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Abstract: In the present research work, lipase-immobilized zinc oxide nanoparticles were synthesized 

and used for the production of biodiesel. The fungus Aspergillus niger (KP001169) was exposed to 

gamma radiation to produce the lipase enzyme, which was later immobilized into ZnO nanoparticles. 

The synthesized zinc oxide nanoparticle was characterized using FTIR, XRD, and SEM-EDAX. 

Varying temperature and pH levels were analysed to determine the lipase enzyme's free and 

immobilized activity. According to the experiment, ZnO NPs lipase (5%) can be reused in the 

production of biodiesel without being treated for up to five cycles, and its activity was decreased by 

15% after the 5th cycle. The optimized reaction conditions for the production of biodiesel from the lipid 

obtained from Anabaena species were found to be a methanol: oil ratio (1:4), Reaction temperature 

(45℃), Reaction time (6 hours), and Reaction speed (400 rpm). 
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1. Introduction 

In recent years, fossil fuels have been crucial to the global economy because they satisfy 

the energy requirements for heating, lighting, and transportation purposes. The need for fossil 

fuels in communities has increased as the population has grown. Additionally, the growing use 

of fossil fuels has raised the atmospheric CO2 concentration, a major contributor to global 

warming [1]. Scientists and researchers are moving towards an alternative energy source based 

on these factors. Biofuels are produced from various feedstocks existing in the natural 

resources. Algal-based biofuels are currently receiving a lot of interest because of their high 

lipid content, which is used for the production of biodiesel [2, 3], bioethanol production from 

sugars [4], biomethane production from biomass [5, 6] and biohydrogen from algal biomass 

[7]. Various types of catalysts were used in biodiesel production. Among the various 

categories, lipase-immobilized nanocatalysts enhance the conversion rate of lipids into 

biodiesel. In the field of nanotechnology, there are numerous industrial uses for various kinds 

of nanoparticles [8,9]. Generally, enzymes, acids, and alkalis catalysts were used in the 

production of biodiesel [10-12]. The merits of heterogeneous catalysts include corrosiveness, 
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easy separation, and the ability to be reused than homogeneous catalysts [13-16]. Currently, a 

variety of heterogeneous catalysts are used in biodiesel production, such as metal-oxides mixed 

catalysts, carbon-based catalysts, ion exchange resins, etc [17-22]. The demerits of 

conventional solid catalysts are low activity, porosity, high cost, and significant leaching. The 

merits of heterogeneous catalysts are effective and stable in the production of biodiesel to 

produce high-quality biofuel [23]. Previous research studies simplified the synthesis of 

nanomaterials. As a result, continuous research has been conducted in the field of 

nanomaterials, which are used as an effective catalyst in the production of biodiesel [24-27]. 

Generally, metal oxide-based nanocatalysts enhance biodiesel production. To increase the yield 

of biodiesel, zinc oxide was modified using various carrier loading techniques, acid-base 

alteration, and other techniques [28, 29]. Numerous investigation reports are available on the 

usage of metal oxide-based catalysts in biodiesel production, which have been carried out over 

the last two decades with significant outcomes [30-32]. Nowadays, metal oxide-based 

nanoparticles play a major role in the vital applications of medicine, food, agriculture, 

electronics, and industry [33-40]. In the present research work, lipase-immobilized zinc oxide 

nanoparticles were used as a nanocatalyst for biodiesel production from the lipid obtained from 

the Anabaena species. 

2. Materials and Methods 

2.1. Chemicals and reagents. 

SD Fine Chemicals like ammonium acetate, methanol, hexane, N-hydroxysuccinimide, 

chloroform, EDTA, 3-aminopropyltriethoxysilane, sodium taurocholate, CTAB, zinc nitrate, 

sodium chloride,  EDC and sodium hydroxide were used. Hi-media, ASN III was used to isolate 

cyanobacteria from saline water.  

2.1.1. Production and purification of lipase from Aspergillus niger (KP001169). 

To obtain extracellular lipase using the ideal medium conditions, Aspergillus niger 

(KP001169) was exposed to gamma radiation. It contains 5% yeast extract and 5% olive oil, 

which is used to produce lipase. 250 mL of broth was seeded with 1.0 mL (4.60 x 107 CFU/ml) 

of spore inoculums, incubated at 25℃, pH-7, and 200 rpm, and stirred for 72 hours. 0.14 kGy 

of gamma radiation was induced in the Aspergillus niger to increase its ability to break down 

the lipase [41]. The crude lipase was isolated from the culture broth by stirring at 10,000 rpm 

for 30 minutes. Ammonium sulphate precipitation was used to purify the lipase. The 

photometric test was used for the determination of the extracellular lipase activity [42]. 

2.2. Green synthesis of zinc oxide nanoparticle using Chlorella vulgaris extract. 

Initially, Chlorella vulgaris extract (50 mL) was mixed with zinc acetate(4.0 g), and 

deionized water (200 mL) was mixed in a 1000 mL beaker, then adjusted the pH to 8 with 1 

mol/L sodium hydroxide at 80℃ stirring for 2 h. The ZnO nanoparticles were obtained, washed 

repeatedly with suction under a vacuum pump, and dried at 60℃. The obtained ZnO 

nanoparticle was dried under a muffle furnace at 500℃ for 2 hours and used for further 

experiments. 
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2.3. Immobilization of lipase on ZnO nanoparticles. 

