C reaction temperature. The performance of the syn-
thesized catalyst was superior than the unsupported commer-
cial CaO itself when the maximum biodiesel yield obtained
was 93.8% with five times recyclability while the commercial
CaO only was able to achieve only 81.4% with three times
recyclability. Most importantly, this study has explored and
revealed the viability or the potential of natural SiO,-rich
SCBA/CaO as novel and low-cost heterogeneous catalyst in
biodiesel production.
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