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Abstract: Molybdenum impregnated calcium oxide (Mo/CaO) was prepared via wet 

impregnation method by varying Mo loading (1-5 wt%) and calcination temperature (300-

800 °C). Powder X-ray diffraction study of Mo/CaO catalyst supported the homogeneous 

doping of Mo in CaO as no peak corresponding to molybdenum oxide was obtained. The 

prepared catalyst was successfully employed for the ethanolysis of high free fatty acid (up to 

18 wt%) containing  vegetable oils  with ethanol to give > 99% fatty acid ethyl ester (FAEE) 

yield under the optimal reaction conditions of ethanol to oil molar ratio of 12:1, catalyst 

concentration of 5 wt% (catalyst/oil) and reaction temperature of 65 °C. The catalyst was 

recovered and reused five times without significant loss in its activity. The Koros-Nowak 

criterion test demonstrated that catalytic activity was independent from the mass transport 

phenomenon. Under optimized reaction conditions the activation energy (Ea) for Mo/CaO 

catalyzed ethanolysis was found to be 66.02 kJ mol–1. Thermodynamic activation parameters 

of the reactions were evaluated based on activation complex theory (ACT) and obtained 

values of ∆G‡ = 43.62 kJ mol–1, ∆H‡ = 64.10 kJ mol–1 and ∆S‡ = -60.58 J mol-1K-1 supported 

unspontaneous, endothermic and associative mechanism of reaction.  

 

1. Introduction 

Biodiesel, defined as fatty acid alkyl esters, is a renewable, biodegradable, and non-toxic 

alternate to conventional diesel fuel.1 The replacement of mineral diesel with biodiesel would 

be beneficial from environmental point of view, as later fuel do not contain aromatics and 

sulfur compounds, has high cetane number and high flash point, causes lower emissions of 

hydrocarbon and COx.
2 Inspite off  several advantages biodiesel commercialization has not 

gained required success in many countries mainly due to the non availability of sufficient 

feedstock and high product cost. 3  
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In this context, use of low cost and low quality feed stocks, such as non edible (e.g., jatropha 

oil and karanja oil) and waste cooking oil for biodiesel production may improve the 

economical feasibility of biodiesel.3 However, the production of biodiesel from non-edible 

oils is challenging especially in presence of homogeneous catalyst due to the presence of 

unwanted components such as free fatty acid (FFA) and water; causing the catalyst 

deactivation via undesirable saponification which not only lower the ester yield but also make 

the product separation extremely difficult due to emulsification.4 Moreover, huge quantity of 

industrial effluents are generated during the essential catalyst removal and product refinement 

step. A possible solution, to circumvent the problems associated with the use of 

homogeneous catalysts, is the development and application of heterogeneous catalysts for 

biodiesel production. Heterogeneous catalysts, although less effective in comparison to the 

homogeneous one, are easy to separate from the reaction mixture, reusable, and expected to 

produce biodiesel without any metal ion contamination.5  

Owing to the high reactivity and cost effectiveness in comparison to other long chain alcohols 

methanol is frequently employed during industrial scale biodiesel production.6 However, 

methanol is highly toxic and non renewable as it is mainly derived from non renewable 

sources such as petroleum refining products. Thus, there is a need to replace methanol with 

some other non-toxic and renewable alcohol such as ethanol; produced mainly from biomass 

fermentation.7 The physicochemical and combustion properties of fatty acid ethyl esters were 

found almost similar to that of corresponding methyl esters.8  

In literature, triglyceride methanolysis is frequently studied in presence of heterogeneous 

catalysts, however, fewer reports are available regarding the application of heterogeneous 

catalysts for the triglyceride ethanolysis, mainly due to the lesser activity of ethanol and 

difficulty in separation of ethyl esters from glycerol. In past a variety of heterogeneous 

catalysts based on CaO, MgO, SrO, ZnO, magnetic-Fe2O3, SiO2, ZrO2, Al2O3 and TiO2 
 have 

been employed  for the transesterification reaction and CaO being non toxic, less costlier and 

easily available has been one of the extensively used among them. 9-12 Pure CaO is not only 

sensitive towards the presence of FFA and moisture contents, but also it is partially soluble in 

alcohol and glycerol. In order to improve the stability as well as reactivity CaO based mixed 

metal oxides were prepared and employed for the transesterification reaction.12 The active 

centres in mixed oxides could be either oxide ion or impregnated metal oxide or the defect 

created due to metal impregnation. These catalysts are frequently employed for the 

methanolysis of a variety of vegetable oils (VOs), but their activity towards ethanolysis is 

deliberated in limited reports. A few CaO based catalysts employed in literature for the 
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ethanolysis of vegetable oils includes CaO, Zr/CaO, CaO-La2O3, calcium zincate and 

Ca(OCH2CH3).
13-17  A 90 % conversion at 78 °C reaction temperature during the ethanolysis 

of groundnut oil was achieved on applying pure CaO as a catalyst.13 Kim et al. reported the 

application of CaO-La2O3 catalyst for the ethanolysis of soybean oil in presence of a 

relatively high catalyst loading of 8 wt% to achieve 71.6 % FAEE yield.15 Liu et al. 

demonstrated a 91.8 % FAEE yield in calcium ethoxide catalyzed ethanolysis of soybean 

oil.17 Thus literature reported heterogeneous catalysts for the ethanolysis reactions have 

utilized mainly edible oil as feedstock and found to be less active as FAEE yield was less 

than the acceptable limit of 96.5 % and less stable as their reusability is either not reported or 

catalytic activity was found to decrease upon repeated use. Moreover, in presence of 

heterogeneous catalyst, thermodynamics and kinetics of VO ethanolysis are not frequently 

studied.  

