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ABSTRACT

	The indiscriminate discharge of raw palm oil mill effluent (POME) severely pollutes the environment. POME is generated in large quantities in many parts of Imo State, Nigeria, where the processing of palm fruits into palm oil is a major occupation. However, the crisis in global energy supply necessitates the investigation of renewable, non-food sources for energy sufficiency. The aim of this study was to investigate the potential of valorizing POME samples from parts of Imo State, Nigeria, into biodiesel using Candida albicans and Pseudomonas aeruginosa consortium as whole-cell biocatalysts. POME samples were collected from parts of the State. The physicochemical and microbial properties of the mixed sample were evaluated. Identified C. albicans and P. aeruginosa consortium was applied as whole-cell biocatalysts for biodiesel production. The properties of resulting biodiesel were determined and compared to known standards. The mixed POME sample had pH, acid, free fatty acid and saponification values of 3.68±0.40, 22.31±3.51 mgKOH/g, 62.69±10.12 and 125.06±3.46 mg/g, respectively. Bacterial compositions of the mixed POME sample included Bacillus spp., Pseudomonas spp., Micrococcus spp. and Enterococcus faecalis. The fungal compositions included Candida, Mucor and Aspergillus spp. Lipolytic activity showed that lipases from Pseudomonas spp. and Candida spp. had 5.50±1.1 mm and 3.00±0.7 mm clearance zones. The resulting biodiesel contained high concentrations of saturated fatty acids, together with longer-chain fatty acids, including docosanoic acid, eicosanoic acid, and their derivatives. It showed flash point, acid value, cetane rating, and viscosity (at 40 °C) of 75 °C, 0.54 mgKOH/g. 55 and 2.6 mm²/s, respectively. POME generated in oil mills in Imo State is suitable for biodiesel production using autochthonous whole-cell biocatalysts.
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1. INTRODUCTION

Energy is essential for raising living standards and promoting economic expansion in all areas, including families, business, transportation, industry, and agriculture. Approximately 81.1% of the global energy is obtained from fossil fuels, such as natural gas, petroleum, and coal (Degfie et al., 2019; Nor et al., 2024). Many environmental issues are results of the rising energy consumption in homes and industries. Greenhouse gas emissions, acid rain, smog, air pollution, and environmental destruction are all consequences of burning fossil fuels for energy. This necessitated investigations into alternative sources of energy like hydro, wind, biomass, biofuels and solar, as environmental concerns increase. Among these renewable and ecofriendly energy sources is biodiesel (Degfie et al., 2019). Biodiesel is a second-generation biofuel, and is characteristically cleaner, biodegradable and a more sustainable alternative to fossil-based diesel. It has no toxicity or cancer hazards, and its combustion emissions are environmentally benign (Nor et al., 2024).

The use of lipase in enzymatic transesterification to produce biodiesel has recently drawn more attention from researchers. Due to the ability of EC 3.1.1.3, triacylglycerol hydrolases (lipase) to sustain significant catalysis in non-aqueous environments, it can be used to produce biodiesel (Sarmah et al., 2018). The use of lipases in the production of biodiesel has a number of advantages over chemical catalysis, including the lack of pretreatment, the requirement for mild conditions, ease of product separation and glycerol recovery, the production of high-quality biodiesel, the absence of side reactions, and the requirement of minimal wastewater treatment (Toldrá-Reig et al., 2020). In addition, the adverse characteristics of alkaline catalysis for the manufacture of biodiesel including the need for high temperatures and the generation of many free fatty acids (FFAs) during the hydrolysis of triglycerides (Neha et al., 2023) necessitate the leaning towards lipase catalysis.

When alcohol reacts with triglycerides, which are obtained from plants and animals, in the presence of a catalyst, biodiesel is produced. Reports have shown that biodiesels can be made from edible oils, such as those found in Ricinus communis seeds, coconut, and soybean (Okechukwu et al., 2015). However, this raises questions about environmental sustainability and food security because of rivalry with deforestation, food production, and habitat degradation. Although animal fats can be utilized, their saturated fatty acid concentration presents difficulties (Balat et al., 2010; Nor et al., 2024). In this study, palm oil mill effluent (POME) was selected as the main feedstock for biodiesel synthesis in order to address these problems. Due to its unregulated discharge into the environment, POME, which is produced in large quantities in some areas of Imo State, Nigeria, usually causes serious environmental contaminations (Dike-Ekeh et al., 2024). Its high triglyceride content and rich populations of lipolytic microbes offer a hidden opportunity for its utilization in biodiesel production. Diversities of Gram-negative and Gram-positive strains of bacteria, particularly those from the Pseudomonas genera, as well as commercially significant fungi, including Rhizopus sp., Mucor sp., Aspergillus sp., Penicillium sp., Thermomyces sp., and Geotrichum sp., produce the majority of lipases in fermenters under controlled conditions. Yeast-derived lipases are also important, including those from Candida sp. (Sánchez et al., 2018; Toldrá-Reig et al., 2020). The most researched biocatalysts for the synthesis of biodiesel are whole-cell lipases and immobilized lipases. But the material-intensive and time-consuming upstream procedures are made simpler when whole cells are used. This is because the indirect immobilization of enzyme inside or on the cells precludes the isolation, immobilization and purification stages. Additionally, whole-cell biocatalysis enables far higher rates of product recovery, streamlines downstream processing, and additionally reduces the costs to the environment and economy (de Carvalho, 2017; Spanou et al., 2024).

