


ASSESSMENT OF THE QUALITY OF PALM OIL SOLD IN BENUE STATE, NIGERIA

[bookmark: _GoBack]ABSTRACT
Palm oil is a critical dietary fat in Nigeria, yet growing evidence suggests extensive quality degradation and adulteration in local markets. This study assessed the physicochemical quality of palm oil sold in major Benue State markets (Makurdi, Otukpo, Benue Zone C) and compared it with oils obtained directly from rural production sources within Benue (Otukpa, Akpa, Edumoga, Igumale) and neighbouring states (Ankpa, Olamaboro, Ogoja). Thirty‑six samples were collected from twelve markets and seven source locations and analysed for moisture content, saponification value, peroxide value, iodine value, free fatty acid (FFA) content and specific gravity, benchmarked against Codex Alimentarius and Standards Organization of Nigeria specifications. Makurdi, particularly North Bank market, exhibited the most severe deterioration and likely adulteration, with moisture up to 0.91%, saponification values up to 239.95 mg KOH/g, peroxide values up to 17.84 meq/kg and FFA as high as 13.15%, all far exceeding recommended limits. Otukpo markets showed comparatively better quality, with moisture 0.29–0.50%, saponification 186.45–201.50 mg KOH/g, peroxide 5.70–11.05 meq/kg and FFA 2.71–5.00%, indicating reduced but still notable quality concerns. Benue Zone C samples had consistently low peroxide values (3.52–5.90 meq/kg) and generally acceptable FFA (2.30–7.35%), but several oils displayed markedly low iodine values (39.35–44.45 g I₂/100 g), strongly suggesting adulteration with highly saturated fats. In contrast, most source oils from Benue and non‑Benue locations showed saponification values within 190–209 mg KOH/g, peroxide values below 10 meq/kg, and FFA below or near the 5% limit for crude palm oil, implying that serious adulteration and oxidation occur primarily during distribution and retail rather than at production sites. These findings highlight significant public health risks from consumption of oxidised and adulterated palm oil in Benue markets and underscore the urgent need for strengthened regulatory surveillance, rapid field testing of key quality indices, certification and traceability systems, improved storage and handling practices, and consumer education to safeguard the palm oil value chain.
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1. INTRODUCTION
Palm oil is one of the most widely consumed edible oils in Nigeria and constitutes a vital component of household diets, street-vended foods, and industrial food formulations. In Benue State, as in many parts of the country, demand has risen steadily with rapid urbanization and population growth, intensifying pressure on local supply chains and creating strong economic incentives for unscrupulous practices. Recent media and institutional reports have raised alarms that a substantial proportion of palm oil in Nigerian markets is adulterated with cheaper oils, industrial wastes, and synthetic dyes to enhance colour, increase volume, and maximize profit, often at the expense of consumer safety (Pedro, 2023; Akinfenwa, 2023; Omeje, 2024; Eyo, 2015). Such practices undermine nutritional quality, distort market prices, and expose consumers to potentially severe toxicological risks including cancer, cardiovascular disease, liver damage and other chronic disorders (Chima, 2020; Omeje, 2024; Ibukun & Augustin, 2021).
Quality degradation in palm oil is not limited to deliberate adulteration. Traditional processing systems, which still account for more than three‑quarters of Nigerian crude palm oil production, are characterized by rudimentary equipment, poor hygiene, prolonged processing times and suboptimal storage conditions (FAO, 2002; FAO, 2013). These factors favour elevated moisture content, hydrolytic rancidity, and oxidative deterioration, reflected in increased free fatty acid (FFA) levels and peroxide values that often exceed Codex Alimentarius and national standards (Akusu et al., 2000; Aletor et al., 1990; Codex Alimentarius Commission, 2015). Elevated moisture and FFA accelerate lipid hydrolysis and oxidation, compromise shelf life, and create conducive conditions for microbial proliferation, thereby reducing both the nutritional and organoleptic quality of the oil and increasing the likelihood of harmful degradation products (Ejiofor et al., 2018; Negash et al., 2019; Akinola et al., 2020). At the same time, systematic market surveillance data for Benue State are scarce, and there is limited evidence on where along the supply chain—at rural production sites, during transport, or at urban markets—quality failures and adulteration predominantly occur.
Physicochemical parameters such as moisture content, saponification value, peroxide value, iodine value, free fatty acid content and specific gravity provide sensitive indicators of authenticity, processing efficiency and storage history in edible oils (MacArthur et al., 2021; Chinedu et al., 2017; Gan et al., 2005; Haryati et al., 1997; Mitee & Ekpete, 2022). Deviations from established ranges, for example saponification values substantially above 190–209 mg KOH/g or iodine values below 50–55 g I₂/100 g, can signal adulteration with shorter‑chain or highly saturated fats such as palm kernel oil, coconut oil, palm stearin or animal fats (MacArthur et al., 2021; Chinedu et al., 2017; The Science Notes, 2023). Likewise, peroxide values above 10 meq/kg and FFA exceeding 5% in crude palm oil indicate advanced oxidative and hydrolytic rancidity, respectively, rendering such oils unsuitable for safe food use (Codex Alimentarius Commission, 2015; Gunstone, 2008; Emebu et al., 2022; Kumar & Krishna, 2015). Establishing the physicochemical profile of palm oil sold in different markets and at different source points is therefore essential to map quality risks, detect adulteration patterns, and inform regulatory and public health interventions.
This study was designed to systematically assess the quality of palm oil sold in major markets of Benue State, Nigeria, with comparative sampling from direct production sources within Benue (Otukpa, Akpa, Edumoga, Igumale) and from neighbouring producing states (Ankpa and Olamaboro in Kogi State, and Ogoja in Cross River State). Using standard physicochemical indices benchmarked against Codex Alimentarius, Standards Organization of Nigeria and literature values, the research aimed to (i) characterise the quality of palm oil retailed in Makurdi, Otukpo and Benue Zone C markets, (ii) compare market samples with oils obtained directly from rural processing sites within and outside Benue, and (iii) identify critical points in the supply chain where deterioration and adulteration most likely occur. By linking measured quality parameters to potential health implications and regulatory gaps, the study provides evidence needed to guide risk‑based surveillance, strengthen enforcement, and protect consumers in Benue State and similar palm‑oil‑dependent populations
2. METHODOLOGY
2.1. Sampling
Sampling was carried out within Benue State (markets located in Benue-south and Makurdi) and some other neighboring states where palm oil are largely produced, transported to Benue and sold to in major markets. The neighbouring states include Kogi state and Cross river state. Major sources of palm oil in Benue south are; Otukpa, Akpa, Edumoga and Igumale areas.
Palm oil (PO) samples were collected by mixed method of sampling from twelve (12) markets across Benue south and Makurdi. PO samples were also collected from four direct local sources in Benue South (Otukpa, Akpa, Edumoga and Igumale) and three external sources (Ankpa, Olamaboro and Ogoja).
Table 1 Sample description
	S/N
	Location (Town/Area)
	Sample type/Description
	Number of Samples 

