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Abstract.

In the esterification-transesterification method, a catalyst increases the reaction
rate to produce biofuel (biodiesel). This study investigated the use of a solid
catalyst consisting of green nano-CaO as a support modified by KOH solution and
sulfated TiO, for converting waste frying oil (WFO) into biodiesel in a single-step
esterification-transesterification reaction. With nano-CaO prepared from eggshell, a
green nanocomposite of CaO/K-sulfated TiO, was synthesized by physical mixing and
the hydrothermal method. Crystallite size, surface basicity-acidity, functional groups,
and surface morphology were used to characterize the solid catalyst, which was then
tested for its ability to convert WFO into biodiesel. The results showed that green-CaO
had nanoparticles (93.13 nm) and that its size decreased after being modified with KOH
(46.43 nm) and sulfated TiO, (62.10 nm), with CaO/K-sulfated TiO, being the optimum
surface acidity-basicity. The optimum conditions for conversion were found to be 5%
catalyst concentration to oil, a molar ratio of methanol/oil of 9:1, and a reaction time
of 60 minutes, which resulted in a biodiesel mass yield of 94.17% higher than CaO/K
(67.88%). WFO was successfully converted into fatty acid methyl esters, according to
the GC-MS analysis of the biodiesel. The synthesized solid catalyst has the potential
to be used in single-step esterification-transesterification reactions to produce biodiesel.

Biofuel, CaO/K-sulfated TiO,Green Nano-composite, Eggshell, Single-step
Reaction, Waste Frying Oil

Biodiesel is considered for substituting fossil-diesel due to biodegradable, renewable
nature, and environmentally non-toxicity. The biodiesel is a liquid fuel which produced
from long chain fatty acids of biological sources (animal fats, virgin vegetable oils, and
waste oil). It is popular synthesized in transesterification and esterification methods
with ethanol or methanol and catalyst [1-3]. When free fatty acids (FFAs) more than

1% in oil, biodiesel production is carried out in double-steps reaction, namely the
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esterification with liquid acid catalyst to reduce FFAs content and the transesterification
with liquid base catalyst to convert triglycerides [4]. The double-steps process have
lack, such as double methanol consumption and longer reaction time. Moreover, in
the transesterification reaction, basic catalyst is used to neutralize the remaining acid
catalyst in previous process, so the residue can cause engine problems. Residual basic
catalyst causes high levels of unburned ash, while residual acid catalyst causes engine

corrosion [5].

The waste frying oil (WFO) is a promising solution for biodiesel feedstock, because its
availability becomes cheap and it is also overcoming waste oil problem. However, WFO
has high contents of FFAs (over 15% for brown grease and less 15% for yellow grease) [2,
6]. The high FFAs cause a saponification process which makes it difficult to separate in
mixture, so low biodiesel yield. Solid catalyst in the biodiesel production was chosen to
overcome the lack of liquid catalyst properties. Advantages of solid catalysts are simple
separation process, could be reused, environmentally friendly, and more effective in
separation from product reaction and non-corrosive problems [7-10]. The solid acid-base
catalyst allows to catalyze esterification and transesterification reactions in a single-step
reaction [11], so biodiesel production process from WFO can be simplified.

Researches on the synthesis of solid catalysts from mixture of metal oxides have basic
and acidic active sites for biodiesel production were studied, namely catalyst of K/TiO,
for esterification reaction of canola o0il [12]. Istadi et al. (2015), studied the catalytic activity
of K,0/Ca0-Zn0 in transesterification of soybean oil [13]. According to Carlucci et al.
(2019), solid catalysts suitable developed for the esterification reaction is sulfated TiO,
[14]. According to He et al. (2016) and Carlucci et al. (2019), the sulfated TiO, compound
is to be super-acid which has excellent catalytic activity for esterification reactions
and good stability [14, 15]. However, all the use of solid catalysts for production of
biodiesel is only in the transesterification or esterification and not yet for the single-step
esterification-transesterification reactions. In addition, the solid sulfated TiO, catalyst
used is pure raw material with nano-sized particles, so its difficulty in separation process

and high operational cost in industrial scale.