This study evaluated the transesterification potential of whole-cell co-culture of Candida albicans and Pseudomonas aeruginosa that are autochthonous to palm oil mill effluent, in biodiesel production. Molecular techniques were used to identify the lipase-producing isolates in a mixture of POME samples from parts of Imo State, Nigeria, before they were used to produce and characterize biodiesel for comparison with fossil diesel. 

2. material and methods

2.1 Study Area
One palm oil mill in Naze and three in Ohaji were sites for samples collection. Their coordinates are as follow: 5°17'11.59" N 6°54'25.37" E for Umuagwo; 5.4591° N, 6.8374° E for ADAPALM; 5.35826o N and 6.91323o E for Umuokanne; and 5°27'34.3250'' N and 7°4'50.3685'' E for Naze [Google Maps®]. Umuagwo, Naze and Umuokanne are sub-urban settlements in Imo State, Nigeria, which are renowned for their abundant biodiversity (Egbuche et al., 2022) and substantial contribution to the State's oil palm industry. ADAPALM, also situated in Imo State, is a popular company in Nigeria's oil palm processing and research industry. It was established by the State Government and is located in the Ohaji region.

2.2 Collection of POME Sample
The collection of POME samples from popular palm oil mills in Naze, Umuagwo, ADAPALM and Umuokanne, was aseptically done following a modified version of the procedure specified by Opurum et al. (2017).  Each POME sample was put into a surface-sterilized five liter container, placed in icebox and taken to the laboratory, where they were stored at 4 oC until analyzed. Prior to analyses, the POME samples from different locations were mixed and thoroughly homogenized for uniformity.

2.3 Isolation and Enumeration of C. albicans and Pseudomonas aeruginosa
In a 20 ml sterilized test tube, 9 ml of sterilized physiological saline was used to serially dilute 1 ml of the mixed POME sample. Serial dilution (10-fold, v/v) of the mixed POME sample was prepared following thorough agitation. Next, 0.1 ml of 10-3 and 10-7 dilutions were separately spread onto sterile Cetrimide agar used for Pseudomonas aeruginosa isolation and enumeration (Solberg et al., 1972), as well as SDA and CHROMagar Candida (Murray et al., 2005) used for isolation and enumeration of Candida albicans. Then the inoculated CHROMagar Candida/SDA plates were incubated for 72 h, while cetrimide agar for 24 h at 28±2 oC.

2.4 Determination of Lipolytic Activities of Candida albicans and Pseudomonas aeruginosa
Following the method of Salihu et al. (2011) with some adjustments, the Candida albicans isolated with CHROMagar Candida/SDA and Pseudomonas aeruginosa isolated using Cetrimide agar were evaluated for lipase synthesis using Tween-80 as the lipid source. The bacterial and yeast samples were incubated for 24 and 48 h, respectively.

2.5 Molecular Characterization of Lipolytic Pseudomonas and Candida spp.

2.5.1 Extraction of DNA
A ZR mini-prep extraction kit for bacterial/fungal DNA provided by Inqaba, South Africa, was used to extract bacterial and fungi genomic DNA. In ZR Bashing Bead Lysis tubes, heavy growths of pure cultures of Candida albicans and Pseudomonas aeruginosa were suspended separately in 200 µl of isotonic buffer. The tubes were then sealed in a bead beater equipped with a 2 ml tube holder assembly after 750 µl of lysis solution had been added. They were processed at the maximum speed for 5 min. Then the ZR bashing bead lysis tubes were centrifuged for 1 min at 10,000 rpm (ZYMO Research, 2021).