	1
	Otukpa
	Source sample
	2

	2
	Akpa
	Source sample
	2

	3
	Igumale
	Source sample
	1

	4
	Edumoga
	Source sample
	1

	5
	Olamaboro
	Source sample
	2

	6
	Ankpa
	Source sample
	2

	7
	Ogoja
	Source sample
	2

	9
	Otukpo
	Market sample
-Main market
-Tiv market
-Eupi market
	
2
2
2

	10
	Makurdi
	 Market sample
-Highlevel market
-Modern market
-Northbank market
	
2
3
2

	11
	Apa
	 Market sample
	2

	12
	Ohimini
	 Market sample
	3

	13
	Okpokwu
	 Market sample 
	4

	14
	Obi
	 Market sample 
	1

	Control Sample
	
	1

	Total Number of Samples
	
	36



2.2. Physicochemical analyses
2.2.1. Determination of the moisture content
The moisture content of the palm oil samples was determined by hot air oven drying method. Three grams (3.0 g) of the samples were weighed into crucibles of known weight and placed into an oven at 105 °C for 3 h.  The crucibles were allowed to cool in desiccators and then re-weighed.  The crucible with the sample were returned to the oven and dried further and re-weighed. The process of drying, cooling and re-weighing was continued until a constant weight was obtained (Bahadi et al., 2016).  The percentage moisture content was calculated using Equation 1
 								(1)
Where W1 = weight of empty crucibles; W2= weight of empty crucible + sample; W3 = weight of crucible + dried sample.
2.2.2. Determination of the Saponification value
Two grams (2  g) of the sample was  weighed  into  a  conical  flask  and  25  mL  of alcoholic potassium hydroxide solution was added, the mixture was then heated in boiling water for 1 h. Potassium  hydroxide  (KOH)  was  then  titrated  with  0.5  M  HCl using  phenolphthalein  as  an  indicator.  A blank sample was also prepared and back titrated accordingly. The sample and blank titers (V1 and V2) were recorded (AOAC, 2012). 
 					(2)
2.2.3. Determination of the Peroxide value
One  gram  of  oil  was  weighed  into  a  clean  dry  boiling  tube,  1  g  of powdered potassium iodide and 20 ml of solvent mixture (2 volume of  glacial  acetic  acid  +  1  volume  of  chloroform)  was  added.  The resulting  solution  was  then  placed  in  a  water  bath  for  30  s  and allowed  to  boil  vigorously;  when  this  is  done  it  was  poured  quickly into a flask containing 20 ml of potassium iodide solution (5%). The sample solution was then titrated with 0.002 N sodium thiosulphate solution using starch as an indicator (AOAC, 2012). 
 PV = 2 × V 											(3)
where V= volume of sodium thiosulphate used, 2 = (N × 1000) / W, N=normality of sodium thiosulphate used, and W = weight of sample used.
2.2.4. Determination of the Iodine value
The iodine value was determined by weighing the oil (5 g) into a conical flask containing 3:2 v/v glacial acetic acid– chloroform mixture (30 mL). Saturated potassium iodide solution (0.5 mL) was added and the solution swirled in the dark for one minute followed by the addition of 30 mL distilled water.  The  mixture  was  titrated  with  sodium thiosulphate (0.01 M) with  vigorous  shaking until virtually  all  the  yellow  color  has  disappeared. Starch  indicator  (0.5  mL)  was  then  added  and titration  continued  until  all  the  blue  color  has disappeared.  The titer value was recorded.  The iodine value was calculated according to AOAC standard formula (Equation 2), (Onah et al., 2016).
  										(4)
Where; I=iodine value, B =volume of sodium thiosulphate  used  in  blank  titration,  S  = volume  of  sodium  thiosulphate  used  in  test titration, W=weight of oil in grams
2.2.5. Determination of the Fatty acid composition
This was determined with Gas Chromatography Flame Ionization Detector (GC-FID) (manufacturer, model) in accordance with AOAC method (2012). The conditions were: Column: SP™ -2560, 100 m × 0.25  mm  I.D,  0.20  µm;    oven: 60°C  (1  min),  15°C/min  to  165°C  (1 min),  2°C/min  to  225°C  (20  min);  inj.  Temp.:  250°C;  carrier  gas: helium,  0.8  mL/min;  detector:  FID,  °C;  injection:  1  µL,  10:1  split; liner:  4  mm  I.D.,  split/splitless  type,  wool  packed  single  tapers FocusLiner™ design; sample: cis/trans FAME Column Performance Mix (Nwachoko et al., 2023).
2.2.6. Determination of the Specific gravity
Fifty  milliliters  pycnometer  bottle  (manufacturer,  model)  was washed thoroughly with detergent, water, petroleum ether and dried and  weighed,  the  bottle  was  then  filled  with  water  and  weighed. After that it was filled with the oil sample and weighed (Nwachoko et al., 2023). 
 								(5)
2.3. Statistical analyses
Data  obtained  were  subjected  to  statistical  analyses,  mean, standard  deviation  and  one-way  analysis  of  variance  to  determine the  significant  difference  among  the  days  and  compared  at  95% confidence limit using SPSS program version 27.

3. RESULTS AND DISCUSSION
3.1. Physicochemical parameters of palm oil samples collected from markets
3.1.1. Physicochemical parameters of palm oil samples collected from Makurdi markets
The physicochemical properties of palm oil samples from the Makurdi Area are presented in Table 2. The physicochemical analysis of palm oil samples from Makurdi area markets revealed significant quality variations and potential adulteration concerns that warrant serious public health attention. The moisture content across all samples ranged from 0.49% to 0.91%, with samples from North Bank market (MKN1 and MKN2) exhibiting significantly higher moisture levels compared to other locations. According to established standards, palm oil moisture content should not exceed 0.25% (MacArthur et al., 2021), indicating that several samples, particularly MKN2 (0.91%), exceeded acceptable limits by nearly four-fold. Elevated moisture content in edible oils is indicative of poor processing practices, inadequate storage conditions, or deliberate water adulteration to increase volume for economic gain. High moisture content accelerates hydrolytic rancidity through lipase-catalyzed breakdown of triglycerides, compromises shelf life, and creates favorable conditions for microbial proliferation, all of which reduce the nutritional and organoleptic quality of the oil (Ejiofor et al., 2018; Mhadmhan & Henpraserttae, 2024).
The saponification values observed in this study ranged from 198.20 to 239.95 mg KOH/g, with North Bank market samples (MKN1: 239.95 mg KOH/g and MKN2: 236.95 mg KOH/g) displaying significantly elevated values compared to other market locations. Pure palm oil typically exhibits saponification values in the range of 190-209 mg KOH/g (MacArthur et al., 2021; Chinedu et al., 2017), suggesting that the abnormally high values in North Bank samples strongly indicate adulteration with oils containing shorter chain fatty acids, such as coconut oil or palm kernel oil. The saponification value is inversely related to the average molecular weight of fatty acids present; therefore, elevated values suggest the presence of lower molecular weight fatty acids characteristic of these adulterants (Jeon et al., 2021). This finding is particularly concerning given that approximately 60% of palm oil in Nigerian markets is reportedly adulterated, with traders mixing various substances including palm kernel oil and industrial sludge to maximize profits at the expense of consumer health (Pedro, 2023; Akinfenwa, 2023). The economic motivation for such adulteration is clear, as authentic palm oil commands premium prices in the Nigerian market, creating incentives for unscrupulous traders to engage in fraudulent practices.
Peroxide values, which measure the extent of primary oxidation in oils, showed alarming variations across samples, ranging from 6.81 to 17.84 meq/kg. North Bank market samples again exhibited the highest peroxide values (MKN1: 17.84 meq/kg and MKN2: 13.90 meq/kg), far exceeding the recommended maximum threshold. International standards specify that peroxide values should not exceed 10 meq/kg for edible oils (Negash et al., 2019), and values above this threshold indicate oxidative rancidity and poor oil quality. The hydroperoxides formed during lipid oxidation are unstable and decompose to produce secondary oxidation products including aldehydes, ketones, and other volatile compounds that impart off-flavors and odors, rendering the oil organoleptically unacceptable Ejiofor et al., 2018). More critically, oxidized lipids and their breakdown products have been associated with various adverse health effects including inflammation, cellular damage, and increased risk of chronic diseases such as cardiovascular disorders and cancer (YCW, 2014). The high peroxide values in North Bank samples suggest either prolonged storage under improper conditions with exposure to light, heat, and oxygen, or the use of already deteriorated raw materials in oil production.
Free fatty acid content, a key indicator of hydrolytic rancidity and oil quality, ranged from 4.71% to 13.15% across Makurdi samples, with MKN1 exhibiting the highest value at 13.15%. For edible palm oil, free fatty acid content should be minimized to 0.1-0.25% through proper refining processes (Saleem et al., 2010), and even crude palm oil should not exceed 5% FFA for acceptable quality (Chinedu et al., 2017). The elevated FFA values observed in most samples, particularly those from North Bank market, indicate extensive hydrolytic rancidity resulting from the action of lipases on triglycerides in the presence of moisture. High FFA content is typically associated with the use of overripe or damaged palm fruits, extended delays between harvesting and processing, poor processing techniques, or improper storage conditions (MacArthur et al., 2021). The presence of high moisture content alongside elevated FFA in the same samples (particularly MKN1 and MKN2) supports the hypothesis of severe quality degradation through hydrolytic pathways. Consumption of oils with high FFA is undesirable as free fatty acids are more susceptible to oxidation and can contribute to unpleasant taste, reduced smoke point, and potential gastrointestinal irritation (Negash et al., 2019).
Iodine values, which reflect the degree of unsaturation in oils, varied from 45.40 to 55.05 g I₂/100g across samples. Authentic palm oil typically exhibits iodine values in the range of 50-55 g I₂/100g (MacArthur et al., 2021; Chinedu et al., 2017). Samples MKM3 (45.40), MKM2 (49.60), and MKH2 (46.45) showed lower than expected iodine values, suggesting possible adulteration with more saturated fats or oils such as palm stearin or coconut oil. Lower iodine values indicate fewer carbon-carbon double bonds in the fatty acid chains, which alters the nutritional profile and functional properties of the oil (MacArthur et al., 2021). The variation in iodine values across different market locations suggests inconsistent product authenticity and possible deliberate blending with cheaper saturated fats to reduce costs while maintaining visual appearance.
The public health implications of these findings are substantial and deeply concerning. Recent reports indicate that adulterated palm oil in Nigerian markets contains harmful substances including Sudan dyes, transformer oil, and industrial sludge, which can cause severe health complications such as cancer, diabetes, heart disease, and even death (Omeje, 2024). Adulteration of palm oil can lead to diseases including cancer, paralysis, allergies, liver damage, cardiac arrest, and epidemic dropsy, as well as increased serum cholesterol levels (Blossom Foods, 2023). The situation is exacerbated by warnings from the Nigeria Institute for Oil Palm Research that unless drastic action is taken to address palm oil adulteration, a major health disaster may erupt in the country (Eyo, 2015). Animal studies have provided empirical evidence for these concerns, with histopathological examinations of rats exposed to azo dye-adulterated palm oil revealing severe liver damage, renal impairment, and testicular tissue alterations, indicating dose-dependent toxicity and potential long-term health risks (Ibukun & Augustin, 2021).


