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Abstract 

In this study, a series of novel basic heterogeneous catalysts (Ca-based mixed Ce and Cu oxides) with various mass ratios 

were designed by co-precipitation method to be utilized in biodiesel, Fatty acid methyl ester (FAME) production via the 

transesterification process of waste oil under the following process conditions (i.e., methanol to waste cooking oil mass ratio 

of [13:1] at reaction temperature 75 oC for 5 h). The various binary mixed oxides were characterized by several techniques 

(e.g., Thermo-gravimetric analysis (TGA-DTG), powder X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface 

area measurements, Fourier transform- Infrared (FT-IR) spectroscopy, and surface basicity by back titration). Biodiesel yield 

is estimated by gas chromatography (GC). The biodiesel optimum yield, of 95 and 94 % yield is achieved by 3CaO-

1CeO2@800 oC and 3CaO-1CuO@800 oC catalysts under the reaction condition of 2% wt. catalyst loading level, methanol to 

waste oil molar ratio of [13:1], reaction temperature of 75 oC, and reaction time of 2 h for the former catalyst, while, catalyst 

loading of 2% for 1 h at 75 oC and [13:1] M:O molar ratio for the later one, respectively. The high catalytic activity may be 

attributed to the higher BET surface area and strong basic characteristics, which indicate more accessible active sites for the 

transesterification process on the catalyst surface. Furthermore, the catalytic materials were reactivated and reused for two to 

three reaction cycles. The physical characteristics of the produced FAME are found to fulfill the American standard for testing 

materials (ASTM D-6751) international standards.:  
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1. Introduction 

Every area of a country's economic development 

is dependent on energy. As a result, energy command 

has steadily risen along with industrialization and 

human population growth. Petroleum, coal, and 

natural gas are the three most vastly utilized 

combustible resources. Energy security is a big 

concern for every government due to the rising cost 

of combustible materials and the future shortage 

prospects [1,2]. Furthermore, utilizing fossil fuels has 

several drawbacks, including air pollution and 

environmental problems. In the same vein, emissions 

from combustibles are a significant source of 

greenhouse gases and air pollutants (including CO, 

NOx, SOx, hydrocarbons, particulates, and chemicals 

that cause cancer), which is considered the key 

reason for the global warming crisis. The drawbacks 

and scarcity of fossil fuels have urged a lot of 

stakeholders to alternative renewable energy 

resources [1–4]. Indeed, the usage of biomass-based 

renewable and sustainable energy resources made 

from waste feedstock has increased owing to the 

depletion of petroleum reserves. Consequently, the 

use of biodiesel has been noted as one of the most 

forceful prospective biofuel sources. The merit 

retained from using biodiesel products is thus a fuel 

with properties similar to Petro-diesel, which enables 

it to be utilized in existing Petro-diesel machines 
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even without engine modifications to get rid of its 

complexities [5–8]. 

Currently, most biodiesel generated globally is 

produced from the transesterification of animal fats 

(AFs), vegetable oils (VOs), and recycled greases 

(RGs) via the reaction with methanol (or small 

alcohol molecules) in the presence of a catalyst, 

giving up glycerol, a valuable by-product that can 

utilized in many cosmetics beside it can be also 

employed electro-oxidation in glycerol fuel cells [9–

13], beside the main component biodiesel. According 

to the pretreatment procedures, these resources 

comprise triglycerides (TGs), free fatty acids (FFAs), 

and other impurities [14].  

 Transesterification is typically a catalyzed 

chemical reaction by base-, acid-catalyzed 

transesterification or enzymes. Since there are many 

different feedstock systems, this study focuses on 

reviewing the impact of the main reaction conditions 

to produce biodiesel as well as summarizing the 

advantages and disadvantages of these key 

transesterification processes [15–21].  

Indeed, there are two essential types of catalysts in 

FAME production which are homogeneous acid/base 

catalysis such as NaOH, and KOH, and 

heterogeneous acid/base catalysis (e.g., metal oxides, 

hetero-poly-acids … etc.). The advantages of using a 

base homogeneous catalyst (NaOH, KOH …etc.) are 

that the reaction proceeds much faster, shows a high 

yield, and has lower corrosion toxicity than the 

homogeneous acid (e.g., H2SO4) catalyst. After the 

process completion, the reaction mixture must be 

neutralized and washed with an enormous amount of 

water to get rid of the resultant salt [22,23]. On the 

contrary, the majority of biodiesel is produced 

commercially utilizing homogenous base catalysts 

which have some demerits (e.g., wasteful, corrosive, 

and non-recyclable, increasing the overall expenses, 

and have an environmental impact, …etc.) that must 

be counteracted, [24–26].  

A heterogeneous catalyst is a respectable 

substitute for homo-catalysts in the transesterification 

of VOs for the FAME production owing to the verity 

that a solid hetero-catalyst wouldn’t fuse in the 

reaction mixture, so it is easy to remove and separate 

from the yield and reused but the elimination of 

homo-catalysts is a problematic beside that huge 

amount of wastewater is resulting through the process 

and desires to be handled by neutralization procedure 

so that the homo-catalysts are predictable to be 

substituted with solid hetero-catalyst owing to 

environmental and economics causes in the adjacent 

future. 

