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Optimizing the catalytic activities 
of methanol and thermotolerant 
Kocuria flava lipases for biodiesel 
production from cooking oil wastes
Azhar Najjar1, Elhagag Ahmed Hassan  2*, Nidal Zabermawi1, Saber H. Saber3, 
Leena H. Bajrai4,10, Mohammed S. Almuhayawi5, Turki S. Abujamel6,7, Saad B. Almasaudi1, 
Leena E. Azhar8, Mohammed Moulay1,7,9 & Steve Harakeh6,7,10,11*

In this study, two highly thermotolerant and methanol-tolerant lipase-producing bacteria were 
isolated from cooking oil and they exhibited a high number of catalytic lipase activities recording 
18.65 ± 0.68 U/mL and 13.14 ± 0.03 U/mL, respectively. Bacterial isolates were identified according to 
phenotypic and genotypic 16S rRNA characterization as Kocuria flava ASU5 (MT919305) and Bacillus 
circulans ASU11 (MT919306). Lipases produced from Kocuria flava ASU5 showed the highest methanol 
tolerance, recording 98.4% relative activity as well as exhibited high thermostability and alkaline 
stability. Under the optimum conditions obtained from 3D plots of response surface methodology 
design, the Kocuria flava ASU5 biocatalyst exhibited an 83.08% yield of biodiesel at optimized 
reaction variables of, 60 ○C, pH value 8 and 1:2 oil/alcohol molar ratios in the reaction mixture. As 
well as, the obtained results showed the interactions of temperature/methanol were significant 
effects, whereas this was not noted in the case of temperature/pH and pH/methanol interactions. The 
obtained amount of biodiesel from cooking oil was 83.08%, which was analyzed by a GC/Ms profile. 
The produced biodiesel was confirmed by Fourier-transform infrared spectroscopy (FTIR) approaches 
showing an absorption band at 1743 cm−1, which is recognized for its absorption in the carbonyl 
group (C=O) which is characteristic of ester absorption. The energy content generated from biodiesel 
synthesized was estimated as 12,628.5 kJ/mol. Consequently, Kocuria flava MT919305 may provide 
promising thermostable, methanol-tolerant lipases, which may improve the economic feasibility and 
biotechnology of enzyme biocatalysis in the synthesis of value-added green chemicals.

Abbreviations
16S rRNA	� Small subunit ribosomal ribonucleic acid
3D	� Three-dimensional
B. circulans	� Bacillus circulans
B. firmus	� Bacillus firmus
CCD	� Central composite design
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EtOH	� Ethanol
FAAEs	� Fatty acid alkyl esters
FAME	� Fatty acid methyl ester
FFA	� Free fatty acids
FTIR	� Fourier-transform infrared spectroscopy
F-value	� Fisher’s test value
GC/Ms	� Gas chromatography-Mass spectroscopy
IU	� International unit
K. flava	� Kocuria flava
MeOH	� Methanol
pNPP	� p-Nitrophenyl palmitate
RSM	� Response surface methodology

List of chemical formulas and symbols with their chemical names
Bi2O3–La2O3	� Bismuth(III) oxide–Lanthanum oxide
Ca(OCH3)2	� Calcium methoxide
CaCl2	� Calcium chloride
CaO	� Calcium oxide
CH3ONa	� Sodium methoxide
Fe(HSO4)3	� Ferric hydrogensulfate
g-Al2O3/KI	� Aluminum oxide/Potassium iodide
H2SO4	� Sulfuric acid
H3PO4	� Phosphoric acid
HCl	� Hydrochloric acid
KF	� Potassium fluoride
KOH	� Potassium hydroxide
NaCl	� Sodium chloride
NaNO3	� Sodium nitrate
NaOH	� Sodium hydroxide
ZrO2	� Zirconium dioxide

In recent decades, due to the alarming increase in motorization, industrialization and human population; man-
kind faces the inevitable depletion in global strategic petroleum reserves on earth1,2. As well as the rapid increase 
in petroleum prices and alarming environmental crises makes bioenergy production from renewable raw materi-
als is considered a sustainable alternative energy source for the future3,4. One of the most prominent potential 
renewable energy resources is biodiesel replacing the existing petroleum diesel due to its non-toxicity, eco-
friendly and biodegradability5. Biodiesel is produced by transesterification/esterification methods through react-
ing fats/oils with short-chain alcohols in the presence of a homogenous chemical catalyst or solid heterogeneous 
chemical catalyst or enzyme biocatalysts6–8. The use of a homogenous chemical catalyst (KOH, NaOH, CH3ONa, 
HCl, H3PO4 and H2SO4) for chemical transesterification of lipids/fats has serious limitations, such as extensive 
downstream processing, the need for multiple purification steps, unused catalyst, soap formation and need for 
extensive wastewater treatment9. These drawbacks have gained significant attention in the search for different 
heterogeneous catalyst technologies for biodiesel synthesis. Recently, several studies stated solid basic or acidic 
heterogeneous catalysts for biodiesel production including, solid ferric hydrogen sulphate [Fe(HSO4)3]10, KF and 
NaNO3 catalysts11, Calcined dolomite12, Calcium lanthanum mixed oxide13, Bi2O3–La2O3

14, calcium methoxide15, 
g-Al2O3/KI16, metal-doped methoxide17, sucrose-derived solid acid18, natural CaO19, sulfonated functionalized 
carbon20, ZrO2