Table 2: Physicochemical indices of palm oil samples from the Makurdi Area
	Sample
	Moisture content 
(%)
	Saponification value (mgKOH/g)
	Peroxide value
(mEq/kg)
	Iodine value
(g I₂/100g) 
	Free fatty acid 
(%)
	Specific gravity
(Kg/m3)

	MKM1
	0.62c±0.02
	198.90f±0.10
	6.81g±0.01
	51.15c±0.15
	9.00bc±0.10
	0.97a±0.00

	MKM2
	0.80b±0.01
	228.35c±0.35
	15.31b±0.01
	49.60d±0.10
	10.30ab±0.10
	0.92a±0.00

	MKM3
	0.49e±0.01
	202.20d±0.20
	9.55e±0.05
	45.40g±0.10
	9.05bc±0.05
	0.91a±0.00

	MKH1
	0.51de±0.01
	200.15e±0.05
	9.85d±0.05
	55.05a±0.05
	5.65d±0.05
	0.90a±0.00

	MKH2
	0.55d±0.05
	198.20g±0.20
	8.14f±0.06
	46.45f±0.05
	4.71d±0.01
	0.90a±0.00

	MKN1
	0.83b±0.03
	239.95a±0.05
	17.84a±0.07
	48.52e±0.08
	13.15a±0.05
	0.91a±0.00

	MKN2
	0.91a±0.01
	236.95b±0.05
	13.90c±0.10
	53.39b±0.52
	6.94cd±4.46
	0.91a±0.00

	CAC*
	≤0.25
	190-209 
	≤10
	50-55
	≤5
	0.90-0.92


Values are means±standard deviations of triplicate determinations. Values within the same column with different superscripts are significantly different at p<0.05.
*Codex Alimentarius Values as reported by MarcArthur et al (2021)
MKM-Makurdi Modern market, MKH-Makurdi high level, MKN-Makurdi northbank

3.1.2. Physicochemical parameters of palm oil samples collected from Otukpo markets
The physicochemical properties of palm oil samples from Otukpo area markets is presented in Table 3. The results revealed markedly different quality characteristics compared to Makurdi samples, with most parameters falling within or closer to acceptable standards, although some quality concerns remain. The moisture content across Otukpo samples ranged from 0.29% to 0.50%, which, while still elevated above the recommended maximum of 0.25% (MacArthur et al., 2021), represents a substantial improvement compared to Makurdi samples where moisture levels reached as high as 0.91%. Elevated moisture content in vegetable oils remains problematic even at these relatively lower levels, as it accelerates hydrolytic rancidity and facilitates microbial contamination during storage (Negash et al., 2019). Studies on Nigerian palm oil storage have demonstrated that high moisture content attributed to inadequate heating during production encourages microbial contamination and subsequent rancidity development (Akinola et al., 2020). The comparatively lower moisture levels in Otukpo samples may reflect better processing practices or more efficient post-harvest handling at source locations, particularly since four direct local source samples were included from traditional production areas.
Saponification values in Otukpo samples ranged from 186.45 to 201.50 mg KOH/g, with all values falling within or reasonably close to the expected range of 190-209 mg KOH/g for authentic palm oil (MacArthur et al., 2021; Chinedu et al., 2017). This contrasts sharply with Makurdi samples, particularly those from North Bank market, which exhibited abnormally elevated saponification values of up to 239.95 mg KOH/g indicative of adulteration. The relatively normal saponification values observed across Otukpo markets suggest minimal adulteration with shorter chain fatty acid oils such as coconut or palm kernel oil. Sample OTT2 from Tiv market showed the lowest saponification value at 186.45 mg KOH/g, slightly below the standard range, which could indicate either the presence of higher molecular weight fatty acids or possible adulteration with oils having longer chain fatty acids. Sample OTM2 from the main market displayed the highest value at 201.50 mg KOH/g, still within acceptable limits. The consistency of saponification values across Otukpo locations suggests more reliable sourcing practices and potentially better regulatory oversight or market monitoring compared to Makurdi.
Peroxide values across Otukpo samples ranged from 5.70 to 11.05 meq/kg, showing considerable variation but with most samples below the critical threshold of 10 meq/kg recommended by international standards (MacArthur et al., 2021; Mitee & Ekpete, 2022). Sample OTE1 from Eupi market exhibited the highest peroxide value at 11.05 meq/kg, marginally exceeding the acceptable limit and indicating early stages of oxidative rancidity. This elevated peroxide value suggests that OTE1 may have been exposed to prolonged storage under suboptimal conditions with inadequate protection from light, heat, and oxygen. Research has demonstrated that storage of palm oil at room temperature with exposure to natural light intensifies oxidative reactions, accelerating the formation of hydroperoxides and subsequent breakdown products that compromise oil quality (de Almeida et al., 2018; Nwagbo et al., 2020). The remaining samples, particularly OTT2 with the lowest peroxide value of 5.70 meq/kg, demonstrate acceptable oxidative stability. Importantly, even the highest peroxide value in Otukpo samples remains far below the alarming levels observed in Makurdi North Bank samples, which reached 17.84 meq/kg, indicating severe oxidative deterioration.
Free fatty acid content in Otukpo samples ranged from 2.71% to 5.00%, representing a significant improvement over Makurdi samples but still exceeding recommended standards for refined palm oil. The Codex Alimentarius Commission (2015) specifies that edible palm oil should have FFA content minimized to 0.1-0.25% through proper refining, although crude palm oil with FFA below 5% is considered acceptable quality (Chinedu et al., 2017). Sample OTM2 from the main market exhibited the highest FFA at 5.00%, at the upper threshold of acceptability for crude palm oil, while samples OTE1 and OTE2 from Eupi market showed the lowest values at 2.71% and 2.90% respectively. These lower FFA values in Eupi market samples suggest either fresher oil with minimal hydrolytic degradation or better storage practices that minimize lipase activity and moisture-mediated hydrolysis. Studies conducted on palm oil from different extraction methods in Rivers and Bayelsa States revealed FFA ranging from 7% to 19% for locally extracted crude palm oil (Akusu et al., 2000), indicating that the Otukpo samples, while not meeting refined oil standards, demonstrate relatively better quality control in processing and handling compared to many traditional production systems. The presence of elevated FFA nevertheless indicates that further quality improvements through better fruit handling, reduced processing delays, and improved storage conditions are necessary.
Iodine values in Otukpo samples ranged from 42.75 to 50.35 g I₂/100g, with sample OTE1 showing an unusually low value of 42.75 g I₂/100g, well below the expected range of 50-55 g I₂/100g for authentic palm oil (MacArthur et al., 2021). This substantially reduced iodine value suggests possible adulteration of OTE1 with highly saturated fats or oils such as palm stearin, coconut oil, or potentially even tallow. Lower iodine values indicate reduced unsaturation in the fatty acid profile, which fundamentally alters both the nutritional characteristics and functional properties of the oil, including its melting behavior and oxidative stability. The remaining samples showed iodine values closer to the expected range, with OTM2 exhibiting the highest value at 50.35 g I₂/100g, at the lower boundary of the standard range. These findings suggest that while most Otukpo samples maintain reasonably authentic fatty acid profiles, the Eupi market sample OTE1 warrants concern regarding possible adulteration with saturated oil adulterants. The variation in iodine values across different Otukpo markets indicates inconsistent product quality and the need for enhanced market surveillance to identify and eliminate adulterated products.
Specific gravity values across all Otukpo samples ranged from 0.90 to 0.98, with most samples clustering within the Standards Organization of Nigeria (SON) acceptable range of 0.90-0.92 (Mitee & Ekpete, 2022). Sample OTM1 exhibited the highest specific gravity at 0.98, significantly elevated above the standard range, which could indicate the presence of impurities, adulterants with higher density, or inadequate clarification during processing. According to Mitee and Ekpete (2022), higher specific gravity values in palm oil may suggest increased levels of adulteration or contamination, as the density of the oil increases with the addition of foreign substances. The specific gravity is an important authenticity parameter, as it provides information about the physical density of the oil relative to water and can serve as a rapid screening tool for detecting gross adulteration. Studies assessing palm oil quality from Nigerian markets have reported specific gravity values ranging from 0.89 to 0.925 (Chinedu et al., 2017), with deviations from this range serving as red flags for quality concerns.
Table 3: Physicochemical indices of palm oil samples from the Otukpo Area
	Sample
	Moisture content 
(%)
	Saponification value (mgKOH/g)
	Peroxide value
(mEq/kg)
	Iodine value
(g I₂/100g) 
	Free fatty acid 
(%)
	Specific gravity
   (Kg/m3)

