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ABSTRACT

The increasing volume of lipid-rich waste generated from abattoirs and meat processing activities presents both
environmental and economic concerns, particularly in regions with limited waste management infrastructure. In
many Nigerian cities, rendered animal fats are often discarded without treatment, contributing to environmental
pollution and sanitation issues. At the same time, these fats possess significant industrial value as raw materials for
soap production, cosmetics, lubricants, and biofuel generation. In this study, fats rendered from cow, goat, camel,
and sheep tissues collected within Sokoto Metropolis, Nigeria, were examined to determine their physicochemical
characteristics and possible end-use applications. Physical properties (colour, melting point, specific gravity, and
density) and chemical parameters (ash content, moisture content, acid value, free fatty acid, saponification value,
iodine value, and peroxide value) were determined in triplicate (n = 3). All physical and chemical analyses strictly
adhered to standard protocols recommended by the Association of Official Analytical Chemists. The results showed
significant differences among the samples. Cow fat recorded the highest ash content (26.0 + 0.264 %), moisture
content (31.5 £ 0.265 %), and saponification value (98.035 + 0.004 mg KOH/g), suggesting stronger potential in
soap and detergent production. Camel fat exhibited the highest acid value (3.506 £ 0.004 mg KOH/g), free fatty
acid (1.753 + 0.003 %), and peroxide value (0.030 £ 0.003 meqg/kg), indicating a higher tendency toward hydrolytic
and oxidative degradation. Goat fat showed the highest iodine value (0.761 * 0.003 g I,/100 g), which may favor its
use in biodiesel production due to a relatively higher level of unsaturation. Overall, the findings highlight the viability
of converting animal fat waste into useful industrial feedstocks while reducing environmental burden.

KEYWORDS: animal fat, physicochemical analysis, biodiesel, waste valorization, industrial application.

1. INTRODUCTION

Large quantities of animal-derived waste are generated daily from slaughterhouses, meat processing
facilities, and livestock markets across Nigeria.! Among these wastes, adipose tissues are often
rendered into fats or simply discarded.? In many urban and semi-urban areas, indiscriminate disposal
of these fatty wastes contributes to drainage blockage, offensive odour, and contamination of nearby
soil and water systems.® Sustainable approaches that convert such wastes into useful materials are
therefore increasingly important.*

Animal fats are composed primarily of triglycerides and have been utilized for centuries in food
preparation and in the manufacture of soaps, candles, and skin-care products.® In recent years, renewed
interest has emerged in their use as low-cost feedstocks for renewable energy production, particularly
biodiesel.® Compared with edible vegetable oils, animal fats are less expensive and do not directly
compete with food supply chains.” Their suitability for industrial use, however, depends strongly on their
physicochemical composition.®

Parameters such as acid value, free fatty acid content, and peroxide value provide insight into the extent
of hydrolysis and oxidation within fat samples.®® Saponification value reflects the average molecular
weight of the constituent fatty acids and can indicate suitability for soap production.® lodine value reveals
the degree of unsaturation, which affects oxidative stability and biodiesel performance.® In addition,
physical characteristics such as density, specific gravity, and melting point influence handling, storage,
and processing conditions.°

Sokoto Metropolis is one of the largest centers of livestock slaughter and trade in northern Nigeria.®
Despite the abundance of animal fat generated in this region, there is limited published information
comparing the properties of fats obtained from different species under the same environmental
conditions. This work therefore evaluates the physicochemical properties of rendered fats from cow,

Ibadan, Nigeria - February 8-11, 2026



https://doi.org/10.55455/acsnigeria.1.3.1-5
mailto:owolabiabdulmuiz@gmail.com
https://doi.org/10.55455/acsnigeria.1.3.1-5

11*" Annual Symposium of ACS Nigeria Book of Proceedings

goat, camel, and sheep collected within Sokoto Metropolis and considers their suitability for selected
industrial and bioenergy applications.

2. MATERIALS AND METHODS

2.1 Sample Collection

Fresh adipose tissues were obtained from slaughtered cow, goat, camel, and sheep at selected abattoirs
within Sokoto Metropolis, Sokoto State, Nigeria. The samples were collected immediately after slaughter
into clean polyethylene bags and transported to the laboratory for processing.

2.2 Rendering and Preparation of Fat Samples

Each adipose tissue sample was rinsed thoroughly with clean water to remove adhering blood and dirt.
The tissues were then cut into smaller portions and heated gently in clean metallic containers to release
the fat. The rendered fat was separated from the residual tissues and filtered through a fine-grade Muslin
cloth (100 % cotton, pore size ~ 100 ym) to remove suspended particles. The filtrate was stored in
airtight sample bottles under dry, cool conditions prior to analysis.

2.3 Determination of Physical Properties

All physical measurements were conducted in triplicate (n = 3). Visual appearance and color were
evaluated under natural sunlight. Melting point was evaluated by the open capillary tube method.
Specific gravity (dimensionless ratio) and density (kg/m?®) were determined at 25 °C.