           In present study, to develop a stable and efficient catalyst for the ethanolysis of high 

FFA containing non edible VOs, Mo supported CaO was prepared via impregnation method 

by varying the molybdenum concentration and calcination temperature. The kinetics and 

thermodynamic parameters of Mo/CaO catalyzed ethanolysis of jatropha oil was studied 

under optimized reaction condition.  

 

2. Experimental Section 

2.1. Materials  

Ammonium molybdate ((NH4)6Mo7O24.4H2O), trichloroacetic acid and benzene (HPLC 

grade) used for Hammett indicator titration, were obtained from Spectrochem Pvt. Ltd. 

(India). Hexane, ethyl acetate, acetic acid, ethanol, ammonia (all chemicals of analytical 

grade purity), and silica gel (TLC grade) were obtained from Loba Chemie Ltd. (India) and 

used as such without further purification. Waste cottonseed oil (WO), cottonseed oil (CO), 

karanja oil (KO) and jatropha oil (JO) used for the transesterification reactions were 

purchased from the local market of Patiala and their chemical analysis is provided in Table 

S1 (ESI). 

 

2.2. Characterization 

Powder X-ray diffraction (XRD) patterns were recorded over a 2θ range of 5–80° on a 

PANalytical’s X’Pert Pro diffractometer using monochromatic Cu Kα radiation (λ=1.54060 

Å). The phases present in the samples were identified with the help of JCPDS (Joint 
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Committee of the Powder Diffraction Standards) database files. Thermogravimetric analysis 

(TGA) was recorded on Shemadzu TGA-50 in the temperature range of 40 to 800 °C at a 

heating rate of 10 °C min-1 under normal atmosphere. Fourier transform-infrared spectra 

(FTIR) of the samples were recorded following the ATR method in the wavenumber region 

of 400–4000 cm-1 with an Agilent Cary-660 spectrophotometer. 

Scanning electron microscopy coupled with energy dispersive X-ray spectrometry (SEM-

EDX) was performed on JEOL JSM 6510LV and transmission electron microscopy (TEM) 

was performed on HITACHI 7500 instruments. The specific surface area of the catalyst was 

determined by using the adsorption desorption method at 77 K by the standard Brunauer-

Emmett-Teller (BET) method using Micromeritics TriStar -3000 surface area analyzer. All 

samples were degassed at 200 °C for 2 h under a nitrogen atmosphere to remove the 

physisorbed moisture from the catalyst surface. The binding energy and electronic state of 

elements present in catalysts were determined by X-ray photoelectron microscopy using 

KRATOS-AXIS Ultra DLD spectrometer instrument (Kratos Analytical, UK) equipped 

monochromator alumina source (Al Kα radiation; hν = 1486.69 eV). The instrument was 

operated at 10 kV and 15 mA with pass energy of 160 eV and an increment of 1 eV. Samples 

were taken in powder form, and deposited on carbon tape and degassed for 2 h in XPS 

chamber to minimize the air contamination at sample surface. To overcome the charging 

problem, a charge neutralizer of 2 eV was applied and binding energy of C 1s core level 

(284.6 eV) was taken as a reference.  

Fourier transform-nuclear magnetic resonance (FT-NMR) spectra of JO and corresponding 

esters were recorded on a JEOL ECS-400 (400 MHz) spectrophotometer in CDCl3 solvent 

using tertramethyl silane (TMS) as an internal reference.  

Gas chromatography-Mass spectroscopy (GC-MS) of FAEEs was performed on Bruker GC-

45X coupled with Scion MS-TQ/SQ system. For GC-MS study samples were diluted with 

hexane and one µL sample solution was injected (injection temperature 250 °C) in GC (15 m 

× 0.25 mm  × 0.25 mm RTX -5MS sil capillary column) in split/splitless mode (split ratio 

1:20 for 0.01 s). Helium was used as a carrier gas with a flow rate of 1 ml/min. The column 

temperature was increased from 60 °C to 300 °C with the heating rate of 10 °C/min. The 

output from the GC column was entered into the ionization chamber of mass spectrometer via 

a transfer line maintained at 260 °C. Mass spectrum (EI 70 eV, ion source temperature 

280°C, solvent delay 2.5 min) was scanned in the m/z range of 50-800. The National Institute 
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of Standard and Test (NIST) library match software was used to identify the individual 

FAEE. 

The metal ion concentration in FAEE and glycerol was estimated by inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES) on Spectro ARCOS instrument. The basic 

strength of the catalysts (H_) was measured by Hammett indicator benzene carboxylic acid 

titration method18, using neutral red (H_= 6.8), bromothymol blue (H_= 7.2), phenolphthalein 

(H_= 9.3), Nile blue (H_= 10.1), tropaeolin-O (H_= 11.1), 2,4-dinitroaniline (H_= 15.0), and 

4-nitroaniline (H_= 18.4) as indicators.  