The ZnO nanoparticle (0.5 g) was treated with 0.30 mL of 3-

Aminopropyltriethoxysilane, and 30 mL of ethanol was added, and the mixture was 

ultrasonically processed at 35 kHz. ZnO-APTES product was obtained and separated. The 

reactant solution was treated with 10% isopropanol and dried at 40℃ agitated at 200 rpm for 

3 hours at RT. A lipase solution of 5 mL and 1 mL of a 5 mg/mL EDC solution were added to 

the reactant solution, and 5 mg of N-Hydroxysuccinimide was added and incubated for about 

2 hours. It was incubated for two hours after adding 0.5 g of ZnO-APTES nanoparticles to the 

mixture. Lipase-immobilized zinc oxide nanoparticle was separated, washed with distilled 

water, dried, and maintained at 4℃ for further studies [45-48].  

2.4. Assay for lipase activity. 

The reaction mixture was mixed with various enzyme dosages (100–500 mg) and 

treated with 5 mL phosphate buffer to maintain pH 7 before adding 10 mL of olive oil. After 

an hour at 40℃ of incubation, 20 mL of ethanol-acetone (1:1) was added to the enzyme and 

substrate mixture in an orbital shaker. The obtained solution was titrated with 0.05 N sodium 

hydroxide, and phenolphthalein was used as an indicator [41, 45]. 

2.5. pH and thermal stability of enzymes. 

The enzymes were pre-incubated for 2 hours at 20 to 80℃ at pH 7 to investigate the 

effect of temperature on immobilized and free enzyme esterase activity. To assess the effect of 

pH on the lipase immobilized enzyme and free enzyme, pH was changed from 2 to 10 at room 

temperature by using phosphate buffer. 

2.6. Reusability and storage stability of immobilized lipase enzyme. 

The stability of the immobilized enzyme was analyzed. Immobilized nanoparticles 

were analyzed by a magnet after each run of an enzyme, rinsed with hexane and deionized 

water to remove the residual substrate, and their hydrolysis rate in olive oil. To control their 

storage stabilities, the free and immobilized lipase was kept at pH 7 at 4℃ for 100 days. The 

titration method was used to estimate and analyze the enzymatic activity every 10 days. 

2.7. Cyanobacterial mass cultivation for lipid extraction. 

By using the serial dilution technique, the cyanobacterial strain was isolated from saline 

water. The green-blue-green cyanobacterial species were identified using compound 

microscopic. The lipid bodies present in the isolated cyanobacterial strains were identified 

using the Nile red strain method. Out of five pure colonies, one strain was identified as an 

Anabaena using 18s rRNA molecular sequencing method. Mixotrophic culturing techniques 

were used to cultivate the Anabaena species under three media: BG-11, BBM, ASN III, and 

modified ASN III medium [46]. Anabaena was found to have high lipid content and was used 

for the production of biodiesel. 

2.8. Soxhlet extraction – lipid extraction from wet cyanobacterial biomass. 

The wet cyanobacterial biomass was collected and dried at 60℃ until a stable weight 

was achieved. 350 mL of n-hexane was added to a round bottom flask connected with a soxhlet 
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tube containing 250 g of cyanobacterial biomass, and the reaction solution was refluxed for 48 

hours at 80℃. Finally, the distillation technique was used to remove the excess solvent, and 

the obtained crude lipid was used to produce biodiesel using a lipase-immobilized zinc oxide 

nanocatalyst. 

2.9. Transesterification of biodiesel from the lipid of cyanobacterial biomass. 

The lipid obtained from Anabaena was treated with methanol: oil (4:1), followed by 

the addition of 300mg of nanobiocatalyst, and the reaction mixture was stirred for 4 hours in a 

magnetic stirrer at 45°C. The final product obtained, biodiesel, was treated with 25 mL of 

chloroform. The obtained organic layer containing biodiesel was distilled in a rotary evaporator 

to remove the excess solvent and other impurities [41, 45]. 

3. Results and Discussion 

As shown in Figure 1, the synthesized ZnO nanoparticles were analyzed using an X-

ray diffractometer. The phases of ZnO nanoparticles were analyzed, and the results showed, a 

high conformity to the peaks found in the synthesized ZnO. The peaks at (100), (002), (101), 

(102), (110), (103), (200), (112), (201), (004), (202), (104), and (203) was due to the formation 

of ZnO nanoparticles which have similar lattice parameter values of the reported ZnO 

nanoparticles with JCPDS file 00-036-1451. 

 
Figure 1. XRD pattern for the biosynthesized ZnO nanoparticles. 

The morphology of the ZnO nanoparticle was confirmed by scanning electron 

microscopy studies. As shown in Figure 2, the surfaces of the ZnO nanoparticles were 

investigated using an SEM with an electron beam energy of 5 kV. The structures and surfaces 

of the ZnO nanoparticles were clear, smooth, and nearly,  and the nanoparticle size was found 

to be100-500 nm. The lipase enzyme becomes inactive by enzyme aggregates that are present 

on the surface of the nanoparticle. The existence of nano-sized holes in the morphology 

suggests that enzymes have bound to the ZnO nanoparticles. Figure 3 depicts the coarse surface 

of the ZnO nanoparticles through nanoscale pores that represented the protein layer when the 

lipase enzyme was immobilized on them. In this study, the rate of enzyme immobilization on 

ZnO nanoparticle surfaces was quantified and found to be 86%. The covalent bonds that form 
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between the lipase enzyme's -NH2 and -CHO groups of ZnO nanoparticles cause the enzyme 

to immobilize nanoparticles that bind to surfaces. Meanwhile, they discovered that the coupling 

of the enzyme to the carrier was affected by altering the key covalent linkages and magnetic 

support before enzyme immobilization. 

 
Figure 2. SEM morphology of the synthesized ZnO nanoparticles. 