Industrialization of biodiesel has been strongly 

encouraged in the last decade but the biggest 

impediment is the economics of its production. This 

is mostly owing to the expensive feedstocks because 

of the higher charge of virgin VOs [27,28] 

Obviously, about 60 — 80% of the charge of 

producing FAME is related to chemical prices. Due 

to competition between the market for human 

consumption and biodiesel, VOs may turn into more 

costly. Scholars have concentrated on using non-

edible triglycerides to produce FAME to get around 

these limitations [29].  

The use of WCO as a FAME resource has no 

battle with feed practice. Waste-frying oils (WFOs) 

could be classified into yellow and brown greases. 

Yellow grease, with free fatty acid (FFAs) contents ≤ 

15%, resulting from WFOs, AFs, and WCO gathered 

from local restaurants or commercial cooking 

processes, offers considerable possible low-cost 

feedstock for FAME production [30]. Alkaline-

catalyzed transesterification [31–34] acid-catalyzed 

transesterification [35–38], two-step 

transesterification [39,40] enzymatic catalysis [41–

43] and supercritical alcohol processing [14,29] are 

all practices for processing WCO into FAME [44–

48]. 

The present work inspected the behaviors of 

sundry binary metal oxides of Ca-based solid hetero-

catalysts (Ca with CuO or CeO2 oxides) in the 

methanolysis of WCO for FAME production and the 

effect of the basicity of these binary oxides on the 

FAME yield. All predecessors were prepared by 

using the co-precipitation technique, where after 

thermal treatment, the corresponding binary Ca-based 

metal oxides were attained. Various techniques were 

utilized for the determination of textural, structural, 

and basal features of the proposed catalysts. 

2. Materials and Methods: 

2.1. Materials: 

The chemicals utilized in the current study were 

obtained from European Union EU and Indian 

Companies, CaCl2, (BDH, 99.5%), ceric ammonium 

nitrate (NH4)2[Ce(NO3)6] (Indian Company- 98%), 

copper nitrate Cu(NO3)2.3H2O, (were used as a 

precursor of metal oxide), while NaOH (Indian 
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Company- 98%) were used for catalyst pretreatment, 

and methanol (99.9%) was purchased from EU 

Company. 

WCO was provided by regional restaurants for 

fried food in Cairo, Egypt to be employed as a 

triglyceride feedstock. The WCO was filtered to get 

rid of residues and insoluble scums, then heated at 

110 oC overnight to remove any water, centrifuged to 

remove the waxes then the separated upper layer of 

oil was collected to study the physical and chemical 

features of WCO following standard test methods 

ASTM [49,50] 

.2.2. Catalyst Preparation and Characterization: 

2.2.1. Catalyst Preparation 

The precursor calcium chloride (CaCl2), ceric 

ammonium nitrate (NH4)2[Ce(NO3)6], copper nitrate 

Cu(NO3)2.3H2O, were used as the parent compound 

for preparing the hydroxides M(OH)x [M= Ca, Ce, 

Cu] by simple gel-formation via a co-precipitation 

technique using NaOH until complete precipitation 

occurs within 2 h. while adjusting pH=10-12. The 

resulting precipitate was agitated for 1 h at ambient 

temperature, aged overnight, washed, and filtered at 

least 6 times, and dried out in a drying kiln at 100 °C 

for 6 hours to attain M(OH)x. The dried precipitate 

was thermally treated in air at 500 or 800 °C for 4 h, 

respectively. The catalyst after thermal treatment was 

milled to get uniform-sized particles. 

 In this work, a series of novel binary mixed 

metal oxide catalysts are synthesized by a modest 

gel-formation via a co-precipitation technique to 

boost the interplay of catalyst components with the 

surface features of the catalyst as follows: 1.0 M of 

the binary metal nitrate solutions were 

homogeneously blended in various mass proportions 

of catalysts is nominated as [xM1O -yM2O, while M1 

and M2 are assigned to 1st and 2nd metal, 

respectively]. By calculation of the desired amount of 

two metal nitrate salts were dissolved in a determined 

amount of distilled H2O and then agitated together for 

2 h, after that the aqueous solution of sodium 

hydroxide, NaOH (2M) was added in a dropwise 

fashion to the above solution of mixed nitrates with 

vigorous stirring until complete precipitation occurs 

within 2 h while adjusting pH=10-12. The resulting 

solution was agitated for 1 h after complete 

precipitation, then aged for 24 h, filtered, washed at 

least 6 times, and then dried out in a drying kiln at 

100 °C for 2h. The dried precipitate was then 

calcified in air at 500/800 °C for 4 h. The catalyst 

after calcination was grained to get uniform-sized 

particles. 

2.2.2- Catalyst characterization 

(I) Thermo-gravimetric analysis (TGA)/Differential 

Thermo-gravimetric Analysis (DTG) 

Thermo-gravimetric analysis (TGA)/Differential 

Thermo-gravimetric Analysis (DTG) was employed 

for monitoring the thermic stability of the as-prepared 

substance in which the mass of the catalyst was 

observed as a cursor of temperature, Thermal 

decomposition was inspected by a Shimadzu 50H 

TG/DTG thermal-analyzer in a dynamic atmosphere 

of airflow. Measurement surroundings were typical 

sample mass of 10 ± 0.5 mg, with a ramping rate of 

10 °C min-1 and changing the temperature as of 40 -

1000 °C. 

