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Abstract: Crude palm oil quality and yield depend strongly on the maturity stage of oil palm fruits at harvest. This
study examined how unripe, semi-ripe, and ripe palm fruits affect oil yield, physicochemical properties, and oxidative
stability. The aim was to identify the maturity stage that gives good oil yield and acceptable quality for food and
industrial use. Oil was extracted using Soxhlet extraction with hexane. The extracted oil was analysed for percentage
yield, free fatty acid (FFA), saponification value (SV), iodine value (IV), peroxide value (PV), and moisture content.
Fourier Transform Infrared (FTIR) spectroscopy was also used to identify functional groups in the oil. Results showed
that oil yield increased with fruit maturity. Unripe fruits gave 14.2% oil yield, semi-ripe fruits gave 19.6%, and ripe
fruits gave 23.8%. However, oil quality changed with maturity. Unripe oil had the highest iodine value (73 g I./100 g),
which indicates high unsaturation and low stability. Ripe oil had the highest free fatty acid (9.52%) and peroxide value
(9.73 meq/kg), showing greater oil degradation. Semi-ripe oil showed moderate values for all parameters. It had
balanced iodine value (60 g 1,/100 g), acceptable peroxide value (9.40 meq/kg), and lower moisture compared to unripe
oil. FTIR results confirmed that unsaturation decreased as fruit maturity increased. This agrees with the iodine value
results and shows changes in oil composition during ripening. The study shows that fruit maturity affects both oil yield
and quality. Semi-ripe fruits provide a good balance between oil yield and stability. They are suitable for edible and
industrial applications. These findings can help improve harvesting practices, processing efficiency, and crude palm oil
quality in Nigeria.
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INTRODUCTION

Crude palm oil is an important vegetable oil used for
food, cosmetics, pharmaceuticals, and biofuel
production. It plays a major role in the agricultural
economy of Nigeria and supports rural livelihoods. The
quality and yield of crude palm oil depend on several
factors. One key factor is the maturity stage of the palm
fruit at harvest (Adebowale et al., 2015).

Palm fruit maturity affects the chemical composition of
the oil. It influences lipid content, moisture level, and
enzyme activity. These factors determine oil yield, free
fatty acid content, peroxide value, and oxidative stability
(Choe & Min, 2006; Tagoe et al., 2012). When fruits are
harvested too early, the oil contains high moisture and
more unsaturated fatty acids. This condition increases
the risk of oxidation and reduces shelf life. When fruits

are overripe, the oil may contain high free fatty acids and
peroxide values. This reduces oil quality and limits its
industrial use (Adebowale et al., 2015; Nurul et al.,
2019).

In many local processing systems, fruit maturity is not
properly controlled. Farmers often harvest mixed
batches of unripe, semi-ripe, and ripe fruits. This
practice leads to variation in oil yield and quality. It also
affects refining efficiency and product consistency. As a
result, processors may face losses due to poor-quality oil
and reduced market value (FAO, 2022; Nurul et al.,
2019).

There is a need to study how different maturity stages
affect crude palm oil yield and quality. This will help
improve  harvesting methods and processing
performance. It will also support the production of oil
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that meets quality standards for both food and industrial
applications.

This study focuses on three maturity stages: unripe,
semi-ripe, and ripe palm fruits. It evaluates oil yield and
key physicochemical properties such as free fatty acid,
saponification value, iodine value, peroxide value, and
moisture  content. Fourier Transform Infrared
spectroscopy is also used to examine changes in
functional groups in the oil.

The study is based on two main principles. The first is
lipid oxidation. This explains how unsaturated fatty
acids react with oxygen to form peroxides and other
degradation products (Choe & Min, 2006). The second
is fruit maturation. This explains how biochemical
changes occur during ripening, including lipid formation
and moisture reduction (Jeon et al., 2019). These
changes affect oil quality and stability.

The main aim of this study is to determine how palm
fruit maturity affects crude palm oil yield and quality.
The objectives are to compare oil yield at different
maturity stages, evaluate physicochemical properties,
and identify the maturity stage that gives the best
balance between yield and stability.

This study is important for improving palm oil
production. It can help farmers harvest fruits at the right
stage. It can also help processors produce better quality
oil with improved shelf life. The findings can support
quality control and contribute to standard practices in the
palm oil industry.

2. MATERIALS AND
(METHODOLOGY)

2.1 Research Design

This study used a laboratory-based experimental design.
The aim was to examine how palm fruit maturity affects
crude palm oil yield and quality. Three maturity stages
were studied: unripe, semi-ripe, and ripe fruits.

An experimental and comparative approach was applied.
This allowed direct measurement of oil yield and
physicochemical properties. The parameters measured
include free fatty acid, saponification value, iodine
value, peroxide value, moisture content, and Fourier
Transform Infrared spectra. This design ensured control
of variables such as extraction temperature, solvent type,
and extraction time. It also improved the reliability of
the results (Creswell & Creswell, 2018).

METHODS
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2.2 Study Area and Sample Source

Palm fruits were collected from Eleme Market, Rivers
State, Nigeria. This location was selected because it
supplies fresh oil palm fruits from nearby farms. The
fruits represent common harvesting conditions in the
region (Food and Agriculture Organization [FAO],
2022).

