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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Biodiesel production from dairy scum 
over Ca–Ti catalysts has been studied. 

• The 3Ca–3Ti nano-catalyst exhibited 
bifunctional acid-base properties. 

• A biodiesel yield of 97.2% is achieved 
for the 3Ca–3Ti nano-catalyst. 

• The physical properties of the produced 
biodiesel are within the EN14214 
standards.  
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A B S T R A C T   

The fatty acid methyl ester (FAME) production from dairy effluent scum as a sustainable energy source using CaO 
obtained from organic ash over titanium dioxide nanoparticles (TNPs) as the transesterification nano-catalyst has 
been studied. The physical and chemical properties of the synthesized catalysts were characterized, and the effect 
of different experimental factors on the biodiesel yield was studied. It was revealed that the CaO–TiO2 nano- 
catalyst displayed bifunctional properties, has both basic and acid phases, and leads to various effects on the 
catalyst activity in the transesterification process. These bifunctional properties are critical for achieving 
simultaneous transesterification of dairy scum oil feedstock. According to the reaction results, the catalyst 
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Transesterification 
Dairy scum 

without and with a low ratio of TNPs showed a low catalytic activity. In contrast, the 3Ca–3Ti nano-catalyst had 
the highest catalytic activity and a strong potential for reusability, producing a maximum biodiesel yield of 
97.2% for a 3 wt% catalyst, 1:20 oil to methanol molar ratio for the dairy scum, and a reaction temperature of 
70 ◦C for a period of 120 min under a 300 kPa pressure. The physical properties of the produced biodiesel are 
within the EN14214 standards.   

1. Introduction 

Fossil fuel resources are non-renewable and limited, and their ap
plications trigger environmental issues like acid rain, global warming, 
and greenhouse gas pollution (Dawood et al., 2021; Helmi et al., 2021). 
Therefore, research into sustainable alternatives (such as biofuels) to 
fossil fuels has become essential in recent decades. Biodiesel seems to 
have the ideal physicochemical features and is comparable to traditional 
petrodiesel (Mofijur et al., 2021; Yusuff et al., 2021). Researchers have 
established and evaluated various biodiesel feedstocks to meet the en
ergy need, including fish oil, brown grease, yellow grease, chicken fat, 
pork lard, poultry fat, and beef tallow. Biodiesel made from animal fats 
is a possible alternative fuel for compressed ignition engines (Srikanth 
et al., 2020). A dairy processing around half a million liters of milk every 
24 h will generate around 200–350 kg of dairy waste a day, making it 
extremely difficult to convert and use this plentiful dairy waste. Bio
diesel from this dairy scum will lower generation costs and solve the 
dumping issues of dairies (Channappagoudra, 2021). 

Transesterification necessitates the use of a catalyst to speed up the 
chemical reaction (Son and Yeom, 2021). Both acid and base catalysts 
may be categorized as homogeneous, heterogeneous, or enzymatic cat
alysts based on their physicochemical properties (Amini et al., 2017; 
Thangarasu and Anand, 2019; Ong et al., 2021). Appropriately assisted 
catalysts should be designed to increase catalyst efficiency, avoid un
necessary leaching of active species, and block the catalyst with reaction 

by-products (Marinković et al., 2017). Heterogeneous catalysts have 
many advantages, such as the capability to be reused, which could result 
in a higher biodiesel yield (Abdullah et al., 2022). Supported catalysts 
made from organic waste, such as vegetable waste and fruit peel, are 
ideal for biodiesel production (mesoporosity, uniform pore scale, 
well-defined pore shape) and are of particular interest, as such wastes 
are being produced in the high amount of a million metric tons every 
year in the world (Sagar et al., 2018). Fly ash-supported CaO catalysts 
were recently tested for biodiesel synthesis from various plant oils and 
found to be powerful and reliable (Ho et al., 2014; Hadiyanto et al., 
2016), and they have received significant attention due to their low cost 
and high activity. However, the drawback of CaO is that its performance 
is affected by calcium ions in the polar phase, which suffers from 
leaching (Kouzu et al., 2009). To solve this issue, CaO can be loaded on 
the proper support to resolve this limitation and increase stability 
(Dehghani et al., 2019; Pavlović et al., 2020). Titanium dioxide nano
particles (TNPs) may be used in the transesterification reaction because 
of their wide surface size, acid-base properties, good metal-support in
teractions, non-toxicity, low production cost, and chemical stability 
(Carlucci et al., 2019; Khaligh et al., 2021). As stated in Table 1, to the 
best of our knowledge and according to the literature survey, very few 
works have been published on converting dairy waste to biodiesel over 
organic ash-assisted TiO2 heterogeneous catalysts. Hence, these two 
parameters, namely low-cost catalysts and dairy scum oil recycling, play 
a vital role in the economic and environmental impact of the biodiesel 
generation technology. This study examined the influence of CaO (ob
tained from organic ash) to TNP nano-catalyst ratios on the chemical 

Abbreviation 

Al2O3 Aluminium oxide 
ASTM American society for testing and materials 
BET Brunauer, Emmett and Teller 
C14 0: Myristic acid 
C16 0: Palmitoleic acid 
C18 0: Stearic acid 
C18 1: Oleic acid 
C18 1: Oleic acid 
C18 2: Linoleic acid 
C18 3: Linolenic acid 
C20 4 ω6: Arachidonic acid 
C21 0: Heneicosanoic acid 
C22 1: Erucic acid 
C24 0: Lignoceric acid 
Ca3(Ti2O7) Tricalcium dititanate 
CaCO3 Calcium carbonate 
CaO Calcium oxide 
CHNS Carbon, hydrogen, nitrogen, sulphur, and oxygen analyzer 
CI Confidence interval 
CO2-TPD Temperature-programmed desorption of carbon dioxide 
Ea Activation energy 
EA Elemental analyzer 
EN European Norm 
FAME Fatty acid methyl ester production 
FTIR Fourier transform infrared 
GC/MS Gas chromatography-mass spectrometry 

H2-TPR Temperature programmed reduction of hydrogen 
He Helium 
HRTEM High-resolution transmission electron microscopy 
ICDD International center for diffraction data 
JCPDS Joint committee on powder diffraction standards 
K2CO3 Potassium carbonate 
KBr Potassium bromide 
kpa Kilopascal 
M Molar concentration 
MgO Magnesium oxide 
NaOH Sodium hydroxide 
NH3-TPD Temperature-programmed desorption of ammonia 
NiO Nickel(II) oxide 
NOx Nitrogen oxides 
rpm Revolutions per minute 
SEM Scanning electron microscope 
SrO Strontium oxide 
TEM Transmission electron microscopy 
TGA Thermogravimetric analysis 
TiO2 Titanium dioxide 
TNPs Titanium dioxide nanoparticles 
WL: Weight loss 
WOS Web of science 
wt. % Weight percent 
XPS X-ray photoelectron spectroscopy 
XRD X-Ray Diffraction 
XRF X-ray fluorescence 
ZnO Zinc oxide  
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and physical properties of the catalysts and their biodiesel generation 
from dairy waste scum. Synthesized fresh catalysts were characterized 
by XRD, BET, TEM, CO2-TPD, H2-TPR, FTIR, and NH3-TPD, and the 
spent catalysts were analyzed by CHNS and TGA. The influence of re
action parameters like temperature, catalyst loading, reusability, pres
sure, and methanol amount on the yield of FAME was evaluated. The 
physicochemical characteristics of the produced biodiesel were also 
investigated. As a result, using CaO as a heterogeneous catalyst derived 
from organic waste over TNPs to convert dairy waste scum to biodiesel 
will increase sustainability by generating a value-added product. 