2.5.2 Quantification of DNA
The quantification of genomic DNA extracted from Candida albicans and Pseudomonas aeruginosa was done using Nanodrop 1000 Spectrophotometer. After launching the Nanodrop’s software, sterile distilled water (2 µl) was used for initialization of the equipment, while blanking was done with normal saline. The bottom pedestal was loaded with the extracted DNA (2 µl), and the upper pedestal was lowered until it made contact with the extracted DNA. The measurement of the concentration of DNA was done by clicking the "measure" button (Bunu et al., 2020).

2.5.3 Amplification of bacterial 16S rRNA and fungal ITS genes
The 27F: 5'-AGAGTTTGATCMTGGCTCAG-3' and 1492R: 5'-CGGTTACCTTGTTACGACTT-3' primers were used for amplification of the bacterial 16S rRNA gene. The ITS1F: 5'-CTTGGTCATTTAGAGGAAGTAA-3' and ITS4: 5'-TCCTCCGCTTATTGATATGC-3' primers were used to amplify the internal transcribed spacer (ITS) region of the fungal isolate. In each case, the ABI 9700 Applied Biosystems thermal cycler at a final volume of 50 µl for 35 cycles was used. The PCR mix comprised the extracted DNA as a template, 0.4M primers. The X2 Dream Taq Master Mix provided by Inqaba, South Africa, composed of DNTPs, MgCl, and Taq polymerase. The following were the PCR conditions:  initial denaturation (5 min) at 95 oC, denaturation (30 sec) at 95 oC, annealing (30 sec) at 52 oC, extension (30 sec) at 72 oC for 35 cycles, and final extension (5 min) at 72 oC. The products were separated on agarose gel (1% ) for 15 min, at 120V, and a UV transilluminator was used for the visualization.

2.5.4 Sequencing of ITS and 16S rRNA genes
The BigDye Terminator kit was used for sequencing of the bacterial and fungal genes on a 3510 ABI sequencer (Inqaba, South Africa). The final volume at which the sequencing was completed was 10 µl, comprised of 5 x BigDye sequencing buffer (2.25 µl), BigDye® terminator v1.1/v3.1 (0.25 µl), PCR template per 100 bp (2–10 ng) and PCR primer (10 µM). The sequencing proceeded for 32 cycles at 96 °C for 10 sec, 55 °C for 5 sec, and 60 °C for 4 min (Applied Biosystems, 2010).

2.5.5 Phylogenetic analysis
The acquired sequences were edited with the bioinformatics program, Trace Edit. Then similar sequences were obtained using BLASTN from the National Center for Biotechnology Information (NCBI) database. The alignment of the sequences was carried out using ClustalX. The inference of the evolutionary history was done with Neighbor-Joining approach in MEGA 6.0 (Saitou & Nei, 1987). The bootstrap consensus tree derived from 500 replicates was assumed to represent the evolutionary history of the taxa involved in the study (Felsenstein, 1985). The calculation of the evolutionary distances was carried out using the Jukes-Cantor technique (Jukes et al., 1969).

2.6 POME Characterization
The mixed POME sample was homogenized by heating them to 60 oC. To get rid of debris, they were filtered through three layers of cheesecloth (Opurum et al., (2017). Free fatty acid (FFA) value, moisture levels, saponification value and acid value were determined. The fatty acids composition of mixed POME sample was assessed using GC/FID (Salihu et al., 2011).

2.6.1 Evaluation of free fatty acid and acid value
Here, 2 drops of phenolphthalein indicator (consisting of 100 ml of ethyl alcohol and 1 g of phenolphthalein) and 50 ml of newly neutralized hot 95% ethanol were added to in a conical flask containing 1.5 g of mixed POME sample. After that, the mixture was heated to 75-80 °C in a water bath for roughly 15 min. Then 0.1 M NaOH was used to titrate the mixture, while being constantly shaken to ensure adequate mixing until the endpoint was reached. The endpoint was marked by a faint pink color that lasted for 30 sec. The amount of NaOH utilized was noted (AOAC International, 2005). Sample was titrated in triplicate, and Equation 1 was used to compute the acid value.

   		Equation 1

Where,
V = Volume of sodium hydroxide utilized measured in ml.
N = Normality of the sodium hydroxide solution; and
W = Weight of the sample measured in g.

Computation of FFA value was done with Equation 2.

		Equation 2

2.6.2 Evaluation of moisture content
With slight adjustments, the gravimetric method was used to determine the moisture content of oil samples in accordance with AOCS Ca2c–25 (Bahadi et al., 2016). Ten grams of the mixed POME sample was put into metal dish and the total weight measured. The dish was heated for 30 min at 101 °C. Then heating process continued until the weight remained constant. The moisture content was then determined using Equation 3.