The CaO (calcium oxide) is a solid catalyst suitable in transesterification reaction into
biodiesel because it has high activity, insoluble in methanol, relatively longer use time,
and economic [16, 17]. However, pure CaO has weaknesses, namely at room tempera-
ture it is easily carbonated, quickly hydrated, and a paste forming easily when mixed
methanol, so its less stable and biodiesel production decreases [18, 19]. This weakness
can be overcome by using CaO support from eggshell which is structurally more stable,

high basicity, and low production cost. The high content of calcium carbonate in eggshell
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can be converted into CaO which has the potential to be used for a solid catalyst in
synthesis of biodiesel. The activity of the CaO catalyst can be increased by modifications

to enhance surface basicity-acidity, catalyst surface area, and stability.

In this study, it is focused on the characterization of CaO prepared from thermal
decomposition of eggshells (green-CaO) modified with KOH solution to form CaO/K
for increasing surface basicity sites and loaded solid sulfated TiO, as source of surface
acid sites. The mixture of CaO/K and sulfated TiO,to form a composite of CaO/K-sulfated
TiO,.Green nano-composite of CaO/K-sulfated TiO, is used for solid catalyst in a single-

step esterification-transesterification reactions of WFO into biodiesel.

11. Methodology

1.2. Materials

WFO and chicken eggshell from household waste in Batubulan, Gianyar Bali, TiO, (purity
of 98%), methanol (purity of 99.9%), sulfuric acid (purity of 95-97%), and KOH (purity of

99.8%) were used in this the experiments.

1.3. Synthesis of CaO/K-sulfated TiO, catalyst

First, green nano-CaO was prepared by thermal decomposition of eggshell powder at
800°C for 5 hours. Then, 100 g CaO is put into 200 mL distilled water and 25 mL 1.25
M KOH solution and stirred for 3 hours. Its mixture is washed repeatedly until free of
residual base and filtered, then dried at 110°C for 3-5 hours and calcined at 600°C for 5
hours [20]. The CaO which is modified by KOH solution as CaO/K. Second, the sulfated
TiO, was prepared with 10 g TiO, powder impregnated with 200 mL 0.5 M sulfuric
acid solution and stirred with a magnetic stirrer of medium speed for 24 hours. After
that, it was filtered using filter paper of Whatman 1, then washed until free of sulfate
ions (negative test for 0.1 M BaCl, solution). Next, it was calcined at 500°C for 4 hours
[21]. Third, nano-composite of CaO/K-sulfated TiO, was synthesized by physical mixing
and hydrothermal method. The CaO/K was mixed evenly with sulfated TiO, powder
in a porcelain dish with a mass ratio of 3:1 and added destilled water in ratio of 1:2,
then calcined at 550°C for 3 hours. The obtained composite was characterized by their
physico-chemical properties, such as crystallinity by X-ray diffraction (XRD) of X’pert

pro panalytical, surface basicity-acidity by acid-base titration method, surface functional
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groups by using Fourier transform infrared (FTIR) of Shimadzu/IR Prestige-21, and surface

morphology by scanning electron microscope (SEM) of JEOL JSM-6510 LA/Japan.

1.4. Performance test of catalyst into biodiesel production

The WFO was filtered first to remove impurities, followed by evaporating water at 110°C
for 30 minutes. The oil is allowed to cool down in temperatures ranging 50-55°C [22].
Furthermore, biodiesel synthesis in a single-step esterification and transesterification
reactions was carried out using CaO/K-sulfated TiO, catalyst at optimization conditions
of catalyst concentration to oil of 3 to 7%; molar ratio of methanol/oil of 6:1 to 15:1;
and reaction times of 30 to 180 minutes. All process are conducted at 65°C and
mixing intensity of low scale. Produced biodiesel mass yield is calculated as percent
yield = amount of produced biediesel . 1(y) 23], The biodiesel composition is analyzed by gas

amount of oil

chromatography-mass spectrometry (GC-MS) of GC-7890A, MSD-5975C.