 

2.3. Catalyst preparation  

A series of molybdenum impregnated CaO was prepared by the wet impregnation method. In 

a standard preparation method, 10 g of calcium oxide was suspended in 40 mL of deionized 

water, and to this 10 mL (NH4)6Mo7O24.4H2O solution of desired concentration was added 

and stirred for 4 h. After the molybdenum incorporation over CaO, the slurry was evaporated 

to dryness at 120 °C for 24 h and finally calcined at 300-800 ºC. A series of Mo/CaO samples 

was prepared by varying the molybdenum concentration 1 to 5 wt% and calcination 

temperature 300 to 800 ºC. Prepared Mo/CaO was abbreviated as xMo/CaO-T, where x and T 

represent the molybdenum concentration (wt%) and calcination temperature (ºC), 

respectively. 

 

2.4. Transesterification reaction and product analysis 

Ethanolysis of  JO was performed in a 50 mL two-neck round bottom flask equipped with a 

water bath on hot plate, magnetic stirrer and water-cooled reflux condenser. Initially, 10 g of 

JO with desired molar concentrations of ethanol and catalyst was added to the flask. The 

reaction mixture was heated at desired temperature for a specific time. The reaction mixture 

was allowed to cool down to room temperature and solid catalyst form this was filtered out. 

Excess ethanol from the liquid phase was rotary evaporated and remaining mixture was left in 

a separating funnel for 48 h to separate lower glycerol phase from upper FAEE layer. Finally 

the FAEE composition as well as yield was determined by GC-MS technique.19 Ethyl esters 

obtained upon ethanolysis of JO was also characterized by 1H and 13C-NMR techniques14 as 

shown in Fig. S1 (ESI).  

 

2.5. Catalysts reusability and leaching tests 
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To examine the reusability of Mo/CaO catalyst, it was employed during six successive 

reaction cycles under the optimized reaction conditions. Prior to the next reaction cycle, 

catalyst was separated from the reaction mixture by filtration, washed thoroughly with 

hexane to remove adsorbed compound from catalyst surface, and finally regenerated at 700 

°C calcination temperature. 

The concentration of dissolved catalyst into the reaction mixture was investigated by ICP-

AES study. To ensure the heterogeneous nature of the catalyst, and to prove that leached 

metal ion has not acted like a homogeneous catalyst, a hot filtration test was carried out under 

optimized reaction conditions. During the test, the catalyst was removed from reaction 

mixture by filtration after 1.5 h of reaction duration, and reactants were heated again for an 

additional period of 3.5 h. 

 

3. Results and Discussion 

3.1 Catalyst characterization 

3.1.1 X-ray diffraction study. Powder XRD patterns of CaO and Mo/CaO containing 

different molybdenum concentrations in the range of 0-5 wt% at 700 °C calcination 

temperature are illustrated in Fig. 1(a). The appearance of sharp peaks in diffraction patterns 

indicates the formation of highly crystalline materials. Commercial CaO used as support 

material revealed the characteristic diffraction patterns of cubic-calcium oxide (JCPDS 82-

1691) as a major phase and hexagonal-Ca(OH)2 as a minor phase (JCPDS 84-1275)  is also 

present. Molybdenum impregnation in CaO was not able to initiate the formation of any new 

phase. No diffraction peak corresponding to molybdenum oxide or any other phase of 

molybdenum was observed up to 5 wt % Mo loading in CaO. This indicates that Mo has been 

incorporated into CaO lattice to form a solid solution of molybdenum oxide in calcium oxide. 

During Mo/CaO catalyst preparation by wet chemical method in aqueous medium reaction 

between CaO and H2O leads to the formation of Ca(OH)2 in hexagonal phase as supported by 

the XRD pattern of catalyst heated up to 400 °C (Fig. 1(b)). At 500 °C calcination 

temperature, Ca(OH)2 decomposition was initiated into CaO phase and hence both CaO and 

Ca(OH)2 phases were observed. A further increase in calcination temperature (≥ 600 °C) 

leads to the formation of a pure cubic-CaO phase which indicated the completion of Ca(OH)2 

decomposition. Similar XRD patterns were observed for Mo/CaO calcined up to 800 °C to 

indicate that an increase in the calcination temperature beyond 600 °C has not initiated any 

phase change in Mo/CaO.  
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Fig. 1. XRD pattern of Mo/CaO with varying (a) Mo concentration (0-5%) and (b) 
calcination temperature (300-800 °C) (♦ = Ca(OH)2 ; � = CaO). 
 
The crystallize size of catalysts at varying Mo loadings and calcination temperature was 

calculated by Scherrer equation. The catalytic support CaO has crystallite size of 33.0 nm. 