 
Figure 3. SEM morphology of the lipase immobilized ZnO nanoparticle. 

3.1. Esterase activity of different enzyme concentrations. 

Esterase activity began to increase quickly and peaked at 300 mg (87.4 U/mg), as shown 

in Figure. 4. When enzyme dosages were increased, a little reduction in esterase activity was 

observed. Because of raised protein-protein interaction leading to substrate conversion 

inhibition, esterase activity decreased as the concentration of the enzyme increased. 
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Figure 4. Effect of enzyme concentrations on Esterase activity.  
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3.2. Effect of free and immobilized enzyme on pH and temperature. 

The free and immobilized lipase activity was affected by temperature. Free and 

immobilized lipase both remain active at temperatures below 50℃. Free lipase lost some of its 

enzyme activity at 50℃; however, lipase immobilized on ZnO NPs maintained 80% of its 

activity at 70℃. The immobilized enzyme had a maximum activity of 89.1 U/mg at 45℃ 

compared to the free enzyme's highest activity of 83.4 U/mg at 35℃. Yang et al. [49] reported 

that the immobilized form of the enzyme increases its heat stability, resulting in less protein 

denaturation. When the temperature was raised, the reaction confirmed that the activity of the 

free lipase enzyme rapidly decreased. Figure 5 demonstrates that the activity of the lipase 

immobilized on NPs continued to decrease in comparison to the free enzyme. The highest 

enzymatic activity (89.1 U/mg) was recorded at 45℃, whereas the esterase activity of the 

enzyme immobilized on magnetic nanoparticles was shown to stay stable until the temperature 

reached 65℃ (81.1 U/mg). The effect of pH on the relative activity of free and immobilized 

lipase is shown in Figure 6. This study showed that the activity of lipase-immobilized NPs was 

sustained throughout a wider pH range than that of free enzymes. Lipase was immobilized, and 

free lipase enzyme activity was severely damaged at pH 6–8. Similar results were revealed, 

showing that the pH changed from 6.0 to 7.0 when the enzyme was immobilized. At pH 9.0, 

natural lipase was more active at pH 10, but immobilized lipase was more active [46]. 

According to Xie et al., the optimal pH for an immobilized enzyme is higher because of its 

attachment to the support surface and increased tolerance to pH change, which investigated 

whether pH affected the activity of free and enzyme-immobilized nanoparticles [42].  
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Figure 5. Effect of temperature on the free and immobilized enzyme. 
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Figure 6. Effect of pH on the free and immobilized enzyme. 
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3.3. Storage stability of the free and immobilized enzyme. 

This study analyzed that after 5 cycles, the enzyme's activity did not significantly 

reduce. In cycle six, there was a sharp reduction in enzyme activity, as illustrated in Figure 7, 

in a sequence from 86.1 to 79.8 U/mg for the first five times. The main cause of reduced enzyme 

activity was washing time, which caused damage to the enzyme to escape from the carrier [50]. 

The immobilized enzyme's activity significantly declined after 60 days because of superior 

storage stability than the naturally occurring free enzyme. A similar result was observed 

byYigitoglu et al. in the storage stability [51]. 
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Figure 7. Storage stability of the free and immobilized enzyme. 

3.4. Biomass and lipid productivity of the isolated cyanobacterial strain. 

Four different media were used to cultivate the cyanobacterial species Anabaena: 

modified ASN III, BG-11, BBM, and ASN III are the media which were grown in 500 mL 

Erlenmeyer flasks (conical flasks). The results established that the isolated Anabaena species 

showed a lag time of two days and an exponential phase long-term six days in all media before 

ultimately reaching the stationary phase, as shown in Figure 8. As a result, changing the growth 

media conditions does not cause any change in the Anabaena strain biomass dry weight (OD), 

which remains constant with optical density. The biomass dry-weight concentration of the 

Anabaena strain at the stationary phase was calculated and found to be 33.3 g/L biomass 

productivity, and the lipid productivity was found to be 19.7 g/L. 
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Figure 8. Growth curve of Anabaena in four different mediums. 
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3.5. Transesterification – biodiesel production  

According to Xie et al. [52], lipase immobilized on magnetic nanoparticles produced 

the highest biodiesel conversion efficiency at 92.3% from soyabean oil as a feedstock under 

ideal conditions. Similarly, Yagiz et al., [53] reported that immobilizing lipozyme TL on 

hydrotalcite used as a biocatalyst converted waste oils into biodiesel with significant biodiesel 

yield efficiency. The fatty acids present in the lipid obtained from the Anabaena were identified 

using GC-MS Spectral analysis. The five fatty acids were nonadecanoic acid, stearic acid, oleic 

acid, palmitic acid, and myristic acid, and applicable for good quality biodiesel production. All 

five fatty acids identified in the lipid of the Anabaena cyanobacterial strain were converted into 

fatty acid methyl ester and analyzed using GC-MS spectral analysis (Table 1). The biodiesel 

yield achieved up to 96% using 300 mg lipase immobilized zinc oxide nanoparticles, methanol: 

oil molar ratio (4:1), and 45℃ stirred for 6 hours. The qualities of the biodiesel produced are 

shown in Table 2, where it was found that they became within the standard ranges given by 

ASTM and EN standards. The cetane number for produced biodiesel was determined to be 54, 

resulting in smooth engine operation and good cold start performance. If the produced biodiesel 

contains a low cetane number, partial combustion increases the emission levels. A measure of 

the relative delay between fuel injection and auto-ignition is called the cetane number [54]. 