	OTM1
	0.38c±0.02
	195.00d±0.00
	7.85c±0.05
	50.10b±0.00
	4.00b±0.10
	0.98a±0.00

	OTM2
	0.29d±0.01
	201.50a±0.10
	7.65d±0.05
	50.35a±0.05
	5.00a±0.00
	0.90a±0.00

	OTT1
	0.40b±0.00
	192.65e±0.25
	8.00c±0.10
	47.50d±0.20
	3.16c±0.01
	0.93a±0.00

	OTT2
	0.39bc±0.01
	186.45f±0.45
	5.70e±0.10
	49.65c±0.15
	4.00b±0.10
	0.95a±0.00

	OTE1
	0.50a±0.01
	195.50c±0.10
	11.05a±0.15
	42.75e±0.05
	2.71e±0.06
	0.91a±0.00

	OTE2
	0.49a±0.01
	197.50b±0.10
	8.85b±0.05
	49.60c±0.10
	2.90d±0.00
	0.92a±0.00

	CAC*
	≤0.25
	190-209 
	≤10
	50-55
	≤5
	0.90-0.92


Values are means±standard deviations of triplicate determinations. Values within the same column with different superscripts are significantly different at p<0.05
*Codex Alimentarius Values as reported by MarcArthur et al. (2021)
OTM-Otukpo mainmarket, OTT-Otukpo Tiv market, OTE-Otukpo eupi market

3.1.3. Physicochemical parameters of palm oil samples collected from Benue Zone C markets
The physicochemical indices of palm oil samples from Benue Zone C markets are presented in Table 4. The results revealed a complex pattern of quality characteristics that differed substantially from both Makurdi and Otukpo areas, with some parameters showing acceptable quality while others indicated significant adulteration and quality compromise. The moisture content across Benue Zone C samples ranged from 0.20% to 0.75%, with considerable variation between market locations. Samples from Okpok market (OKP1, OKP2, and OKP3) exhibited the lowest moisture content, ranging from 0.20% to 0.30%, which, although still slightly above the MacArthur et al., 2021) recommended maximum of 0.25%, represents substantial improvement over samples from other markets in this zone and from Makurdi area. In contrast, samples from Apa market (APA1 and APA2) and Ohimini market (OHI1) displayed elevated moisture levels of 0.65% to 0.75%, significantly exceeding acceptable standards. These findings suggest that while some markets in Zone C maintain relatively better moisture control, others continue to experience challenges related to inadequate processing, poor storage conditions, or possible deliberate water adulteration. Research has demonstrated that elevated moisture content in palm oil accelerates hydrolytic rancidity through lipase-catalyzed breakdown of triglycerides and creates favorable conditions for microbial proliferation (Negash et al., 2019), thereby compromising both nutritional quality and shelf life.
The saponification values observed in Benue Zone C samples ranged from 193.85 to 208.00 mg KOH/g, with most values falling within or slightly above the standard range of 190-209 mg KOH/g for authentic palm oil (MacArthur et al., 2021; Chinedu et al., 2017). Samples from Okpokwu market (OKP1: 208.00, OKP2: 207.00, and OKP3: 207.90 mg KOH/g) exhibited moderately elevated saponification values approaching the upper threshold of acceptability, suggesting possible minor adulteration with oils containing shorter chain fatty acids such as coconut oil or palm kernel oil. The saponification value reflects the average molecular weight of the fatty acids present in the oil, with higher values indicating the presence of shorter-chain fatty acids (MacArthur et al., 2021). Notably, sample OHI3 from Ohimini market displayed a lower saponification value of 193.85 mg KOH/g, within the acceptable range, suggesting minimal adulteration in this particular sample. When compared to Makurdi samples, particularly those from North Bank market which exhibited saponification values as high as 239.95 mg KOH/g indicative of significant adulteration, the Benue Zone C samples demonstrate relatively better authenticity. However, the slightly elevated values in Okpok market samples warrant caution and suggest that some level of adulteration may be occurring, albeit to a lesser extent than observed in problematic Makurdi locations.
Peroxide values across Benue Zone C samples ranged from 3.52 to 5.90 meq/kg, all falling well below the critical threshold of 10 meq/kg established by international standards (MacArthur et al., 2021; Negash et al., 2019). This represents a remarkable improvement compared to both Makurdi and Otukpo samples, indicating superior oxidative stability and better storage practices in Benue Zone C markets. Sample OKP3 from Okpok market exhibited the lowest peroxide value at 3.52 meq/kg, suggesting excellent oxidative stability, while APA2 and OBI2 showed the highest values at 5.90 and 5.86 meq/kg respectively, still well within acceptable limits. Peroxide values measure the extent of primary lipid oxidation, with hydroperoxides formed during the initial stages of oxidative rancidity (Gan et al., 2005). Research has demonstrated that freshly refined oils typically have peroxide values lower than 1 meq/kg, while values above 10 meq/kg indicate that the oil has been oxidized and is considered rancid (Gunstone, 2008). The consistently low peroxide values across all Benue Zone C samples suggest either fresher oils with minimal storage duration, better protection from oxidative stressors such as light, heat, and oxygen during storage, or potentially the use of antioxidants to stabilize the oils. The superior oxidative stability observed in Zone C samples compared to the alarming peroxide values of up to 17.84 meq/kg in Makurdi North Bank samples highlights significant regional differences in oil handling practices and quality control.
Iodine values in Benue Zone C samples exhibited substantial and concerning variation, ranging from 39.35 to 53.45 g I₂/100g, with several samples showing markedly low values well below the expected range of 50-55 g I₂/100g for authentic palm oil (MacArthur et al., 2021; Chinedu et al., 2017). Samples OBI1 (39.35), OBI2 (41.75), OHI1 (39.70), and OKP1 (44.45) all displayed abnormally low iodine values, strongly suggesting adulteration with highly saturated fats or oils. The iodine value measures the degree of unsaturation in oils by quantifying the amount of iodine absorbed by double bonds in fatty acid chains (Haryati et al., 1997), and serves as a critical parameter for detecting adulteration. Lower iodine values indicate fewer carbon-carbon double bonds, reflecting increased saturation (The Science Notes, 2023). The substantially reduced iodine values in these samples suggest possible adulteration with palm stearin, coconut oil, palm kernel oil, or potentially even animal fats, all of which contain higher proportions of saturated fatty acids than palm oil. In contrast, samples OHI2 (53.45), OHI3 (53.15), and APA2 (52.95) exhibited iodine values within the expected range, indicating authentic fatty acid composition. The presence of both authentic and adulterated samples within the same zone, and even within samples from the same market (as seen in Ohimini market), suggests inconsistent sourcing practices and highlights the challenge of quality control in these markets. Studies have demonstrated that iodine value deviations from expected ranges serve as reliable indicators of adulteration and can be used to detect the presence of adulterants or the application of alternative oils (The Science Notes, 2023).
Free fatty acid content across Benue Zone C samples ranged from 2.30% to 7.35%, showing considerable variation but generally representing better quality than many Makurdi samples. The Codex Alimentarius Commission (2015) specifies that edible palm oil should have FFA content minimized to 0.1-0.25% through proper refining, while crude palm oil with FFA below 5% is considered acceptable quality. Samples OHI2 (7.35%) and OHI3 (7.15%) from Ohimini market exceeded the 5% threshold for acceptable crude palm oil, indicating significant hydrolytic rancidity and poor quality. Kumar and Krishna (2015) noted that FFA content is usually around 3-4% in crude palm oil, and the acceptable limit for food application is 5% (Emebu et al., 2022), with palm oil containing more than 5% FFA being suitable only for non-food applications such as biodiesel manufacture. Free fatty acids are formed through hydrolytic rancidity, which involves enzymatic or non-enzymatic hydrolysis of triglycerides into free fatty acids and glycerol (Medallion Labs, 2024). The presence of high FFA indicates the use of overripe or damaged fruits, extended delays between harvesting and processing, poor processing techniques, or improper storage conditions that allow lipase activity and moisture-mediated hydrolysis (Gan et al., 2005). Notably, the high FFA values in Ohimini market samples (OHI2 and OHI3) occur despite their having acceptable iodine values, suggesting that these samples represent authentic but deteriorated palm oil rather than adulterated products. In contrast, samples from Apa, Obi, and Okpok markets exhibited lower FFA content ranging from 2.30% to 5.50%, indicating better hydrolytic stability. Research has established that free fatty acids are more susceptible to auto-oxidation than intact triglycerides, particularly in oils rich in short-chain fatty acids, and their presence contributes to undesirable flavors, aromas, and accelerated oxidative deterioration (Gan et al., 2005).
Specific gravity values across all Benue Zone C samples ranged from 0.89 to 0.93, with no statistically significant differences between samples. These values fall within or close to the Standards Organization of Nigeria acceptable range of 0.90-0.92 for palm oil (Mitee & Ekpete, 2022), and align well with the standard specific gravity of 0.891-0.899 at 25°C for authentic palm oil. The consistency of specific gravity values across all Zone C samples suggests minimal variation in physical density, which could indicate either relatively uniform product composition or that this parameter may be less sensitive for detecting the types of adulteration occurring in these samples. Higher specific gravity values may suggest increased levels of adulteration or contamination, as the density of oil increases with the addition of certain foreign substances (Mitee & Ekpete, 2022). The uniformly acceptable specific gravity values in Zone C samples contrast with the variation observed in some Makurdi samples, particularly MKM1 which exhibited an elevated specific gravity of 0.97.