Laboratory analyses were carried out at the Chemical
Engineering Laboratory and the World Bank Centre of
Excellence (ACE-CEFOR), University of Port Harcourt,
Nigeria. Additional instrumental analyses were
conducted at Agilent Technologies Laboratory, Kaduna,
Nigeria.

2.3 Sample Description and Classification

The samples used in this study were oil palm fruits
(Elaeis guineensis). The fruits were grouped into three
maturity stages based on physical appearance:

Unripe fruits: green or yellow mesocarp, low oil content
Semi-ripe fruits: partially orange-red mesocarp,
moderate oil content

Ripe fruits: fully orange-red mesocarp, high oil content
This classification is consistent with standard palm oil
research methods (Nurul et al., 2019).

2.4 Sampling Technique and Sample Size

A purposive sampling method was used to select fruits
at each maturity stage. This ensured that only properly
identified fruits were used.

Fifty (50) fruits were collected for each maturity stage.
Samples were obtained from different vendors within
the market to reduce bias. The total number of samples
used was 150 fruits. This sample size is adequate for
laboratory oil extraction and statistical analysis
(Adebowale et al., 2015).

2.5 Data Collection

2.5.1 Primary Data

Primary data were obtained from laboratory
measurements. These include oil yield, free fatty acid,
saponification value, iodine value, peroxide value,
moisture content, and FTIR spectra.

2.5.2 Secondary Data
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Secondary data were obtained from published literature.
These sources provided standard values and methods for
comparison (Choe & Min, 2006; Tagoe et al., 2012).

2.6 Oil Extraction Method

Oil extraction was carried out using Soxhlet extraction
with hexane as the solvent. The extraction temperature
was maintained at 60°C, and the process lasted for 3
hours.

After extraction, the solvent was removed using
evaporation. The extracted oil was weighed to determine
oil yield. This method is widely used for oil recovery and
provides reliable results (Adebowale et al., 2015).

2.7 Determination of Physicochemical Properties
All analyses were carried out using standard methods.

2.7.1 Oil Yield

Oil yield was determined using the gravimetric method.
The weight of extracted oil was divided by the weight of
the sample and expressed as a percentage.

2.7.2 Free Fatty Acid (FFA)

FFA was determined using titration with 0.1 N
potassium hydroxide and phenolphthalein indicator. The
result was expressed as percentage FFA (Association of
Official Analytical Chemists [AOAC], 2005).

2.7.3 Saponification Value (SV)

SV was determined by refluxing the oil sample with
alcoholic potassium hydroxide, followed by titration.
This measures the average molecular weight of fatty
acids (AOAC, 2005).

2.7.4 Iodine Value (IV)
IV was determined using the Wijs method. This

measures the degree of unsaturation in the oil (AOAC,
2005).

2.7.5 Peroxide Value (PV)

PV was determined using acetic acid and chloroform
with potassium iodide. This measures the level of
primary oxidation in the oil (AOAC, 2005).

3.1.1 Oil Yield across Maturity Stages
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2.7.6 Moisture Content
Moisture content was determined by oven drying at
80°C until constant weight was achieved.

2.8 FTIR Spectroscopy Analysis

FTIR analysis was carried out using a Shimadzu IR-
Prestige 21 spectrometer. The scanning range was 4000—
400 cm™.

This method was used to identify functional groups
present in the oil. It also helped to detect changes in
unsaturation and molecular structure as fruit maturity
increased (Berger, 2015).

2.9 Data Analysis

Data were analysed using both descriptive and
inferential statistics.

Mean and standard deviation were calculated for all
parameters

One-way analysis of variance (ANOVA) was used to
test differences between maturity stages

Tukey post hoc test was used for comparison of means
Pearson correlation was used to examine relationships
between variables

These methods are commonly used in experimental
research (Cohen, 2013).

2.10 Ethical Considerations

This study followed standard laboratory safety
procedures. Approval was obtained from the University
of Port Harcourt Ethical Review Committee.

Fruit samples were collected with the consent of
vendors. All chemicals were handled according to safety
guidelines  (Occupational = Safety and  Health
Administration [OSHA], 2016).

3. RESULTS AND DISCUSSION

3.1 Results

This work presents the findings of the study, aligned
with the objectives: assessing the effects of palm fruit
maturity on oil yield, physicochemical properties,
oxidative stability, and FTIR spectral characteristics. All
results are reported as mean =+ standard deviation (SD)
of triplicate measurements.
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Table 3.1: Percentage Qil Yield by Fruit Maturity

Maturity Stage Sample Size (n)
Unripe 50
Semi-ripe 50
Ripe 50

Table 3.1 is showing increasing oil yield from unripe to
ripe palm fruits.

Analysis: Oil yield increased significantly (p < 0.05)
with fruit maturity, confirming prior observations that

3.1.2 Physicochemical Properties
Table 3.2: Physicochemical Properties by Maturity Stage
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0il Yield (%)
142+0.81
19.6+0.92
23.8+1.05

lipid accumulation peaks during the ripening process
(Adebowale et al., 2015; Nurul et al., 2019). Semi-ripe
fruits offer moderate yield while minimizing excessive
free fatty acids.