21, Methoxy-functionalized mesostructured stable carbon22, sand dollar8. The application of these 
heterogeneous catalysts for biodiesel production overwhelms the homogeneous catalysts drawbacks due to 
their feasibility, easily recovered processes, tolerance to feedstock moisture and free fatty acid contents and 
reusability13. So, the utilization of heterogeneous solid catalysts as an alternative to homogeneous chemical 
catalysts could lead to cost-competitive biodiesel production7. As well as, nanocatalysts revealed a high efficacy 
for biodiesel production from different lipid feedstock23–26. Furthermore, the enzymatic transesterification and 
esterification processes by microbial lipases may become an attractive alternative strategy for biodiesel production 
because of the reduced feedstock limitations, downstream processing steps, and environmental factors, in addi-
tion to the fact that lipase reactions do not form soaps and are not inhibited by water27. Lipases can completely 
convert free fatty acids in waste oil to fatty acid alkyl esters (FAAEs)28, which increase their potentiality and eco-
nomic feasibility for biodiesel production. Although the enzyme transesterification and esterification approach 
is promising and has gained attention for the improvement of biodiesel production technology, there are some 
obstacles such as the inactivation of enzyme activity due to methanol29, high costs, and the complexity of enzyme 
purification. Therefore, it is crucial to improve and optimize reaction conditions to increase the catalytic activities 
and the feasibility of the enzymatic transesterification and esterification processes to yield a cost-effective and 
competitive biodiesel production technology, as shown with free-liquid enzymes30,31. Furthermore, immobilized 
lipases revealed enhancement of the catalytic activity of the reaction mixture and consequently improved the 
transesterification and esterification processes of both oils and free fatty acids32–34. Recently, several studies have 
been focused on the use of nanostructures including, nanofibers, nanocarbon and magnetic nanoparticles were 
for many biomedical applications35 as well as for supporting enzyme immobilization36. Sharma et al.37 investi-
gated the efficacy of Candida rugosa lipase nanoparticles as a biocatalyst for biodiesel syntheses using free fatty 



3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13659  | https://doi.org/10.1038/s41598-021-93023-z

www.nature.com/scientificreports/

acid-rich waste lipid sources (used cooking oil and brown grease). The obtained results from Candida rugosa 
lipase nanoparticles as a biocatalyst revealed the high performance of nanoparticles for biodiesel production 
which may be attributed to the inclusion of methyl-β-cyclodextrin subsequently their crosslinking and conju-
gation, which providing enhancement of lipase enzyme activity and stability37. Additionally, a new technology, 
based on ultrasound application, has been employed for the improvement of enzymatic transesterification and 
enzymatic esterification processes for biodiesel production that may enhance oil dissolution, increase conversion 
rate, and prompt protein conformational changes that may enhance enzymatic catalytic activities38. However, 
ultrasound may lead to lipase enzyme deactivation39 and consequently may cause inactivation of the enzymatic 
transesterification and enzymatic esterification processes and reduce the production yields of biodiesel. Moreover, 
this technology requires for enhancing the performance of low-energy consumption, high frequency piezoelec-
tric ultrasonic reactor used to produce biodiesel from cooking oil wastes40,41 as well as specific bioreactors and 
infrastructure for large-scale biodiesel production. Conventionally, biodiesel can be produced in large quantities 
from virgin oils such as soybean, sunflower, corn, and cottonseed32,42–44. However, the high costs incurred in 
the production of these virgin oils make the produced biodiesel less competitive on the market as compared to 
petroleum diesel45,46. Moreover, the use of edible oils for biodiesel production gain serious concerns with global 
food security46. As a consequence of that, many researchers have worked on methods for biodiesel production 
from low-cost and available feedstock such as yellow and brown grease47–49, linseed50, castor51 and used cooked 
oils52. Non-edible oils and cooked oils contain high contents of free fatty acids (FFA) that can be converted to 
biodiesel via the esterification process. So, cooking oils are considered as a promising feedstock for biodiesel 
generation due to their availability in large quantities as food industrialwastes. Consequently, the current study 
focused on the potentiality of highly lipase producing thermotolerant bacteria for enzymatic transesterifica-
tion and enzymatic esterification processes for biodiesel production from cooking oils wastes. These bacterial 
lipases were selected based on their methanol tolerance besides their thermotolerant activities. As well as the 
catalytic activities of the reaction conditions of bacterial lipases were improved for enhancement the efficacy 
of biodiesel production technology from cooking oil wastes as shown in Fig. 1. So, with the growing interest 

Figure 1.   Graphical abstract showing overview of current work design.
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in biotechnological applications of lipolytic enzymes, our rationale in the current study was to (1) search for 
thermotolerant, highly lipase-producing bacteria having satisfactory properties to be used in an ongoing process 
for biodiesel production; (2) study and characterize thermostable and organic solvent-stable lipases from these 
thermotolerant bacterial species; (3) improve the catalytic activities and the potentiality of different thermostable, 
organic solvent-stable bacterial lipases to select the highly applicable bacterial lipases for biodiesel production 
from cooking oil waste; and (4) calculate the gross energy content of the biodiesel produced from cooking oil.

Results and discussion
Composition of cooking oil waste.  Data obtained from the GC/MS analysis of cooking oil waste 
revealed that pentadecanoic acid, hexadecanoic acid, octadecanoic acid, and 9,12-octadecadienoic acid were the 
most common fatty acids recording 25.77, 24.49, 18.10, and 15.04% of total esters, respectively (Fig. 2). On the 
other hand, the other fatty acids were detected in the GC/MS profile in variable amounts; namely, methyl tet-
radecanoate, 9-hexadecenoic acid, cis-10-heptadecenoic acid, heptadecanoic acid, 11-octadecenoic acid, trans-
13-octadecenoic acid, 6,9,12-octadecatrienoic acid, 11-eicosenoic acid, and nonadecanoic acid (Table 1).

Figure 2.   GC/MS profile of cooking oil waste composition and the labeled peaks represents the most common 
fatty acids.

Table 1.   Composition of cooking oil waste.

Retention time (min) Component Value (% of total fatty acids)