Biodiesel's density at 30°C and viscosity at 40°C were found to be 0.861 g/cm3 and 1.427 

mm2/sec, respectively, being in the standard range shown in Table 2. It was suggested in the 

previous article that viscosity influences penetration, drop size, and atomization quality. High-

viscosity fuels have issues with poor combustion, more emissions, and exhaust smoke. 

Additionally, it causes big fuel droplets to form during injection, which may damage fuel pump 

components and injectors, increase engine deposits, and result in poor fuel atomization during 

spraying. Density directly affects both the air-fuel ratio and the volume of biodiesel injected 

into the combustion chamber [54]. A higher iodine value (IV) indicates a lower fuel oxidation 

stability. The EN 14214 standard of biodiesel iodine value is around a maximum of 120. With 

a higher flash point of 136°C, the biodiesel that was produced could be less flammable and 

safer to handle, store, and transport. A 0.293 mg KOH/g acid value was observed in the 

biodiesel that was produced from the lipid of cyanobacteria species of Anabaena [55]. The 

cloud point indicates the cold flow properties of biodiesel. Moreover, excessive unsaturation 

causes oxidation challenges, so adding a stabilizer will help the fuel last longer in storage [56]. 

Biodiesel produced from Anabaena does not produce any ash and water content while running 

the engine. Since all of the values come up within the biodiesel standard range, it is evident 

that high-quality biodiesel can be made from Anabaena lipid by enzymatic transesterification 

with the use of an immobilized lipase enzyme on zinc oxide nanoparticles. 

Table 1. The fatty acid methyl ester is present in the biodiesel produced from the lipids of Anabaena. 

Retention time Fame Mass (m/z) 

19.60 Nonadecanoic acid methyl ester 312.53 

20.94 Stearic acid methyl ester 298.50 

21.46 Oleic acid methyl ester 296.50 

24.92 Palmitic acid methyl ester 270.50 

25.73 Myristic acid methyl ester 240.42 

Table 2. Properties of biodiesel. 

Properties Biodiesel ASTM D0975 ASTM D6751 EN 14214 

Density at 30℃ g/cm3 0.857 0.876 0.875-0.90 0.86 to 0.90 

Viscosity at 40℃ mm2/sec 1.392 1.9 to 4.1 1.6 to 6 3.5 to 5 
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Properties Biodiesel ASTM D0975 ASTM D6751 EN 14214 

Flashpoint ℃ 134 60-80 100 to 170 >120 

Pour point ℃ -05 -35 to -15 -15 to 16 --- 

Cloud point ℃ 04 -15 to 5 -3 to 12 --- 

Cetane number 52 40 to 55 47 to 65 --- 

Acid value mg KOH/g 0.3 0.35 <0.8 <0.5 

Iodine value I2/g 90 --- --- <120 

4. Conclusion 

Based on the experimental results, the synthesized zinc oxide nanoparticles were 

immobilized on the lipase enzyme, increasing the amount of biodiesel produced by the lipid 

isolated from the Anabaena cyanobacterial species. Five times without losing any of its 

activity, the immobilized lipase could be utilized in the biodiesel transesterification process. 

The ideal reaction conditions were reported to be nanobiocatalyst (300 mg), 400 rpm, 45℃, 

and a 4:1 molar ratio of methanol to oil. The lipids derived from Anabaena were converted into 

fatty acid methyl esters under these conditions, and the % yield was calculated to be 96.57%.  

Author Contributions 

All authors have read and agreed to the published version of the manuscript. 

Institutional Review Board Statement 

Not applicable.  

Informed Consent Statement 

Not applicable.  

Data Availability Statement 

Data supporting the findings of this study are available upon reasonable request from the 

corresponding author. 

Funding 

This research received no external funding. 

 

Acknowledgments 

 

The authors would like to acknowledge the Vellore Insitute of Technology, Vellore, for 

providing the research lab facilities to carry out the research work.  

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Hannon, M.; Gimpel, J.; Tran, M.; Rasala, B.; Mayfield, S. Biofuels from algae: challenges and potential. 

Biofuels 2010, 1, 763-784, https://doi.org/10.4155/bfs.10.44.  

https://doi.org/10.33263/LIANBS143.126
https://doi.org/10.33263/LIANBS143.126
https://nanobioletters.com/
https://doi.org/10.4155/bfs.10.44


https://doi.org/10.33263/LIANBS143.126 

https://nanobioletters.com/  10 of 13 

 

2. Miao, X.; Wu, Q. Biodiesel production from heterotrophic microalgal oil. Bioresour. Technol. 2006, 97, 

841-846, https://doi.org/10.1016/j.biortech.2005.04.008.  

3. Chisti, Y. Biodiesel from microalgae. Biotechnol. Adv. 2007, 25, 294-306, 

https://doi.org//10.1016/j.biotechadv.2007.02.001.  

4. Matsumoto, M.; Yokouchi, H.; Suzuki, N.; Ohata, H.; Matsunaga, T. Saccharification of marine microalgae 

using marine bacteria for ethanol production. Appl. Biochem. Biotechnol. 2003, 105, 247-254, 

https://doi.org//10.1385/ABAB:105:1-3:247.  

5. Lv, P.; Yuan, Z.; Wu, C.; Ma, L.; Chen, Y.; Tsubaki, N. Bio-syngas production from biomass catalytic 

gasification. Energy Convers. Manag. 2007, 48, 1132-1139, 

https://doi.org/10.1016/j.enconman.2006.10.014.  

6. Rohmer, M. The discovery of a mevalonate-independent pathway for isoprenoid biosynthesis in bacteria, 

algae and higher plants. Nat. Prod. Rep. 1999, 16, 565-574, https://doi.org/10.1039/a709175c.  