Table 1 
Summary of some published papers (1970–2021) in the WOS database by 
employing the title search to keywords such as “biodiesel”, “dairy”, and “scum”.  

No. Year Main focus Ref. 

1 2017 “Bio-based diluents improve cold flow 
properties of dairy washed milk-scum 
biodiesel”  
● The influence of ethyl levulinate and 

acetoacetate was tested on the low- 
temperature properties of dairy washed 
milk scum biodiesel.  

● The flash point, induction period, acid 
value, and viscosity of the produced 
biodiesel were within the acceptable 
limits of the biodiesel standard (ASTM 
D6751-15c). 

Srikanth et al. 
(2017) 

2 2018 “Sodium phosphate synthesis through 
glycerol purification and its utilization for 
biodiesel production from dairy scum oil to 
economize production cost”  
● The maximum dairy scum oil methyl 

ester yield of 97.7% was achieved.  
● The activation energy (Ea) of the 

transesterification reaction was found to 
be 35.56 kJ mol− 1. 

Yatish et al. (2018) 

3 2019 “The effects of graphene oxide nanoparticle 
additive stably dispersed in dairy scum oil 
biodiesel-diesel fuel blend on CI engine: 
performance, emission and combustion 
characteristics”  
● Sodium dodecyl sulfate was used as a 

surfactant for a steady dispersion of 
graphene oxide nanoparticles in the fuel 
blends.  

● The addition of graphene nanoparticles in 
dairy scum oil methyl ester fuel blends 
resulted in a significant reduction in the 
combustion duration, ignition delay 
period, improvement in the peak 
pressure, and heat release rate at the 
maximum load condition. 

Soudagar et al. 
(2019) 

4 2019 “High lipid accumulating bacteria isolated 
from dairy effluent scum grown on dairy 
wastewater as potential biodiesel feedstock”  
● The effect of different carbon sources on 

the lipid accumulation capacity of the 
bacterial isolates was evaluated.  

● The lipids accumulated by bacteria were 
mostly neutral lipids and contained fatty 
acids of chain length C14:0-C18:0.  

● The transesterified bacterial lipids from 
the isolated bacteria are suitable for 
biodiesel applications. 

Behera et al. (2019) 

5 2020 “Optimization and kinetic study of biodiesel 
production from Hydnocarpus wightiana oil 
and dairy waste scum using snail shell CaO 
nano catalyst”  
● Response surface methodology is used to 

optimize the reaction parameter that 
affects the transesterification process for 
the biodiesel yield.  

● A comprehensive kinetic study for the 
transesterification reaction was 
performed at different temperatures 
(50–65 ◦C) for the methanolysis of scum 
oil and Hydnocarpus wightiana oil 
catalyzed by CaO nanoparticles.  

● The recovered CaO nanocatalyst is reused 
five times with substantial loss in the 
biodiesel yield. 

Krishnamurthy 
et al. (2020) 

6 2021  ● The FAME production from dairy scum 
using CaO obtained from organic ash over 
TNPs as the transesterification nano- 
catalyst has been studied.  

● The physical and chemical properties of 
the catalysts were characterized by XRD, 

Current study  

Table 1 (continued ) 

No. Year Main focus Ref. 

BET, TEM, FTIR, CO2-TPD, H2-TPR, NH3- 
TPD, CHNS, and TGA.  

● The CaO–TiO2 nano-catalyst displayed 
bifunctional properties, having both basic 
and acid phases.  

● The main properties of the biodiesel 
products were determined and were 
consistent with EN 14214 standards.  

Fig. 1. Dairy scum pre-treatment.  

Fig. 2. Preparation of CaO/TiO2 nanocatalysts.  
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2. Experimental 

2.1. Pre-treatment of dairy scum 

The dairy waste was collected from the Pak dairy company, Tehran, 
Iran. As shown in Fig. 1, it was heated for 1 h at 90 ◦C and then cooled 
before moving it to a separating funnel. The solid particles in the bottom 
aqueous layer were removed. The top oil layer was separated via a 
centrifugal force at 7000 rpm for 20 min to remove the fine elements. 
The clear dairy scum oil was utilized for the transesterification reaction. 

2.2. Synthesis of calcium oxide and titanium nanocatalysts 

CaO was synthesized by burning fruit peel and vegetable waste at 
1000 ◦C for 3 h after washing them from the dirt. The preparation steps 
are shown in Fig. 2. According to our previous research (Nabgan et al., 
2021), nanostructured CaO and TiO2 catalysts were synthesized via a 
hydrothermal treatment. Briefly, 5 M NaOH was dissolved and mixed for 
1 h in 100 mL of deionized water, and then a specific quantity of CaO 
and TiO2 was mixed with 100 mL of deionized water for dilution pur
poses with a 1:10 mass ratio and stirred for a couple of hours individ
ually in two different beakers. Both liquid solutions were then gently 
poured into two Teflon cylinders, sealed in autoclave reactors, and 
heated at 140 ◦C for 48 h. Those autoclave reactors were then cooled 
down to room temperature, and the prepared liquid samples were 
filtered and washed with deionized water until the washing water’s pH 
reached 6. Then, they were dried for 24 h at 110 ◦C. Both samples were 
then calcined at 800 ◦C for 3 h. According to our published works, the 
prepared nanostructured CaO and TiO2 were then impregnated (Nabgan 
et al., 2017a, 2017b, 2020). In brief, four catalysts were synthesized 
with the CaO to TiO2 mass ratios of 3:0, 3:1, 3:2, and 3:3 and named Ca, 
3Ca–1Ti, 3Ca–2Ti, and 3Ca–3Ti, respectively. Next, the nano CaO and 
TiO2 samples were gently poured into 150 mL of deionized water while 
stirring at 95 ◦C until the water evaporated and the solution changed to a 
slurry. The muddy samples were then dried overnight at 110 ◦C and 
calcined at 800 ◦C for 4 h. 