(II) Fourier Transform Infrared (FT-IR) 

Fourier Transform Infrared (FT-IR) spectroscopy 

(ALPHA, Bruker, Germany) was utilized to afford 

information about the functional group of the as-

prepared catalytic material. The specimen was 

inspected in the range of 400 ─ 4000 cm-1. The 

infrared scanning was done at 298 K with a 2 cm-1 

resolution. 

 (III) X-ray diffraction (XRD) 

 The XRD has been utilized in two main areas, for 

the characterization of crystalline materials and the 

determination of the crystallite size. Each crystalline 

solid has its distinct characteristic X-ray powder 

pattern which may be employed as a "fingerprint" to 

identify it. The crystal framework of the as-prepared 

nano-catalysts was recorded (an accelerating voltage 

of 40 kV, and a current of 30 mA). X-ray 

diffractometer, using a Cu (Kα) radiation source 

(λ=1.5418 Å) which joined with the Ni filter in the 2θ 

of 5-80° range. Powder diffraction data is maintained 

in files known as ICSD -Cards. The data in these files 

are in terms of (d) spacing and relative line 

intensities.  

The crystallite size was attained by utilizing Debye’s 

Scherrer equation (eq. 1): 

 

Dp = 
𝑲 𝝀

𝜷 𝑪𝒐𝒔(𝜽)
  (1) 
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where Dp, the crystal size, λ is the X-ray 

wavelength (Cu-Kα =1.5418 Å), K is the shape factor 

(≈0.9), β is line broadening intensity (the full width at 

half the maximum (FWHM)) in radians and θ is the 

Bragg diffraction angle.  

(IV) BET surface area measurements 

The surface area measurements of the as-prepared 

catalysts were examined by Brunauer-Emmet-Teller 

(BET) by a multiple BET method, which relies on the 

estimation of the quantity of physically adsorbed N2 
on the catalyst's exterior at the temperature of liquid 

N2 (─ 196°C). The total pore volume and specific 

surface area were estimated using an N2-adsorption-

desorption isotherm at liquid N2 (temperature = 

─196°C), using a NOVA 2200 instrument 

(Quantachrome, USA). Former to the adsorption-

desorption measurements, all the specimens were 

degassed at 300°C overnight to get rid of further 

adsorbates and moisture. The surface area of a 

sample is specified by the physical adsorption of a 

gas on the exterior of the solid and by calculating the 
quantity of adsorbate gas matching to a mono 

(molecular) layer on the exterior surface, the data is 

determined according to BET adsorption isotherm 

equation (see Eq. 2): 

 

𝑷

𝑽(𝑷𝒐 − 𝑷)
=  

𝟏

𝑽𝒎𝑪
+ [

(𝑪 − 𝟏)

𝑽𝒎𝑪
]

𝑷

𝑷𝒐

(𝟐) 

 

where: P = the adsorbate gas partial vapor pressure 

which is in equilibrium with the exterior at 77.4 K  

(Boiling point of liquid N2), in Pascal,  V= the 

adsorbed gas volume at STP [273.15 K and atm. 

pressure (1.013 x 105 Pa], in milliliters, Po = 

adsorbate gas saturated pressure, in Pascal,  Vm = 

adsorbed gas apparent monolayer volume at STP, in 

milliliters, C= dimensionless constant that is 

connected to the adsorption enthalpy of the adsorbate 

gas on the specimen.  

(V) Scanning electron microscopy (SEM) 

The morphology of the several catalytic materials 

was revealed using field emission-scanning electron 

microscopy (FE-SEM-QUANTA FEG 250) 

connected with EDX Unit (Energy Dispersive X-ray 

Analyses). 

(VI) Basicity Measurements 

Surface basicity was estimated by the back-titration 

method, this method was utilized to probe the 

basicity/acidity of the as-synthesized catalytic 

materials. For determination of basic characteristics, 

the catalytic material was blended with an excess 

identified concentration of hydrochloric acid where 

the basic catalytic material neutralizes the 

hydrochloric acid by an equal volume to its basic 

characteristic, then the excess hydrochloric acid was 

titrated against the known concentration of NaOH. 
Lastly, the amount of hydrochloric acid balanced by 

the sample is estimated and expressed as the total 

basicity of the catalyst as mmol of hydrochloric acid 

/g of catalyst (Eq. 3), 

 

𝐁𝐚𝐬𝐢𝐜𝐢𝐭𝐲 [
𝐦𝐦𝐨𝐥

𝐠
]  =  

(𝐍 𝐗 𝐕)𝐭𝐢𝐭𝐫𝐚𝐧𝐭

[𝐰𝐭 𝐨𝐟 𝐜𝐚𝐭𝐚𝐥𝐲𝐬𝐭 (𝐠)]
 𝐱 𝟏𝟎𝟎𝟎      (3) 

 

where N: is the normality of sodium hydroxide (1 g 
equ. L-1) and V: is the volume of sodium hydroxide 

(L). 

2.3. Catalytic activity test 

2.3.1. Biodiesel production by using the 

transesterification method. 

Transesterification of the WCO process relies on 

several factors such as type and quantity of the 

utilized alcohol, reaction time and temperature, rate 

of agitation and catalyst concentration, and FFA 

percentage in the feed WCO. The optimal values of 

these factors to attain the maximum conversion 

depend on the physico-chemical features of the 
feedstock WCO. 