			Equation 3

Where,
Wb is the weight (measure in mg) before drying
Wa is the weight (measure in mg) after drying

2.6.3 Evaluation of pH
A newly calibrated HANNA pH meter was utilized in the measurement of the pH of the homogenized mixed POME sample. The homogenized mixed POME sample (50 ml) was added into 100 ml volumetric flask, the probe of the calibrated pH meter was dipped into it and pH reading was taken after roughly 40 sec. To guarantee consistency, contents were gently agitated before reading was taken (Piyush et al., 2022).

2.6.4 Evaluation of saponification value (SV)
The measurement of the saponification value of the mixed POME sample was done following the British Standards BS 684 2.6.1977. First, 0.5N ethanolic KOH (25 ml) was used to treat 2 g of mixed POME sample in a 100 ml beaker. After that, the mixture was refluxed, boiled evenly, and stirred often for 1 h. The heated mixture was then titrated with 1% phenolphthalein against 0.5N HCl. Then equal volume and concentration of ethanolic potash only was added to another flask to serve as the blank.  Equation 4 was used to compute the saponification value (Abdullah et al., 2013).

 		Equation 4

Where, 
Vs is the volume of titrant in ml and Vb is volume of blank in ml

2.7 Inoculum Standardization
From the 24 h cultures of the characterized lipolytic Candida albicans and Pseudomonas aeruginosa, 3 loopfuls were taken and inoculated into previously sterilized potato dextrose broth and nutrient broth, respectively. The 0.5 MacFarland turbidity standard (equivalent to 1.5 x108 cfu ml-1), which was made by mixing 0.5 ml of 1.175% barium chloride with 99.5 ml of 1% H2SO4, was used to standardize the inocula. This was done by comparing the turbidity of freshly prepared bacterial/fungal suspensions to the turbidity of the standard when viewed at 625 nm.

2.8 Production of Biodiesel
The production of biodiesel was done at 28±2 oC with a 250 rpm agitation speed (Rahul et al., 2025). Co-culture of Candida albicans and Pseudomonas aeruginosa (1:1) was used as whole-cell biocatalyst which was responsible for the enzymatic transesterification of the mixed POME. The reaction was carried out in a 50 mL beaker using 30% v/v of 0.5 McFarland standardized co-culture and a molar ratio POME: ethanol of 1:4. The pH was kept at 7, and the water content was set at 15 %wt. Three portions of ethanol were regularly added at 0 h, 12 h, and 24 h. Biodiesel production was allowed for 36 h. After centrifuging the mixture for 20 min at 6000 rpm, and boiling the supernatant (for removal of unreacted ethanol), the resultant biodiesel was recovered. The biodiesel was then characterized using GC–MS analysis.

2.8.1 Biodiesel yield determination
Computation of biodiesel yield was done using Equation 5 (Aworanti et al., 2019).

				Equation 5

Where,
VBP refers to the volume (ml) of biodiesel produced
VP refers to the volume (ml) of POME used
VM refers to the volume (ml) of ethanol used.

2.8.2 Flash point measurement
The ASTM D92 standard was followed to measure the flash point of produced biodiesel samples using a Closed Cup Tester. The sample (30 ml) was heated to 32.5 °C after mixing thoroughly. It then placed in a Closed Cup and heated using a controlled heat source at 5 °C to 6°C/minute. While heating, small amount of air was added to the cup by intermittently opening and shutting the valve every 0.5 °C. A little flame was moved across the Cup's opening to detect any combustible vapors at each air introduction. The flash point of the biodiesel was regarded as the temperature at which there was a momentary ignition of the flammable vapor arising from the sample, which gave a distinct flash (Thushari et al., 2018).

2.8.3 Viscosity measurement
The OFITE Automatic Viscometer D445 was used to measure viscosity. After carefully mixing 10 ml of the biodiesel sample, it was heated to 60 oC. At the test temperature, the sample was given time to achieve thermal equilibrium. According to the ASTM D445 standard, the range of expected viscosity of the diesel sample was used to determine the proper size viscometer capillary tube. After careful cleaning and drying, the chosen viscometer capillary tube was installed on the Viscometer. Then biodiesel sample was added to the Viscometer through flipping it over and letting it enter the capillary tube. After that, the Viscometer now containing the sample was put in a temperature-regulated bath and allowed for 15 min to attain the defined temperature. By automatically tilting the viscometer to a horizontal position, the OFITE Automatic Viscometer passes the biodiesel sample, under gravity, across the capillary tube. The duration for migration of the meniscus of the biodiesel sample from one designated timing mark on the capillary tube to another was also measured. Computation of biodiesel kinematic viscosity was done by the multiplication of the calibration constant of the capillary tube used, with the measured flow time (in seconds) of the biodiesel sample (Saeed et al., 2019).