36.06 Methyl tetradecanoate 1.29

43.53 9-Hexadecenoic acid 0.93

43.87 14-Methyl-pentadecanoic acid 25.77

44.18 Hexadecanoic acid 24.49

44.44 cis-10-Heptadecenoic acid 0.42

47.00 Heptadecanoic acid 1.08

48.95 9,12-Octadecadienoic acid 15.04

49.94 11-Octadecenoic acid 3.61

50.10 Octadecanoic acid 18.10

50.47 Trans-13-octadecenoic acid 1.67

51.89 7,10-Octadecadienoic acid 0.74

55.77 6,9,12-Octadecatrienoic acid 0.68

56.45 11-Eicosenoic acid 1.58

56.93 Linoleic acid 0.05

57.48 10-Methyl-nonadecanoic acid 3.54
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Isolation and screening for lipase‑producing bacteria.  Fifteen phenotypically thermotolerant bacte-
rial isolates were recovered from cooking oil waste samples on an agar medium supplemented with cooking oil 
waste. Out of 15 bacterial isolates, 5 bacterial isolates revealed high lipolytic activity and were considered as high 
lipase producers. The highest production was recorded by ASU5 (16.04 U/mL ± 0.43 U/mL), followed by ASU15 
(15.62 U/mL ± 1.83 U/mL), ASU10 (13.63 U/mL ± 0.53 U/mL), ASU11 (13.14 U/mL ± 0.03 U/mL), and ASU13 
(12.08 U/mL ± 0.69 U/mL). The highest-lipase specific activity (215.52 U/mg protein) was estimated for ASU11 
and followed by bacterial isolate ASU5 (106.93 U/mg protein), ASU10 (68.16 U/mg protein), ASU15 (56.17 U/
mg protein), and ASU13 (53.28 U/mg protein), as shown in Table 2. Microbial lipases have drawn significant 
interest as of late for their applicability to a variety of potential biotechnological applications such as the syn-
thesis of biodiesel, biopolymers, flavor compounds, agrochemicals, and green chemicals53. This is due to their 
unique properties such as their stability and activity in organic solvents; their substrate specificity; the fact that 
there is no requirement for enhancers or cofactors; and the fact that they display great enantio- and regioselec-
tivity for the transformation of lipids and fats into fatty acids, ester, and glycerol, which may be easily recovered 
from the transesterification and esterification reactions54. These properties encourage the search for prospec-
tive applications of microbial lipases for the manufacturing of high value-added chemical products54. Industrial 
lipases are carried out by numerous microorganisms, including bacteria, filamentous fungi, yeasts, archaea, and 
actinomycetes, as well as the cultures of animals and plants. Among them, bacteria, fungi, and yeasts are con-
sidered promising candidates for the production of commercial lipases due to their great significance and the 
advantages of microbial lipases in many biotechnological processes such as more effective catalytic activities, 
high selectivity, require less energy consumption, work in mild conditions and environmentally friendly55. These 
could lead to the exponential development of microbial lipase biotechnology. On the other hand, the applica-
tion for microbial lipases in the biodiesel industry showed many drawbacks including, lipase inactivation by 
methanol acyl acceptor, lipase stability, downstream processes and reusability55. Interestingly, the enzymes from 
thermophiles and thermotolerant microbes are known to be much more stable than those from mesophiles. 
Furthermore, these enzymes can maintain their activity for prolonged times, suggesting that they are more 
amenable to industrial applications56. So, the thermostable lipases with stability in organic solvent environments 
represent a significant advantage in biodiesel production57 because these solvents can facilitate the recovery of 
nonpolar products, enhance oil/fat solubility, and reduce the by-products in the organic solvent–water two-
phase system58. Therefore, the use of heat and organic solvent stable lipases have potential applications in the 
synthesis of biopolymers as well as in the biodiesel and pharmaceutical industries, as the substrate lipids have 
high melting points. Thermal stability, therefore, is crucial for lipases as biocatalysts in the transesterification and 
esterification process of cooking oil for biodiesel production59.

Methanol tolerant bacterial isolates.  The enzymatic transesterification processes for biodiesel produc-
tion and alcohols show serious effects on the activity of the enzyme due to their inhibitory effect on lipases. 
To overwhelm this drawback, a stepwise addition technique involving methanol60 and organic solvents61 can 
be applied. Cervero et al.62 reported that a 90% biodiesel yield can be obtained by using a three-step addition 
method of alcohol, recording about 42% higher than the amount achieved using the one-step addition method. 
However, these methods are significantly time-consuming, as they boost the complications of experimental 
operations and have high operational costs on a large, industrial scale. Therefore, the search for novel, methanol-
tolerant, lipase-producing isolates has become a new challenge. In this study, the highly lipase-producing isolates 
were screened for the selection of the potent lipase-producing bacteria with a high tolerance for methanol (acyl 

Table 2.   Extracellular lipase production, extracellular protein, and lipase-specific activity of bacterial isolates. 
Each value represents the average of three replicates ± SD.

Test Extracellular lipase production (U/mL) Extracellular protein (mg/mL) Specific activity (U/mg protein)

Bacterial isolate

ASU1 8.69 ± 1.16 1.55 ± 0.27 5.62

ASU2 5.00 ± 0.55 0.19 ± 0.03 25.99

ASU3 8.18 ± 0.49 0.55 ± 0.02 14.96

ASU4 2.21 ± 0.06 2.16 ± 0.60 1.02

ASU5 16.04 ± 0.43 0.15 ± 0.03 106.93

ASU6 3.09 ± 0.73 0.50 ± 0.02 6.15

ASU7 2.79 ± 0.44 0.06 ± 0.01 48.85

ASU8 0 0 0

ASU9 1.60 ± 0.35 0.41 ± 0.02 3.95

ASU10 13.63 ± 0.53 0.2 ± 0.02 68.16

ASU11 13.14 ± 0.03 0.06 ± 0.01 215.52

ASU12 0.73 ± 0.18 0.23 ± 0.01 3.13

ASU13 12.08 ± 0.69 0.23 ± 0.03 53.28

ASU14 6.38 ± 0.11 0.25 ± 0.02 25.56

ASU15 15.62 ± 1.83 0.28 ± 0.02 56.17
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acceptor during the biodiesel production process). The results revealed that the highest tolerance for methanol 
by the tested bacterial isolates was recorded for bacterial isolate ASU5 (relative activity, 98.4%) followed by bac-
terial isolate ASU11 (relative activity, 87.8% [Fig. 3]). Consequently, bacterial isolates ASU5 and ASU11 were 
considered potent isolates for lipase production, with the most tolerant isolates for methanol, which were subse-
quently selected for optimizing the catalytic activities of lipase using the one-factor-at-a-time approach and the 
response surface methodology design.

Phenotypic and phylogenetic identification of bacterial isolates.  Phenotypic characterization of 
the potent lipase-producing bacterial isolates with the highest tolerance for methanol was tentatively estimated 
for two different bacterial isolates (Table 3). The phenotypic identification was assessed by 16S rRNA gene phy-
logenetic analysis. The partial sequence of 891 base pairs of bacterial isolate ASU5 had sequence similarity with 
99.89% similarity to the Kocuria flava strain HO-9041 (NR044308); whereas the 16S rRNA gene sequence of 
905 base pairs for bacterial strain ASU11 exhibited 98.45% similarity to the Bacillus circulans strain ATCC 4513 
(NR104566) and 97.57% similarity to the Bacillus circulans strain IAM12462 (NR115579). As a result, based on 
the phenotypic characterization (Table 3) and genotypic analysis of the bacterial strains, ASU5 and ASU11 were 
identified as Kocuria flava and Bacillus circulans, respectively, and their sequences were deposited under the 
accession numbers MT919305 and MT919306, respectively. A phylogenetic tree was assembled from 16S rRNA 
multiple sequences alignment (Figs. 4 and 5).