The methanolysis reaction was conducted utilizing 

the following environments: 10 g of the WCO was 

charged in a 25 mL round flask, where various molar 

proportions of methanol to WCO, as well as various 

weight percent (concerning the WCO) of the solid 

catalysts, were fed into the reaction pot as a batch 

vessel with a thermocouple junction on hotplate 

stirrer. The reaction was started by charging various 

weight percent of the as-synthesized catalyst, and the 

reaction was run for 1-5 h. The reactants were stirred 
at a fixed agitation speed of 300 revolutions per 

minute while the reaction temperature was 

maintained at 75 ± 2 oC for the desired reaction time. 

After the process completion, the reaction blend was 

centrifuged after cooling to remove the solid hetero-

catalyst from the FAME–glycerol mixture. Then the 

methanol was removed from the blend in a drying 

kiln at 70 oC. The reaction samples were sampled at 

fixed time intervals (1, 2, 3, 4, and 5 h) and the yield 

of the FAME was calculated utilizing the gas 

chromatography (GC) practice (C.f. Eq. 4). 
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2.3.2. Biodiesel yield evaluation process 

The produced FAME was identified and 

characterized utilizing GC-Agilent 7890A, FID flame 

ionization detector equipped with Agilent HP-5 

column (5% phenyl methyl silox) [column 

dimensions of 30 m x 250 µm x 0.25 µm] and helium 

as a gas transporter. Additionally, to confirm the 

identified FAME by GC, 10µL were taken of the 

internal standard dissolved in toluene (1ml) to make 

the standard solution. 100 µL of the ready sample 

was mixed with the standard solution, and then 0.1 

µL specimen was inserted into the GC. The 

parameters of the kiln temperature program [60 oC 

with 2 min (hold time)-2 min (runtime)], [10 oC/min 

temperature ramp rate up to 180 oC - 0 minute (hold 

time) -14 min (runtime)], [5 oC/min up to 250 oC with 

7 minutes (hold time)]. The FAME yield is obviously 

the same as that of the FAME % estimated 

quantitatively by GC. The FAME yield (%) was 

calculated according to the Eq. 4: 

 

𝑭𝑨𝑴𝑬𝒚𝒊𝒆𝒍𝒅 =
(𝜮𝑨)−𝐀𝐈𝐒

𝐀𝑰𝑺
𝑿

𝐂𝐈𝐒 𝐱 𝐕𝐈𝐒

𝑾
𝑿𝟏𝟎𝟎 %      (4) 

 

where ΣA = the total peak area of methyl ester, 

AIS= peak area of the internal standard, CIS = 

concentration (mg. ml-1) of the internal standard 

solution, VIS = volume (ml) of the internal standard 

solution, W = weight of sample in mg. 

2.3.3 Reusability test analysis 

A catalyst reusability test is very important to 

show the advantage of using a catalyst to reduce the 

production cost for its use in industrial applications. 

The reusability of the as-prepared calcined catalyst 

was studied with the conditions of the sample with 

the highest yield. After each cycle the catalyst was 

decanted from the reaction mixture by centrifugation, 

washed with n-hexane more than a time, and dried 

overnight in an oven at 100 °C. 

3. Results and discussion: 

3.1. Characterization of the proposed catalyst:  

3.1.1 Thermo-gravimetric Analysis (TGA): 

The thermal decomposition of the various binary 

metal hydroxides utilized in this study is displayed in 

Fig. 1 (a-f).  

Fig. 1 (a-c) displays the TGA curve and its 

derivative of a series of binary metal hydroxide 

precursor xCa(OH)2-yCe(OH)4 with different mass 

ratios to study the thermal decomposition of these 

catalyst precursors. The binary metal hydroxide 

1Ca(OH)2 -3Ce(OH)4 show a  two-stage 

decomposition fashion. The first decomposition was 

observed in the range [100 – 120 oC] with weight loss 

(≈ 10%) from the TGA % curve accompanied by an 

endothermic peak due to dehydration of moisture and 

impurities (physical desorption). The 2nd 

decomposition phase with a weight loss of (≈ 18%) 

from the TGA curve in the temperature range of (750 

– 800 oC) may be ascribed to the decomposition of 

binary hydroxide due to chemical decomposition and 

releasing water molecules. While The TGA and Dr-

TGA curves of the binary mixed hydroxide 

2Ca(OH)2 - 2Ce(OH)4& 3Ca(OH)2- 1Ce(OH)4 show 

complete breakdown through one stage characteristic 

to weight loss at 14% and 32%, respectively,  

accompanied by endothermic peaks at 670 and 800.  

Fig. 2 (d-f) shows the TGA and Dr-TGA curves of 

the second binary hydroxide xCa - yCu(OH)2 with 

different mass ratios, in this event the binary 

hydroxide 1Ca(OH)2 - 3Cu(OH)2, showing complete 

decomposition through two stages. The first 

decomposition step was located at ≈ 200oCwhich may 

be attributed to loss of moisture, and physical 

desorption, the second and third ones indicated the 

start of hydroxide decomposition between (750 oC), 

characteristic of weight loss at 55%, the binary 

hydroxide 2Ca(OH)2 - 2Cu(OH)2, decomposes 

through three-step, the first one in the range (100-

200oC), the second and the third one may be ascribed 

to complete decomposition cause of chemical 

desorption and form the binary oxide at [600-850 oC] 

characteristic to weight loss at 20% and the binary 

hydroxide 3Ca(OH)2 - 1Cu(OH)2 shown 

disintegration through three steps, the first one due to 

loss of moisture and impurities but the second and the 

third one indicate complete decomposition into mixed 

oxide (800-1000 oC) characteristic to weight loss at 

95%. 