7. Prince, R.C.; Kheshgi, H.S. The Photobiological Production of Hydrogen: Potential Efficiency and 

Effectiveness as a Renewable Fuel. Crit. Rev. Microbiol. 2005, 31, 19-31, 

https://doi.org/10.1080/10408410590912961.  

8. Liedl, T.; Högberg, B.; Tytell, J.; Ingber, D.E.; Shih, W.M. Self-assembly of three-dimensional prestressed 

tensegrity structures from DNA. Nat. Nanotechnol. 2010, 5, 520-524, 

https://doi.org/10.1038/nnano.2010.107.  

9. Gao, W.; Chan, J.M.; Farokhzah, O.C. pH-Responsive Nanoparticles for Drug Delivery. Mol. 

Pharmaceutics 2010, 7, 1913-1920, https://doi.org/10.1021/mp100253e.  

10. Pan, H.; Li, H.; Zhang, H.; Wang, A.; Yang, S. Acidic ionic liquid-functionalized mesoporous melamine-

formaldehyde polymer as heterogeneous catalyst for biodiesel production. Fuel 2019, 239, 886-895, 

https://doi.org/10.1016/j.fuel.2018.11.093.  

11. Li, H.; Liu, F.; Ma, X.; Wu, Z.; Li, Y.; Zhang, L.; Zhou, S.; Helian, Y. Catalytic performance of strontium 

oxide supported by MIL–100(Fe) derivate as transesterification catalyst for biodiesel production. Energy 

Convers. Manag. 2019, 180, 401-410, https://doi.org/10.1016/j.enconman.2018.11.012.  

12. Rafiei, S.; Tangestaninejad, S.; Horcajada, P.; Moghadam, M.; Mirkhani, V.; Mohammadpoor-Baltork, I.; 

Kardanpour, R.; Zadehahmadi, F. Efficient biodiesel production using a lipase@ZIF-67 nanobioreactor. 

Chem. Eng. J. 2018, 334, 1233-1241, https://doi.org/10.1016/j.cej.2017.10.094.  

13. Enferadi-Kerenkan, A.; Do, T.-O.; Kaliaguine, S. Heterogeneous catalysis by tungsten-based heteropoly 

compounds. Catal. Sci. Technol. 2018, 8, 2257–2284, https://doi.org/10.1039/C8CY00281A.  

14. Pan, H.; Li, H.; Zhang, H.; Wang, A.; Jin, D.; Yang, S. Effective production of biodiesel from non-edible 

oil using facile synthesis of imidazolium salts-based Brønsted-Lewis solid acid and co-solvent. Energy 

Convers. Manag. 2018, 166, 534-544, https://doi.org/10.1016/j.enconman.2018.04.061.  

15. Wang, Y.; Wang, D.; Tan, M.; Jiang, B.; Zheng, J.; Tsubaki, N.; Wu, M. Monodispersed Hollow SO3H-

Functionalized Carbon/Silica as Efficient Solid Acid Catalyst for Esterification of Oleic Acid. ACS Appl. 

Mater. Interfaces 2015, 7, 26767-26775, https://doi.org/10.1021/acsami.5b08797.  

16. Lakshmipriya, T.; Gopinath, S.C.B. 1 - Introduction to nanoparticles and analytical devices. In 

Nanoparticles in Analytical and Medical Devices, Gopinath, S.C.B., Gang, F., Eds.; Elsevier: 2021; pp. 1-

29, https://doi.org/10.1016/B978-0-12-821163-2.00001-7.  

17. Roschat, W.; Phewphong, S.; Thangthong, A.; Moonsin, P.; Yoosuk, B.; Kaewpuang, T.; Promarak, V. 

Catalytic performance enhancement of CaO by hydration-dehydration process for biodiesel production at 

room temperature. Energy Convers. Manag. 2018, 165, 1-7, 

https://doi.org/10.1016/j.enconman.2018.03.047.  

18. Shi, M.; Zhang, P.; Fan, M.; Jiang, P.; Dong, Y. Influence of crystal of Fe2O3 in magnetism and activity of 

nanoparticle CaO@Fe2O3 for biodiesel production. Fuel 2017, 197, 343–347, 

https://doi.org/10.1016/j.fuel.2017.02.060.  

19. Navajas, A.; Campo, I.; Moral, A.; Echave, J.; Sanz, O.; Montes, M.; Odriozola, J.A.; Arzamendi, G.; 

Gandía, L.M. Outstanding performance of rehydrated Mg-Al hydrotalcites as heterogeneous methanolysis 

catalysts for the synthesis of biodiesel. Fuel 2018, 211, 173-181, 

https://doi.org/10.1016/j.fuel.2017.09.061.  

20. Hykkerud, A.; Marchetti, J.M. Esterification of oleic acid with ethanol in the presence of Amberlyst 15. 

Biomass Bioenergy. 2016, 95, 340–343, https://doi.org/10.1016/j.biombioe.2016.07.002.  