2.8.4 Cetane rating of samples
The ASTM D976 Standard handheld Labgent Octane/Cetane Meter was used to rate cetane. Accordingly, the combustion chamber of the Octane/Cetane Meter was calibrated and 2 ml of the produced biodiesel sample was added to it. The combustion properties of the biodiesel, including the pressure-time curve and ignition delay time were measured by the meter. The cetane number of the biodiesel sample was extrapolated by the equipment using these characteristics, and then displayed (Kaisan et al., 2020).

2.9. Statistical analysis
The investigations were undertaken in triplicate. Microsoft Excel was used for data entry and cleaning. ANOVA and other suitable statistical tools in Minitab 17 were applied to perform analysis of the experimental data. At p<0.05, the calculated differences in the mean values of samples were taken to be significant.

3. results and discussion

3.1 Properties of Mixed POME Sample
The pH of the mixed POME sample was 3.68±0.40 indicating its acidity. The acid value of the mixed sample was 22.31±3.51 mgKOH/g. It recorded free fatty acid value of 62.69±10.12 with saponification value of 125.06±3.46 mg/g. The moisture content was 69.13±7.68% as shown in Table 1.

Table 1. Physicochemical characteristics of mixed POME sample
	Variables
	Results (Mean ± standard deviation)

	Acid value (mgKOH/g)
	22.31±3.51

	Free fatty acid value
	62.69±10.12

	Saponification value (mg/g)
	125.06±3.46

	pH
	3.68±0.40

	Moisture content (%)
	69.13±7.68



3.2 Fatty Acid Profile of Mixed POME Sample
Table 2 shows the FFA values of the mixed POME sample. The diversified saturated, monounsaturated, and polyunsaturated fatty acids contents of the POME sample totalled 45.884 ppm. Saturated fatty acids, including stearic acid (C18:0), palmitic acid (C16:0) and myristic acid (C14:0), collectively dominated the profile with notable concentrations of 6.573 ppm, 7.294 ppm, and 9.323 ppm respectively. The polyunsaturated fatty acids present included linoleic acid (C18:2) at 1.062 ppm, linolenic acid (C18:3) at 3.617 ppm, and higher PUFAs such as eicosapentaenoic acid (C20:5) and cervonic acid (C22:6) at 0.395 ppm and 2.947 ppm respectively. Also, the presence of long-chain fatty acids such as docosatetraenoic acid (C22:4) at 4.036 ppm and docosapentaenoic acid (C22:5) at 1.171 ppm was noteworthy as presented in Fig. 1.

[image: ]
Fig. 1. Chromatograph of the mixed POME sample

Table 2. FFA compositions of the mixed POME sample
	Identifies of the FFAs
	Amount (ppm)

	Cervonic acid (C22:6)
	2.95

	Docosapentaenoic acid (C22:5)
	1.17

	Docosatetraenoic acid (C22:4)
	4.04

	Eicosapentaenoic acid (C20:5)
	3.95

	Arachidonic acid (C20:4)
	2.32

	Mead acid (C20:3)
	4.27

	Eicosanoic acid (C20)
	5.42

	Linolenic acid (C18:3)
	3.62

	Linoleic acid (C18:2)
	1.06

	Oleic acid (C18:1)
	1.29

	Stearic acid (C18)
	9.32

	Palmitic acid (C16)
	7.29

	Myristic acid (C14)
	6.57

	Total
	45.88



3.3 Microbial load of mixed POME sample
Results of the microbial load of the analysed mixed POME sample is shown in Table 3 it revealed higher total bacterial count than total fungal count in the mixed POME sample. There was 186.84±69.11x107 cfu/ml mean total bacterial count isolated from the mixed POME sample following 24 h of incubation. The evidences of initial biochemical tests and morphological features of the isolates indicated the suspected presence of Bacillus spp., Pseudomonas spp., Micrococcus spp. and Enterococcus faecalis. Out of the total bacterial count, Pseudomonas spp. accounted for 106.99±26.92 x 107. The recorded total fungal count was 89.88±11.46x106 cfu/ml, which consisted of Candida, Mucor and Aspergillus. Candida albicans accounted for 4.02±1.28x106 cfu/ml.

Table 3. Microbial load of mixed POME sample
	Parameter
	Microbial load (cfu/ml)

	Total bacterial counts
	186.84±69.11 x 107

	Total fungal counts
	89.88±11.46 x 106

	Pseudomonas spp.
	106.99±26.92 x 107

	Candida spp.
	4.02±1.28 x 106



3.4 Lipolytic activity of isolates
Results of the lipolytic activities of lipases measured by zones of clearance (mm) produced by the Pseudomonas spp. and Candida spp. isolates are indicated in Fig. 2. These show that lipases produced by Pseudomonas spp. exhibited higher lipolytic activity with 5.50±1.1 mm clearance zone than lipase from Candida spp. which recorded 3.00±0.7 mm clearance zone.