3.1.2.  FT-IR Spectra 

The FT-IR spectra are displayed in Fig. 2, 

respectively. Fig. 2(a-b) represents the binary mixed 

oxide xCaO-yCeO2 calcined at 500 / 800 oC for 4h, 

with different mass ratios, respectively. The bands 

that appeared at 3650 and 3880 cm-1 may be ascribed 

to asymmetric and symmetric stretching modes of the 

adsorbed water molecules on the exterior of binary 

metal oxide. The broadband revealed at 1400 -1500 

cm-1 indicated the C-O bond correlated to the 
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carbonization of the CaO nanoparticles. Symmetric 

stretching bands between 880 - 890 cm-1 and 708 -

715 cm-1 may be addressed to surface CO3
-2 

contaminants. The broadband appears around 400 – 

450 cm-1, corresponding to the Ca-O bond with the 

appearance of a new Ce-O-Ce stretching vibration 

band. 

FT-IR spectra analysis displayed in Fig. 2 (c-d) 

represents the binary xCaO-yCuO binary oxide at 

calcination temperature 500/800 oC for 4 h, with 

different mass ratios, respectively. Noticed that the 

bands appeared at 3655,1425-1450, 880 – 890, 665-

720, and 400 - 525 cm-1, The spectra show an 

absorption girdle at 665-720 cm-1 which is attributed 

to vibration of Cu-(II)-O confirming the formation of 

nanoparticles, while the peak appears at 400-525 cm-1 

can be allocated to the CaO stretch vibration[51]. 

 

Fig. 1: (a-f) TGA and Dr-TGA of the as-prepared 

binary hydroxide (a-c) binary xCa(OH)2 – y Ce(OH)4 

and  (d-f) binary xCa(OH)2 – y Cu(OH)2. 

 

  

(a) CaO-yCeO2-500 oC (c) xCaO-yCuO-500 oC

 

(b) xCaO-yCeO2-800 oC

 

(d) xCaO-yCuO-800 oC 

 

Fig. 2: FT-IR spectra of (a) binary xCaO-yCeO2 

calcined at 500 oC, (b) binary xCaO-yCeO2 calcined 

at 800 oC, (c) binary xCaO-yCuO calcined at 500 oC, 

and (d) binary xCaO-yCuO calcined at 800 oC. 

 

3.1.3. X-ray diffraction (XRD) 

Fig. 3 (a-b) displays the XRD diffraction patterns 

of binary xCaO-yCeO2 oxides, Fig. 3 (c-d) displays 

the XRD diffraction patterns of binary xCaO-yCuO 

binary oxides, calcined at 500 / 800 oC for 4 h. The 

neat CaO provided narrow and well-defined 

diffraction crystalline peaks at 2Ɵ =32.25o, 34.17o, 

37.44o, 53.91o, 64.21o, 67.45o structure 

complementary with miller indices (hkl)  of  (111), 

(101), (200), (220), (311) and (222) planes this 

comply with the other value ICSD of CaO card no. = 

[00-043-1001], but Ca(OH)2 reveals diffraction peaks 

centered at 2Ɵ =18.06o, 29.48o, accompanied by 

miller indices (hkl) (001), (100), respectively, which 

may be due to moisture abstraction by CaO this in 

agreement with ICSD card no.=[00-044-1481], [52].  

XRD Diffraction peaks of pure CeO2 were 

observed at 2Ɵ =28.5, 33.1, 47.48, 56.32, 59.1, 69.6, 

and 76.9o along with (hkl) indices of (111), (200), 

(220), (311), (222), (400), and (311) planes, 

consequently. which confirmed the formation of 

CeO2 nanoparticles with face-centered cubic crystal 

(a) 3Ca(OH)2-1Ce(OH)4 (d)3Ca(OH)2-1Cu(OH)2 

 

 

(b) 2Ca(OH)2-2Ce(OH)4 (e)2Ca(OH)2-2Cu(OH)2 

 

 

(c) 1Ca(OH)2-3Ce(OH)4 (f)1Ca(OH)2-3Cu(OH)2 
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structure and the attained results agreed with ICSD 

card no. [01-080-4829] [53].  

In the XRD profiles of the mixed binary oxide at 

500/ 800oC) xCaO-yCeO2(show individual phases of 

CeO2 and CaO were observed without producing new 

compounds. The rise in CaO content caused a growth 

and a slight reduction in the peak intensities of CaO 

and CeO2, respectively. This may be assigned to the 

coating of the ceria surface with Ca2+ species that 

results in a developed X-ray scattering factor of Ca2+ 

in comparison with the Ce4+ ions [53,54]. Originally, 

the mixing of the Ca component with the CeO2 

crystalline structure at a low loading level might be 

firstly set between the CeO2 granules borders and 

thus bothered the usual growth of the CeO2 

crystallites at high loading levels and high 

temperature (c.f. Table 1), 

The XRD diffraction patterns of the CaO–CuO 

binary catalytic materials with distinct mass ratios of 

CaO and CuO at different calcination temperatures 

are shown in Fig. 3) c-d), respectively. The XRD 

patterns clearly show the existence of a blend of CaO, 

and CuO and contaminated with traces of Ca(OH)2. 