With increase in molybdenum loading (1-3 wt%) on CaO the crystallite size of the catalyst 

decreases (33.0-22.5 nm) as shown in Table S2 (ESI). This may be due to the small ionic 

radius of molybdenum (79 pm) as compared to calcium (114 pm). With increase in 

calcination temperature (300-500 °C) the crystallite size of the catalyst decreases may be due 

to the removal of water molecules from the vacant sites of Mo/CaO lattice as well as partial 

decomposition of Ca(OH)2 at 500 °C.20 Further increase in calcination temperature (600-800 

°C) was not found to bring any significant variation in crystallite size as no change in catalyst 

structure or phase was observed in this temperature range.  

 

3.1.2. Thermo gravimetric analysis. TG curve of uncalcined Mo/CaO catalyst is illustrated 

in Fig. 2, which shows two weight loss regions in the temperature ranges of 437-500 °C and 

500-700 °C. The first or major weight loss region (19.22 %) corresponds to the 

decomposition of Ca(OH)2 into CaO phase. The second weight loss region (5.79 %) ascribed 

to the decomposition of CaCO3 which may form due to the reaction of surface CaO with 

atmospheric CO2. In order to avoid the presence of CaCO3, catalyst was prepared at 700 °C 

calcination temperature. 
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Fig. 2. TG curve of uncalcined 3Mo/CaO catalyst. 

 

3.1.3. Electron Microscopy studies. The SEM and TEM images were recorded to determine 

the morphology and particle size of prepared catalyst. The SEM micrograph shows the 

clusters of irregular shaped crystalline particles ranging from 0.2-1.0 µm in size which has 

formed due to the agglomeration of Mo/CaO particles as shown in Fig. 3(a).  Qualitative 

analysis by SEM-EDX study supported the presence of ~2.7 wt% Mo in 3-Mo/CaO-700 as 

shown in Fig. S2 (ESI). TEM image of these particles indicates that each cluster consist of 

even smaller particles of 25-40 nm size with inconsistent geometries as shown in Fig. 3(b). 

Thus powder XRD as well as TEM study supported the formation of nano structures of 

Mo/CaO catalyst. 

 

Fig. 3. (a) SEM and (b) TEM image of 3Mo/CaO-700 catalyst. 
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3.1.4. BET surface area and porosity measurements. As given in Table 2, the measured 

BET surface area of the commercially available CaO was found to be 3.90 m2/g and an 

increase in surface area was observed upon Mo impregnation. It can be clearly seen from 

Table 1, that the addition of 0-3 wt% molybdenum increases the surface area from 3.90 to 

44.29 m2/g, however, a further increase of Mo content (up to 5 wt%) resulted in a decrease in 

surface area. Thus, up to 3 wt% molybdenum dispersed homogeneously into the CaO matrix 

and a further increase in Mo concentration blocked the micropores of the catalyst. The 

blockage of pore size is further supported by the larger pore size with 5 wt% Mo loading.  

 

Table 1. Surface properties of Mo/CaO catalyst. 
Catalyst Surface area 

(m2/g) 
Pore size (nm) Pore volume 

(cm3/g) 
CaO 3.9 N.D N.D 

1-Mo/CaO-700 27.8 32.6 0.22 
3-Mo/CaO-700 44.2 20.1 0.22 
5-Mo/CaO-700 28.8 28.7 0.20 

N.D = Not Determined 

 

The nitrogen adsorption-desorption isotherms (Fig. 4) indicate a type IV isotherm profile for 

Mo/CaO catalysts at different loading of molybdenum with hysteresis loop H3, at relative 

pressure of about 0.7-1.0; characteristic to the mesoporous materials. 
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V
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3
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Fig. 4. N2 adsorption-desorption isotherms for Mo/CaO catalyst at varying molybdenum 
loading. 
 
3.1.5. XPS analysis. The electronic state of the metal ions present in catalyst was determined 

by XPS analysis as shown in Fig. 5. The peaks corresponding to O2- (1s), Ca2+ (2p) and Mo6+ 

(3d) were observed at 533, 351 and 231 eV, respectively.21 Thus XPS study supported the 

presence of molybdenum over catalyst surface, although same could not be detected by XRD 

study due to the homogeneous solid solution formation of molybdenum in calcium oxide. 
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Fig. 5. Wide scan XPS spectra of 3Mo/CaO-700. 
 
3.2. Catalytic activity  

The commercially available CaO was found to show poor activity towards the ethanolysis of 

non-edible oils and hence, required relatively longer reaction duration (> 10 h) to achieve the 

equilibrium. Moreover, due to relatively high solubility of CaO in alcohol biodiesel must be 

washed to remove the dissolved catalyst.1 The activity as well as stability of CaO was 

improved upon molybdenum impregnation. As shown in Table 2, with the increase in 

molybdenum loading from 1 to 3 wt% at 700 °C calcination temperature, the catalytic 

activity (TOF) was found to increase due to the increase in catalyst basic sites as well as 

surface area. A further increase in molybdenum concentration was not found to increase the 

basic sites and hence, no gain in activity was observed. 

The optimized calcination temperature for the catalytic activity was established by preparing 

the catalyst in the range of 300-800 °C calcination temperature. Up to 400 °C, Bronsted site 

predominated in the catalyst due to the presence of Ca(OH)2 and at ≥ 600 °C , these sites 

converted into Lewis site due to the decomposition of Ca(OH)2 into CaO. Transesterification 

reaction could be effectively catalyzed by Lewis base sites rather than Bronsted sites.23 In 

order to remove the possibility of active site blockage due to CaCO3 formation, the catalyst 

was prepared at 700 °C calcination temperature, although its activity as well as basic site 

strength was found to be similar to the catalyst prepared at 600 °C (Table 2).  
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Table 2.  Comparison of basicity and TOF of Mo/CaO at varying loadings of molybdenum 
and calcination temperature. 