[image: ]
Fig. 2. Lipolytic potentials of Candida albicans and Pseudomonas aeruginosa isolates

[bookmark: _Hlk172036473][bookmark: _Toc177821553]3.4 Agarose gel of ITS and 16S rRNA regions of isolates
[bookmark: _Hlk171763111][bookmark: _Hlk171763000]Fig. 3 presents the agarose gel electrophoresis of amplified 16S rRNA gene and ITS of Pseudomonas spp. and Candida spp., respectively. Lane L contained a 100 bp DNA ladder. The band in lane 1 (Fig. 3a) was at approximately 1500 bp, which is the expected size for the 16S rRNA gene amplification. In Fig. 3b, lane 1 contained the amplified Internal transcribed spacer (ITS) region. The band represented the amplified DNA fragment which was approximately 650 base pairs (bp) in length. These indicate the successful amplification of the 16S rRNA and ITS regions of the isolates.
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[bookmark: _Hlk170303989]Fig. 3. Agarose gels showing (a) the amplified 16S rRNA and (b) ITS regions of the isolates. Lanes L represents the 100 bp DNA ladder.

[bookmark: _Hlk171266429]3.5 Phylogenetic tree of isolates
The NCBI non-redundant nucleotide (nr/nt) database's megablast search for extremely similar sequences yielded an exact match for the 16S rRNA sequence of the isolates. The bacterial 16S rRNA revealed 100% similarity to other related species. The evolutionary distances calculated using the Jukes-Cantor technique showed a close relationship to Pseudomonas aeruginosa and were consistent with the phylogenetic positioning of the isolates' 16S rRNA within the Pseudomonas sp. (Fig. 4). Additionally, the megablast search for highly similar sequences from the NCBI non-redundant nucleotide (nr/nt) database yielded a perfect match with the ITS sequence acquired from the fungal isolates. The isolates had 100% resemblance to other C. albicans was revealed by their ITS.
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[bookmark: _Hlk171272922][bookmark: _Hlk170303886]Fig. 4. Phylogenetic tree of characterized Candida albicans and Pseudomonas aeruginosa

3.5 Biodiesel yield and characterization
[bookmark: _Hlk171340093]Biodiesel production in this study at at pH: 7, 28±2 oC, and agitation speed of 250 rpm with ethanol: POME of 4:1 and 30% v/v of 0.5 McFarland standardized co-culture of C. albicans and P aeruginosa (1:1) biocatalysts yielded 40.00±0.76 % biodiesel.

Fig. 5 is the chromatographs of the (a) produced biodiesel and (b) fossil diesel samples. The displayed peaks correspond to distinct fatty acid methyl esters (FAMEs), with varying carbon chain lengths, which are usually present in biodiesels. The two chromatograms had very different peak distributions and retention durations. Whereas the chromatogram of the fossil diesel showed peaks that were more dispersed over across wider retention time range, the peaks found on the chromatogram of the produced biodiesel were more distinct and clustered within a narrow range of retention time (about 8–14 minutes). Additionally, the two chromatograms had different relative peak heights and intensities. While the fossil diesel chromatogram had a more complicated pattern with several peaks of differing intensities, the biodiesel chromatogram revealed a significant peak at 10–12 minutes, which probably corresponded to the primary FAME component or components present in the biodiesel sample.
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[bookmark: _Hlk171768990]Fig. 5. Chromatograph of (a) biodiesel produced using a co-culture of C albicans and P. aeruginosa on mixed POME; (b) fossil diesel sample

3.7 Comparison of biodiesel and fossil diesel samples
[bookmark: _Hlk171767103]Table 4 presents the fatty acid contents of the produced biodiesel and fossil diesel samples. The findings revealed that the biodiesel sample contained higher levels of saturated fatty acids, including stearic acid (C18), palmitic acid (C16), myristic acid (C14), and lauric acid (C12). However, the quantities of unsaturated fatty acids, especially linolenic acid (C18:3) and linoleic acid (C18:2), were higher in the fossil diesel. Both fuels also contained longer-chain fatty acids, including docosanoic acid (C22), eicosanoic acid (C20), and their derivatives.  Additionally, the biodiesel had greater total fatty acid content (66.568 ppm) than the fossil diesel (53.984 ppm).