https://doi.org/10.33263/LIANBS143.126
https://doi.org/10.33263/LIANBS143.126
https://nanobioletters.com/
https://doi.org/10.1016/j.biortech.2005.04.008
https://doi.org/10.1016/j.biotechadv.2007.02.001
https://doi.org/10.1385/ABAB:105:1-3:247
https://doi.org/10.1016/j.enconman.2006.10.014
https://doi.org/10.1039/a709175c
https://doi.org/10.1080/10408410590912961
https://doi.org/10.1038/nnano.2010.107
https://doi.org/10.1021/mp100253e
https://doi.org/10.1016/j.fuel.2018.11.093
https://doi.org/10.1016/j.enconman.2018.11.012
https://doi.org/10.1016/j.cej.2017.10.094
https://doi.org/10.1039/C8CY00281A
https://doi.org/10.1016/j.enconman.2018.04.061
https://doi.org/10.1021/acsami.5b08797
https://doi.org/10.1016/B978-0-12-821163-2.00001-7
https://doi.org/10.1016/j.enconman.2018.03.047
https://doi.org/10.1016/j.fuel.2017.02.060
https://doi.org/10.1016/j.fuel.2017.09.061
https://doi.org/10.1016/j.biombioe.2016.07.002


https://doi.org/10.33263/LIANBS143.126 

https://nanobioletters.com/  11 of 13 

 

21. Fadhil, A.B.; Aziz, A.M.; Al-Tamer, M.H. Biodiesel production from Silybum marianum L. seed oil with 

high FFA content using sulfonated carbon catalyst for esterification and vase catalyst for transesterification. 

Energy Convers. Manage. 2016, 108, 255-265, https://doi.org/10.1016/j.enconman.2015.11.013.  

22. Li, H.; Yang, S.; Riisager, A.; Pandey, A.; Sangwan, R.S.; Saravanamurugan, S.; Luque, R. Zeolite and 

zeotype-catalysed transformations of biofuranic compounds. Green Chem. 2016, 18, 5701-5735, 

https://doi.org/10.1039/C6GC02415G.  

23. Quah, R.V.; Tan, Y.H.; Mubarak, N.M.; Khalid, M.; Abdullah, E.C.; Nolasco-Hipolito, C. An overview of 

biodiesel production using recyclable biomass and non-biomass derived magnetic catalysts. J. Environ. 

Chem. Eng. 2019, 7, 103219, https://doi.org/10.1016/j.jece.2019.103219.  

24. Zhang, C.; Yin, L.; Zhang, L.; Qi, Y.; Lun, Z. Preparation and photocatalytic activity of hollow ZnO and 

ZnO-CuO composite spheres. Mater. Lett. 2012, 67, 303–307, 

https://doi.org/10.1016/j.matlet.2011.09.073.  

25. Highina, B.K.; Bugaje, I.M.; Umar, B. Biodiesel production from Jatropha caucuc oil in a batch reactor 

using zinc oxide as catalyst. J. Pet. Technol. Altern. Fuels 2011, 2, 146–149.  

26. Rao, A.V.R.K.; Dudhe, P.; Chelvam, V. Role of oxygen defects in basicity of Se doped ZnO nanocatalyst 

for enhanced triglyceride transesterification in biodiesel production. Catal. Commun. 2021, 149, 106258, 

https://doi.org/10.1016/j.catcom.2020.106258.  

27. Mehnath, S.; Das, A.K.; Verma, S.K.; Jeyaraj, M. Chapter Nine - Biosynthesized/green-synthesized 

nanomaterials as potential vehicles for delivery of antibiotics/drugs. In Comprehensive Analytical 

Chemistry, Verma, S.K., Das, A.K., Eds.; Elsevier: 2021; Volume 94, pp. 363-432, 

https://doi.org/10.1016/bs.coac.2020.12.011.  

28. Palanisamy, S.; Cheemalapati, S.; Chen, S.-M. An Enzymatic Biofuel cell Based On Electrochemically 

Reduced Graphene Oxide and Multiwalled Carbon nanotubes/Zinc oxide Modified Electrode. Int. J. 

Electrochem. Sci. 2012, 7, 11477-11487, https://doi.org/10.1016/S1452-3981(23)16959-8.  

29. Alba-Rubio, A.C.; Santamaría-González, J.; Mérida-Robles, J.M.; Moreno-Tost, R.; Martín-Alonso, D.; 

Jiménez-López, A.; Maireles-Torres, P. Heterogeneous transesterification processes by using CaO 

supported on zinc oxide as basic catalysts. Catal. Today 2010, 149, 281-287, 

https://doi.org/10.1016/j.cattod.2009.06.024.  

30. Thakur, S.; Shandilya, M.; Guleria, G. Appraisement of antimicrobial zinc oxidenanoparticles through 

Cannabis Jatropha curcasa Alovera and Tinosporacordifolia leaves by green synthesis process. J. Environ. 

Chem. Eng. 2021, 9, 104882, https://doi.org/10.1016/j.jece.2020.104882.  

31. Faisal, S.; Jan, H.; Shah, S.A.; Shah, S.; Khan, A.; Akbar, M.T.; Rizwan, M.; Jan, F.; Wajidullah; Akhtar, 

N.; Khattak, A.; Syed, S. Green Synthesis of Zinc Oxide (ZnO) Nanoparticles Using Aqueous Fruit Extracts 

of Myristica fragrans: Their Characterizations and Biological and Environmental Applications. ACS 

Omega 2021, 6, 9709-9722, https://doi.org/10.1021/acsomega.1c00310.  

32. Kolahalam, L.A.; Prasad, K.R.S.; Murali Krishna, P.; Supraja, N. Saussurea lappa plant rhizome extract-

based zinc oxide nanoparticles: synthesis, characterization and its antibacterial, antifungal activities and 

cytotoxic studies against Chinese Hamster Ovary (CHO) cell lines. Heliyon 2021, 7, e07265, 

https://doi.org/10.1016/j.heliyon.2021.e07265.  

33. Prasad, A.R.; Williams, L.; Garvasis, J.; Shamsheera, K.O.; Basheer, S.M.; Kuruvilla, M.; Joseph, A. 

Applications of phytogenic ZnO nanoparticles: A review on recent advancements. J. Mol. Liq. 2021, 331, 

115805, https://doi.org/10.1016/j.molliq.2021.115805.  