2.3. Catalyst characterization 

The crystalline structure of the samples was characterized by X-ray 
powder diffraction (XRD) measurements using a Bruker D8 Advance 
diffractometer (Cu Kα radiation, λ = 1.5406 Å). The diffraction data 
were collected in a 2 theta range of 5◦ to 90◦. The obtained patterns were 
distinguished with the reference patterns in the JCPDS-ICDD (Interna
tional Center for Diffraction Database) by the X’Pert Highscore Plus 
software to perform the phase identification, and the crystal size was 
calculated via the Scherrer equation. N2 physisorption isotherms were 
used to analyze the specific surface area (BET method), pore-volume, 
and pore size distributions on the Micromeritics TriStar II equipment. 
The catalysts were previously subjected to a vacuum degassing treat
ment at 250 ◦C for 12 h. The reducibility, acidity, and basicity of the 
catalysts were investigated using the Micromeritics Chemisorb 2720 
apparatus. The specifics of these three characterizations were previously 
published by our co-authors (Nabgan et al., 2016a, 2016b). Fourier 
transform infrared (FTIR) absorption spectra from 400 to 4000 cm− 1 

were obtained on a Shimadzu IR-Prestige-21 spectrometer utilizing pure 
KBr as a reference background to record the surface functional groups 
after the preparation of the catalyst. HRTEM micrographs were obtained 
with a JEOL JEM-ARM200F instrument at 200 kV. The carbon content of 
the spent catalysts was determined via CHNS elemental analysis, and the 
surface area was determined by using a Flowsorb III surface area 
analyzer. The mass loss of the spent catalysts was analyzed by the Shi
madzu TG-50 thermogravimetric equipment, which points out the car
bon formation during the transesterification. 10 mg of the catalysts was 
placed in a crucible and heated to 800 ◦C at a heating rate of 20 ◦C min− 1 

under ambient conditions using airflow. 

2.4. Catalytic transesterification of dairy scum 

Oil derived from dairy scum and a specific amount of methanol was 
loaded into a Parr benchtop reactor model 4560 reactor equipped with 
an autoclave and an overhead stirrer. The schematic image of the 
transesterification process is presented in Fig. 3. First, the reactor was 
capped tightly to avoid leaking of the methanol; then, it was heated in a 
surrounded heating jacket, and a thermometer monitored the reaction 
temperature. The reaction took place in the presence of a 1 to 5 wt% 
heterogeneous catalyst under continuous stirring at different tempera
tures (50 ◦C–90 ◦C) with oil to methanol molar ratios of 1:5 to 1:30, a 
reaction time of 60–300 min, and a pressure of 100–500 kPa. The re
actor’s pressure was measured by a pressure gauge using a cylinder of 
nitrogen gas. To keep the process homogeneous, the reaction mixture 
was whisked at 600 rpm. The machine was automatically cooled to room 
temperature after the procedure was finished. The liquid sample in the 
reactor was then poured into the separation funnel and permitted to 
settle until two layers were created: the upper phase was biodiesel, while 
the bottom phase included glycerol, unreacted methanol, and other by- 
products. Finally, the biodiesel was removed and analyzed, and the used 
catalysts were collected from the lower phase by a filtration procedure. 
The percentage yield of biodiesel was obtained by using the equation 
below: 

Biodiesel Yield (%)=
Biodiesel amount
Scum oil weight

× 100  

2.5. Product analysis 

Qualitative analysis and validation readings were acquired from a 
GC/MS Agilent 7890B. The Rtx-5MS capillary column (29.5 m length, 
0.25 μm thickness, and 0.25 mm diameter) was used to analyze the 
FAME content in the biodiesel. Helium (He) gas with a flow rate of 1.5 
mL min− 1 was used and combined with a programmed column tem
perature range of 120–300 ◦C at 10 ◦C min− 1. FAME was calculated by 
associating the peak areas between the samples with those of the stan
dard compounds. All tests were repeated three times, and the average 
was selected, with a standard error of less than 5% in determining the 
biodiesel yield. The chemical and physical properties of the biofuel 
produced were assessed under the specifications of the European stan
dard EN-14214 (Barabás and Todoruţ, 2011) by utilizing atomic ab
sorption spectrometry, infrared spectroscopy, and gas 
chromatography-mass spectrometry analyses. Properties of the bio
diesel were characterized accordingly, i.e., density (kg m− 3) with the 
density meter, kinematic viscosity (mm2 s− 1) with the ASTM D445 

Fig. 3. Schematic diagram of the system employed for the transesterification of 
dairy scum (Parr benchtop reactor 4560). 
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method, flash point (oC) with the ASTM D93 method, cloud point (oC) 
with the ASTM D2500, cetane number with the ASTM D6890 method, 
sulphur content (wt.%) with Multi EA 5000, and ash content (wt.%) 
with the ASTM D874 method,. 

3. Result and discussions 

3.1. Fresh nanocatalyst characterization 

The X-ray diffraction (XRD) curves were obtained to study the 
crystalline properties of Ca–Ti nanomaterials. The obtained patterns are 
shown in Fig. 4, and the average crystal size is shown in Table 2. The 
XRD curve of the Ca sample shows characteristics peaks at 2θ angles of 
23.12◦, 29.4◦, 36.1◦, 39.42◦, 43.14◦, 47.44◦, 48.48◦, and 57.38◦ corre
sponding to (012), (104), (110), (113), (202), (018), (116), and (122) 
diffraction planes of the cubical phase, respectively, which are in good 
agreement with the standard ICDD card number 01-086-2334 for calcite 
(CaCO3) (Deyab et al., 2018). CaCO3 peaks were greatly reduced after 
TNPs were impregnated in the rest of the catalysts, indicating that cal
cium oxide nanoparticles are heavily scattered or have developed an 
amorphous phase on the mesoporous support surface, which is outside 
the detection limit of the XRD study. By introducing TNPs, crystalline 
peaks developed at 23.16◦, 33.14◦, 47.72◦, 59.38◦, 60.28◦, and 69.66◦

corresponding to (002), (112), (220), (132), (312), and (224) diffraction 
planes of the cubic calcium titanium oxide (CaTiO3) structure, respec
tively, which matched with the ICDD card number 01-081-8565. The 
TiO2 (ICDD card number: 01-070-2556) phases were detected at a 2θ 
angle of 38.7◦ (Durdu, 2019), and the tetragonal phase of anatase nano 
TiO2 was detected at a 2θ angle of 21.34◦ corresponding to the (101) 
plane with the ICDD card number 00-064-0863. The tricalcium ditita
nate (Ca3(Ti2O7)) phase was also seen at 2θ angles of 8.74◦ and 19.02◦

(ICDD card number: 01-089-1384), which is unstable concerning cal
cium oxide (Mines, 1955). Ca, which matched with the ICDD card 

Fig. 4. XRD pattern for the CaO–TiO2 nanocatalysts.  