The X-ray diffraction patterns confirmed the 

establishment of CuO nanoparticles with monoclinic 

crystal structure and the attained results are 

compatible with the ICSD card number [04-004-

5425]. Diffraction peaks were observed along (110), 

(002), (200), (-202), (020), (202), (-113), (-311), and 

(220) planes. The monoclinic crystal type structure of 

pure CuO showed the characteristic reflection at the 

d-space value at 2Ɵ= 32.62o, 35.70o, 38.86o, 48.88o, 

53.56o, 58.44o, 61.60o, 66.38 o, and 68.23 o It is 

clearly observed that the CuO mean crystal size 

decreased steadily with the calcium loading from 

lower to higher concentrations leading to higher 

surface area as will discussed below in the next 

session (C.F. Table 1) [54]. 

3.1.4. BET-Surface area measurements and pore 

size distribution. 

The pore size, pore volume, and specific surface 

area measurements were estimated by using the BET 

- method of xCaO–yCeO2 and xCaO – yCuO samples 

thermally treated at 500 / 800 oC, respectively, are 

listed in Tables 2 and 3.  

In the case of the binary oxides xCaO-yCeO2, the 

surface area increases as the calcination temperature 

and CaO ratio increase, the pore volume increases as 

the temperature of calcination increases, while the 

average particle radius decreases with the increment 

in Ca mass ratio.  

BET-specific surface area measurement of the 

3CaO–1CeO2 binary oxides catalysts was about 15–

19 m2 g-1. While BET-specific surface area 

measurement of the xCaO–yCeO2 binary oxides 

catalysts is compatible with their corresponding 

crystallite dimensions while smaller crystallite 

dimensions result in higher specific surface area [55]. 

In the case of mixed binary oxides 3CaO-1CuO 

calcined at 500/800 oC, adsorption and desorption 

isotherms of the mixed oxide are of type   IV [56]. 

The BET-specific surface area of the as-prepared 

catalytic materials increases from 19 at 500 oC to 20 

at 800 oC. As well as the BET-specific surface area 

rises with the increment of the CaO ratio in the 

catalytic material from 1 to 3. The pore volume 

decreases as the temperature increases from 500 to 

800 oC. 

 

3.1.5.  SEM- Mapping EDX analysis 

 SEM images of the mixed oxide 3CaO-

1CeO2 are displayed in Fig 4. (a-e). SEM images of 

3CaO-1CeO2 at different magnifications, (f-h). 

Mapping EDX overlay of Ca, Ce, O, respectively, (i-

j) EDX of 3CaO-1CeO2. The SEM graph reveals that 

the as-synthesized catalyst has a clear morphology 

with uniform size. The spongy structure together with 

macro- and meso-pores is quite supportive of the 

methanolysis reaction. Those macro-pores permit 

triglycerides with higher molar mass to penetrate 

intensely into the pores of the prepared catalyst that is 

they could approach active basic sites on the catalyst 

exterior. Moreover, the mesopores improve the pore 

volume and specific surface area of the catalyst, 

which advances the total quantity of basic sites [56]. 

 

3.1.7. Catalyst activity by transesterification 

method: 

The catalyst activity was examined by making the 

methanolysis reaction of WCO according to the 

procedure. All experiments were conducted utilizing 

the following conditions: calcination temperature of 

500 and 800 oC, catalyst loading level 2 ─ 8%, and 

reaction time ranging from 1 – 5 h while keeping the 

M:O molar ratio at [13:1], reaction temperature of 75 
oC, and stirring rate of 300 rpm. 

The impact of xCaO– yCeO2 mixed oxides 

calcination temperature on the FAME yield was 

studied at 500 and 800 oC  
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It was noticed that upon raising the calcination 

temperature from 500 to 800 oC the FAME yield 

markedly increases from 4-11% at 500 oC to 91-95% 

at 800 oC. This tendency could be clarified by the 

advantageous impact of the higher temperatures on 

the interaction of the binary metal oxides. As well, 

this boosted interaction might reduce the metal oxide 

leakage. Therefore, the best thermal treatment 

temperature is 800 oC. 

As displayed in Tables 3 and 4, the pore volume 

and BET-specific surface area developed with a rise 

in the calcination temperature, resulting in a boosted 

catalytic activity for the specimens calcified at 800 oC 

[58]. 

3.1.7.1 The effect of the catalyst loading level at 

different calcination temperatures.  

The amount of catalyst used has a vital role in the 

biodiesel production process by the methanolysis 

process. In the current study the impact of the loading 

level of the catalyst used on the yield of FAME was 

 

 

 

 

Table 1: XRD crystallite sizes of binary oxides 

xCaO-yCeO2 and xCaO-yCuO calcinated at 500 oC 

and 800oC, respectively. 