TOF = molactual/(fm × mcat × t) where molactual, mcat, t and fm were the moles of FAEE, mass of 
catalyst, reaction time and total basicity of catalyst (in mmol/g of catalyst).22 

Reaction 

conditions:- ethanol to oil molar ratio of 12:1 at 65 ºC in presence of 5 wt% catalyst 
(catalyst/oil). 
 
The catalyst prepared with 3 wt% molybdenum loading at 700 °C calcination temperature 

was found to be most active and hence selected for detailed study. 

 

3.3. Mass transfer limitation study 

Vegetable oils and ethanol are completely immiscible and hence mass transfer limitations 

could affect the FAEE yield.24 To establish the stirring speed at which the mass transfer 

limitations are minimal during 3Mo/CaO-700 catalyzed transesterification reaction, a series 

of ethanolysis reaction was performed at 50-650 rpm stirring speed. As could be seen from 

Fig. 6, initially the reaction rate increases with the increase in stirring speed and at ≥ 450 rpm 

the reaction rate was found to be maximum and constant. Thus all experiments in present 

study were carried out at a stirring speed of 450 rpm to exclude the effect of mass transfer 

phenomenon on reaction rate. 

 
Catalyst 

Basicity under different indicators (mmol/g of catalyst)  
fm 

(mmol/g of 
catalyst) 

 
TOF 

(h-1) 
Neutral red  
pKBH+=6.8 

Bromothym
-ol blue 

pKBH+=7.2 

Phenolphth-
alein  

pKBH+= 9.3 

Nile blue 
pKBH+ =10.1 

Trapeolin 
pKBH+=11.1 

CaO 0.28 0.22 0.10 0.14 -  0.74 0.95 
1Mo/CaO-700 0.58 0.47 0.25 0.35 - 1.65 1.35 
2Mo/CaO-700 1.34 0.82 0.50 0.48 0.73 3.87 2.47 
3Mo/CaO-700 1.56 1.40 1.28 0.56 1.04 5.84 3.05 
4Mo/CaO-700 1.54 1.42 1.29 0.56 1.02 5.80 3.03 
5Mo/CaO-700 1.51 1.43 1.27 0.52 1.00 5.76 3.00 
3Mo/CaO-300 0.32 0.25 0.14 0.17 - 0.88 1.12 
3Mo/CaO-400 0.59 0.48 0.27 0.38 - 1.72 1.81 
3Mo/CaO-500 1.00 0.70 0.57 0.43 0.64 3.34 2.79 
3Mo/CaO-600 1.53 1.43 1.26 0.57 1.01 5.80 3.02 
3Mo/CaO-800 1.55 1.42 1.26 0.57 1.03 5.83 3.03 
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Fig. 6. Effect of stirring speed on 3Mo/CaO-700 catalyzed transesterification of JO. Reaction 

conditions:- ethanol to oil molar ratio of 12:1 at 65 ºC in presence of 5 wt% catalyst 
(catalyst/oil). 
 
3.4. Effect of the reaction parameters 

To optimize the reaction parameters for the better catalytic activity, transesterification 

reactions were conducted by varying catalyst concentration (1-6 wt%), ethanol to oil molar 

ratio (3:1-15:1) and reaction temperature (35-75 ºC). The detailed experimental procedures of 

these experiments are provided in Fig. S3 (ESI) and on the basis of this study, a 12:1 ethanol 

to oil molar ratio at 65 ºC reaction temperature, 5 wt% catalyst (with respect to oil) and 4.5 h 

of reaction duration were found to be the optimum conditions for the 3Mo/CaO-700 

catalyzed transesterification of JO. 

A comparison between thes ethanolysis activity of 3Mo/CaO-700 catalyst and few literature 

reported catalysts is given in Table 3. 
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Table 3. Comparison of reaction conditions of literature reported heterogeneous catalysts 
used for ethanolysis with our catalyst.  

N.R – Not reported; a – under high pressure in parr batch reactor 

As could be seen from the Table 3, Mo/CaO catalyzed ethanolysis of JO required lesser 

ethanol to oil molar ratio and lower reaction temperature for achieving > 99 % FAEE yield. 

Moreover, most of the literature reported catalysts either not demonstrated any reusability or 

showed poor reusability. On the other hand, the catalyst reported in present work has 

maintained greater than 98% FAEE yield during 5 catalytic runs.  