Table 2 
BET surface area, pore volume, average pore diameter, basicity, reducibility, acidity, and crystal size data of nanocatalysts.  

Catalyst Crystal size 
(nm) 

Surface area (m2. 
g− 1) 

Pore-volume (cm3. 
g− 1) 

Pore-diameter 
(nm) 

CO2 uptake (mmol. 
g− 1) 

H2-Consumption (mmol. 
g− 1) 

NH3 uptake (mmol. 
g− 1) 

Ca 36.60 5.99 0.03 20.60 1.01 988.10 7.13 
3Ca–1Ti 29.60 22.76 0.13 23.30 0.06 12.90 0 
3Ca–2Ti 33.90 15.21 0.06 16.70 0.34 172 0 
3Ca–3Ti 42.50 7.93 0.03 13.90 2.64 900.20 7.28  

Fig. 5. Nitrogen adsorption isotherm and pore size distribution of the CaO–TiO2 nanocatalysts.  
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number 01-077-7215 at a 2θ angle of 28.12◦, was successfully formed 
and crystallized after calcination for the 3Ca–2Ti and 3Ca–3Ti samples. 
There were no traces of CaCO3, proving that the organic ash produced 
pure Ca when impregnating with TNPs. 

The structural properties of Ca–Ti nanocatalysts are presented in 
Table 1, and the adsorption-desorption isotherms and the pore size 
distribution patterns are shown in Fig. 5. As can be seen, the 3Ca–1Ti 
catalysts possessed the highest specific surface area (22.76 m2 g− 1), 
pore-volume, and pore diameter. The results illustrated that the higher 
ratio of TNPs caused notable drops to the BET surface area. However, the 
total pore volume, indicating some TNPs with particle sizes smaller than 
the CaO pores, is loaded into the mesopores and microphones. This is not 
surprising because higher concentrations of TNPs result in the deposi
tion of more Ti on the surface of CaO or the clogging of CaO pores by 
TNP species, thereby decreasing the surface area. TNPs interacting with 
CaO cause changes in the mesoporous structure, which may also be 
responsible for the decrease in the surface area and pore volume. The 
nitrogen adsorption/desorption curves reveal that Ca–Ti nanoparticles 
have an IV-type isotherm with an H4 hysteresis loop. These findings 
indicate that Ca–Ti nanocatalysts have both mesoporous configurations 
and solid contain particles. The form of the hysteresis loops shifted from 
H4 to H1 after increasing the TNP ratio. The creation of the new hys
teresis loop could cause some structural faults in their mesoporous 
matrix. It is seen that the Ca, 3Ca–1Ti, and 3Ca–2Ti nanocatalysts have 
mesoporous structures with a multipeak pore size distribution between 
40 and 100 nm and a maximum located at around 46 nm. The pore size 
distribution of the 3Ca–3Ti sample shifted to smaller values (30–90 nm). 
This result may be due to the large pores being partly occupied by the 
increasing Ti clusters. In conclusion, mesoporous Ca–Ti catalysts were 
successfully synthesized in this work. 

The reducibility behavior of the CaO–TiO2 catalysts was studied by 
the H2-TPR technique and identified from their profiles (Fig. 6) and the 
related overall H2 consumption (Table 1). As can be seen, the TPR curves 
for all respective samples show peaks above 500 ◦C, which are assigned 
to the CaO reduction with a strong interaction with TNPs. For the Ca 
sample, the peak observed at around 700 ◦C was associated with the 
decomposition process of CaCO3, which is formed due to CaO carbon
ation (Bellido et al., 2009). It is worth noting that the CaO, which was 
previously undetectable in the XRD patterns, now exists and is reduced 
at higher temperatures. The results indicate that the addition of TNPs 
reduced the intensity for the 3Ca–1Ti and 3Ca–2Ti catalysts mainly 

because the TNP component inhibits the spinel phase formation for 
those two samples. Besides, the broad reduction shoulders for the 
3Ca–1Ti (12.9 mmol g− 1) and 3Ca–2Ti (172 mmol g− 1) catalysts were 
shifted to lower temperatures at 678 ◦C and 690 ◦C, which means that 
the reducibility of CaO was promoted after the loading of TNPs. The 
3Ca–3Ti TPR profile with the highest H2 consumption (900.2 mmol g− 1) 
had two peaks at 655 ◦C and 739 ◦C, which may be attributed to the 
reduction of the TiO2 rich 3Ca–3Ti mixture oxide related to the shoulder 
peak at 739 ◦C, and the prominent peak can be assigned to the reduction 
of CaO. This indicates that novel interactions influence the decline of the 
CaO–TiO2 (3Ca–3Ti) catalysts. The TPR patterns demonstrated the 
variation of the CaO–TiO2 interactions and the reducibility of different 
catalysts. 

The FTIR spectra utilizing the KBr pellet method were conducted in 
the wavenumber range of 4000 to 500 cm− 1 to inspect functional clus
ters present in the synthesized CaO–TiO2 nanocatalysts, as shown in 
Fig. 7. The presence of the absorptions at 925 cm− 1 for the Ca catalyst 
represented a characteristic absorption for the β-glycosidic bonds (Meng 
et al., 2019). The shift to a higher wavenumber at 1049 cm− 1 by 
introducing TNPs to the catalysts (C–O absorption, alkoxy) originates 
from the ρr(CH3) vibrations (Hasan et al., 2003). These two bands could 
be assigned to the stretching and bending vibrations of the 
calcium-oxygen bond, namely, the asymmetric vibrations of νs(CO–O–C) 
(1049 cm− 1) (Kochan et al., 2015) that is shifted from the symmetric 
stretching vibrations of O–C–O (925 cm− 1). The peaks at 1103 cm− 1 in 
the spectra of bare CaO can be assigned to the Ca–O bond vibrations, 
which then shifted to a lower wavenumber for the 3Ca–1Ti and 3Ca–2Ti 
nanocatalysts at 1087 cm− 1 due to the stretching vibration of C–O (Li 
and Cao, 2011). These are carbonates and are evident in the first three 
samples, which then disappeared for the 3Ca–3Ti nanocatalysts. The 
1192 cm− 1 bands are allocated to C–H angular deformations, which 
shifted to 1288 cm− 1 (C–OH (Cao and Zhang, 2015)) for the 3Ca–1Ti 
and 3Ca–2Ti nanocatalysts because of the existence of monodentate 
nitrate (ν(NO3)) on the catalyst surface. However, these peaks also dis
appeared upon further increase of the TNP ratio and caused the for
mation of C–C stretching vibrations of acetylide (μ3-η2− CCH) for the 
3Ca–3Ti nanocatalyst. The formation of acetylide is favorable, as it 
rationally accounts for the cleavage of C–O bonds during the reaction 
(Waheed et al., 2019). Except for the bare Ca, the appearance of the 
1612 cm− 1 band, which is correlated to aromatic rings (Ahmed et al., 
2013) and the 1597 cm− 1 band for the 3Ca–3Ti sample, are attributed to 
Lewis acid sites and can be assigned to the ν(COO− ) mode of acetate, 

Fig. 6. Temperature-programmed reduction (H2-TPR) curves of the CaO–TiO2 
nanocatalysts. 