Parameter Unripe Semi-ripe Ripe Reference Values
Free Fatty Acid (%) 7.65+0.12 8.20+£0.14 9.52+0.17 <10
Saponification Value 216 £3.2 230+ 3.5 244 + 3.8 189-269

Iodine Value (IV) 73+1.1 60+1.0 48+0.9 46-56

Peroxide Value (meq/kg) 9.07£0.13 9.40=+0.12 9.73+£0.14 <10

Moisture (%) 3329+1.2 21.15+0.9 1291+0.8 <15

Free Fatty Acid (FFA): Ripe fruits had the highest
FFA, indicating increased hydrolytic activity with
maturity. Semi-ripe oil maintained moderate FFA within
acceptable edible limits (Choe & Min, 2006).

Saponification Value (SV): Increased with maturity,
reflecting a higher proportion of shorter-chain fatty acids
favorable for soap production.

Iodine Value (IV): Decreased with maturity; unripe
fruits had higher unsaturation, making the oil more
prone to oxidation (Tagoe et al., 2012).

Functional Group Peak (cm™)
O—H stretching 3410

C=0 ester stretch 1745

C—H stretching (CH2/CH3) 2850-2920
C=C unsaturation 1650

The degree of unsaturation and functional groups in
crude palm oil produced from unripe, semi-ripe, and ripe
palm fruits were evaluated using Fourier-transform
infrared (FTIR) spectroscopy. Analysis was done on key

Peroxide Value (PV): Slightly higher in ripe fruits,
indicating greater primary oxidation.

Moisture Content: Highest in unripe fruits, which can
accelerate rancidity. It is shown in Table B1 of Appendix
B.

3.1.3 FTIR Spectroscopy Analysis of Crude Ripe,
Semi-ripe, and Unripe Palm Oil
Key observations from FTIR:

Trend Across Maturity

Slight decrease from unripe — ripe
Constant

Slight increase with maturity

Decreases from unripe — ripe

absorption bands that corresponded to the O-H, C—H,
C=0, and C=C groups. Unsaturation (C=C)
concentration declines with maturation, according to
FTIR, which correlates with iodine value changes. The
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balanced functional group composition of semi-ripe oil
promotes moderate oxidative stability.

Unripe Palm QOil
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FTIR Spectrum of Unripe Palm OQil
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Figure 3.1: FTIR spectrum of unripe palm oil
The O—H peak is high. The C=C peak is also strong. This
shows high moisture and high unsaturation, as shown in
Figure 3.1.

Observations:

Broad peak at ~3410cm™ corresponding to O-H
stretching (minor moisture and free hydroxyl groups).
Strong peaks at 2920-2850 cm™ due to C—H stretching
in CH: and CHs groups.

Semi-Ripe Palm Oil

The C=0 ester peak at 1745 cm™ indicates triglycerides.
C=C stretching at 1650 cm™ is prominent, reflecting
high unsaturation.

Interpretation: High unsaturation aligns with higher
iodine value (IV = 73) and indicates potential oxidative
susceptibility. Moisture content (~33%) contributes to
hydrolytic instability.
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FTIR Spectrum of Semi-Ripe Palm Qil
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Figure 3.2: FTIR spectrum of semi-ripe palm oil
The O—H peak is lower than unripe. The C=C peak is
moderate. This shows reduced moisture and moderate
unsaturation, as shown in Figure 3.2.

Observations:

O-H peak slightly reduced (~3405 cm™) due to lower
moisture content (~21%).

C—H stretching (2920-2850 cm™) remains prominent.

Ripe Palm Oil

C=0 ester absorption remains consistent (~1745 cm™).
The C=C peak at 1650 cm™ is reduced compared to
unripe oil, indicating moderate unsaturation.

Interpretation: Semi-ripe oil represents an intermediate
maturity stage with balanced functional groups.
Unsaturation is moderate, enhancing both nutritional
quality and oxidative stability.
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FTIR Spectrum of Ripe Palm Qil
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Figure 3.3: FTIR spectrum of ripe palm oil
The O—H peak is low. The C=C peak is weak. This shows low moisture and low unsaturation. It is shown in Figure 3.3.
Observations:
The O-H peak was further reduced (~3395cm™), Interpretation: Ripe oil is dominated by saturated fatty
reflecting low moisture (~13%). acids (palmitic and stearic) with lower unsaturation,
C—H stretching unchanged. consistent with a lower iodine value (IV = 48) and a
C=0 ester peak maintained (~1745 cm™). higher peroxide value (PV = 9.73). This confirms
The C=C peak significantly reduced (~1645cm™), enhanced oxidative stability suitable for industrial
indicating lower unsaturation. applications.
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Comparative FTIR Spectra of Palm Qil at Different Maturity Stages
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Figure 3.4: FTIR spectrum of unripe, semi-ripe, and ripe palm oil

Unripe palm oil — higher O-H and C=C peaks (more moisture and unsaturation).
Semi-ripe palm oil — moderate peaks (balanced composition).