Microbial lipases are produced by several microbial species, including bacteria and fungi, such as Pseu‑
domonas fluorescens63, Burkholderia cepacia64, Staphylococcus haemolyticus65, Chromobacterium viscosum66, 
Phichia pastoris67, Mucor miehei68, Aspergillus terreus69, Rhizopus oryzae70, Candida cylindracea71, and Candida 
rugosa72. The potentiality for bacterial lipase production is attributed to their ability to utilize inducers of lipids 
and fats such as vegetable oil, oil industry waste, cooking oil waste, surfactants, and triglycerides through hydro-
lytic processes by the inducible lipases73. Zhou et al.74 stated that Kocuria flava, Gram-positive bacteria, grow 
aerobically at 28 ○C to 45 ○C with a pH of 7 to 9; the cells are non-motile, coccoid cells. Additionally, Kocuria 
flava is characterized by positive reactions for nitrate reduction, catalase, amylase, and urease production, but 
negative results are exhibited for oxidase, gelatinase, and indole production. Furthermore, Bacillus is grown 
aerobically and it is Gram-positive with rod-shaped, endospore-forming cells75.

Abd-Alla et al.76 reported that Bacillus vallismortis ASU3 (KP777551), Bacillus tequilensis ASU11 (KP777550), 
Bacillus amyloliquefaciens ASU16 (KP777549), and Bacillus firmus ASU32 (KP777552) exhibited the highest 
lipase production, recording 4.72 U/mL, 3.13 U/mL, 3.41 U/mL, and 4.28 U/mL, respectively. B. firmus ASU32 
(KP777552) showed the highest activity toward the lipase transesterification processes of fungal lipids and dis-
played higher thermal stability and methanol tolerance, expecting their application as a promising biocatalyst 
for fatty acid methyl ester (FAME) synthesis.

Optimization of organic solvent stability, alkaline and thermostability of bacterial lipase ac-
tivities.  One‑factor‑at‑a‑time method.  The impact of acyl acceptors on lipase activity as well as enzyme 
stability and specificity is considered a crucial factor in the biocatalysis of lipids for biodiesel production, due 
to their effects on lipases’ catalytic performances77. Unfortunately, this issue has only been studied from one 
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Table 3.   Phenotypic characterization of methanol-tolerant and highly lipase-producing bacterial isolates.

Characteristics

Bacterial isolates

ASU5 ASU11

Gram staining + +

Cells Coccoid Rod-shaped

Oxidase − −

Nitrate reductase + −

Catalase test + +

Gelatin hydrolysis − +

Casein hydrolysis + +

Starch hydrolysis + +

Indole production − −

Urease test + −

H2S production − −

Esculin test − +

Voges-Proskauer − −

Carbon source utilization:

l-Arabinose + −

d-Cellobiose − +

d-Fructose − +

Citrate − −

d-Alanine − −

d-Sorbitol + +

d-Galactose + +

Glycerol + +

Glucose + +

Lactose + +

Maltose + +

Mannitol + +

Growth at 5 °C − −

Growth at 37 °C + +

Growth at 45 °C + +

Kocuria sediminis strain FCS-11 NR 118222

Kocuria turfanensis strain HO-9042 NR 043899

Kocuria salina strain Hv14b NR 159199

Kocuria oceani strain FXJ8.095 NR 156033

Kocuria flava ASU5

Kocuria sp. BAB-3133

Kocuria flava strain HO-9041

Kocuria salsicia strain 104 NR 117299

Rhizobium phaseoli strain ATCC 14482

0.020

Figure 4.   Phylogenetic tree of lipase-producing strain Kocuria flava ASU5 (MT919305).
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point of view, without taking into consideration the combination of other factors of the reaction mixture on en-
zyme activity (temperature, pH, acyl acceptor, etc.) that are most effective in the hydrolysis process of interest78. 
Therefore, getting insights into the interaction effects of the enzyme activity by the experimental design is of 
vital interest, both for lipase application and for developing the knowledge obtained from the bases of the lipase 
kinetic and structural robustness or sensitivity of the enzyme under the studied factors78. So, this study aimed 
to study the effect of individual factors (acyl acceptors, acyl acceptor concentration, temperature, and pH value) 
of the reaction mixture on the catalytic activity of a bacterial lipase as well as the interactions of these factors on 
the catalytic process79.

Effect of different organic solvents on lipase activities.  Different organic solvents were assayed for their effect 
on lipase activities of the two highly lipase-producing, methanol-tolerant bacterial isolates. Data are shown 
in Fig. 6 revealed that among the acyl acceptors investigated, methanol and ethyl acetate was the less active 

Figure 5.   Phylogenetic tree of lipase producing strain Bacillus circulans ASU11 (MT919306).
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acceptors of the activities of lipases. Consequently, these acyl acceptors were considered the most active organic 
solvents for biodiesel production from waste oil, compared to other acyl acceptors (e.g. ethanol, propanol, and 
butanol) due to the reduction of lipase activities. Alcohols are the common acyl acceptors, mostly methanol 
(MeOH) and ethanol (EtOH) in addition to propanol, isopropanol, butanol, and branched alcohols that are not 
preferred as acyl acceptors due to their high cost80. Methanol is the best choice for the transesterification process, 
rather than ethanol and ethyl acetate, because it is inexpensive and more reactive, in addition to the fact that the 
FAME is more volatile than the fatty acid ethyl esters (FAEE)81. FAME also has slightly low viscosity and high 
cloud and pour points compared to the corresponding FAEE82. So, acyl acceptors (methanol) are considered 
the most realistic options for large-scale biodiesel production compared to the other, more expensive acceptors 
(methyl acetate and ethyl acetate).