Sample 

XRD-

particle size, 

nm 

Sample 

XRD-

particle size, 

nm 

CaO-500OC 44 CaO-500OC 44 

CeO2-500 OC 55 CuO-500OC 53 

CaO-800 OC 45 CaO-800OC 45 

CeO2-800 OC 55 CuO-800 OC 54 

1CaO-3CeO2-

500 OC 
44 

1CaO-3CuO-

500OC 
50 

2CaO- 

2CeO2-500 OC 
43 

2CaO-2CuO-

500OC 
48 

3CaO -

1CeO2-500oC 
43 

3CaO-1CuO-

500OC 
44 

1CaO-3CeO2-

800 OC 
49 

1CaO-3CuO-

800OC 
49 

2CaO-2CeO2-

800oC 
48 

2CaO-2CuO-

800OC 
47 

3CaO-1CeO2-

800oC 
39 

3CaO-1CuO-

800OC 
44 

(a) xCaO-yCeO2-500oC

 

(C) xCaO-yCuO-500oC 

 

(b)xCaO-yCeO2- 800oC  (d) xCaO-yCuO-800oC1.5 

 

Fig.3: XRD patterns of binary CaO-CeO2, and CaO-CeO2 mixed oxide (a) binary xCaO-yCeO2 calcined at 

500 oC, (b) binary xCaO-yCeO2 calcined at 800 oC, (c) binary xCaO-yCuO calcined at 500 oC, and (d) binary 

xCaO-yCuO calcined at 800 oC. 
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Table 2: BET measurements of binary oxide xCaO-

yCeO2 at 500/800 oC. 

Name of sample 
BET surface 

area-m2/g 
 

Average pore 

size (nm) 
 

CaO-500 OC 15  12  

CeO2-500  OC 7  5  

CaO-800 OC 18  17  

CeO2-800 OC 9  3  

1CaO-3CeO2-500 OC 13  2  

2CaO- 2CeO2-500 OC 14  2  

3CaO -1CeO2-500 OC 15  3  

1CaO-3CeO2-800 OC 14  4  

2CaO-2CeO2-800OC 14  2  

3CaO-1CeO2-800 OC 19  3  

Table 3: BET measurements of binary oxide xCaO-

yCuO at 500/800 oC. 

 

Name of sample 

BET surface 

area-m2 g-1 

Average pore 

size nm 

CaO-500 OC 15 12 

CuO-500 OC 5 4 

CaO-800 OC 18 17 

CuO-800 OC 11 2 

1CaO-3CuO-500 OC 14 3 

2CaO-2CuO-500 OC 16 4 

3CaO-1CuO-500 OC 19 3 

1CaO-3CuO-800 OC 14 2 

2CaO-2CuO-800 OC 18 2 

3CaO-1CuO-800 OC 20 4 

 

inspected at two different calcination temperatures 

(500/800 oC) by varying the catalyst loading level 

from 2-8 % (w/w% concerning WCO) and keeping 

the reaction temperature unchanged at 75 oC, reaction 

time at 5 h and methanol to oil mass ratio at 13:1, the 

yield of FAME. 

It is obviously shown that the catalyst calcified at 

500 oC shows a slight increase in FAME yield 

(<30%) even upon increasing the catalyst loading by 

2─8%. Furthermore, the results of the catalyst 

calcined at 800 oC (see Fig. 5-6) showed that the 

FAME yield rises steeply as the catalyst 

concentration increases which may be ascribed to a 

growth in the number of active sites. While, when the 

catalyst amount exceeds a limiting amount, the 

FAME yield kept unchanged in the case of Ca-Ce 

catalysts while it decreased in the case of Ca-Cu 

catalysts. This influence may be assigned to the 

deprived diffusion between methanol, WCO, and 

catalyst systems [59]. 

 

3.1.7.2 Effect of reaction time at different  

calcination temperatures 

The influence of the reaction time is another 

important criterion that will affect the yield of 

biodiesel. The less the transesterification time, the 

more cost-effective the process. Thus, it is observed 

at early reaction times (See Fig. 7-8), that alcohol 

molecules are distributed gently in the WCO. The 

FAME production yield using xCaO-yCeO2 and 

xCaO-yCuO calcined at 800 oC increased from 0 % 

to up to ≈ 95% with the progress of reaction time 

from 1 ─ 5 h. While the ones calcined at 500 oC 

showed a little bit of increase in FAME yield not 

more than 10%. This may be due to the reaction time 

progress, the WCO and methanol have sufficient time 

to interact with each other, resulting in enhanced 

biodiesel efficiency [56]. After 4 h, the boosting in 

biodiesel yield was small owing to the reversible 

nature of the methanolysis reaction. 

3.2. Catalyst reusability study  

Catalyst reusability is one of the considerable traits of 

hetero-catalysts. Herein, A study on the capability of 

best catalyst reusability was conducted under the 

optimum conditions. The catalytic material attained 

after the end of the methanolysis process was washed 

with n-hexane and then dried out (overnight) in a hot 

air kiln (105 °C). However, the FAME conversion 

was drastically dropped after the 1st cycle which may 

be owing to the leaching of the active metal oxides 

into the biodiesel mixture leading to a reduction in 

active sites (see figure 9) [56]. 
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Figure 4: (a-e) SEM images of 3CaO-1CeO2 at different magnifications, (f-h) Mapping EDX overlay of Ca, 

Ce, O respectively, (i-j) EDX of 3CaO-1CeO2. 

 

Table 4: Basicity measurements and The Fame yield of binary oxide xCaO-yCeO2 calcinated at 500 oC and 800 

oC. 