3.5. Tolerance towards water and FFA  

The presence of water and FFA in case of low quality feedstock, such as nonedible or waste 

cooking oils, is inevitable although both are found to deactivate the homogeneous base 

catalysts via saponification in traditional biodiesel production processes.23 Formation of soap  

would emulsify with reaction mixture, which make the separation of fatty acid ester, glycerol 

and catalyst extremely difficult.29 

In order to examine the moisture tolerance of catalyst, transesterification reaction of JO was 

performed in presence of 0.5-6.5 wt% water contents (with respect to oil). Fig. 7(a) indicates 

that up to 2.5 wt% addition of water was not found to make any negative effect on catalyst 

activity. A further increase in water (3.0-6.5 wt%) was found to reduce the catalyst activity 

due to the change of Lewis basic sites (–O–) into Bronsted basic sites (–OH) due to the 

reaction of water molecules with catalyst. The Bronsted basic sites were found to be less 

active towards the transesterification than corresponding Lewis basic sites. A comparison of 

XRD patterns (Fig. 7(b)) of fresh catalyst with the catalyst exposed to moisture also 

supported the conversion of CaO phase into Ca(OH)2 phase. 

 
 

Catalyst 

 
 

Oil 

Reaction conditions  
 

Ref. 
Catalyst 
dosage 
(wt%) 

Reactio 
temp. 
(°C) 

Ethanol 
to oil 
molar 
ratio 

Reaction 
time (h) 

FAEE 
yield 
(%) 

Reusability 
(FAEE 

yield after 
last run) 

CaO Sunflower 20 75 18:1 6 100 N.R 13 
Zr/CaO Jatropha  5 75 21:1 7 > 99 N.R. 14 

CaO-La2O3 Soybean 8 65 10:1 6 71.6 N.R 15 
Calcium zincate Sunflower  3 78 20:1 3 > 95 3 (40) 16 
Ca(OCH2CH3) Soybean 3 75 12:1 3 91.8 N.R 17 

Sr:Zr Waste cotton seed 5 75 12:1 7 > 99 4 (98) 22 
Mg2CoAla Rapeseed 2 200 16:1 18 97 7 (97) 25 

MgO/SBA-15a Edible oil 2 220 6:1 5 96 N.R 26 
SO4

2-/ZrO2
a Soybean 5 120 20:1 1 92 4 (15) 27 

Li/ZrO2 Waste cotton seed 5 75 15:1 4.5 99 9 (90) 28 
Mo/CaO Jatropha 5 65 12:1 4.5 > 99 5 (98) In present 

work 

Page 13 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



14 

 

0 1 2 3 4 5 6 7
4

5

6

7

8

9   Reaction time (h)

  Reaction rate (mol h-1)

Moisture content (wt%)

R
e
a
c
ti
o
n
 t
im
e
 (
h
)

(a)

0.000

0.002

0.004

0.006

0.008

0.010

R
e
a
c
tio
n
 ra

te
 (m

o
l h

-1)

10 20 30 40 50 60 70 80

♦♦
• •

•

•

Cata lys t exposed  to  

m o is tu re

In
te
n
s
it
y
 (
a
.u
)

2  th e ta  (d eg rees )

Fresh  ca ta lys t  

•

♦

♦
♦♦

♦

♦

♦

• •

•

•

•

(b )

Fig.7. (a) Effect of moisture content on the 3Mo/CaO-700 catalyzed transesterification of 
WO (reaction time is the time required to achieve > 99% FAEE yield) (b) Comparison of 
XRD spectra of fresh catalyst and catalyst exposed to moisture (• = CaO, � = Ca(OH)2). 
 

FFA content in oils not only deactivates the homogeneous alkali catalyst via saponification 

but also found to reduce the activity of heterogeneous catalysts.23 To evaluate the effect of 

presence of FFA on 3Mo/CaO-700 activity, transesterification of VOs containing up to 18.1 

wt% FFA was performed and results are shown in Fig. 8. The activity of the catalyst was 

found to decrease as FFA content in oil increases, nevertheless > 99% FAEE yield could be 

maintained by increasing the reaction duration. The reduction in catalytic activity could be 

attributed to the strong interaction of highly polar acetate group (of fatty acid) with the 

catalyst surface (Ca2+) to result the partial blocking of the active sites.27 
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Fig. 8. Effect of FFA contents on the 3Mo/CaO-700 catalyzed transesterification of different 
feed stocks (reaction time is the time required to achieve > 99% FAEE yield). Reaction 

conditions:- Ethanol to oil molar ratio of 12:1 at 65 ºC reaction temperature in presence of 5 
wt% (catalyst/oil) catalyst. 
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3.6. Reusability and stability 

Reusability and ease of separation from the reaction mixture are few important advantages of 

a heterogeneous catalyst over homogeneous one.  As shown in Fig. 9, the catalyst could be 

reused up to five times without significant loss in activity, however, in sixth run only partial 

conversion was achieved.  
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Fig. 9. Reusability study of catalyst. 
 

A comparison of IR spectrum (Fig. S4; ESI) of the fresh and used catalyst rule out the 

possibility of adsorption of organic molecule over the catalyst surface, which otherwise was 

found to reduce the catalytic activity.4 Change in catalyst structure, upon repeated use and 

activation, could be another reason for the loss of activity. The XRD study (Fig. 10) of fresh 

and used catalyst validated that upon repeated use CaO phase has partially changed into 

Ca(OH)2. 
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Fig. 10. Comparison of XRD of fresh and used catalyst. (• = CaO, � = Ca(OH)2). 
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The metal analysis supported minute leaching of Mo and Ca in FAEE (1.23 and 0.25 ppm, 

respectively) as well as in glycerol (4.12 and 2.28 ppm, respectively). Thus catalyst is stable 

although small amount of metal is lost during the catalytic run, which could be another reason 

for the loss of activity. To validate that dissolved metal ions have not acted as homogeneous 

catalyst, hot filtration test was performed (Fig. 11). No significant gain in FAEE yield was 

obtained when the reaction was continued after filtering out the catalyst to rule out the 

possibility of homogeneous contribution in catalytic activity by the leached metal ions and to 

support a truly heterogeneous mode of action of Mo/CaO catalyst. 