Effect of methanol concentration on lipase activities.  The transesterification process involves stepwise, revers-
ible steps of a triglyceride with an acyl acceptor to form biodiesel, so a slight excess of acyl acceptor is used to 
alter the reaction toward biodiesel formation. The concentration of methanol, then, on the reaction mixture is 
a limiting factor for lipase enzyme activity. Consequently, the transesterification process for biodiesel produc-
tion is inhibited due to the inhibitory effect on lipases34. Data in Fig. 7A show that methanol is a limiting factor 
for the catalysis of the reaction, as by increasing the concentration of methanol from 0.1 to 0.4 mL in the reac-
tion mixture the activity of lipase is maintained, recording a relative activity of 87.84% for Kocuria flava ASU5 
(MT919305), whereas the catalytic activity for Bacillus circulans ASU11 (MT919306) recorded a relative activity 
of 85.95% at methanol concentration 0.3 mL (Fig. 7A). Then, the activity decreased dramatically until it was fully 
inactivated. The results showed the potency of the bacterial strain Kocuria flava ASU5 (MT919305) lipase as a 
biocatalyst for biodiesel production, due to the tolerance mechanism compared to the bacterial strain Bacillus 
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Figure 7.   (A) Effect of methanol concentration on bacterial lipase activities. (B) Effect of temperature 
on bacterial lipase activities. The means value of three replicates ± SD (vertical bars) is represented. (C) 
Thermoactivity of lipases produced by bacterial strains Kocuria flava ASU5 and Bacillus circulans ASU11 
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circulans ASU11 (MT919306). Methanol is sometimes used in biocatalysis processes to increase the solubility of 
reaction substrates; it is also used as an acyl acceptor in biodiesel production through lipase transesterification 
processes, but the inhibition of lipases is detected in several cases. That is why the impact of methanol on the 
catalytic activity and conformation of Burkholderia glumae lipase and Candida antartica lipases was investigated; 
these were recorded as highly methanol-tolerant83. Additionally, the inactivation effects were applied from the 
damage in enzyme stability due to the gradual protein unfolding and aggregation83. Candida antartica exhibited 
the highest lipase activity at methanol concentrations of 0.7%; after that, there was a sharp reduction at higher 
methanol concentrations. Consequently, a thermodynamic model of Candida antartica lipase activity revealed 
that methanol performs as a competitive inhibitor of the lipase enzyme84.

Effect of temperature on lipase activity.  The effect of temperature on lipase activity of the two highly lipase-
producing isolates Kocuria flava ASU5 (MT919305) and Bacillus circulans ASU11 (MT919306) was investigated 
at variable temperatures (10 °C to 60 °C), as shown in Fig. 7B. The results demonstrated that the lipase activity of 
bacterial isolates Kocuria flava ASU5 (MT919305) improved dramatically by increasing the temperature from 10 
to 50 °C; after that, there was a significant drop in lipase activity. The optimal enzyme activity of bacterial isolate 
Kocuria flava ASU5 was recorded at 50 °C, whereas the results obtained for the lipase enzyme activity of bacte-
rial isolate Bacillus circulans ASU11 (MT919306) revealed an increase in activity by increasing the temperature 
of the reaction from 10 to 60 °C. Data presented in Fig. 7C show that the highest lipase thermostable activity 
was recorded for Kocuria flava ASU5 compared to lipases from Bacillus circulans ASU11. Recently, there has 
been an increasing demand for thermotolerant lipases due to their promising applications in various industries. 
However, the majority of the microbial lipases exhibited the highest activity in the mesophilic range. The explo-
ration for thermotolerant lipases has gained more attention as they have shown 70% to 100% of their activity in 
the temperature range of 50 °C to 70 °C85. Bora and Bora86, reported that lipases from Bacillus sp. revealed 90% 
enzyme activity at 60 °C for 1 h. as well as lipases from Pseudomonas sp. strain ZBC1 which exhibited maximum 
activity at 80 °C87.

Effect of pH on lipase activity.  In this study, bacterial lipases of bacterial isolates Kocuria flava ASU5 
(MT919305) and Bacillus circulans ASU11 (MT919306) were incubated in buffer systems with specific pH values 
(6, 7, 8, 9, and 10) to evaluate the impact of pH values on enzyme activity. The data showed that lipase activities 
increased with an increase in the pH value of the reaction mixture and that the optimal pH levels were 8 and 9 for 
lipase activities from bacterial strain Kocuria flava ASU5 and Bacillus circulans ASU11, respectively (Fig. 7D). 
Lipase activities dropped dramatically at pH 9. The maximum pH for the enzyme activity is located in the 
alkaline range. The majority of the microbial lipases have the highest activity in neutral or acidic reaction mix-
tures. But, alkaline lipases provide promising biotechnological applications in many prospective green chemistry 
industries. Bacterial lipases from Bacillus thermoleovorans and Bacillus stearothermophilus showed high stability 
in the alkaline pH range of 8 to 1088. From one-factor-at-a-time optimizing results, Kocuria flava ASU5 lipases 
showed the highest tolerance for methanol and thermostability as well as alkaline stability compared with Bacil‑
lus circulans ASU11 lipases. Consequently, Kocuria flava ASU5 was selected for optimizing lipase catalytic activ-
ity by central composite design (CCD) in addition to biodiesel production of cooking oil waste through lipase 
transesterification and esterification process under the optimized conditions.