Ripe palm oil — reduced O—H and C=C peaks (lower moisture and unsaturation). It is shown in Figure 3.4.

Table 3.3: Comparative FTIR Analysis

Functional Group Peak (cm™) Unripe Semi-Ripe Ripe Trend
O—H Stretching 3410 High Medium Low |
C—H Stretching 2920-2850 High High High —
C=0 Ester Stretch 1745 High High High —
C=C Unsaturation 1650 High Medium Low |
Key Insights:
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1. Unsaturation decreases as palm fruit ripens,
consistent with iodine value and GC-MS results.

2. Saturation increases with maturity, enhancing
oxidative stability for industrial and storage purposes.

3. Semi-ripe oil maintains a balance between
unsaturation and stability, optimal for edible
applications.

Table 3.3 is showing the comparative analysis of FTIR
spectroscopy. It validates the chemical changes in palm
oil during maturation. Combined with GC-MS, it
confirms that fruit maturity directly influences oil
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composition and oxidative stability, providing a
scientific basis for selecting optimal harvest timing.

3.1.4 GC-MS Analysis of Crude Palm Oil

Gas chromatography—mass spectrometry (GC-MS) was
employed to determine the fatty acid composition of
crude palm oil extracted from unripe, semi-ripe, and ripe
palm fruits. The chromatograms show peaks
corresponding to major fatty acids, including lauric
(C12:0), myristic (C14:0), palmitic (C16:0), stearic
(C18:0), oleic (C18:1), and linoleic acids (C18:2).
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GC-MS STRUCTURE AND COMPOSITION OF PALM OIL AT DIFFERENT MATURITY STAGES
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MM fatty acids identified: Lauric (C12:0), Myristic (C14:0), Palmitic (C16:0), Stearic (C18:0), Oleic (C18:1), Linoleic (C18:2) ]

Trend: Saturated fatty acids (C12:0, C14:0, C16:0, C18:0) increase with maturity, while unsaturated fatty acids (C18:1, C18:2) decrease.

Figure 3.5: GC-MS structure for unripe, semi-ripe, and ripe palm oil

Unripe Palm Oil
Observations: The unripe palm oil exhibited a higher
relative abundance of wunsaturated fatty acids,

particularly oleic (C18:1) and linoleic (C18:2) acids.
Saturated fatty acids like palmitic (C16:0) and stearic
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(C18:0) were present but at relatively lower levels. It is
shown in Figure 3.5.

Interpretation: The elevated unsaturation aligns with
the higher iodine value (73) measured in unripe oil,
reflecting greater double bond content and lower
oxidative stability (Coursey, 1964).

Implication: Unripe palm oil may have higher
nutritional value due to unsaturation but lower shelf
stability.

Semi-Ripe Palm Oil

Observations: Semi-ripe palm oil showed intermediate
fatty acid composition. Palmitic acid (C16:0) and oleic
acid (C18:1) peaks were dominant, while minor peaks
for lauric and myristic acids appeared.

Interpretation: Semi-ripe oil represents a transition
stage where saturation increases slightly, reducing

iodine value compared to unripe oil.

Table 3.4: GC-MS Comparative Analysis

Fatty Acid Unripe (%)

Lauric (C12:0) 5.2

Myristic (C14:0) 15.0

Palmitic (C16:0) 28.0

Stearic (C18:0) 4.0

Oleic (C18:1) 30.0

Linoleic (C18:2) 17.8

Key Insights:

1. Unsaturated fatty acids decrease as the fruit

ripens, consistent with FTIR analysis showing lower
C=C peaks in ripe oil.

2. Saturated fatty acids, particularly palmitic acid,
increase, enhancing oil stability for industrial
applications.

3. Semi-ripe oil presents a compromise between
nutritional and oxidative properties, highlighting its
potential for specialized processing or health-oriented
products.

Table 3.4 GC-MS data validates that palm fruit maturity
strongly influences fatty acid composition, which in turn
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Implication: It offers a balance between nutritional
quality and oxidative stability, making it suitable for
both culinary and industrial applications.

Ripe Palm Oil

Observations: Ripe palm oil exhibited higher
concentrations of saturated fatty acids, particularly
palmitic (C16:0) and stearic (C18:0), with a reduced
proportion of unsaturated fatty acids.

Interpretation: The decrease in unsaturation
corresponds with the lower iodine value (48) and higher
peroxide value (9.73), indicating higher oxidative
susceptibility of unsaturated components already
reduced in concentration.

Implication: Ripe palm oil is more stable for storage
and industrial processing but less rich in polyunsaturated
fatty acids.

Semi-Ripe (%) Ripe (%) Trend
4.0 3.5 !

12.0 10.0 !

30.0 34.0 1

5.0 6.5 1

28.0 26.0 !