Name of sample Basicity (mmol/g) FAME yield (%) 

CaO-500 
O

C 109 97 

CaO-800 
O

C 95 97 

CeO2-500 
O

C 48 3 

CeO2-800 
O

C 50 1 

1CaO-3CeO2-500 
O

C 48 7 

2CaO- 2CeO2-500 
O
C 53 15 

3CaO -1CeO2-500 
O
C 56 29 

1CaO-3CeO2-800 
O

C 65 93 

2CaO-2CeO2-800 
O

C 68 94 

3CaO-1CeO2-800 
O

C 72 94 
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Table 5: Basicity measurements and the fame yield of binary oxide xCaO-yCuO calcinated at 500 oC and 800 oC. 

 
Name of sample Basicity (mmol/g)  FAME yield (%) 

CaO-500 OC 109 97 

CaO-800 OC 95 97 

CuO-500 OC 48 2 

CuO-800 OC 37 4 

1CaO-3CuO-500 OC 50 1 

2CaO-2CuO-500 OC 53 4 

3CaO-1CuO-500 OC 55 4 

1CaO-3CuO-800 OC 60 85 

2CaO-2CuO-800 OC 61 92 

3CaO-1CuO-800 OC 62 93 

 

Fig. 5: The effect of catalyst loading xCaO-yCeO2-500/800 oC on the FAME yield %. 
 

 
 

 Fig. 6: The effect of catalyst loading xCaO-yCuO-500/800 oC on the FAME yield %. 
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Table 6: Physicochemical properties of the obtained biodiesel using 3CaO-1CeO2-800 oC in comparison with 

international biodiesel standards. 

Reference Results Test method 
ASTM D-

6751 
Unit property 

[60] 900 ASTM D-4052 860─900 kg m-3 Density @15.5oC 

[61] 6 ASTM D-445 1.9─6 mm2 s-1 Kinematic viscosity @40oC 

[62] 168 ASTM D-93 Min. 130 oC Flash point 

[63] 6 ASTM D-97 _ oC Pour point 

[64] 12 ASTM D-2500 _ oC Cloud point  

[65] 1.45461 ASTM D-1218 _ _ Refractive index 

[66] 32.5 ASTM D-976 _ _ Cetane index 

[67] 1b ASTM D-130 No.3 _ Copper strip corrosion @100oC 3h 

 

 

 
Fig.7: The effect of reaction time on the FAME 

yield of xCa-yCeO2 @ 500/800oC. 

 

 

Fig. 8: The effect of reaction time on the FAME 

yield of xCa-yCuO @ 500/800 oC. 

 

 

Fig. 9: The reusability test of (blue bar) 3CaO -

1CeO2 and (orange bar)3CaO -1CuO catalyst for 

transesterification of WCO at optimum reaction 

conditions:catalystloading = 2%,temperature = 75 °C, 

and M:O ratio =13:1 for 5h and stirring 

rate = 300 rpm. 

 

4. Fuel properties: 

The properties of the produced biodiesel fuel at 

the optimum variable conditions (using 3CaO-

1CeO2-800 oC: catalyst loading level of 8%, reaction 

temperature of 75 °C, methanol /WCO molar ratio of 

13:1 and reaction time of 5 h) are estimated 

according to international standards i.e., American 
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Standards for testing materials (ASTM) 

methods (e.g., density at 15.56 °C, kinematic 

viscosity at 40 °C, flash point, cloud point, pour 

point, refractive index, cetane index, and copper 

strip corrosion) (see Table 6). That is, the 

obtained results are comparable with the 

American (ASTM6751) biodiesel standards. It is 

noticed that the generated FAME has fitting 

values compared to the international standard 

value. That is, it can be used by biodiesel 

distributors for fueling diesel engines without any 

mechanical adjustment.  

5. Conclusions 

In this study, novel CaO─CeO2 and 
CaO─CuO mixed oxide catalysts were 

successfully employed for the boosted 

transesterification of WCO into biodiesel. The 

as-synthesized catalysts were characterized by 

several techniques involving TGA, XRD, FT–IR, 

SEM–EDX, BET, and basicity measurement 

techniques to address the physicochemical 

criterion of the as-synthesized catalysts. 

Optimization of various operating parameters 

was conducted such as the w/w ratio of Ca 

concerning Ce and Cu, calcination temperature, 
catalyst loading level, and process duration. An 

optimum calcination temperature of 800 oC and 

catalyst loading of 2% for 2h was deduced as the 

optimum reaction conditions for the 3CaO:1CeO2 

while the optimum thermal treatment temperature 

of 800 oC for the 3CaO:1CuO and catalyst 

loading of 2% for 1 h was chosen as the optimum 

process conditions for attaining FAME yield of 

94 and 93%, respectively. In summary, it was 

clarified that the addition of basic CaO oxides to 

the acidic (e.g., CeO2 and CuO) resulted in an 

improvement of their catalytic performance 
towards the transesterification of waste cooking 

oil that is embodied in the high-rate FAME 

conversion rendering them as a tolerable catalyst 

for commercial biodiesel production. The 

produced FAME biofuel from waste oil via 

catalytic transesterification process unveiled 

beneficial combustibleness criteria that are fulfill 

with American international standards (ASTM 

D-6751) under distinct climatic and 

environmental conditions. 
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