Table 4: Physicochemical indices of palm oil samples from Benue Zone C markets
	Sample
	Moisture content 
(%)
	Saponification value (mgKOH/g)
	Peroxide value
(mEq/kg)
	Iodine value
(g I₂/100g) 
	Free fatty acid 
(%)
	Specific gravity
(Kg/m3)

	APA1
	0.75a±0.05
	200.00f±0.00
	4.13ef±0.07
	49.90b±0.10
	2.30h±0.01
	0.90a±0.00

	APA2
	0.65b±0.05
	201.05e±0.05
	5.90a±0.01
	52.95a±0.05
	3.50f±0.00
	0.93a±0.00

	OBI1
	0.68b±0.02
	205.50c±0.00
	4.65c±0.15
	39.35f±0.05
	2.57g±0.03
	0.92a±0.00

	OBI2
	0.50c±0.00
	205.00d±0.00
	5.86a±0.04
	41.75e±0.05
	5.50c±0.10
	0.92a±0.00

	OHI1
	0.75a±0.05
	199.95f±0.05
	4.25de±0.05
	39.70f±0.60
	3.08±0.03
	0.90a±0.00

	OHI2
	0.41d±0.01
	201.05e±0.05
	4.06f±0.04
	53.45a±0.05
	7.35a±0.05
	0.91a±0.00

	OHI3
	0.64b±0.04
	193.85g±0.15
	4.35d±0.15
	53.15a±0.05
	7.15b±0.05
	0.92a±0.00

	OKP1
	0.30e±0.00
	208.00a±0.00
	4.96b±0.06
	44.45d±0.45
	2.60g±0.06
	0.90a±0.00

	OKP2
	0.25ef±0.05
	207.00b±0.00
	5.06b±0.05
	48.45c±0.45
	3.85e±0.05
	0.93a±0.00

	OKP3
	0.20f±0.00
	207.90a±0.10
	3.52g±0.02
	49.85b±0.05
	4.55d±0.05
	0.89a±0.00

	CAC*
	≤0.25
	190-209 
	≤10
	50-55
	≤5
	0.90-0.92


Values are means±standard deviations of triplicate determinations. Values within the same column with different superscripts are significantly different at p<0.05
*Codex Alimentarius Values as reported by MarcArthur et al. (2021)
APA-Apa market, OBI-Obi market, OHI-Ohimini market, OKP-Okpok market