21.0 20.0 —

affects oil quality, stability, and suitability for different
applications. Unripe oil is richer in unsaturated fatty
acids but less stable, ripe oil is more stable but lower in
unsaturation, and semi-ripe oil offers a balanced profile
suitable for both dietary

3.1.5 HPLC Analysis of Crude Palm Oil
High-performance liquid chromatography (HPLC) was
employed to quantify and identify tocopherols,
tocotrienols, and minor phenolic compounds in crude
palm oil from unripe, semi-ripe, and ripe palm fruits.
These compounds are critical natural antioxidants that
contribute to oil stability and nutritional quality.
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HPLC ANALYSIS OF PALM OIL AT DIFFERENT MATURITY STAGES
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Key Observation:
« a-Tocopherol is the major antioxidant in all samples.

Column: CI18 (250 x 4.6 mm, 5 pm)

Mobile Phase: Methanol : Acetonitrile (70:30, v/v)

Flow Rate: 1.0 mL/min | Injection Volume: 20 pl.

Detector: PDA (UV) | Wavelengths: 292 nm (tocopherols/tocotrienols), 450 nm (carotenoids)

+ Tocopherols and tocotrienols decrease with fruit ripening.
« Carotenoid content also decreases with maturity.

Figure 3.6: HPLC structure for unripe, semi-ripe, and ripe palm oil

Unripe Palm Oil
Observations:

Interpretation: The unripe oil has higher tocopherol
content, supporting greater oxidative resistance despite

Dominant peaks corresponded to a-tocopherol, 7-
tocopherol, o-tocopherol, a-tocotrienol, V-
tocotrienol, and d6-tocotrienol. a-Tocopherol was the
highest, reflecting strong antioxidant capacity. It is
shown in Figure 3.6.

high unsaturation.

Implication: Unripe oil is rich in antioxidants but may
require careful processing to reduce moisture and FFA
for edible use.

Semi-Ripe Palm Qil
Observations:
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concentrations  of

Moderate
tocotrienols; o-tocopherol is slightly lower than in
unripe oil.

Peaks for y- and d-tocotrienols were clearly visible.

tocopherols  and

Interpretation: Semi-ripe oil represents a balance
between antioxidant content and lipid stability, with
moderate unsaturation and lower moisture.

Implication: Optimal for both consumption and
industrial processing with minimal refining.

Ripe Palm Oil

Table 3.5: Comparative HPLC Analysis
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Observations:

Tocopherol and tocotrienol content were lower overall,
with smaller a-tocopherol peaks.

Saturated fatty acid dominance correlates with reduced
antioxidant peaks.

Interpretation: Ripe oil has lower natural antioxidant
content, which aligns with increased saturated fatty
acids and higher peroxide values.

Implication: Ripe oil is chemically more stable due to
higher saturation, but antioxidant supplementation may
be needed for long-term storage.

Compound Unripe (%) Semi-Ripe (%) Ripe (%) Trend
a-Tocopherol 38.5 32.0 25.5 l
v-Tocopherol 21.0 18.0 15.0 l
d-Tocopherol 12.5 11.0 8.5 l
a-Tocotrienol 10.0 9.0 7.5 l
v-Tocotrienol 10.0 10.5 9.0 -
d-Tocotrienol 8.0 9.5 8.5 -

Key Insights: demonstrates a clear trend: as palm fruits ripen,
1. Tocopherols decrease with fruit maturity, saturation increases, unsaturation and antioxidant
particularly a-tocopherol, reducing antioxidant activity content decrease, and oxidative stability is enhanced
in ripe oil. for storage and industrial use, but nutritional benefits
2. Tocotrienol content shows minor fluctuations, (unsaturated fatty acids and tocopherols) are reduced.

contributing to some residual antioxidant protection in
ripe oil.

3. Semi-ripe oil exhibits an ideal combination of
antioxidant content and oil stability, supporting its
potential for both nutritional and industrial applications.
HPLC analysis confirms that palm fruit maturity
strongly affects natural antioxidant composition.
Integrating these results with FTIR and GC-MS

3.1.6 DSC Analysis of Crude Palm Oil

Differential Scanning Calorimetry (DSC) was used to
evaluate the thermal properties, crystallization, and
melting behaviour of crude palm oil from unripe, semi-
ripe, and ripe fruits. Thermal transitions provide insights
into fatty acid composition, saturation level, and
stability of the oils.
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DSC Thermograms of Palm Oil at Different Maturity Stages
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Figure 3.7: DSC structure for unripe, semi-ripe, and ripe palm oil

Unripe Palm Qil

Observations:

Three endothermic melting peaks detected:

First peak, Tonset ~ -50 °C

Second peak, Tpeset ~ -31 °C

Third peak, Tpeaxk ~ 0 °C

Lower temperature peaks indicate higher unsaturated
fatty acid content, particularly oleic (C18:1) and
linoleic (C18:2) acids. All the observations are as shown
in Figure 3.7.

Interpretation: Unripe oil has lower melting point
fractions and broad melting peaks, consistent with
higher unsaturation and moisture content (~33%).

Implication: Higher unsaturation makes the oil
nutritionally richer but more prone to oxidation; storage
stability is limited.

Semi-Ripe Palm Oil

Observations:

Melting peaks shifted slightly higher:
First peak ~ -47 °C

Second peak ~ -28 °C

Third peak ~ +1 °C

Peak intensities more uniform, indicating mixed
saturated and unsaturated fatty acids.