Central composite design fitting and analysis of response surface.  The optimization of lipase catalytic activities 
and the interaction of the reaction mixture conditions were investigated using Response Surface Methodology 
(RSM). The optimal variables yielding high lipase activity for bacterial lipase ASU5 were selected and optimized 
even further using Central Composite Design (CCD). Each reaction condition factor was assayed at the coded 
levels (high and low); the obtained design for the factors at different levels is listed in Table (4). Statistical analysis 
of the model was stated by Fisher’s test value (F-value), and the results of the tested parameters and ANOVA 
analysis were recorded as shown in Tables 4 and 5. The F-value (ratio of mean square regression and mean square 
residual corresponding to the real error) of the proposed model is 8.398, indicating that the model statistics are 
significant. Moreover, the lack of fit value of the model is 2.96, which indicates that it is not significant and the 
pure error is 0.468769. The ANOVA analysis data revealed that among the tested variables, A (Temperature) and 
C (pH value) of the reaction conditions were found to be non-significant whereas B (Methanol) exhibited sig-
nificant impacts. On the other hand, the interactions of AB (Temperature/Methanol) showed significant effects, 
whereas AC (Temperature/pH) and BC (pH/Methanol) revealed no significance. Three-dimensional curves and 
the coded model were created to investigate the interaction of reaction conditions to define the optimal condi-
tions for maximizing the catalytic activities of lipases (Fig. 8). The 3D analysis revealed that optimal reaction 
conditions for optimizing the catalytic activities of bacterial lipase were: temperature 60 ○C; and methanol 0.4 
(mL) at reaction mixture pH 8. The optimization of reaction conditions (depending on the classical method) 
only takes into consideration a single parameter effect, while all the other factors are interacting and working 
together at a fixed level. Therefore, statistically designed experimental models have been used to successfully 
explicate the interaction of different factors of the reactions and reduce the error in defining the impacts of 
reaction conditions89; this improves the process efficiency90. Lv et al.91 studied the impact of reaction conditions 
by using RSM; this involved examination of the soybean oil/methanol molar ratio, water content, free lipase 
amount, temperature, and reaction time on lipase catalytic activities and biodiesel production. Their results 
revealed the optimal conditions for lipase activities and the transesterification process were lipase load 5%, soy-
bean oil/methanol molar ratio 1:7, water content 14%, temperature 38 °C, and reaction time 26 h. The maximum 
biodiesel yield (92.4 ± 0.8%) was obtained under optimal conditions.
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Biodiesel production by lipase transesterification and esterification process from cooking 
oil.  The highly applicable thermostable and methanol-tolerant lipase from Kocuria flava ASU5 (MT919305) 
was selected for biodiesel synthesis by use of the lipase transesterification and esterification process. Data 
obtained from the GC/MS analysis of biodiesel produced from the lipase transesterification and esterification 
of cooking oil waste under optimal conditions showed the highest activity for the transesterification and esteri-
fication of cooking oil waste (83.08% FAMEs), predicting the prospective applicability of bacterial lipases as 
a promising biocatalyst for the transesterification and esterification process due to lipases exhibiting a higher 
thermostability and methanol tolerance (Fig. 9). Interestingly, Abd-Alla et al.76 reported that free or immobilized 
cells of lipase-producing Bacillus firmus showed a high conversion (78% FAME) for converting fungal lipids 
into biodiesel. Cervero et al.62 reached 48% biodiesel by use of the one-step methanol addition method during 
the lipase esterification process, whereas 90% of the biodiesel production was obtained through the use of the 
three-step addition method. Furthermore, Xie and Wang32 stated that biodiesel yield from soybean oil using 
immobilized lipase reported that 86% was attained at a reaction temperature of 35 °C for 24 h with a biodiesel 
yield of 92.8% was recorded using a three-step methanol addition at 40 °C using Candida rugosa lipase bound on 
the Fe3O4 magnetic nanocomposite92. The lipase-catalyzed bioconversion of waste oil into biodiesel by thermo-
stable and methanol-tolerant, bacteria-free lipases is considered one of the most promising technologies for the 
production of applicable, competitively priced, renewable, and eco-friendly alternative fuels.

Table 4.   Reaction condition variables assayed for the experimental design of the quadratic model.

Run

Tested variables

Temperature ○C Methanol ml pH

1 55.0 0.30 8.5

2 50.0 0.20 8.0

3 55.0 0.13 8.5

4 50.0 0.40 9.0

5 55.0 0.30 9.3

6 55.0 0.30 8.5

7 55.0 0.30 8.5

8 60.0 0.20 8.0

9 55.0 0.30 8.5

10 55.0 0.45 8.5

11 55.0 0.30 8.5

12 60.0 0.20 9.0

13 63.4 0.30 8.5

14 60.0 0.40 8.0

15 55.0 0.30 8.5

16 60.0 0.40 9.0

17 46.6 0.30 8.5

18 50.0 0.20 9.0

19 55.0 0.30 7.7

20 50.0 0.40 8.0

Table 5.   ANOVA analysis of the obtained results of lipase catalytic activities.

Sum of squares Degrees of freedom Mean square F-value p-value Significance

Model 52.062 6 8.677 8.398 0.0007 Significant

A-temperature 31.894 1 31.894 30.869 9.289E-05 Not significant

B-methanol 5.080 1 5.080 4.917 0.045 Significant

C-pH 2.501 1 2.500 2.420 0.144 Not significant

AB 2.667 1 2.667 2.582 0.132 Not significant

AC 8.013 1 8.013 7.755 0.015 Significant

BC 1.906 1 1.906 1.845 0.197 Not significant

Residual 13.432 13 1.033

Lack of fit 11.088 8 1.386 2.957 0.124 Not significant

Pure error 2.344 5 0.469

Cor total 65.493 19
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Figure 8.   Three-dimensional plots of lipase catalytic activities by Kocuria flava ASU5 (MT919305) display 
the impacts of reaction mixture conditions: (A) interaction of Temperature/Methanol; (B) interaction of 
Temperature/pH; and (C) interaction of Methanol/pH.
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Fourier‑transform infrared spectroscopy (FTIR) analysis.  The FTIR methodology allows for the 
evaluation of the catalyzed reactions during transesterification and the hydrolysis process by lipases. This 
approach also reveals many advantages over the other traditional analytical approaches: It is simple, it offers 
rapid detection, it is a low-cost option, it is accurate, and there is no need for large amounts of samples or sam-
ple preparation93. This technique shows great potential for analyzing FAME content in biodiesel/diesel fuel, 
as reported in the literature93. From FTIR analysis presented in Fig. 10, our results revealed the presence of 
enormous functional groups which were well-fitted with other findings reported from the analysis of biodiesel 
and commercial diesel93. The data in Table 6 show the presence of absorption at 3440 cm−1, indicating stretch-
ing vibrations of the hydroxyl group (OH) and absorption at 3008 cm−1 revealed a stretching vibration (C–H 
bond). The presence of other peaks confirmed the products of the lipase transesterification and esterification 
process (FAME) as the absorption in the wavelengths 2926 cm−1 and 2855 cm−1 indicated stretching vibrations 
of the C–H bond (the methylene group [CH2])94. Interestingly, the absorption peak at 1446 cm−1 was attributed 
to the stretching of −CH3 in the biodiesel spectrum95. There was also an intense absorption band estimated at 
1743 cm−1, which is recognized for its absorption in the carbonyl group (C=O) band (1700 cm−1 to 1800 cm−1)96. 
This band is characteristic for FAME absorption, as esters have characteristic, very strong C=O absorption bands 
(saturated aliphatic esters)94,97. Furthermore, C–O stretching vibrations were attributed to the appearance of the 
absorption peak at 1196 cm−1, which is characteristic for biodiesel98 as well as the absorption bands, in which 
1246 cm−1 and 1171 cm−1 indicate long-chain FAME94,99.