Fig. 7. FTIR curves of CaO–TiO2 nanocatalysts.  
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indicating a significant interaction with the surface oxide. The stronger 
absorption close to 1789 cm− 1 is linked to the unreacted isotopic nitric 
oxide molecule (15N18O) (Krim et al., 2000) or imide group C––O sym
metric stretching (Zhang et al., 2017). Finally, the ν3(N–––N) band at 
2353 cm− 1, which has been ascribed to the N2 species adsorbed on Lewis 
acid phases (Wakabayashi et al., 1997), indicates the possibility of the 
presence of illite (Daroughegi Mofrad et al., 2018). 

Temperature-programmed desorption of CO2 (CO2-TPD) was 
implemented to characterize the basicity of the synthesized samples. 
The outcomes are presented in Fig. 8, and the quantitative CO2 uptake is 
shown in Table 1. In the Ca curve, some CO2 desorption is detected at 
very high temperatures, 768 ◦C with 1.01 mmol g− 1 CO2 uptake. This 
constituent contributes, alongside desorbed CO2, to the broad TCD 
desorption peak located above 700 ◦C. This peak might be due to CO2 
formation by CaCO3 decomposition to CaO rather than CO2 adsorbed in 
the TPD analysis, corroborating the XRD evidence that indicated the 
existence of CaCO3 in the fresh Ca catalyst. For all samples, three 
desorption temperature categories from weak, medium, and strong basic 
phases might be notable except 3Ca–1Ti and 3Ca–2Ti, which displayed 
only one area of CO2 desorption. The CO2-TPD pattern of 3Ca–1Ti and 
3Ca–2Ti showed a small peak at 595 ◦C (0.06 mmol g− 1) and 647 ◦C 
(0.34 mmol g− 1), demonstrating that these two catalysts possess weak 
basic sites for CO2. The stretched structure of oxygen atoms, which leads 
to destabilization of the 2p states on the surface oxygen ions, is thought 
to be the cause of the decrease in the specific intensity for 3Ca–1Ti and 
3Ca–2Ti. The CaO content has OH− (hydroxyl) groups in its composition 
(Petitjean et al., 2010), and as a result, for the 3Ca–1Ti and 3Ca–2Ti 
catalysts, the poor basic support sites can be the cause of the develop
ment of hydrogen carbonates, which results from a specific association 
between carbon dioxide and the weak basicity of OH− bonds. The peaks 
at 135 ◦C for both Ca and 3Ca–3Ti catalysts might be because lattice 
oxygen in the Ca framework acts as a weak Lewis base, causing CO2 
desorption at low temperatures. Nichthima et al. (Dharmasaroja et al., 
2020) indicated that the desorption peaks correspond to the Lewis 
acid-base pairing at this range. Simultaneously, two shoulders at 428 ◦C 
and 437 ◦C are ascribed to moderate unimodal desorption of CO2. The 
addition of TNPs for the 3Ca–3Ti catalyst significantly increased the 
surface basicity of the catalyst with the highest CO2 uptake (2.64 mmol 
g− 1). It also affected the spreading of the weak and strong basic sites. 
This increase in the population of the basic sites for the 3Ca–3Ti catalyst 
might be explained by the fact that Ca2+ ions (Papageridis et al., 2020) 

and Ti3+ sites (Xiong et al., 2012) increase the ionic density of the cat
alysts, thus enhancing the adsorption of CO2 (polar molecule). 

The NH3-TPD curves of the CaO–TiO2 nanocatalysts present the acid 
strength and relative amount of acid sites, and the results are shown in 
Fig. 9 and quantified in Table 1. It is well understood that acidity is 
needed for the cleavage of C–O bonds. The CaO is an alkaline earth metal 
with comparatively high basicity capable of neutralizing acid sites by 
interaction with acid sites dispersed in catalyst supports, thereby 
causing a decline in the NH3 uptake capacity. Only negligible acidity 
formation was observed for the 3Ca–1Ti and 3Ca–2Ti catalysts; there
fore, the NH3-TPD pattern for those two samples is not shown here. The 
absence of acid sites for the 3Ca–1Ti and 3Ca–2Ti catalysts probably 
represented the NH3 adsorption sites covered by the Ca2+ and resulted in 
the loss of the acid sites. Another reason for the acidity losses is the basic 
nature of CaO. Two desorption peaks for the 3Ca–3Ti sample were 
observed at 166 ◦C and 725 ◦C, which can be reasonably ascribed to the 
weak and strong acid sites. The propagation of an excess positive or 
negative charge caused by the formation of bridged hetero metal-oxygen 
bonds increased the acidic content of CaO after TNPs were introduced 
(Tanabe, 1970). The presence of Ca mterial cause to decrease the 
amount of Lewis acid sites (Xue et al., 2019), but the amount of 
NH3-uptake for the Ca and 3Ca–3Ti catalysts is almost the same (7.127 
mmol g− 1 and 7.284 mmol g− 1) even though the Ca catalyst revealed a 
stronger acid site with a sharp peak at 788 ◦C. It is also renowned that 
the strong acid site of Ca encourages catalyst deactivation by coke 
deposition (Li et al., 2011). The conspicuous distinction suggests that the 
superior efficiency of the 3Ca–3Ti nanocatalyst may be due to the 
Brønsted acid sites on the catalyst. From the NH3-TPD and CO2-TPD 
profiles, we concluded that the bifunctional 3Ca–3Ti catalyst possesses 
both properties of basic and acidic sites, which is the main advantage for 
catalytic transesterification reactions. 

The synthesized samples were characterized with the TEM technique 
to study their morphological and structural properties, and the result is 
shown in Fig. 10. It can be perceived that the uniform dispersion and 
coupling of TiO2 nanoparticles, which is close to the spherical and 
rhombic-shaped anatase forms on the CaO nanorods, could be observed, 
indicating that TiO2 nanoparticles and CaO nanorods are strongly 
chemically bonded. The average particle size of the TNPs and CaO is less 
than 100 nm, classifying them as nanoscale materials. The HRTEM im
ages illustrate the lattice fringes of TiO2 and CaO as 0.23 and 0.19 nm, 
respectively. 