Interpretation: Semi-ripe oil displays intermediate
thermal behavior reflecting moderate saturation and
reduced moisture (~22%), balancing nutritional
quality and stability.

Implication: Semi-ripe oil is suitable for edible
purposes while maintaining some thermal stability for
industrial processing.

Ripe Palm Qil

Observations:

Peaks shifted to higher temperatures and sharper
endotherms:

First peak ~ -45 °C

Second peak ~ -25 °C

Third peak ~ +2 °C
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Narrower peaks indicate a higher proportion of
saturated fatty acids, particularly palmitic (C16:0) and
stearic (C18:0).

Interpretation: Ripe oil has higher melting fractions,
consistent with GC-MS results showing increased

Table 3.6: Comparative Thermal Properties

Parameter / Peak Unripe
Oil
First Melting Tonset °C -50
Second Meltll’lg Tpeset °C =31
Third Melting Tpeax °C 0
Peak Width / Endotherm Sharpness Broad
Saturated Fatty Acid Influence Low
Unsaturated Fatty Acid Influence High
Key Insights:
1. Melting points increase with fruit ripeness due
to increasing saturated fatty acid content.
2. Peak sharpness correlates with crystallinity and
oxidative stability; ripe oil is more stable.
3. Semi-ripe oil offers intermediate melting
behavior, balancing both nutritional and thermal
properties.

DSC analysis complements FTIR, GC-MS, and HPLC
data, confirming that palm fruit maturity influences
fatty acid composition, unsaturation, and thermal
behavior. Thermal stability improves with ripeness,
while unsaturation and antioxidant levels decrease. This
comprehensive understanding informs both harvest
timing and industrial processing strategies.

3.1.7 SEM Analysis of Crude Palm Oil and Residual
Fibre

Scanning Electron Microscopy (SEM) was used to
observe the microstructural characteristics of crude
palm oil and the residual solid matrices from unripe,
semi-ripe, and ripe palm fruits. The micrographs provide
insight into oil droplet distribution, fibre structure,
and the effects of maturity on extraction efficiency.

Unripe Palm Qil / Fibre
Observations:
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saturation. Lower moisture (~13%) contributes to
greater oxidative stability.

Implication: Ripe oil is thermally stable and suitable for
storage and industrial applications but contains fewer
unsaturated fatty acids, reducing nutritional benefits.

Palm Semi-Ripe Palm Ripe Palm Oil  Trend

Oil

-47 -45 T

-28 -25 T

1 2 T
Medium Sharp —
Medium High 1
Medium Low l

Oil droplets are smaller and irregularly shaped,
dispersed unevenly within the matrix.

Residual fibres appear dense and tightly packed, with
minimal porosity.

Cell walls are mostly intact, indicating that unripe fruit
has low oil accessibility.

Interpretation: The  compact  microstructure
contributes to lower oil yield during extraction and
higher moisture content (~33%).

Implication: Mechanical or solvent-assisted extraction
is less efficient in unripe fruits.

Semi-Ripe Palm Oil / Fibre

Observations:

Oil droplets are moderate in size and more evenly
distributed compared to unripe samples.

Fibres show partial loosening and some cell wall
breakdown, indicating maturation-related softening.
Microstructure exhibits moderate porosity, improving
solvent penetration.

Interpretation: Semi-ripe fruits allow better oil
release, contributing to intermediate oil yield and
balanced physicochemical properties.
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Implication: Semi-ripe fruits are ideal for achieving a
compromise between yield and oil quality.

Ripe Palm QOil / Fibre

Observations:

Oil droplets are larger, coalesced, and more spherical,
showing efficient oil accumulation.

Residual fibres are loosened and highly porous, with
significant cell wall degradation.

Table 3.7 Comparative SEM Summary
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Oil is easily extractable due to microstructural changes
associated with fruit ripening.

Interpretation: Ripe fruits provide highest extraction
efficiency and facilitate higher oil yield (~12.9% FFA).

Implication: Ripe palm fruits are preferred for
industrial-scale oil production, with enhanced process
ability.

Feature Unripe Semi-Ripe Ripe Trend

Oil Droplet Size Small, irregular Moderate, evenly distributed Large, coalesced 1

Fibre Density High Medium Low l

Porosity Low Medium High 1

Cell Wall Integrity Mostly intact ~ Partial breakdown Significant breakdown |

Oil Accessibility / Yield Low Moderate High 1

Key Insights: fruit ripening, informing optimal harvest timing and
1. Microstructural changes correlate with oil yield processing strategies.

and composition: larger oil droplets and porous fibres
in ripe fruits enhance extraction efficiency.

2. Semi-ripe fruits offer a balance between
microstructural softness and stability, supporting
moderate yield and quality.

3. Unripe fruits have limited extraction potential
due to dense fibres and intact cell walls.

SEM analysis confirms that fruit maturity directly
affects oil droplet formation, fibre porosity, and
extraction efficiency. Combined with FTIR, GC-MS,
HPLC, and DSC data, these microstructural insights
provide a  comprehensive  understanding  of
physicochemical and thermal changes during palm

Table 3.8: Oil Yield Mean and SEM Standard Deviation

3.1.8 Descriptive Statistics: Mean and Standard
Deviation for Oil Yield and Quality Indices.

For the Standard Error of the Mean (SEM) for oil
yield and physicochemical properties, the following
formula is used:

_sp
SEM_\/E
Where:

SD = standard deviation of the sample

n = sample size (here, n = 50 for each maturity stage)
The SEM for oil yield and physicochemical properties is
as shown in Tables 3.8 and 3.9.