34. Sheikh, S.; Mungole, A.J.; Karambe, S. A REVIEW ON PLANT EXTRACT MEDIATED BIOLOGICAL 

SYNTHESIS OF ZINC OXIDE NANOPARTICLES AND ITS ANTIMICROBIAL APPLICATIONS. Int. 

J. Res. Biosci. Agric. Technol. 2022, 2, 286–289.  

35. Dadkhah, M.; Tulliani, J.-M. Green Synthesis of Metal Oxides Semiconductors for Gas Sensing 

Applications. Sensors 2022, 22, 4669, https://doi.org/10.3390/s22134669.  

36. Rani, S.; Kumar, P.; Dahiya, P.; Dang, A.S.; Suneja, P. Biogenic Synthesis of Zinc Nanoparticles, Their 

Applications, and Toxicity Prospects. Front. Microbiol. 2022, 13, 824427, 

https://doi.org/10.3389/fmicb.2022.824427.  

37. Khadijeh Abbasi.; Fahad Said Khan.; Muhammad Akram.; Rida Zainab.; Abid Rashid.; Shamaila Kausar.; 

Bhagyashree Kesherwani.; Pragnesh Parmar.; S Ravichandran.; RM Madhumitha Sri.; S Suresh.; Synthesis 

of Nanoparticles from Plant Extracts. Acta Sci. Microbiol. 2022 5, pp.29–35. 

https://doi.org/10.31080/ASMI.2022.05.1093.  

https://doi.org/10.33263/LIANBS143.126
https://doi.org/10.33263/LIANBS143.126
https://nanobioletters.com/
https://doi.org/10.1016/j.enconman.2015.11.013
https://doi.org/10.1039/C6GC02415G
https://doi.org/10.1016/j.jece.2019.103219
https://doi.org/10.1016/j.matlet.2011.09.073
https://doi.org/10.1016/j.catcom.2020.106258
https://doi.org/10.1016/bs.coac.2020.12.011
https://doi.org/10.1016/S1452-3981(23)16959-8
https://doi.org/10.1016/j.cattod.2009.06.024
https://doi.org/10.1016/j.jece.2020.104882
https://doi.org/10.1021/acsomega.1c00310
https://doi.org/10.1016/j.heliyon.2021.e07265
https://doi.org/10.1016/j.molliq.2021.115805
https://doi.org/10.3390/s22134669
https://doi.org/10.3389/fmicb.2022.824427
https://doi.org/10.31080/ASMI.2022.05.1093


https://doi.org/10.33263/LIANBS143.126 

https://nanobioletters.com/  12 of 13 

 

38. Deka, B.; Baruah, C.; Babu, A.; Kalita, P. Biological and Non-Conventional Synthesis of Zinc Oxide 

Nanoparticles (ZnO-NPs): Their Potential Applications. J. Nanotechnol. Nanomater. 2022, 3, 79-89, 

https://doi.org/10.33696/Nanotechnol.3.034.  

39. Haldar, A.G.M.; Mahapatra, D.K.; Dadure, K.M.; Chaudhary, R.G. Natural Extracts-mediated 

Biosynthesis of Zinc Oxide Nanoparticles and Their Multiple Pharmacotherapeutic Perspectives. Jordan 

J. Phys. 2022, 15, 67-79, https://doi.org/10.47011/15.1.10.  

40. Suhag, R.; Kumar, R.; Dhiman, A.; Sharma, A.; Prabhakar, P.K.; Gopalakrishnan, K.; Kumar, R.; Singh, 

A. Fruit peel bioactives, valorisation into nanoparticles and potential applications: A review. Crit. Rev. 

Food Sci. Nutr. 2023, 63, 6757-6776, https://doi.org/10.1080/10408398.2022.2043237.  

41. Xie, W.; Ma, N. Enzymatic transesterification of soybean oil by using immobilized lipase on magnetic 

nanoparticles. Biomass Bioenerg. 2010, 34, 890–896, https://doi.org/10.1016/j.biombioe.2010.01.034.  

42. Xie, W.; Ma, N. Immobilized Lipase on Fe3O4 Nanoparticles as Biocatalyst for Biodiesel Production. 

Energy Fuels 2009, 23, 1347–1353, https://doi.org/10.1021/ef800648y.  

43. Shah, E.; Mahapatra, P.; Bedekar, A.V.; Soni, H.P. Immobilization of Thermomyces lanuginosus lipase on 

ZnO nanoparticles: mimicking the interfacial environment. RSC Adv. 2015, 5, 26291-26300, 

https://doi.org/10.1039/C5RA02249E.  

44. Patel, V.; Shah, C.; Deshpande, M.; Madamwar, D. Zinc Oxide Nanoparticles Supported Lipase 

Immobilization for Biotransformation in Organic Solvents: A Facile Synthesis of Geranyl Acetate, Effect 

of Operative Variables and Kinetic Study. Appl. Biochem. Biotechnol. 2016, 178, 1630-1651, 

https://doi.org/10.1007/s12010-015-1972-9.  

45. Padilha, G.d.S.; Santana, J.C.C.; Alegre, R.M.; Tambourgi, E.B. Extraction of lipase from Burkholderia 

cepacia by PEG/Phosphate ATPS and its biochemical characterization. Braz. Arch. Biol. Technol. 2012, 

55, 7-19, https://doi.org/10.1590/S1516-89132012000100002.  