Therefore, the gradual loss of the catalytic activity could be attributed to (i) structural 

changes in catalyst and (ii) partial loss of the Mo and Ca from 3Mo/CaO-700 upon its 

repeated use. 
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Fig. 11. Hot filtration test for 3Mo/CaO-700 catalyzed transesterification. 
 
3.7. Kinetics and thermodynamic studies 

Transesterification is generally assumed to follow pseudo-first-order kinetics as alcohol in 

such reactions are employed in excess to the required stoichiometric amount of 3:1 alcohol to 

oil molar ratio.30 In this study, ethyl esters yield with respect to time was followed (Fig. S5) 

to study the reaction kinetics by performing the reaction under optimized reaction conditions. 

Since a 12:1 ethanol to oil molar ratio was employed, the kinetics of 3Mo/CaO-700 catalyzed 

ethanolysis could safely be assumed to follow (pseudo) first order30 equation 1:  

‒ ln(1‒ X) = k t                                      (1)             

where k is the first order rate constant, X is the amount of oil converted into FAEE.  
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The linear nature of ‒ ln(1‒X) versus t plot supported that the reaction has followed the 

(pseudo) first order rate law (Fig. 12(a)). The apparent first order rate constant form the plot 

was observed 1.01 h‒1 at 65 ºC. 

To calculate the activation energy, reactions were carried out in the temperatures range of 35-

65 ºC. The Arrhenius equation 2 was employed31 to estimate the activation energy (Ea) and 

pre–exponential factor (A). 

                                                ln k = ln A  ‒ Ea/RT                   
             (2)                     

       where Ea is the activation energy (kJ mol-1), A is the pre-exponential factor (h-1), R is the 

gas constant (8.314 x 10-3 kJ K-1 mol-1) and T is the reaction temperature (°K).  

The values of Ea and A from ln k versus 1/T plot (Fig. 12(b)) were found to be 66.02 kJ mol–1 

and 9.2 × 109 h‒1, respectively. 

The observed Ea value in present study (66.02 kJ mol-1) was found within the range of 

reported values (26-82 kJ mol–1) for transesterification reaction catalyzed by heterogeneous 

catalysts.14 A value of Ea > 25 kJ mol−1 also supported that 3Mo/CaO-700 catalyzed 

transesterification is a chemically controlled reaction and not controlled by mass transfer 

limitations.32 
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Fig.12. Kinetic study of transesterification of JO with ethanol over 3Mo/CaO-700 catalyst. 
(a) Plots of –ln(1–X) vs time at different temperatures (b) Arrhenius plot of ln k vs 1/T. 
Reaction conditions: ethanol to oil molar ratio of 12:1 and 5 wt% of 3Mo/CaO-700 with 
respect to oil. 
 

The thermodynamic parameters such as enthalpy (∆H‡) and entropy (∆S‡), were not 

frequently studied for the transesterification reactions catalyzed by heterogeneous catalyst. In 

present study to evaluate these parameters Eyring equation 4 was applied. 33 
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																																												ln ��T� =	−
∆H‡
� �1�� +	�ln �

��ℎ � +	
∆S‡
� �																																							(4) 

where kB and h are the Boltzmann (1.38 ×10-23 J K-1) and Planck (6.63 × 10-34 Js) constants, 

respectively.  

Equation 4 resembles van’t Hoff’s equation describing the mathematical relation between 

enthalpy and entropy of activation with rate constant. The superscript ‡ notation refers to the 

value of interest in the activation complex or transition state. The slope and intercept of 1/T 

versus ln (k/T) plot would be equals to –∆H‡/R and ln(kB/h) + ∆S‡/R, respectively.  

Fig. 13 depicts the Eyring plot of Mo/CaO catalyzed transesterification of JO and from this 

plot the value of ∆H‡ was found to be 64.10 kJ mol-1. The positive value indicates that 

reaction is endothermic and thus an external heating source is needed to raise the energy level 

of reactants so that they could be transformed to the transition state. The value of ∆S‡ was 

found to be negative (-60.58 J mol-1K-1) to suggest that associative mechanism is followed in 

which reactant species might have joined together over catalyst surface to form a more 

ordered transition state.  

The Gibb’s free energy of activation (∆G‡) was determined at 65 °C from fundamental 

thermodynamics equation 5.34 

                                                   ∆G‡ = ∆H‡ 
− T∆S‡      (5) 

The ∆G‡ value was found to be 43.62 kJ mol-1, to indicate unspontaneous nature of the 

reaction in which transition state is having higher energy level than reactants. 
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Fig. 13. The Eyring plot of 3Mo/CaO-700 catalyzed transesterification of JO. 
 