Biodiesel energy content.  The energy content of 1 mol of biodiesel (docosanoic acid methyl ester) pro-
duced from cooking oil waste by the enzymatic transesterification and enzymatic esterification process was 
− 12,628.5 kJ/mol, indicating the entire combustion reaction was exothermic.

Materials and methods
Oily waste collection.  Cooking oil was collected from domestic and restaurant cooking waste and placed 
in sterilized glass bottles; they were immediately transferred to and kept at 4 ○C in the laboratory. The composi-
tion of cooking oil waste was determined using GC/Ms (Thermo Scientific, Model: DPC-Direct Probe Control-
ler (DPC-20451), USA; at the Chemistry Department, Faculty of Science, Assiut University).

Isolation of lipase‑producing bacteria from cooking oil waste.  Thermotolerant bacteria were iso-
lated from cooking oil waste on a culture medium: peptone, 10 g/L; NaCl, 5 g/L; CaCl2, 1 g/L; filtrated cooking oil 
waste (using Seitz filter 0.45 µM), 10 mL; and agar, 15 g/L. One mL of collected cooking oil waste was dispersed 
on the surface of the lipase detection medium and incubated at 50 ○C for 5 days. Positive lipase-producing iso-
lates forming a white precipitate around the grown colonies were picked, subcultured on nutrient agar medium, 
and kept at 4 ○C for further experiments.

Figure 9.   GC/MS profile of fatty acid methyl esters (biodiesel) produced from the enzymatic transesterification 
and enzymatic esterification process of cooking oil waste.
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Screening for lipase production.  Thermotolerant bacterial isolates were grown aerobically in a glass bot-
tle containing 30 mL of a liquid medium containing (g/L): peptone, 15; yeast extract, 5; NaCl, 2; MgSO4, 0.4; 
KH2PO4, 0.3; K2HPO4, 0.3; and filtrated cooking oil waste, 10 mL for lipase induction100. Bacterial cultures (three 
replicates) were incubated for 48 h under shaking conditions (120 rpm) at 50 ○C. Lipase enzymes in the culture 
broth were collected by centrifugation for 10 min at 3540×g to remove bacterial cells. The supernatant was then 
collected for lipase assay.

Lipase activity was determined spectrophotometrically by p-nitrophenyl palmitate (pNPP), according to 
the method of Tripathi et al.101. The enzyme reaction mixture was composed of 0.1 mL culture supernatant and 
0.9 mL freshly prepared substrate solution (0.1 mM pNPP dissolved in 9 mL isopropanol and 0.8 mL of 100 mM 
phosphate buffer [pH 7]). This mixture was incubated for 30 min at 45 ○C. The absorbance was recorded at 
410 nm and one lipase unit (IU) was defined as the amount of enzyme that liberated 1 µM p-nitrophenol per 
min under the standard assay condition. The standard curve was prepared using para-nitrophenol (0.4 µmol to 
4 µmol). Each experiment was conducted with three replicates. The lipase-specific activity was defined as the 
number of lipase units per mg extracellular protein. The total extracellular protein was measured in the culture 
supernatant as described by Lowry et al.102, and a standard curve was prepared using bovine serum albumin.

Figure 10.   FTIR analysis of fatty acid methyl esters (biodiesel) produced from the enzymatic transesterification 
and enzymatic esterification process of cooking oil waste.

Table 6.   FTIR Analysis of the functional group of FAME produced from cooking oil waste lipase 
transesterification and esterification process.

Wavenumber (cm−1) Function groups

3440 Stretching vibrations (O–H) in H2O

3008 Stretching vibrations (C–H)

2926
CH2, CH3, aliphatic group of triglycerides

2855

1743 C=O group of Ester

1464 –C–H (in CH2) bending

1436 =C–H (cis-) bending

1361 –C–H (CH3) bending

1246 –C–O stretching/–O–CH2–C

1196 –C–O
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Screening for methanol‑tolerant bacterial isolates.  The highly lipase-producing bacterial isolates 
were selected to investigate their tolerance for methanol in the culture medium. Bacterial isolates were grown in 
a culture medium containing (g/L) peptone, 15; yeast extract, 5; NaCl, 2; MgSO4, 0.4; KH2PO4, 0.3; K2HPO4, 0.3, 
and filtrated cooking oil waste, 10 mL. After sterilization, the culture medium was supplemented with 10 mL/L 
filter-sterilized methanol. The bacterial inoculated cultures were incubated for 5 days; after that, lipase activity 
was assayed as previously described.

Phenotypic and genotypic identification of highly lipase‑producing bacterial isolates.  The 
highly lipase-producing and methanol-tolerant isolates were identified based on microscopic and macroscopic 
characteristics and biochemical tests (Gram stain, oxidase reaction, nitrate reductase, catalase and urease test, 
utilization of carbohydrates, gelatin, starch and casein hydrolysis, Indole and H2S production and esculine 
hydrolyzation). The identity of isolates was confirmed at the genetic level by analyzing the partial 16S rRNA 
gene sequence using 27F and 1492R primers67. The obtained sequences of the 16S rRNA of bacterial strains were 
analyzed at the NCBI website: http://​www.​ncbi.​nlm.​nih.​gov/​BLAST/T using BLAST search program for assess-
ing the DNA similarity degree.

Optimization of organic solvent and alkaline stability and thermostability of bacterial 
lipases.  The optimization procedures of lipase activities by the selected, highly lipase-producing strains were 
performed in two experimental stages.

Optimization of organic solvent stability and thermostability of bacterial lipases using the one‑factor‑at‑a‑time 
method.  Various factors, including different organic solvents, organic solvent concentrations, different tem-
peratures, and various pH values were tested on lipase enzyme activity to determine the effective factors for the 
highest catalytic enzyme activity in the reaction mixture.