Table 4. Fatty acid compositions of fossil diesel and the produced biodiesel
	[bookmark: _Hlk171273363]Fatty acid compositions
	Chain length
	Amount (ppm)

	
	
	Fossil diesel
	Biodiesel

	Lauric acid
	C12
	0.40
	-

	Myristic acid
	C14
	1.23
	4.75

	Palmitic acid
	C16
	-
	4.99

	Stearic acid
	C18
	1.42
	7.62

	Oleic acid
	C18:1
	7.06
	6.43

	Linoleic acid
	C18:2
	18.82
	5.45

	Linolenic acid
	C18:3
	14.69
	17.37

	Eicosanoic acid
	C20
	-
	1.98

	Arachidonic acid
	C20:4
	3.01
	3.77

	Docosanoic acid
	C22
	1.50
	1.96

	Docosatetraenoic acid
	C22:4
	5.41
	3.15

	Docosapentaenoic acid
	C22:5
	-
	6.81

	Docosahexaenoic acid
	C22:6
	-
	2.26

	Total
	
	53.98
	66.57



3.8 Comparison of biodiesel and fossil diesel with ASTM and commercial standards
Table 5 presents characteristics of the produced biodiesel and fossil diesel from fuel station with approved commercial and ASTM standards. The biodiesel produced in this study had a somewhat higher flash point (75 °C) than the fossil diesel (69 °C). When compared to the ASTM standard of 130 oC, the result is favorable. The produced biodiesel had an acid value of 0.54 mgKOH/g. This is slightly higher than the 0.5 mgKOH/g found in fossil diesel and 0.5 mg KOH/g ASTM standard. Fossil diesel has a better cetane rating (55) than the produced biodiesel (51), which measures the fuel's ignition quality. The produced biodiesel has a viscosity of 2.6 mm²/s at 40 °C, while that of fossil diesel was 3.8 mm²/s. But he ASTM standard is 1.9-6.0. Overall, the parameters of the biodiesel produced in this study were considerably similar to those of commercially available fossil diesel, as well as satisfied the guidelines of the ASTM D6751 and commercial B100 international standards. These results indicate the suitability of mixed POME produced in Imo State, Nigeria, and the use of whole-cell biocatalysts comprising of autochthonous co-culture of bacterial and fungal isolates for biodiesel production.

[bookmark: _Hlk171273385]Table 5. Properties of the produced biodiesel against fossil diesel, ASTM standards
	Property (Units)
	
	ASTM D6751-02
	Commercial B100
	Fossil diesel
	Biodiesel

	Acid value  (mgKOH/g)
	
	0.50
	0.50
	0.5
	0.54

	Flash point (oC)/min
	
	130
	130
	69
	75

	Kinematic viscosity (mm²/s at 40°C)
	
	1.90-6.00
	1.90-6.00
	3.80
	2.60

	Cetane rating
	
	47>
	48-60
	55
	51



 
4. DISCUSSION

The mixed POME sample used in this study is composed of diverse fatty acids. In comparison of its compositions, a related previous study reported that the primary compounds found in raw POME, on gas chromatography-mass spectrometric examination, were oleic acid, pentadecanoic acid, monosaturated omega-9 fatty acid, octadecanoic acid (stearic acid), and hexadecanoic acid (palmitic acid) (Fibriana et al., 2021). The results also revealed diversity and population of lipolytic strains of microorganisms in the mixed POME sample used in this study. The presence of these microbial isolates in the mixed POME sample suggests possible contamination during processing. It has been reported that the amount of the microbial inoculum is crucial because a large inoculum causes excessive strain niche overlap and excessive biomass synthesis, while a small inoculum increases the lag phase and reduces lipase production (Fibriana et al., 2022). This result of the present study is slightly lower than the fatty acids composition  (mg/100 g) of biodiesel that was generated by Streptomyces fradiae in another study. The report showed C6:0 content of 5.36, C8:0 of 11.74, C10:0 of 1.23, C11:0 of 1.83, C12:0 of 14.25, C13:0 of 58.43, C14:1 of 56.16, C14:0 of 72.14, C15:1 of 83.65, C15:0 of 1.68, C16:1 of 28.13, C16:0 of 102.48, C17:1 of 23.56, C17:0 of 78.14, C18:2 of 2.04, C18:1 of 53.91, and C18:0 of 145.38 with total fatty acid compounds of 44.884  (Kumar et al., 2024). However, there were more long chain fatty acids contents in the mixed POME used in the present study, with total fatty acid compounds of 45.884 wt%.