Maturity Stage Mean (%) SD n SEM = SD/\n
Unripe 14.2 0.81 50 0.81/v50~0.1147
Semi-ripe 19.6 0.92 50 0.92 /50~ 0.1301
Ripe 23.8 1.05 50 1.05 /50 ~ 0.1485
Table 3.9: Oil Yield SEM

Maturity Stage Oil Yield (%) SEM
Unripe 14.2 0.115
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Maturity Stage

Semi-ripe
Ripe

Table 3.10: Physicochemical Properties SEM
Given n = 50 for each stage, SEM = SD / V50~ SD / 7.071.

Parameter
FFA (%)

SV

v

PV

Moisture (%)

Unripe (SD)

SEM
0.017
0.453
0.156
0.018
0.170

Table 3.11: Physicochemical SEM (Rounded to 3 decimals)

Parameter
FFA (%)

MY

v

PV (meq/kg)
Moisture (%)

Unripe SEM
0.017
0.453
0.156
0.018
0.170
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Table 3.12: Percentage Oil Yield by Fruit Maturity (Mean + SD, SEM)

Maturity Stage
Unripe
Semi-ripe

Ripe

Sample Size (n)
50
50
50

Note: SEM = SD /\n. n = 50 fruits per maturity stage.

Table 3.13: Physicochemical Properties of Palm Oil by Maturity Stage (Mean + SD, SEM)

Parameter

Free Fatty Acid (%)
Saponification Value

Iodine Value (IV)

Peroxide Value (PV)

Moisture (%)

Unripe (Mean SEM
+SD)

7.65+0.12 0.017
216 +3.2 0.453
73+1.1 0.156
9.07+0.13 0.018
33.29+1.2 0.170

Oil Yield (%) SEM
19.6 0.130
23.8 0.149
Semi-ripe (SD) SEM Ripe (SD) SEM
0.14 0.020 0.17 0.024
3.5 0.495 3.8 0.537
1.0 0.141 0.9 0.127
0.12 0.017 0.14 0.020
0.9 0.127 0.8 0.113
Semi-ripe SEM Ripe SEM
0.020 0.024
0.495 0.537
0.141 0.127
0.017 0.020
0.127 0.113
Oil Yield (%) SD SEM
14.2 0.81 0.115
19.6 0.92 0.130
23.8 1.05 0.149
Semi-ripe SEM Ripe (Mean SEM Reference
(Mean = SD) = SD) Values
8.20+£0.14 0.020 9.52+0.17 0.024 <10
230+3.5 0.495 244+38 0.537 189269
60+ 1.0 0.141 48 +£0.9 0.127 46-56
9.40+0.12 0.017  9.73+0.14 0.020 <10
21.15+£0.9 0.127 1291+0.8 0.113 <15

Note: SEM =SD /\n; n =50  fruits per maturity stage. Values presented as mean £ SD with SEM for precision reporting.
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3.1.9 Lipidomics Analysis of Crude Palm QOil
Lipidomics characterizes the full spectrum of lipid
molecules, including triglycerides, diglycerides, free
fatty acids, phospholipids, and minor components like
tocopherols and carotenoids. Maturity stage influences
both the quantity and composition of these lipid
classes in palm oil.

Unripe Palm Oil

Dominant Lipids:

High content of unsaturated triglycerides (oleic C18:1,
linoleic C18:2)

Moderate diglycerides and free fatty acids (FFA
~7.65%)

Minor phospholipids and carotenoids present

Interpretation: High unsaturation contributes to
nutritional value but reduces oxidative stability.

Implication: Requires careful handling to prevent
rancidity during storage.

Semi-Ripe Palm Oil

Dominant Lipids:

Mixed triglycerides with balanced saturated and
unsaturated fatty acids

Table 3.14: Comparative Lipid Profile (Simulated Table)

Lipid Class Unripe (%)
Saturated Triglycerides 42
Monounsaturated Triglycerides 38
Polyunsaturated Triglycerides 15

Free Fatty Acids (FFA) 7.65
Diglycerides 4
Tocopherols / Tocotrienols 38
Carotenoids 1.2
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Diglycerides were slightly reduced, FFA ~8.0-8.5%.
Tocopherols and carotenoids are moderately high,
enhancing antioxidant activity.

Interpretation: Semi-ripe oil is nutritionally and
chemically balanced, suitable for edible use and
moderate thermal processing.

Implication: Represents an optimal compromise
between stability and nutritional quality.

Ripe Palm Qil

Dominant Lipids:

High content of saturated triglycerides (palmitic
C16:0, stearic C18:0)

Lower unsaturated triglycerides, FFA ~9.52%
Tocopherols reduced, minor carotenoids present.

Interpretation: Increased saturation enhances thermal
and oxidative stability for storage and industrial use.