Fig. 8. Temperature-programmed desorption of CO2 (CO2-TPD) curves of the 
CaO–TiO2 nanocatalysts. 

Fig. 9. Temperature-programmed desorption of NH3 (NH3-TPD) curves of the 
Ca and 3Ca–3Ti nanocatalysts. 
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The nano-sized conduct of the catalysts is shown by selected area 
electron diffraction (SAED) obtained from the region shown in Fig. 11, 
which shows the presence of ring-like patterns that appear to be shaped 
in a spherical shape and well-defined diffraction points. Because the 
diffraction spots tend to be connected by a thin, ring-shaped band, the 
ring-like patterns indicated the existence of very tiny nanoclusters. Thus, 
the crystallite size measured from the XRD results was similar to the 
average particle sizes estimated by the TEM images. As a consequence, 
the TEM and XRD effects are highly correlated. 

3.2. Parametric influence on biodiesel yield 

Several tests were conducted at different reaction temperatures 
(50–90 ◦C) to study the influence of temperature on the trans
esterification reaction through CaO–TiO2 nano-catalysts and dairy scum 
oil feedstock. The results are shown in Fig. 12. The initial dairy scum oil 
transesterification reaction was performed using 1 wt% catalyst and an 
oil to methanol ratio of 1:5. Temperatures of 50, 60, 70, 80, and 90 ◦C 

and a reaction time of 60 min were used. The reaction temperature can 
significantly influence the catalytic transesterification reaction, but no 
notable influence is seen on the biodiesel output in the absence of the 
catalyst. As presented in Fig. 12(a), it was discovered that the best 
biodiesel yield, 35.9%, was obtained when the reaction temperature was 
increased to 70 ◦C for the 3Ca–3Ti nanocatalyst. This mechanism may be 
clarified by increasing the temperature to the point that the catalyst and 
reactants collide more often, resulting in a faster reaction rate (Adenuga 
et al., 2020). Wenlei et al. (Xie et al., 2021) reported that the kinetic 
energy of the reactants developed as the temperature increased, causing 
them to collide more quickly with the higher reaction rate. However, a 
slight decrease in the biodiesel yield was observed when the reaction 
temperature was increased above 70 ◦C. The marginal reduction in the 
biodiesel yield as the reaction temperature increases may be ascribed to 
the improved viscosity of raw oil and the evaporation of methanol from 
the reaction medium, slowing the forward reaction rate and resulting in 
a lower biodiesel yield (Huang et al., 2021). This decreasing pattern was 
also observed in several experiments using various catalysts (Liu et al., 

Fig. 10. (a) TEM images of 3Ca–3Ti nanocatalyst; (b) HRTEM images of 3Ca–3Ti nanocatalyst; (c) HRTEM image of the corresponding sample along with the 
d-spacing. 
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2019; Kamran et al., 2020; Zhao et al., 2021). Besides, the superior 
performance of the 3Ca–3Ti nanocatalyst in the transesterification of 
dairy scum oil might be due to the disappearance of Ca–O and carbonate 
bonds, as shown in the FTIR analysis. Additionally, the pore size dis
tribution patterns demonstrated that the 3Ca–3Ti sample shifted to 
smaller values (30–90 nm). Moreover, this catalyst exhibited bifunc
tionality, having both acid and basic sites, which facilitate the trans
esterification reaction. Furthermore, the significant interaction with the 
surface oxide of the 3Ca–3Ti nanocatalyst is attributed to Lewis acid 
sites. It can be assigned to the ν(COO− ) mode of acetate, which could be 
the additional reason for its superior activity. Consequently, the optimal 
reaction temperature and the best catalyst for biodiesel processing were 
determined to be 70 ◦C and the 3Ca–3Ti nanocatalyst for the following 
optimization parameter. 

In the transesterification reaction, the catalyst quantity is an essen
tial determining parameter. By holding the other parameters such as 

temperature (70 ◦C), oil to methanol ratio (1:5), and pressure (100 kpa) 
unchanged, the amount of catalyst added to the dairy scum oil was 
measured as a percentage of weight and ranged from 1 wt% to 5 wt%. 
The reaction time was also varied from 60 to 300 min to maximize the 
reaction time for an optimal biodiesel yield. The biodiesel production 
versus the ratio percent of catalyst loading and reaction time are dis
played in Fig. 12 (b). The biodiesel yield increased from 52.90% to 
59.80% by increasing the time from 60 to 120 min, but there was a 
minor change in the yield from 59.80% to 60.10% from 120 to 300 min. 
Therefore, the above observations imply that the acid-base catalyst is 
sufficiently active within the first 120 min of the transesterification re
action. As a result, 120 min was chosen as the optimum trans
esterification period for the optimal biodiesel yield. In the 
transesterification of dairy scum oil, 59.80% biodiesel yield occurs after 
120 min of the reaction period and 3 wt% of optimum catalyst loading. A 
further increase in the catalyst did not noticeably influence the biodiesel 
yield. This may be because the small volume of catalyst used to turn 
dairy scum oil into fatty acid methyl ester is inadequate. If the volume of 
the catalyst increases in the transesterification, the viscosity of the 
mixture increases, resulting in fewer possible interactions between the 
catalyst and the methanol reagents, causing the biodiesel yield to 
decrease (Saba et al., 2016). Therefore, an optimum condition of 3 wt% 
catalyst and 120 min reaction time was assumed to lead to the optimum 
conversion of dairy scum oil to biodiesel (59.80%). 

The volume of methanol used in the biodiesel production method, 
also known as the “dairy scum oil to methanol molar ratio”, is critical for 
increasing the biodiesel yield. The type of catalyst has the most signif
icant impact on this ratio (Ting et al., 2008; Chang et al., 2013). Besides, 
because the temperature is directly proportional to the pressure in 
gaseous systems, it is suggested that increasing pressure above ambient 
pressure decreases the temperature demand of a reacting liquid system 
like that of biodiesel processing. As a result, the amount of energy 
needed to increase the temperature of the responding masses is reduced. 
Temperature is inversely proportional to pressure if other factors are 
held at optimal levels. In this part of the investigation, the effect of the 
oil to methanol molar ratio and the pressure on the biodiesel generation 

Fig. 11. SAED patterns of 3Ca–3Ti nano-sized catalysts.  