3.1.4. Comparative analysis across the study areas (Market samples)
A comprehensive comparison of palm oil quality across Makurdi, Otukpo, and Benue Zone C markets samples reveals distinct geographical patterns of quality deterioration and adulteration practices that reflect differences in supply chain integrity, market oversight, and processing standards. Makurdi area, particularly North Bank market, consistently demonstrated the poorest quality across multiple parameters including excessive moisture content (up to 0.91%), abnormally elevated saponification values (up to 239.95 mg KOH/g), dangerously high peroxide values (up to 17.84 meq/kg), and elevated free fatty acids (up to 13.15%). The convergence of these multiple quality failures in North Bank samples suggests systematic problems encompassing severe adulteration with shorter chain fatty acid oils, extensive oxidative rancidity, and significant hydrolytic deterioration. This pattern indicates either prolonged storage under extremely poor conditions or deliberate adulteration with inferior oils and possibly industrial contaminants to increase volume and reduce costs.
Otukpo area samples presented a more favorable quality profile compared to Makurdi, with lower moisture content (0.29-0.50%), normal saponification values (186.45-201.50 mg KOH/g) indicating minimal adulteration, moderate peroxide values (5.70-11.05 meq/kg) with only one sample slightly exceeding the acceptable threshold, and improved free fatty acid levels (2.71-5.00%). The better quality observed in Otukpo samples may be attributed to more direct sourcing relationships with local producers in nearby palm oil production areas, potentially reducing opportunities for adulteration along shorter supply chains. However, the occasional quality deviations, such as the low iodine value in sample OTE1 (42.75 g I₂/100g) and elevated peroxide value in the same sample (11.05 meq/kg), indicate that quality challenges persist even in this relatively better-performing area.
Benue Zone C markets presented the most complex quality profile, characterized by excellent oxidative stability with consistently low peroxide values (3.52-5.90 meq/kg), variable moisture content (0.20-0.75%) with some markets maintaining excellent control while others show significant elevation, and concerning patterns of adulteration evidenced by markedly low iodine values in multiple samples (39.35-44.45 g I₂/100g in four out of ten samples). The paradox of superior oxidative stability coupled with clear evidence of adulteration through saturated oil adulterants suggests different market dynamics and adulteration strategies in Zone C compared to Makurdi. While Zone C markets appear to have better storage practices and fresher oils as evidenced by low peroxide values, the practice of adulterating with saturated fats such as palm stearin or coconut oil appears more prevalent, fundamentally altering the nutritional profile and functional properties of the oils.
The health implications of consuming these compromised oils vary depending on the nature of the quality failure. Oils with high peroxide values, such as those from Makurdi North Bank market, contain toxic lipid peroxidation products and free radicals that have been implicated in inflammation, cellular damage, and increased risk of chronic diseases including cardiovascular disorders, diabetes, and cancer (Omeje, 2024). Consumption of highly oxidized oils can disrupt lipid metabolism and signaling networks in the human body, potentially serving as sources of cancer, cardiovascular disease, neurodegenerative disorders, and metabolic syndrome (Ambreen et al., 2020). In contrast, oils adulterated with saturated fats, as evidenced by low iodine values in Zone C samples, present different health concerns related to altered fatty acid profiles and potential presence of undeclared adulterants. While palm oil naturally contains a balanced ratio of saturated and unsaturated fatty acids, adulteration with highly saturated oils increases the proportion of saturated fats beyond the intended composition, potentially affecting cardiovascular health when consumed regularly.
The regional variations in oil quality observed across this study underscore the need for location-specific interventions tailored to the predominant quality failures in each area. For Makurdi, particularly North Bank market, urgent interventions are needed to address severe oxidative deterioration through improved storage infrastructure, reduced storage times, protection from light and heat, and rigorous enforcement against adulteration practices. For Otukpo area, efforts should focus on maintaining the relatively better quality standards while addressing isolated quality deviations through targeted quality control measures. For Benue Zone C, while storage practices appear adequate as evidenced by low peroxide values, there is an urgent need to address the prevalent practice of adulterating with saturated oils through enhanced surveillance, rapid screening tests for iodine value deviations, and consumer education about authentic palm oil characteristics.
The role of regulatory oversight cannot be overstated in addressing these pervasive quality failures. Currently, palm oil is sold indiscriminately in Nigerian markets without adequate validation by appropriate regulatory agencies such as NAFDAC and SON (Pedro, 2023), allowing adulterated and substandard products to reach consumers unchecked. Strengthening the capacity of these regulatory bodies to conduct routine market surveillance, implement rapid screening tests for common quality parameters, and impose meaningful penalties on vendors selling adulterated or deteriorated oils would serve as both a deterrent and a corrective mechanism. Additionally, establishing a certification and traceability system that links retail palm oil to specific production sources would enhance accountability throughout the supply chain and enable targeted interventions when quality failures are identified at particular points in the distribution network.
3.2. Physicochemical parameters of palm oil samples collected from sources within and without Benue
3.2.1. Physicochemical parameters of palm oil samples collected from Benue Sources
As shown in Table 5, the physicochemical analysis of palm oil samples from direct Benue sources (Otukpa, Akpa, and Igumale) provides critical baseline data for assessing oil quality at the point of origin, enabling comparison with market samples to identify where quality deterioration and adulteration occur along the supply chain. The moisture content across Benue source samples ranged from 0.20% to 0.55%, with notable variation between locations. Sample OTS2 from Otukpa exhibited the lowest moisture content at 0.20%, approaching the Codex Alimentarius Commission (2015) recommended maximum of 0.25%, while sample AKP2 from Akpa showed the highest moisture level at 0.55%, more than double the acceptable threshold. Traditional palm oil processing in Nigeria, which accounts for more than 75% of crude palm oil production (FAO, 2013), is characterized by inadequate heating during processing, which fails to sufficiently reduce moisture content. Studies on palm oil processing methods have demonstrated that mechanically processed palm oil exhibits lower free fatty acids, moisture, and impurities compared to traditionally processed oils (Akusu et al., 2000). The elevated moisture content in some source samples, particularly AKP2, suggests either inadequate drying during processing or poor post-processing handling practices. Research has established that the quality of locally processed Nigerian palm oils varies significantly depending on critical processing variables such as fruit ripeness, processing delays, and drying efficiency (Aletor et al., 1990).
Saponification values in Benue source samples ranged from 184.45 to 206.65 mg KOH/g, with most values falling within the expected range of 190-209 mg KOH/g for authentic palm oil (Codex Alimentarius Commission, 2015). Sample AKP2 from Akpa exhibited the lowest saponification value at 184.45 mg KOH/g, slightly below the standard range, while sample OTS1 from Otukpa showed the highest value at 206.65 mg KOH/g. These relatively normal saponification values at source locations contrast sharply with the abnormally elevated values observed in some market samples, particularly those from Makurdi North Bank market which reached 239.95 mg KOH/g. This disparity provides strong evidence that adulteration with shorter chain fatty acid oils such as coconut oil or palm kernel oil occurs primarily during the distribution and marketing phases rather than at the production source. The finding aligns with reports indicating that approximately 60% of palm oil in Nigerian markets is adulterated as traders mix various substances including palm kernel oil and industrial sludge to maximize profits (Akinfenwa, 2023). The supply deficit in Nigerian palm oil, with local production meeting only 50% of the 2.4 million metric tons annual demand (SAO Agro, 2024), creates economic incentives for such fraudulent practices as adulterated oil is reportedly cheaper and allows unscrupulous dealers to increase volume and profit margins.
Peroxide values across Benue source samples ranged from 3.70 to 6.33 meq/kg, all falling well below the critical threshold of 10 meq/kg established by international standards (Codex Alimentarius Commission, 2015). Sample OTS1 from Otukpa exhibited the lowest peroxide value at 3.70 meq/kg, indicating excellent oxidative stability, while sample IGU1 from Igumale showed the highest value at 6.33 meq/kg, still well within acceptable limits. These consistently low peroxide values at source locations demonstrate that freshly processed palm oil from local production areas maintains good oxidative stability when handled properly. The superior oxidative quality of source samples compared to many market samples, particularly those from Makurdi North Bank with peroxide values reaching 17.84 meq/kg, provides clear evidence of quality deterioration during storage and distribution. Studies on palm oil storage stability have demonstrated that factors such as storage temperature, exposure to light, container type, and storage duration significantly influence oxidative deterioration (Akinola et al., 2020). Traditional processing methods have been associated with higher peroxide values due to increased exposure to oxidative stressors during lengthy manual processing procedures (Akusu et al., 2000), but the relatively low peroxide values observed in Benue source samples suggest that fresh processing minimizes oxidation despite the predominance of traditional methods in these rural production areas. Research has established that processing palm fruit spikelets without delay or fermentation yields the highest oil extraction efficiency and best quality oil with low free fatty acid content (Chew et al., 2022).
Free fatty acid content in Benue source samples ranged from 1.90% to 4.40%, representing substantially better quality than most market samples. The Codex Alimentarius Commission (2015) specifies that edible palm oil should have FFA content minimized to 0.1-0.25% through proper refining, while crude palm oil with FFA below 5% is considered acceptable quality (Chinedu et al., 2017). All Benue source samples fell within or close to the acceptable threshold for crude palm oil, with samples from Akpa (AKP1: 1.95% and AKP2: 1.90%) exhibiting the lowest FFA values, indicating minimal hydrolytic degradation. Sample OTS2 from Otukpa showed the highest FFA at 4.40%, still within acceptable limits. Studies examining palm oil quality from different extraction methods have reported FFA ranging from 7% to 19% for locally extracted crude palm oil processed using traditional methods and from 4.90% to 12.24% for various indigenous processing techniques (Akusu et al., 2000; Aletor et al., 1990), indicating that the Benue source samples demonstrate relatively good quality control despite the predominance of traditional processing. The formation of free fatty acids through hydrolytic rancidity is essentially attributed to active lipase present in the oil palm fruit mesocarp, which is responsible for the hydrolysis of triglycerides and is activated at fruit maturity upon bruising (Henderson & Osborne, 1991). The relatively low FFA values in Benue source samples suggest proper fruit handling, minimal bruising, and reduced delays between harvesting and processing. Traditional processing methods have been associated with higher FFA content as fresh fruit bunches are more susceptible to bruising, and manual techniques often involve extended processing times that allow lipase activity to progress.
Iodine values in Benue source samples exhibited substantial variation, ranging from 31.71 to 58.00 g I₂/100g. Note that sample OTS1 shows an unusual iodine value of 31.71 g I₂/100g with a very high standard deviation (±21.10), suggesting either measurement error or extreme sample heterogeneity. Excluding this anomalous value, the remaining samples showed iodine values ranging from 53.60 to 58.00 g I₂/100g, falling within or slightly above the expected range of 50-55 g I₂/100g for authentic palm oil (Codex Alimentarius Commission, 2015). Sample AKP2 from Akpa exhibited the highest iodine value at 58.00 g I₂/100g, indicating a relatively high degree of unsaturation, while samples OTS2, AKP1, and IGU1 all showed values around 53.60-55.00 g I₂/100g, consistent with authentic palm oil. The normal to slightly elevated iodine values at source locations contrast markedly with the low iodine values observed in several market samples, particularly from Benue Zone C where values as low as 39.35 g I₂/100g indicated adulteration with saturated oils. This disparity confirms that adulteration with highly saturated fats such as palm stearin, coconut oil, or potentially even animal fats occurs during the marketing phase rather than at the production source. The iodine value serves as a critical authenticity parameter for detecting adulteration, as it reflects the degree of unsaturation in the fatty acid profile and deviations from expected ranges indicate the presence of adulterants with different saturation levels (Zhang et al., 2021).
Specific gravity values across Benue source samples ranged from 0.90 to 0.97, with sample OTS1 exhibiting the highest value at 0.97, elevated above the Standards Organization of Nigeria acceptable range of 0.90-0.92 (Mitee & Ekpete, 2022). The remaining samples showed specific gravity values of 0.90-0.96, falling within or close to the acceptable range. Higher specific gravity values may indicate increased levels of impurities, inadequate clarification during processing, or the presence of suspended particles (Mitee & Ekpete, 2022). Traditional palm oil processing in Nigeria is characterized by poor hygiene, unstable utilization conditions, and low yields, with manual traditional methods producing low-grade oil with high free fatty acid content and large quantities of dirt and water (Babatunde & Badmus, 2000). The elevated specific gravity in sample OTS1, combined with its high saponification value (206.65 mg KOH/g) and anomalous iodine value, suggests possible quality issues related to inadequate clarification or processing inconsistencies. Studies have demonstrated that traditional processing techniques, while meeting organoleptic quality demands of local consumers, have significant limitations including poor hygiene and unstable product quality (FAO, 2002).