Similar to the results of this investigation, a previous study involving 12 experimental runs reported that the co-culture of S. hominis AUP19 and M. spicifer AW2 produced cell-bound lipase whose activity ranged from 1558 to 4342 U/L (López-Fernández et al., 2020). Additionally, a different investigation revealed that the specific enzyme activity of the whole-cell biocatalyst was 31.7 U/mg. The specific enzyme activity of the whole-cell biocatalyst was nearly half that of pure lipase (67.6 U/mg), which demonstrated its enzyme activity and capability to serve as a catalyst for the production of biodiesel (Rahul et al., 2025). Corroborating the results of the present study, previous research has documented the production of biodiesels using several microbes. The most prevalent ones are Aspergillus (such as A. oryzae), Geotrichum, Rhizomucor, Penicillium, Thermomyces and Fusarium. But R. oryzae lipase (ROL) is the focus because of its exceptional 1,3-regiospecificity, which produces 2-monoacylglycerol rather than glycerol—a substance that lubricates and improves the properties of biodiesel (Wachtmeister & Rother, 2016). The bacteria Bacillus and Pseudomonas, spp., and the yeasts Candida Antarctica, Yarrowia lipolytica, and Rhodotorula sp. are among the other native lipase producers (Spanou et al., 2024). In whole-cell bioconversion of substrate by cell-bound or intracellular lipases, the rate-limiting steps may include cellular metabolism, low mass transfer rates of high molecular weight substrates from the solvent to the biocatalyst, the toxicity of the alcohol used and protein synthesis (Ghaderinezhad et al., 2014).

According to a recent study, the yield of biodiesel achieved through esterification and transesterification using cell-bound lipases from a co-culture of Staphylococcus hominis AUP19 and Magnusiomyces spicifer AW2 as biocatalysts was 76% and 87%, respectively (López-Fernández et al., 2020).. These yields exceeded the outcome of the current study. But it is noteworthy that the authors supplemented their POME with nitrogen sources, such as ammonium sulfate (AS), yeast extract (YE), urea (UR), ammonium nitrate (AN), beef extract (BE), and soytone (SY), which reportedly increased cell-bound lipases. This is in addition to the variations in co-culture types or production conditions between the two studies.

The results of the fatty acid composition of the biodiesel produced in this study favourably compares to those of another related study which reported that the result of GC-MS characterization of biodiesel produced by M. indica showed methyl stearate (17.44%), 9-Octadecenoic acid (Z)-methyl ester (26.95%), and hexadecanoic acid, methyl ester (27.69%), as the predominant compounds that gave biodiesel its oxidative stability and combustion efficiency. Additionally, there was 9,12-Octadecadienoic acid (Z,Z)-, methyl ester (8.92%) which enhances biodiesel's cold flow characteristics (Rahul et al., 2025).

A related study found that for free Rhizopus oryzae whole-cell biocatalysts, the viscosity and density of biodiesel made from waste frying oil under their optimum conditions were 4.9 @40 oC (mm2/s) and 0.886 (g/cm3), respectively. However, for the immobilized whole-cell Rhizopus oryzae biocatalysts, they were 0.875 (g/cm3) and 4.8 @40 oC (mm2/s) (López-Fernández et al., 2020). According to a different study, the biodiesel made with the lipid-producing Streptomyces fradiae JJ1 MK733985.1 had an acid value of 0.46 (mgKOH/g), a specific gravity of 0.864, a density of 0.863, a gross heating value of 42498 kj/kg, a flash point of 95 °C, and a cetane number of 37 (Fibriana et al., 2021). Most of these values were lower than the results obtained in the present study.

4. Conclusion

In this study, a mixed POME sample was used with identified autochthonous Candida albicans and P. aeruginosa co-culture as whole-cell biocatalysts to produce biodiesel. The mixed POME sample contained pH, acid, free fatty acid, and saponification values of 3.68±0.40, 22.31±3.51 mgKOH/g, 62.69±10.12, and 125.06±3.46 mg/g, respectively. In comparison to the ASTM standard of 130 oC, 0.5 mgKOH/g, 47>, and 1.9-6.0 mm²/s, the produced biodiesel had flash point, acid value, cetane rating, and viscosity (at 40 °C) of 75 °C, 0.54 mgKOH/g, 55, and 2.6 mm²/s, respectively. Therefore, mixed POME from oil mills in Imo State, Nigeria, can be used with autochthonous whole-cell biocatalysts to produce biodiesel. The use of whole-cell lipases as catalysts for biodiesel production is highly recommended due to its bypass of separation and purification steps and the use of inexpensive waste materials for cell cultivation (thereby further lowering process costs). Furthermore, there is a need for the development of customized biocatalysts with desired characteristics can be facilitated by both metabolic and protein engineering.
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