Fig. 12. Evolution of the biodiesel yield as a function 
of (a) different catalysts and temperature (catalyst: 1 
wt%, pressure: 100 kPa, oil to methanol ratio: 1:5, 
reaction time: 60 min); (b) catalyst loading and re
action time (catalyst: 3Ca:3Ti, temperature: 70 ◦C, oil 
to methanol ratio: 1:5, pressure: 100 kPa); (c) pres
sure and oil to methanol ratio (catalyst: 3Ca:3Ti, 
temperature: 70 ◦C, catalyst loading: 3 wt%, reaction 
time: 120 min); (d) reusability effect of catalyst on the 
FAMEs yield (catalyst: 3Ca:3Ti, temperature: 70 ◦C, 
catalyst loading: 3 wt%, reaction time: 120 min, oil to 
methanol ratio: 1:20, pressure: 300 kPa) [error bars 
equal 95% confidence interval (CI)].   
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yield is investigated in the range of 1:5 to 1:30 and 100 kPa–500 kPa, as 
depicted in Fig. 12 (c), while keeping the other parameters such as 
temperature (70 ◦C), 3Ca:3Ti catalyst rate (3 wt%), and reaction time 
(120 min) constant. Flooding can occur in the reaction phase due to the 
high methanol ratio, diluting the active sites. Furthermore, the flooded 
methanol induced soap emulsion between layers, which hindered the 
separation method, increased production costs (Madhu and Sharma, 
2017). Thus, one of the essential parameters to maximize the biodiesel 
yield is the methanol to oil molar ratio. The result illustrated that it is 
possible to reach a biodiesel yield of more than 97 wt% with a 1:20 oil to 
methanol ratio for 300 kPa, while a further increase gives almost similar 
results, as the excess methanol diluted the reaction solution; thus, the 
efficiency of the interaction between the reactant molecules decreases 
(Changmai et al., 2021). Because a higher ratio of methanol promotes 
the solubility of glycerol, the separation of biodiesel from glycerol is 
more challenging (Lim et al., 2009). Therefore, a 1:20 oil to methanol 
ratio was the optimum ratio in this study. The tests revealed that pres
sure significantly impacts the biodiesel yield in the pressure range of 
100–300 kPa. The boiling point of methanol increased as the pressure 
increased. This enabled the methanol to remain liquid during the reac
tion. If the pressure was increased, the number of molecules per volume 
unit increased significantly, resulting in further interactions. This aided 
the development of the reaction even further. The findings show that 
over such intensity levels, pressure has a significant impact on the bio
diesel yield. However, after 300 kPa, no variations in the biodiesel yield 
were observed because the reacting system had reached equilibrium. 
Because the reverse backward reaction could not be inhibited at pres
sures greater than 300 kPa, more dairy scum oil remained in the reac
tion, but at pressures lower than 300 kPa, the forward reaction 
dominated the reversible reaction with constant elimination of meth
anol. Therefore, the biodiesel yield remains almost constant beyond 300 
kPa. To conclude the aforementioned analysis, the optimum condition to 
achieve a biodiesel yield of 97.20% is 3 wt% 3Ca:3Ti nanocatalyst, 70 ◦C 
temperature, 120 min reaction time, 1:20 oil to methanol ratio, and 300 
kPa pressure. 

The durability and reusability of a heterogeneous catalyst are critical 
for feasible transesterification processes. After transesterifying dairy 
scum oil, the catalyst was extracted using filter paper. The surface was 
cleaned with methanol on a hot plate to clear any remaining oil. In order 
to burn any organic deposits and regenerate the active sites in the sur
face, the catalyst was dried overnight and calcined for 3 h at 800 ◦C. 
Fig. 12 (d) shows the biodiesel yield of the 3Ca:3Ti nanocatalyst cata
lyzed dairy scum oil transesterification in five cycles. Experiments were 

conducted with 3 wt% 3Ca:3Ti nanocatalyst, 70 ◦C temperature, 120 
min reaction time, 1:20 oil to methanol ratio, and 300 kPa pressure. The 
findings indicate that even after five cycles, the biodiesel yield decreased 
marginally from 97.20% to 96%, a decrease of only 1.20%. The catalyst 
particles could have agglomerated after being reused for trans
esterification, resulting in a decreased catalyst operation. If the number 
of transesterification cycles increased, the scale of the agglomeration of 
catalyst particles became larger. As a result, as the amount of cycles 
grows, the biodiesel yield decreases. Following an initial decrease in the 
catalytic efficiency between the first and third catalytic runs, the ob
tained yield remains relatively steady from then on. With just a slight 
loss of catalytic activity, the 3Ca:3Ti nanocatalyst has a strong potential 
for reusability in the transesterification reaction for biodiesel 
processing. 

The composition of FAMEs of dairy scum oil biodiesel is analyzed via 
the GC–MS method and is presented in Fig. 13. The physical properties 
are within the EN14214 standards, as displayed in Table 3. The total 
FAME content of dairy scum oil biodiesel was 95.85%, indicating the 
high purity of the biodiesel. Oleic acid (C18:1) was the most abundant 
FAME in dairy scum oil biodiesel, with a 37.2% content. It was apparent 
that the dairy scum oil was detected with the presence of 14.89% 
polyunsaturated fatty acids (linoleic (C18:2), linolenic (C18:3), arach
idonic (C20:4 ω6)), 38.29% monosaturated fatty acids (oleic (C18:1), 
erucic acid (C22:1)), and 42.67% fatty acids (myristic acid (C14:0), 
palmitoleic acid (C16:0), stearic acid (C18:0), heneicosanoic acid 
(C21:0), and lignoceric acid (C24:0)). The most significant factor that 
influences the fluidity of the biodiesel is its viscosity. As shown in 
Table 3, the assessed viscosity (2.79 mm2 s− 1) of the biodiesel is within 
the acceptable limit, and it is suggestively lower than the viscosity of the 
biodiesel achieved in the previous work that used rhodococcus opacus 
(Goswami et al., 2017), sterculia foetida and jatropha curcas methyl 
ester (Ong et al., 2013), and calophyllum inophyllum (Ong et al., 2014). 
Low viscosity is advantageous because it produces high flow properties, 
a high atomization efficiency, drop rate, and fuel penetration capacity 
(Goswami et al., 2017). The flashpoint was 137 ◦C, which is higher than 
the flashpoint of petroleum diesel. Because of the higher flash point, 
storage and transportation problems are less of a concern (Krawczyk, 
1996; Wardle, 2003). The collected biodiesel had a density of 879 kg 
m− 3. The fuel density affects exhaust pollution, with high-density fuel 
causing a rise in a specific matter and NOx emissions (Canakci and Sanli, 
2008). In general, biodiesel fuel has a slightly higher density than diesel 
fuel (Ong et al., 2014). The cloud point and flash pour point of dairy 
scum oil biodiesel satisfy the standard limitation of biodiesel. Besides, 
the cetane number is a crucial characteristic of methyl ester that affects 
the ignition delay. It can be described as the fuel’s capacity to self-ignite 
quickly after being injected. Biodiesel generally has a higher cetane 

Fig. 13. FAMEs composition of the dairy scum oil biodiesel product [error bars 
equal 95% confidence interval (CI)]. 