Table 5: Physicochemical parameters of palm oil samples from Benue Sources
	Sample
	Moisture content 
(%)
	Saponification value (mgKOH/g)
	Peroxide value
(mEq/kg)
	Iodine value
(g I₂/100g) 
	Free fatty acid 
(%)
	Specific gravity
(Kg/m3)

	OTS1
	0.31c±0.01
	206.65a±0.05
	3.70e±0.00
	31.71b±21.10
	3.10b±0.06
	0.97±0.00

	OTS2
	0.20d±0.00
	199.90b±0.10
	4.13d±0.02
	53.60a±0.10
	4.40a±0.20
	0.96±0.00

	AKP1
	0.39b±0.01
	188.00d±0.00
	5.34b±0.01
	53.60a±0.10
	1.95d±0.05
	0.95±0.00

	AKP2
	0.55a±0.05
	184.45e±0.15
	4.31c±0.02
	58.00a±0.10
	1.90d±0.00
	0.90±0.00

	IGU1
	0.31c±0.01
	189.15c±0.15
	6.33a±0.10
	55.00a±0.10
	2.76c±0.01
	0.91±0.00

	CODEX
	0.2-0.5
	190 - 209
	10 - 15
	45-55
	8.0
	0.89-0.9


Values are means±standard deviations of triplicate determinations. Values within the same column with different superscripts are significantly different at p<0.05.
OTS-Otukpa, AKP-Akpa, IGU-Igumale

3.2.2. Physicochemical parameters of palm oil samples collected from non-Benue sources
As presented in Table 6, the physicochemical analysis of palm oil samples from non-Benue sources (Ankpa and Olamaboro in Kogi State, and Ogoja in Cross River State) provides critical comparative data for assessing regional variations in palm oil quality and understanding how production practices in major palm oil-producing states differ from those in Benue State. The moisture content across non-Benue source samples ranged from 0.22% to 0.52%, with considerable variation between locations. Sample ANK2 from Ankpa exhibited the lowest moisture content at 0.22%, approaching the Codex Alimentarius Commission (2015) recommended maximum of 0.25%, while sample OLA2 from Olamaboro showed the highest moisture level at 0.52%, more than double the acceptable threshold. Cross River State, which accounts for approximately 11% of Nigeria's total palm oil production (USDA FAS, 2024), and Kogi State represent major palm oil-producing regions with established processing infrastructure. The relatively low moisture content in Ankpa samples compared to Olamaboro suggests differences in processing efficiency or post-processing handling between these neighboring production areas. Traditional palm oil processing, which accounts for more than 75% of crude palm oil production in Nigeria (FAO, 2013), is characterized by inadequate heating during processing that fails to sufficiently reduce moisture content, but the better moisture control observed in Ankpa samples may reflect improved processing practices or mechanized extraction methods.
Saponification values ranged from 193.65 to 209.05 mg KOH/g, with sample OLA2 from Olamaboro exhibiting the highest value at 209.05 mg KOH/g, at the upper boundary of the expected range of 190-209 mg KOH/g for authentic palm oil (Codex Alimentarius Commission, 2015). The slightly elevated saponification value in OLA2 approaches the threshold that might suggest minor adulteration with shorter chain fatty acid oils, although it remains technically within acceptable limits. The remaining samples demonstrated normal saponification values consistent with authentic palm oil composition. These findings from major production sources in Kogi and Cross River states contrast with the dramatically elevated saponification values observed in some Benue market samples, particularly Makurdi North Bank with values reaching 239.95 mg KOH/g, confirming that adulteration occurs primarily during the distribution and marketing phases rather than at production sources. Recent initiatives to improve palm oil traceability in Nigeria have included pilot projects in Cross River and Kogi states (Nnabuife, 2025), which may contribute to better quality control at source locations in these states.
Peroxide values across non-Benue source samples ranged from 3.02 to 8.91 meq/kg, with sample OLA2 from Olamaboro exhibiting the highest peroxide value at 8.91 meq/kg, approaching but still below the critical threshold of 10 meq/kg established by international standards (Codex Alimentarius Commission, 2015). Sample OGO1 from Ogoja demonstrated excellent oxidative stability with the lowest peroxide value at 3.02 meq/kg among all source samples analyzed in this study, including both Benue and non-Benue sources. The relatively higher peroxide value in OLA2, combined with its elevated moisture content (0.52%) and free fatty acid content (7.80%), suggests quality deterioration possibly related to processing delays, inadequate fruit handling, or suboptimal storage conditions at this particular source location. Studies on palm oil processing have demonstrated that processing palm fruit without delay or fermentation yields higher extraction efficiency and better quality oil with lower free fatty acid content and peroxide values (Babatunde et al., 1988). The variation in peroxide values among Non-Benue sources indicates that even within major production regions, quality control practices vary significantly between different production sites.
Free fatty acid content in Non-Benue source samples exhibited substantial variation, ranging from 2.88% to 8.85%. Sample OLA1 from Olamaboro showed the highest FFA at 8.85%, significantly exceeding the 5% threshold considered acceptable for crude palm oil intended for food applications (Chinedu et al., 2017), while sample OGO1 from Ogoja demonstrated the lowest FFA at 2.88%, indicating better fruit handling and processing practices. The Codex Alimentarius Commission (2015) specifies that edible palm oil should have FFA content minimized to 0.1-0.25% through proper refining, while crude palm oil with FFA below 5% is considered acceptable quality. Palm oil containing more than 5% FFA is generally suitable only for non-food applications such as biodiesel manufacture (Kumar & Krishna, 2015). The high FFA values observed in both Olamaboro samples (OLA1: 8.85% and OLA2: 7.80%) indicate significant hydrolytic rancidity resulting from inadequate processing practices, possibly including the use of overripe or damaged fruits, extended delays between harvesting and processing, or high moisture content that facilitates lipase-mediated triglyceride hydrolysis. Research on palm oil quality from different extraction methods has shown that FFA content in locally extracted crude palm oil ranges from 7% to 19% for traditional methods and from 4.90% to 12.24% for various indigenous processing techniques (Akusu et al., 2000; Aletor et al., 1990), suggesting that the Olamaboro samples reflect common quality challenges in traditional processing systems.
Iodine values in Non-Benue source samples showed remarkable variation, ranging from 46.30 to 64.35 g I₂/100g. Most notably, sample ANK2 from Ankpa exhibited an exceptionally high iodine value of 64.35 g I₂/100g, substantially exceeding the expected range of 50-55 g I₂/100g for authentic palm oil (Codex Alimentarius Commission, 2015). This elevated iodine value suggests either unusual genetic variation in the palm cultivar, possible blending with highly unsaturated oils such as palm olein fractions or vegetable oils, or analytical variation. Iodine value measures the degree of unsaturation in oils by quantifying the amount of iodine absorbed by double bonds in fatty acid chains (Zhang et al., 2021), with higher values indicating greater unsaturation. While palm oil naturally contains a mixture of saturated and unsaturated fatty acids with iodine values typically ranging from 50-55, palm olein (the liquid fraction obtained from palm oil fractionation) can have iodine values of 56-60 or higher due to its enriched content of unsaturated fatty acids (Ng & Tan, 2001). Sample OGO1 from Ogoja displayed a markedly low iodine value of 46.30 g I₂/100g, well below the expected range, suggesting either genetic variation toward more saturated palm varieties or possible contamination with highly saturated materials. The remaining samples showed iodine values within or close to the expected range for authentic palm oil. The substantial variation in iodine values among Non-Benue sources, particularly the extremes observed in ANK2 and OGO1, underscores the heterogeneity of palm oil quality even within established production regions and highlights the need for enhanced quality standardization.
Specific gravity values across all non-Benue source samples ranged from 0.90 to 0.93, with no statistically significant differences between samples. These values fall within the Standards Organization of Nigeria acceptable range of 0.90-0.92 for palm oil (Mitee & Ekpete, 2022), indicating uniform physical density characteristics across the non-Benue sources despite variations in other quality parameters. The consistency of specific gravity values suggests that gross adulteration with substances of substantially different density is not occurring at these source locations, although this parameter is less sensitive for detecting adulteration with oils of similar density such as palm kernel oil or other vegetable oils.