 

Page 18 of 23RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



19 

 

3.8. Koros‒Nowak Criterion test 

Koros–Nowak criterion test was performed to find out whether reaction rates were free from 

mass transfer effects.30,35 In present study the reactions were carried out in presence of two 

catalysts in which concentration of active sites over the catalyst has been changed without 

changing the total active (basic) sites. As shown in Fig. 14, at similar conversion levels, 

TOFs of both the catalysts were found to be almost similar to prove the absence of mass 

diffusion limitations in Mo/CaO catalyzed reaction. 
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Fig. 14. A plot of TOF vs % conversion for the 2Mo/CaO-700 and 3Mo/CaO-700 catalyzed 
ethanolysis of JO. Reaction conditions: ethanol to oil molar ratio; 12:1 at 65 °C and catalyst 
concentration; either 5 wt% of 3Mo/CaO-700 or 7.5 wt% of 2Mo/CaO-700. 
 
3.9. Fuel properties of biodiesel 

Physicochemical properties of the biodiesel depend upon their fatty acid composition which 

could be evaluated by GC-MS study. Gas chromatogram of FAEE prepared from JO is 

provided in Fig. S6 (ESI) and corresponding fatty acid ester composition is listed in Table 4. 

Total FAEE content was observed as high as 99.37 wt%, consisting of 26.66 wt% saturated 

and 72.71 wt% unsaturated fatty acid esters. A high percentage of unsaturated fatty acid ester 

indicates better cold flow properties of biodiesel even at low temperature.36 
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Table 4. Composition of JO derived FAEE. 
S.No. Retention 

time (min) 
Composition; Molecular formula Corresponding acid 

(Cx:y) 
Wt % 

1 3.93 Caprylic acid ethyl ester; C10H20O2 Caprylic acid (C8:0) 0.24 
2 5.99 Pelargonic acid ethyl ester; C11H22O2 Pelargonic acid (C9:0) 0.36 
3 8.57 Palmitoleic acid ethyl  ester; C18H34O2 Palmitoleic acid (C16:1) 1.04 
4 8.68 Palmitic acid ethyl ester; C18H36O2 Palmitic acid (C16:0) 18.04 
5 9.47 Linoleic acid ethyl ester; C20H36O2 Linoleic acid (C18:2) 20.36 
6 9.49 Oleic acid ethyl ester; C20H38O2 Oleic acid (C18:1) 50.67 
7 9.61 Stearic acid ethyl ester; C20H40O2 Stearic acid (C18:0) 8.02 
8 11.03 Linolenic acid ethyl ester;C20H34O2 Linolenic acid (C20:3) 0.64 

x:y = number of carbon atoms:number of double bods   
 
Few more fuel properties of prepared FAEE were studied and compared with the European 

specifications EN 14214. As could be seen from Table 5, the observed values of properties 

for the prepared biodiesel fuel were found within the acceptable limits of European standards.  

 
Table 5.  Fuel properties of the FAEE prepared from JO. 

 
 

4. Conclusions 

Molybdenum impregnated calcium oxide has been synthesized via wet impregnation method 

and found effective for the ethanolysis of non edible oils having FFA contents as high as 18.1 

wt%. The prepared catalyst under mild reaction conditions (Reaction temperature 65 °C, 

catalyst amount 5 wt% and ethanol to oil molar ratio 12:1) demonstrated > 99 % FAEE yield 

in 4.5 h of reaction duration with lesser leaching of Mo and Ca in the reaction mixture and 

was found to be reusable during 5 catalytic runs. The Koros-Nowak test and mass transfer 

limitation study demonstrate that catalytic activity was independent from the diffusion 

limitations. The values of thermodynamic activation parameters ∆G‡, ∆H‡ and ∆S‡ were 

S.No. Parameters Units FAEE  EN 14214 Test method 

1 Flash point ºC 120 100–170 ASTM D93 
2 Pour point ºC 0 –5 to10 ASTM D2500 
3 Kinematic 

viscosity at 40 ºC 
cSt 4.92 1.9–6.0 ASTM D445 

4 Density at 31 ºC kg/mm3 883 860–900 ISI448 P:32 
5 Moisture content % 0.28 ≤ 0.5 ASTM D2709 
6 Ash % 0.01 0.02 ASTM D874 
7 Iodine value  mg of I2/g of sample 89.8 ≤ 120 

1H–NMR33 
8 Acid value mg of KOH/g of sample 0.45 0.8 ASTM D664 
9 Saponification 

value 
mg of KOH/g of sample 183.49 – ASTM D5558 

10 Ester content % > 99 %  ≥ 96.5 
1H–NMR,GC-MS 

11 Mo/Ca  ppm 1.23/0.25 ≤5 (Total 
metal) 

ICP-AES 
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found out to be 43.62 kJ mol–1, 64.10 kJ mol–1 and -60.58 J mol-1K-1, respectively, which 

show that reaction was unspontaneous, endothermic and endergonic in nature. 
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Graphical abstract: 

 

 

Textual abstract: 

Mo/CaO catalyst was employed for the ethanolysis of high free fatty acid containing (up to 

18 wt%) vegetable oils to produce biodiesel. 
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