Table 3 
Physical and chemical properties of dairy scum biodiesel and diesel and methods 
used for their determination.  

Properties Units Method Obtained 
values 
(Biodiesel) 

Diesel EN14214 
(Accepted 
limits) 

Cloud point oC ASTM 
D2500 

4 ± 0.20 − 15 to 
5 

− 3 to 12 

Flash point oC ASTM 
D93 

137 ± 6.80 54 >120 

Kinematic 
viscosity @ 
40 ◦C 

mm2. 
s− 1 

ASTM 
D445 

2.79 ± 0.34 2.54 3.5 to 5.0 

Density @ 
15 ◦C 

kg. 
m− 3 

Density 
meter 

879 ± 43 832.6 860–900 

Cetane 
number 

min ASTM 
D6890 

53 ± 2.60 45–55 >51 

Sulphur 
content 

wt.% Multi EA 
5000 

0.01 ±
0.0005 

0.009 <10 

Ash content wt.% ASTM 
D874 

Nil 0.08 <0.02  
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number than petroleum diesel (Demirbaş, 2003). The cetane number 
decreases with decreasing chain length and increasing branching 
(Georgogianni et al., 2007). The acceptable cetane number of the bio
diesel (53) is because of the current research’s high saturated fatty acid 
content in the dairy scum oil. The existence of the above fatty acid 
compositions made it an effective green energy source for biodiesel 
processing, and the quality of the produced biodiesel under optimal 
conditions is in the range of EN14214 standards. 

3.3. Used nanocatalyst characterization 

To evaluate the thermal stability of the CaO–TiO2 nanocatalysts, 
TGA analysis was performed, and the results are shown in Fig. 14. The 
quantity of placed coke, weight losses, carbon contents, and used cata
lyst surface area are reported in Table 4. The catalyst could be quickly 
separated from the reaction mixture after the transesterification pro
cesses through filtration, and the 3Ca–3Ti nanocatalyst displayed no 
deactivation after several recycles. As shown in the figure, the weight 
loss first (WL1) occurred between 27 ◦C and 200 ◦C, while major 
decomposition also occurred at around 200 ◦C–600 ◦C (WL2) and above 
600 ◦C (WL3). WL1 is attributed to the mass loss due to water loss in the 
structure, WL2 is attributed to the oxidation of the organic structure, and 
WL3 is attributed to the oxidation of more stable deposited coke. In the 
temperature range of 200–600 ◦C, the Ca, 3Ca–1Ti, 3Ca–2Ti, and 
3Ca–3Ti nanocatalyst showed a weight loss of 13.45 wt%, 14.41 wt%, 
14.52 wt%, and 4.72 wt%, respectively, which may be due to degra
dation of the structure of the material mentioned above. At 600 ◦C, the 
decomposition was complete, and the weight of the catalyst remained 
almost constant, suggesting that 600 ◦C should be the maximum calci
nation temperature for the CaO produced from organic ash over the TNP 
nanocatalyst. The 3Ca–3Ti nanocatalyst was highly stable with the least 
total weight loss of 5.28%, a carbon content of 10.30%, and the differ
ence between surface areas of 1.53, whereas the first three catalysts have 

inferior thermal stability. As seen in the FTIR analysis, this high stability 
might be attributed to the disappearance of Ca–O and carbonate bonds 
and the formation of acetylide in the 3Ca–3Ti nanocatalyst. 

4. Conclusions 

The use of a straightforward, inexpensive, and easy method for 
synthesizing CaO nanomaterials derived from organic ash over TNPs in 
the large-scale development of biodiesel was the standout feature of the 
present study. The optimum ratio of CaO to TNPs is 3:3, and the highest 
catalytic activity was obtained over the corresponding catalyst. The 
3Ca–3Ti nanocatalyst demonstrated superior performance for trans
esterification. In comparison to the TPD analysis of the catalysts, it was 
shown that the 3Ca–3Ti nanocatalyst exhibited bifunctionality, having 
both acid and basic sites. In addition, TNPs are attributed to Lewis acid 
sites and can be assigned to the ν(COO− ) mode of acetate, indicating a 
significant interaction with the surface oxide. The disappearance of 
Ca–O and carbonate bonds and the formation of acetylide for the 
3Ca–3Ti nanocatalysts can be seen in the FTIR spectrum. The maximum 
biodiesel yield was 97.2%, which was obtained under the settings of 3 wt 
% 3Ca:3Ti nanocatalyst, 70 ◦C temperature, 120 min reaction time, 1:20 
oil to methanol ratio, and 300 kPa pressure. The reusability test showed 
that the synthesized 3Ca–3Ti nanocatalyst is reusable for up to five runs 
with negligible activity loss. Moreover, the main properties of the bio
diesel products were determined to be consistent with EN 14214 stan
dards. The current study offers a low-cost and environmentally friendly 
process to synthesize metal-free catalysts such as CaO obtained from 
organic ash over TNPs. 

Large-scale refining for the desired end product(s) and exemplary 
catalyst stability have always been essential for economic sustainability. 
However, another issue with CaO-derived catalysts is that they tend to 
attach to glycerol throughout the process, and the resulting Ca-glycerol 
complex is less catalytically active than CaO. Therefore, further research 
and the use of novel characterization methods for the used catalysts, 
such as XRF, XPS, and SEM, are promising in terms of future experi
mental approaches to obtain a detailed understanding of the produced 
coke. In addition, a modification by doping non-precious active metals 
and a combination of the catalyst synthesis methods are suggested to 
enhance the performance of waste-derived heterogeneous catalysts. 
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Fig. 14. TGA curves of the used nanostructured catalysts.  

Table 4 
Weight loss, carbon content, and surface area of the used catalysts.  

Catalysts Weight loss (%) Total weight loss 
(%) 

Carbon Content 
(wt.%) 

Fresh catalyst Surface area 
(m2.g− 1)a 

Spent catalyst Surface area 
(m2.g− 1)b 

Difference between surface 
area (a-b) 

WL1 WL2 WL3 

Ca 1.72 13.45 1.60 16.77 29.7 5.99 2.12 3.87 
3Ca–1Ti 0.46 14.41 1.22 16.09 31.4 22.76 14.10 8.66 
3Ca–2Ti 0.99 14.52 0.72 16.23 28.2 15.21 5.60 9.61 
3Ca–3Ti 0.30 4.72 0.26 5.28 10.3 7.93 6.40 1.53  
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the work reported in this paper. 
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