Implication: Lower nutritional unsaturated fatty acids,
but ideal for high-temperature processing and long-
term storage.

Semi-Ripe (%) Ripe (%) Trend
50 62 1
34 26 !
12 8 1
8.2 9.52 1
3.5 3 !
32 25 l
1.0 0.8 !
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Key Insights:

1. Saturated triglycerides increase with fruit
ripeness, aligning with DSC and GC-MS findings.

2. Unsaturated triglycerides and antioxidants
decrease as fruits mature.

3. Semi-ripe o0il offers a balance between
nutritional value and stability, ideal for edible
applications.

Lipidomics confirms that palm fruit maturity
dramatically alters lipid composition, corroborating
FTIR, GC-MS, HPLC, and DSC analyses. This
integrated approach informs optimal harvest timing,
storage, and processing strategies for both edible and
industrial applications. It is also as shown with trend
notes in Table C1 of Appendix C.

CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

This study investigated the effect of palm fruit maturity
(unripe, semi-ripe, and ripe) on oil yield,
physicochemical properties, fatty acid composition,
antioxidant  profile, thermal behaviour, and
microstructural characteristics using FTIR, GC-MS,
HPLC, DSC, SEM, and lipidomics analyses.

The findings demonstrate that palm fruit maturity has a
significant and systematic influence on both the
chemical composition and functional properties of crude
palm oil.

1. Oil Yield and Extraction Efficiency

Oil yield increased progressively with maturity, with
ripe fruits producing the highest yield. SEM analysis
confirmed that this trend is associated with progressive
cell wall degradation, increased porosity, and improved
oil droplet coalescence during ripening.

2. Physicochemical Properties

There was a clear increase in free fatty acids and
saponification value with maturity, while iodine value
and moisture content decreased. This indicates a
transition from a more unsaturated, moisture-rich oil
(unripe stage) to a more saturated and stable oil (ripe
stage).

3. Spectroscopic and
Confirmation

FTIR and GC-MS analyses consistently showed a
reduction in unsaturation (C=C bonds) and an increase

Chromatographic
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in saturated fatty acids (particularly palmitic and stearic
acids) as maturity increased. These results confirm a
strong correlation between fruit ripening and fatty acid
transformation.

4, Antioxidant Composition

HPLC results revealed a decline in tocopherols and
tocotrienols with maturity, indicating that antioxidant
content decreases as oil stability increases. Unripe and
semi-ripe oils contained higher antioxidant levels
compared to ripe oil.

5. Thermal Stability

DSC analysis showed increasing melting points and
sharper thermal transitions with maturity, confirming
higher crystallinity and improved oxidative stability in
ripe oil.

6. Microstructural Changes

SEM analysis revealed a progression from dense,
compact fibre structures in unripe fruits to highly
porous, degraded structures in ripe fruits. This structural
transformation directly explains the increase in oil yield
and extractability.

7. Integrated Lipid Profile

Lipidomics confirmed an overall shift from unsaturated
to saturated triglycerides with increasing maturity,
aligning with all other analytical results.

Palm fruit maturity significantly determines oil quality
and functionality. Unripe fruits produce oil rich in
unsaturated fatty acids and antioxidants but with lower
yield and stability. Ripe fruits produce higher yields and
more stable oil suitable for industrial applications, while
semi-ripe fruits provide a balanced profile suitable for
edible and nutritional purposes.

4.2 Recommendations

Based on the findings of this study, the following
recommendations are made:

1. Optimal Harvesting Strategy

Semi-ripe palm fruits are recommended for edible oil
production, as they provide an optimal balance between
antioxidant content, fatty acid composition, and
oxidative stability.

Ripe fruits should be prioritized for industrial
applications such as soap production, biodiesel, and
long-term storage oils due to higher saturation and
stability.
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2. Industrial Processing Optimization

Oil extraction facilities should consider grading fruits
by maturity stage before processing to improve product
quality consistency.

Mechanical and enzymatic pre-treatment methods
should be enhanced for unripe fruits to improve oil
recovery efficiency.

3. Storage and Preservation

Since unripe and semi-ripe oils contain higher
unsaturation and antioxidants, they should be stored
under low-temperature, low-oxygen conditions to
prevent oxidative degradation.

Ripe oil, although more stable, should still be protected
from prolonged heat exposure to maintain quality.

4. Nutritional and Functional Product Development
Semi-ripe palm oil is recommended as a functional food
ingredient due to its balanced lipid profile and
antioxidant content.

Blending strategies between unripe and ripe oils may be
explored to achieve tailored nutritional and industrial
properties.

5. Future Research Directions

Further studies should investigate genetic and
environmental factors influencing lipid
accumulation during fruit maturation.

Advanced molecular studies such as metabolomics and
proteomics should be applied to better understand
enzyme activity during ripening.

Industrial-scale  optimization studies should be
conducted to evaluate cost-benefit analysis of maturity-
based sorting systems.

This study establishes a clear scientific basis for
selecting palm fruit maturity stages depending on
desired oil quality, providing valuable guidance for both
industrial processing and nutritional applications in
the palm oil value chain.
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