46. Raita, M.; Arnthong, J.; Champreda, V.; Laosiripojana, N. Modification of magnetic nanoparticle lipase 

designs for biodiesel production from palm oil. Fuel Process. Technol. 2015, 134, 189-197, 

https://doi.org/10.1016/j.fuproc.2015.01.032.  

47. Lee, S.K.; Chou, H.; Ham, T.S.; Lee, T.S.; Keasling, J.D. Metabolic engineering of microorganisms for 

biofuels production: from bugs to synthetic biology to fuels. Curr. Opin. Biotechnol. 2008, 19, 556-563, 

https://doi.org/10.1016/j.copbio.2008.10.014.  

48. Yadav, G.D.; Trivedi, A.H. Kinetic modelling of immobilized-lipase catalyzed transesterification of n-

octanol with vinyl acetate in non-aqueous media. Enzyme Microb. Technol. 2003, 32, 783–789, 

https://doi.org/10.1016/S0141-0229(03)00064-4.  

49. Yong, Y.; Bai, Y.-X.; Li, Y.-F.; Lin, L.; Cui, Y.-J.; Xia, C.-G. Characterization of Candida rugosa lipase 

immobilized onto magnetic microspheres with hydrophilicity. Process Biochem. 2008, 43, 1179-1185, 

https://doi.org/10.1016/J.PROCBIO.2008.05.019.  

50. Bajpai Pramod, K.; Bajpai, P.; Ward Owen, P. Arachidonic Acid Production by Fungi. Appl. Environ. 

Microbiol. 1991, 57, 1255-1258, https://doi.org/10.1128/aem.57.4.1255-1258.1991.  

51. Yiğitoğlu, M.; Temoçin, Z. Immobilization of Candida rugosa lipase on glutaraldehyde-activated polyester 

fiber and its application for hydrolysis of some vegetable oils. J. Mol. Catal. B Enzym. 2010, 66, 130-135, 

https://doi.org/10.1016/j.molcatb.2010.04.007.  

52. Xie, W.; Huang, M. Enzymatic Production of Biodiesel Using Immobilized Lipase on Core-Shell 

Structured Fe3O4@MIL-100(Fe) Composites. Catalysts 2019, 9, 850, 

https://doi.org/10.3390/catal9100850.  

53. Yagiz, F.; Kazan, D.; Akin, A.N. Biodiesel production from waste oils by using lipase immobilized on 

hydrotalcite and zeolites. Chem. Eng. J. 2007, 134, 262-267, https://doi.org/10.1016/j.cej.2007.03.041.  

54. Ramírez-Verduzco, L.F.; Rodríguez-Rodríguez, J.E.; Jaramillo-Jacob, A.d.R. Predicting cetane number, 

kinematic viscosity, density and higher heating value of biodiesel from its fatty acid methyl ester 

composition. Fuel 2012, 91, 102-111, https://doi.org/10.1016/j.fuel.2011.06.070.  

55. Gordon, M. Fats, Fatty Foods. In Food Industries Manual, 23rd Edition; Ranken, M.D., Kill, R.C., Eds.; 

Blackie Academic and Professional: London, 1993; pp. 179–186. 

56. Diya’uddeen, B.H.; Abdul Aziz, A.R.; Daud, W.M.A.W.; Chakrabarti, M.H. Performance evaluation of 

biodiesel from used domestic waste oils: A review. Process Saf. Environ. Prot. 2012, 90, 164-179, 

https://doi.org/10.1016/j.psep.2012.02.005.  

 

https://doi.org/10.33263/LIANBS143.126
https://doi.org/10.33263/LIANBS143.126
https://nanobioletters.com/
https://doi.org/10.33696/Nanotechnol.3.034
https://doi.org/10.47011/15.1.10
https://doi.org/10.1080/10408398.2022.2043237
https://doi.org/10.1016/j.biombioe.2010.01.034
https://doi.org/10.1021/ef800648y
https://doi.org/10.1039/C5RA02249E
https://doi.org/10.1007/s12010-015-1972-9
https://doi.org/10.1590/S1516-89132012000100002
https://doi.org/10.1016/j.fuproc.2015.01.032
https://doi.org/10.1016/j.copbio.2008.10.014
https://doi.org/10.1016/S0141-0229(03)00064-4
https://doi.org/10.1016/J.PROCBIO.2008.05.019
https://doi.org/10.1128/aem.57.4.1255-1258.1991
https://doi.org/10.1016/j.molcatb.2010.04.007
https://doi.org/10.3390/catal9100850
https://doi.org/10.1016/j.cej.2007.03.041
https://doi.org/10.1016/j.fuel.2011.06.070
https://doi.org/10.1016/j.psep.2012.02.005


https://doi.org/10.33263/LIANBS143.126 

https://nanobioletters.com/  13 of 13 

 

Publisher’s Note & Disclaimer 

The statements, opinions, and data presented in this publication are solely those of the individual author(s) and 

contributor(s) and do not necessarily reflect the views of the publisher and/or the editor(s). The publisher and/or 

the editor(s) disclaim any responsibility for the accuracy, completeness, or reliability of the content. Neither the 

publisher nor the editor(s) assume any legal liability for any errors, omissions, or consequences arising from the 

use of the information presented in this publication. Furthermore, the publisher and/or the editor(s) disclaim any 

liability for any injury, damage, or loss to persons or property that may result from the use of any ideas, methods, 

instructions, or products mentioned in the content. Readers are encouraged to independently verify any 

information before relying on it, and the publisher assumes no responsibility for any consequences arising from 

the use of materials contained in this publication. 

 

https://doi.org/10.33263/LIANBS143.126
https://doi.org/10.33263/LIANBS143.126
https://nanobioletters.com/