Organic solvent stability of bacterial lipases.  The effect of different acyl acceptors on enzyme activity of the 
highly lipase-producing and methanol-tolerant strains was investigated. The reaction mixture contained 0.9 mL 
of the substrate solution, 0.1 mL of lipase crude enzyme (bacterial supernatant), 0.1 mL different acyl acceptor 
(methanol, ethanol, propanol, butanol, and ethyl acetate), and 0.8 mL of 100 mM phosphate buffer (pH 7). As 
well the impact of different concentrations of acyl acceptor was investigated on lipase relative activity.

Effects of different temperatures and the thermostability of bacterial lipases.  Different incubation temperatures 
were assayed on the enzyme activity of the highly lipase-producing and methanol-tolerant strains. The reaction 
mixture contained 0.9 mL of the substrate solution; 0.1 mL of lipase crude enzyme was incubated for 30 min 
at different temperatures (10 ○C to 60 ○C), the optimum temperature for enzyme activity was determined. The 
residual lipase activity was further estimated.

Effect of pH on lipase activity and stability.  The activities of the bacterial lipases were assayed in various buffer 
systems (100 mM) with different pH values (6.0 to 10.0) at the optimal temperature for 3 h. The enzyme activity 
was measured according to the pNPP method described above.

Optimization of organic solvent, thermal, and alkaline stability of bacterial lipases by central composite design.  The 
central composite design was used to study the interaction of the effective components of the reaction mixture 
conditions, which resulted from the one-factor-at-a-time method, for optimizing the process of the highest 
lipase catalytic activity from Kocuria flava ASU5 (MT919305). In this study, the organic solvent stability and 
thermostability of Kocuria flava ASU5 lipases were screened using the statistical software package Design-Expert 
(V12); StatEase, USA. Based on the central composite design, each factor was studied at two levels: low and high.

Biodiesel synthesis by free cell‑Kocuria flava ASU5 lipase transesterification and esterification 
process.  Enzymatic transesterification and enzymatic esterification process.  The organic solvent and alkaline 
stable and thermostable lipases produced from bacterial strain Kocuria flava ASU5 (MT919305) were selected 
for determining the potentiality of bacterial lipases under optimized reaction mixture conditions on the trans-
esterification and esterification process for biodiesel (fatty acid methyl esters [FAMEs]) synthesis from cooking 
oil waste. The transesterification and esterification reaction assay was performed in 5 mL stopper glass vials 
containing cooking oil waste and methanol (1:2 oil/alcohol molar ratios), 1 mL bacterial supernatant enzyme 
(15 U/mL), and 1 mL buffer solution (100 mM [pH 8]). The reaction was incubated at 60 ○C for 5 h; then, 1 mL 
aliquot from the transesterification and esterification mixture system was withdrawn and mixed with 900 µL of 
n-hexane and then centrifuged at 4868xg for 10 min. A 2 µL of the produced fatty acid methyl esters (top layer) 
were collected and analyzed using GC/MS (Thermo Scientific, Model: DPC-Direct Probe Controller (DPC-
20451), USA; at the Chemistry Department, Faculty of Science, Assiut University) to quantify the biodiesel yield 
(% FAME). A capillary column TG-5MS with a dimension of 30 m, 0.25 mm i.d., 1 µm film thicknesses was used 
for the separation of fatty acid esters. The oven temperature was initially maintained at 80 °C for 5 min, increased 
at 10 °C /min to 150 °C for 10 min, increased to 200 °C at ramp rate 10 °C/min (hold for 10 min) and finally the 
temperature was increased to 250 °C with ramp rate 5 °C/min, (hold time for 13 min). The split flow was 10 mL/
min, and helium was used as carrier gas at a flow rate of 0.5 mL/min. Injector and detector temperatures were 
250 °C and 300 °C, respectively. The % FAME (biodiesel) yield was determined by comparing the peak area of 
internal standard methyl esters at the particular retention time.

http://www.ncbi.nlm.nih.gov/BLAST/T
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Fourier‑transform infrared spectroscopy (FTIR) analysis of the produced FAME product.  The 
extracted FAME was analyzed using the KBr pressed disk technique (Thermo Scientific Nicolet iS10 FT-IR Spec-
trometer, USA) in the Chemistry Department of the Faculty of Science at Assiut University.

Calculations of the gross energy content of the produced biodiesel.  The total energy content of 
FAME produced by the transesterification and esterification process was determined based on the most preva-
lent fatty acid methyl ester (Docosanoic acid methyl ester). The energy of combustion could be calculated from 
the energy of bonds from the following Eqs. (1 and 2):

In which BE is the bond energies

∆H = (28,703 + 16,582.5) − (36,754 + 21,160).
∆H = (45285.5 − 57914)
∆H = − 12628.5 kJ/mol

Conclusions and future research trends
In this study, lipases from bacterial isolate Kocuria flava ASU5 (MT919305) exhibited the highest thermal and 
methanol tolerance (98.4% relative activity) and they showed considerable stability in an alkaline reaction mix-
ture, so they were selected for enhancing the catalytic activity of lipase using RSM revealing the best and most 
efficient activity of the reaction system was noted at 60 ○C, oil/methanol molar ratios (1:2) and pH value of 8. The 
biodiesel production of 83.08% with an energy content of 12,628.5 kJ/mol was obtained from cooking oil. So, the 
current paper may enhance the feasibility of cleanly applicable technology for biodiesel production using cell-
free, methanol- and thermo-tolerant lipases in batch reactors for the transesterification/esterification process of 
cooked oil waste. However, the lipase-mediated industrial transesterification processes are handicapped by some 
drawbacks concerning enzyme recovery and recyclability. To overwhelm these obstacles, prospective multifari-
ous research attempts are required to encapsulate lipases on suitable carriers such as biological nanocomposites 
for the enhancement of lipase enzyme activities and consequently enzymatic transesterification and enzymatic 
esterification tactics. As well, the combination of enzymatic biocatalysts with other heterogeneous chemical 
catalysts or through using energy safely and high frequency piezoelectric ultrasonic reactors may enhance the 
economic feasibility of biodiesel technology. In addition to investigating the sustainability features of the obtained 
data using advanced sustainability assessment tools such as life cycle assessment, exergy and their consolidated 
combination of soft computing systems for improving the operating conditions may provide a promising fuel 
technology for prospective industrial bioenergy technologies.
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