21. Characterizations of catalyst

The crystalline structure and crystallite size. The XRD patterns of catalysts were pre-

sented in Fig. 1.
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Figure 1: The XRD patterns of catalysts for (a) CaO, (b) CaO/K, and (c) CaO/K-sulfated TiO,.

All diffraction peaks showed that CaO, KOH activated (K,0) and TiO, were classified
as crystalline and semi-crystalline. Diffraction peaks of K,O appeared at 26=32.04° with
relative intensity of 39.84 percent and 26=33.91° of 62.94 percent intensity. Meanwhile,
TiO, appeared at 26=25.22° and 34.12° with a relative intensity of 100 percent and 44.39
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percent, respectively. The relative intensity was less than 6.5 percent at 26=35.92°,
38.47°; and 39.31°, respectively. The peak of sulfated TiO, appeared at 26=57.34° with
a relative intensity of 2.15 percent which tends to form semi-crystalline [12, 24]. The
crystallite size of catalysts were calculated by Scherrer’s formula of D = Bf—jﬂ [25, 26].
Where D is the mean crystallite size (nm), k is Scherrer constant (an emperical to 0.9),
[ is wavelength of the X-ray diffraction source (CuK[l-radiation of 1.5406 A), [ is FWHM

(full width at half maximum) intensity in radian, and [] is angle of diffraction (°).

TABLE 1: The crystallite size of synthesized catalyst.

Catalyst

CaO
CaO/K
CaO/K-sulfated TiO,

Crystallite size
(nm)

93.13
46.43
62.10

The crystallite size of CaO decreased due to KOH activated and loaded sulfated
TiO,(Table 1). Activating process increased crystallinity and crystallite size. In the
nanomaterial terminology, all of catalyst were classified as nano-crystallines (particles)
because particles have crystallite size below 100 nm (nanometers) [27].

Surface basicity-acidity and surface active sites. The surface basicity-acidity and

active sites catalysts obtained were presented in Table 2.

TABLE 2: Surface basicity-acidity and surface active sites of catalysts.

Catalyst Basicity Base active Acidity  Acid active sites
(mmol/g) sites (x (mmol/g) (x 10%'atom/g)
102'atom/g)
CaO 32.2252 19.4153 0 0
CaO/K 33.8839 20.4083 0] 0

CaO/K-sulfated TiO, 22.7946 13.7292 0.0289 0.0174

The increasing of basicity and acidity catalyst are in line with its amount of surface
base active sites and surface acid active sites. The basicity on surfaces and amount of
surface base active sites of catalyst (Table 2), increased significantly after KOH activated
into the CaO structure but decreased with loading of sulfated TiO, in the CaO/K structure
and the lowest in the CaO/K-sulfated TiO,. Meanwhile, the surface acidity enhanced
after the loading of sulfated TiO,. This is caused by the loading of sulfated TiO, which

contributed to the surface acidity and amount of surface acid active sites.

Functional groups. The surface functional groups of catalysts were presented in Fig.
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Figure 2: The FTIR spectra for (a) CaO, (b) CaO/K, and (c) CaO/K-sulfated TiO,.

Fig. 2 showed that the FTIR spectra of CaO/K catalyst without the loading of sulfated
TiO,, showed the presence of O-H bands in the area around of 4000 cm™'and 3600
cm~!, which appeared at 4168.36 cm™!, 363790 cm~!from physi-sorption of water
molecules on the surface. The C-O stretching band of carbonate appeared at a wave
number of 1416.78 cm~' due to the presence of CO, atmospheric and Ca-O band
appeared at 549.74 cm~! [24]. A wave number of 866.08 cm~! indicated that the
vibration of metal oxides can be identified as K-O, because of the activation of KOH
in CaO/K and haven't appeared in CaO. The FTIR CaO/K-sulfated TiO, spectra showed
almost the same absorption without sulfated TiO,. The sulfated TiO, (S-O-Ti vibration)
appeared at a wave number of 1056.07 cm~'and S=O band appeared at 2513.36
cm~!. The stretching vibration of Ti-O appeared tiny peak at 892.12 as of Ti-O as a
characteristic absorption of TiO, [28].