Table 6: Physicochemical parameters of palm oil samples from non-Benue Sources
	Sample
	Moisture content 
(%)
	Saponification value (mgKOH/g)
	Peroxide value
(mEq/kg)
	Iodine value
(g I₂/100g) 
	Free fatty acid 
(%)
	Specific gravity
(Kg/m3)

	ANK1
	0.47b±0.02
	193.65f±0.25
	4.99d±0.02
	59.25b±0.05
	3.15e±0.05
	0.90±0.00

	ANK2
	0.22f±0.01
	195.95d±0.05
	5.25c±0.02
	64.35a±0.25
	4.65d±0.05
	0.91±0.00

	OLA1
	0.40c±0.01
	205.95b±0.05
	6.54b±0.03
	57.05c±0.05
	8.85a±0.05
	0.90±0.00

	OLA2
	0.52a±0.02
	209.05a±0.15
	8.91a±0.01
	56.25d±0.15
	7.80b±0.10
	0.93±0.00

	OGO1
	0.32d±0.02
	195.00e±0.00
	3.02f±0.01
	46.30f±0.10
	2.88f±0.00
	0.93±0.00

	OGO2
	0.29e±0.01
	198.25c±0.05
	3.13e±0.02
	51.00e±0.00
	4.95c±0.05
	0.92±0.00

	CODEX
	0.2-0.5
	190 - 209
	10 - 15
	45-55
	8.0
	0.89-0.9


Values are means±standard deviations of triplicate determinations. Values within the same column with different superscripts are significantly different at p<0.05.
ANK-Ankpa, OLA-Olamaboro, OGO-Ogoja 
3.2.3. Comprehensive Inter-Regional Quality Comparison: Benue vs Non-Benue Sources
A systematic comparison of palm oil quality between Benue sources (Otukpa, Akpa, Igumale) and Non-Benue sources (Ankpa, Olamaboro, Ogoja) reveals important regional variations in processing practices, quality control, and product characteristics that reflect differences in production infrastructure, technical capacity, and market orientation. When examining moisture content, both Benue and Non-Benue sources demonstrated acceptable to moderately elevated levels, with the best performers in each region (Benue: OTS2 at 0.20%; Non-Benue: ANK2 at 0.22%) achieving near-optimal moisture control, while the poorest performers (Benue: AKP2 at 0.55%; Non-Benue: OLA2 at 0.52%) exceeded acceptable thresholds by similar margins. This parallel pattern suggests that moisture control challenges in traditional palm oil processing are ubiquitous across production regions and are not specific to Benue State.
Saponification values showed generally acceptable ranges across both Benue and Non-Benue sources, with most samples falling within the expected 190-209 mg KOH/g range for authentic palm oil. However, Non-Benue sample OLA2 exhibited a slightly elevated value of 209.05 mg KOH/g at the upper boundary, while Benue sample OTS1 showed 206.65 mg KOH/g, both approaching but not definitively exceeding adulteration thresholds. The normal saponification values at source locations in both regions contrast dramatically with the highly elevated values observed in certain market samples, particularly Makurdi North Bank (up to 239.95 mg KOH/g), providing conclusive evidence that adulteration with shorter chain fatty acid oils occurs during the marketing phase rather than at production sources.
Peroxide values revealed superior oxidative stability in Benue sources compared to Non-Benue sources. Benue samples ranged from 3.70 to 6.33 meq/kg with a mean of approximately 5.0 meq/kg, while Non-Benue samples ranged from 3.02 to 8.91 meq/kg with a higher mean and greater variability. Although all source samples from both regions remained below the critical 10 meq/kg threshold, the lower and more consistent peroxide values in Benue sources suggest either fresher processing, better fruit handling, or more rapid distribution to local markets. The relatively higher peroxide values in Olamaboro samples (OLA1: 6.54 meq/kg and OLA2: 8.91 meq/kg) may reflect longer storage periods before distribution or suboptimal storage conditions at these production sites.
Free fatty acid content showed the most dramatic quality differences between regions. Benue sources demonstrated superior hydrolytic stability with FFA ranging from 1.90% to 4.40% and all samples meeting the 5% threshold for acceptable crude palm oil. In contrast, Non-Benue sources exhibited higher and more variable FFA, ranging from 2.88% to 8.85%, with both Olamaboro samples (OLA1: 8.85% and OLA2: 7.80%) exceeding the 5% threshold and being suitable only for non-food applications. This significant difference suggests that palm fruit handling and processing practices in Benue source locations may be superior to those in some external production areas, possibly reflecting shorter delays between harvesting and processing, better fruit quality selection, or more efficient processing techniques. The formation of free fatty acids through hydrolytic rancidity is essentially attributed to active lipase present in the oil palm fruit mesocarp, which is activated at fruit maturity upon bruising (Henderson & Osborne, 1991), and the lower FFA in Benue sources indicates more careful fruit handling and rapid processing.
Iodine values revealed the most intriguing regional differences, with Non-Benue sources showing both higher maximum values (ANK2: 64.35 g I₂/100g) and lower minimum values (OGO1: 46.30 g I₂/100g) compared to Benue sources (53.60-58.00 g I₂/100g, excluding the anomalous OTS1 measurement). The exceptionally high iodine value in ANK2 may reflect either genetic variation in palm cultivars planted in Ankpa region, possible enrichment with palm olein fractions, or blending practices at the source level. Palm oil genetic diversity across Nigeria has resulted in varying fatty acid compositions depending on cultivar and growing conditions, although systematic documentation of regional variations remains limited. The low iodine value in OGO1 suggests either cultivation of more saturated palm varieties in Cross River State or possible contamination, warranting further investigation into production practices at this source.


4. Conclusion
This study demonstrates that the quality of palm oil sold in Benue State is highly variable and, in several markets, seriously compromised. Makurdi—especially the North Bank market—showed the most severe deterioration, with moisture content as high as 0.91%, saponification values up to 239.95 mg KOH/g, peroxide values reaching 17.84 meq/kg, and FFA levels up to 13.15%, far exceeding Codex and national thresholds and indicating a combination of poor handling, prolonged storage, and extensive adulteration with shorter‑chain and degraded oils. In contrast, Otukpo markets generally exhibited better though still imperfect quality, with moisture, peroxide and FFA values closer to acceptable limits and saponification values largely within authentic palm oil ranges, suggesting shorter and more controlled supply chains. Benue Zone C markets presented a complex picture: low peroxide values and acceptable FFA in many samples implied good oxidative stability, yet markedly low iodine values in several oils pointed to prevalent adulteration with highly saturated fats that alter the intended fatty acid profile and may pose long‑term cardiovascular risks.
Comparisons between market and source samples underscore that most adulteration and severe deterioration occur beyond the production sites. Oils obtained directly from Benue sources (Otukpa, Akpa, Igumale) and non‑Benue sources (Ankpa, Olamaboro, Ogoja) generally showed saponification values within 190–209 mg KOH/g, peroxide values below 10 meq/kg, and FFA mostly at or under the 5% limit for acceptable crude palm oil, despite some moisture and FFA challenges in specific locations such as Olamaboro. These patterns indicate that freshly processed oils at rural production sites tend to meet basic authenticity and stability criteria, whereas extended storage, inadequate protection from heat, light and air, and deliberate blending with cheaper or industrial materials during distribution and retail drive the extreme quality failures seen in certain Benue markets. The health implications are profound, ranging from exposure to lipid peroxidation products associated with inflammation, metabolic disruption, and cancer, to ingestion of undeclared saturated or contaminated adulterants with unknown toxicological profiles.
Addressing these risks requires robust, location‑specific interventions. In Makurdi, particularly North Bank market, priority actions should focus on improving storage infrastructure, reducing residence time of oils in markets, and aggressively policing adulteration through routine inspection and on‑the‑spot testing of peroxide value, FFA, iodine value, and specific gravity. In relatively better‑performing areas such as Otukpo, efforts should reinforce existing practices while targeting outlier products that fall below standard. In Benue Zone C, where adulteration with saturated oils appears widespread despite good oxidative stability, rapid iodine‑value screening and enforcement against mislabelled or blended oils are essential. Across all zones, strengthening the capacity and mandate of regulatory agencies like NAFDAC and SON to implement systematic market surveillance, enforce Codex‑aligned standards, and introduce certification and traceability mechanisms linking retail oil back to verified sources is critical. Complementary consumer education on recognising authentic palm oil and the dangers of unusually cheap or intensely coloured products can create market pressure against adulteration. Collectively, these measures can help restore integrity to the palm oil supply chain in Benue State, reduce preventable health risks, and support broader reforms in Nigeria’s traditional palm oil sector
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