Surface morphology. The SEM images of catalysts were illustrated in Fig. 3.

Figure 3: SEM images for (a) CaO/K and (b) CaO/K-sulfated TiO,.

The SEM images of CaO/K-sulfated TiO,, CaO/K, and CaO catalysts (Fig. 3) showed
irregular shaped particles with a tendency approximately spherical and porous in struc-
ture [20, 25]. The particles size in CaO/K and CaO/K-sulfated TiO, is relatively smaller
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than CaO. This phenomenon is also supported by the crystallite size (Table 1), that the
particle size of CaO/K catalyst is smaller (46.43 nm) than CaO/K-sulfated TiO, (62.10 nm)
and CaO (93.13 nm).

2.2. Performance test of catalyst

The optimization of catalyst for converting WFO into production of biodiesel in a single-
step esterification-esterification reactions namely catalyst concentrations, molar ratio of

methanol/oil, and reaction time were illustrated below.
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Figure 4: Optimization of catalyst concentration to oil on biodiesel mass yield.
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Figure 5: Optimization of molar ratio of methanol/oil on biodiesel mass yield.

Base on the optimization of catalyst concentration to oil, methanol/oil molar ratio, and
reaction time on biodiesel mass yield (Fig. 4, Fig. 5, and Fig. 6) were obtained at 5%
catalyst concentration, molar ratio of methanol/oil of 9:1, and 60 minutes reaction time.
The obtained optimum conditions were then used for conversion of WFO into biodiesel
for CaO, CaO/K, and CaO/K-sulfated TiO, catalysts.
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Figure 6: Optimization of reaction time on biodiesel mass yield.
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Figure 7: Biodiesel mass yield of CaO/K-sulfated TiO,, CaO/K, and CaO catalysts at optimum conditions.

Base on Fig. 7, the highest result was obtained on the performance of CaO/K-sulfated
TiO, catalyst with biodiesel mass yield of 94.17% higher than CaO/K (67.88%) and CaO
(60.21%). It means that the loading of sulfated TiO, increases conversion ability of WFO

into biodiesel.

The GC-MS analysis of biodiesel was obtained that the composition of fatty acid
methyl esters (FAME) of 89.46% such as methyl laurate (C,3H,,0,), methyl palmitate
(C,7H3,0,), methyl linoleate (C,oH;,0,), methyl oleate (C,yH;,0,), and methyl stearate
(C19H330,). This means that the conversion of WFO into biodiesel has been relatively
successful to form fatty acid methyl esters. It was compared with the biodiesel mass
yield, lower value obtained. This means that its product is still other components formed.

As the results, the conversion efficiency of WFO into biodiesel was 84.24%.

This study showed that the characteristics of CaO/K-sulfated TiO,and CaO/K were nano

particles lower than CaO as well as the CaO/K-sulfated TiO,wasthe optimum surface
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acidity-basicity. The surface morphology of catalysts showed a tendency approximately
spherical. The catalyst performance test for conversion of WFO into biodiesel were
obtained that optimum conditions at 5% catalyst concentration to oil, molar ratio of
methanol/oil of 9:1, and 60 minutes reaction time reached 94.17% biodiesel mass yield
higher than using CaO/K of 67.88% and CaO of 60.21%. The composition of biodiesel
was obtained FAME yield at 89.46% which has methyl laurate, methyl palmitate, methyl

linoleate, methyl oleate, and methyl stearate.
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