2.4 Determination of Chemical Properties

All chemical determinations were performed in triplicate (n = 3). Moisture and volatile matter content
were determined by oven-drying a known mass at 105 °C to constant weight. Total ash content was
measured by dry ashing in a muffle furnace at 550 °C. Acid value and percentage free fatty acid (FFA,
calculated as oleic acid equivalent) were determined by titration with standardized ethanolic 0.1 M KOH
in a neutralized solvent mixture. Saponification value was determined by alcoholic potassium hydroxide
reflux and back-titration with 0.5 M HCI in accordance with AOAC Official Method 920.160. The degree
of unsaturation (iodine value) was determined using the Wijs halogen absorption technique. Primary
oxidative stability (peroxide value) was evaluated by iodometric titration against standardized sodium
thiosulfate solution.

All analytical protocols for physical and chemical parameter determinations implemented in this study
strictly followed the standard methods approved and recommended by the Association of Official
Analytical Chemists.°

3. RESULTS AND DISCUSSION

3.1 Physical Properties and Assessment

Table 1. Physical Properties of Selected Animal Fats (n = 3, Mean * Standard Deviation)

Parameter Sample A Sample B Sample C Sample D
(Cow) (Goat) (Camel) (Sheep)

Colour Pale yellow White Cream colour White

Melting Point (°C) 43.7 £ 0.1 45.2 + 0.265 43.5+0.173 44.4 + 0.361

Specific Gravity (dimensionless) 0.985 + 0.001 0.914 + 0.004 0.968 + 0.003 0.939 £ 0.002

Density (kg/m?) 985.000 + 4.000 914.000 + 2.000 968.000 £2.000 938.000 + 1.154

Physical properties serve as vital indicators of sample purity, thermal behavior, and mass-transport
dynamics required in industrial chemical processing. The visual colour assessment reflects pigment
retention, thermal exposure during rendering, or potential contamination. Cow fat displayed a distinct
pale-yellow hue due to carotenoid pigments retained from pasture grazing, whereas goat and sheep
fats were pure white. From a waste-valorization perspective, white fats are highly preferred for cosmetic
formulations, personal care products, and skin creams, as they eliminate the need for costly industrial
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bleaching steps. Conversely, yellowish or cream-coloured fats, such as cow and camel fat, are better
suited for biofuel generation or industrial grease production.

The observed melting points (43.5 °C — 45.2 °C) fall squarely within established literature ranges for
refined animal tallows (42.-0 °C — 48.0 °C).% High melting points indicate an elevated proportion of long-
chain saturated fatty acids, primarily palmitic and stearic acids. Goat fat recorded the highest melting
point (45.2 £ 0.265 °C), pointing directly to its suitability for hard bar soap production, candle making,
and heavy-duty industrial greases. In biodiesel applications, high melting points signify higher cetane
numbers but necessitate fuel pre-heating systems to prevent cold-weather gelation.®

The observed density values (914.0 — 985.0 kg/m?) align closely with standard animal fat ranges (910.0
- 950.0 kg/m?).1® Cow fat showed slightly elevated density (985.0 kg/m?), which can be attributed to
residual bound water and suspended non-lipid particles from traditional open-pan rendering.
Analytically, density and specific gravity govern fluid dynamics, mass-to-volume metering, and phase
separation efficiency within industrial transesterification or saponification reactors.

3.2 Chemical Properties and Applications

Table 2. Chemical Properties of Selected Animal Fats (n = 3, Mean % Standard Deviation)

Parameter Sample A (Cow) Sample B (Goat) Sample C (Camel) Sample D (Sheep)
% Moisture Content 31.5+0.265 28.5+0.100 10.5 + 0.361 26.5 + 0.360

% Ash Content 26.0 £ 0.264 21.5+0.200 14.5 + 0.360 22.0 £ 0.264

Acid Value (mg KOH/q) 3.086 + 0.001 3.029 + 0.004 3.506 + 0.004 2.244 + 0.003
Free Fatty Acid (%) 1.543 + 0.003 1.515 + 0.004 1.753 + 0.003 1.112 £ 0.002
Saponification Value (mg KOH/g)  98.035 £ 0.004 55.259 + 0.002 57.362 + 0.003 43.478 £ 0.002
Peroxide Value (meg/kg) 0.025 £ 0.003 0.020 £ 0.002 0.030 £ 0.002 0.010 £ 0.001
lodine Value (g 12/100 g) 0.508 + 0.003 0.761 + 0.001 0.508 + 0.004 0.254 + 0.002

While commercial refined fats strictly require moisture below 1.0% and ash below 0.5%, the unrefined
abattoir waste fats exhibited higher moisture (10.5 % — 31.5 %) and ash (14.5 % — 26.0 %) contents due
to direct thermal rendering. Analytically, high moisture promotes triglyceride hydrolysis during storage,
while high ash indicates inorganic mineral residues. In terms of end-use, high moisture interferes with
base-catalyzed transesterification by causing unwanted emulsion and soap formation.® Therefore, pre-
treatment steps involving centrifugal dewatering and fine filtration are essential before these waste
streams can be efficiently valorized into biodiesel or chemical lubricants.

The determined acid values (2.24 — 3.51 mg KOH/g) and free fatty acid (FFA) levels (1.11 % - 1.75 %)
are moderately lower than those typically reported for highly degraded waste cooking oils (>5.0 mg
KOH/Qg), indicating that rendered tissues were processed shortly post-slaughter. Analytically, FFA
content dictates the choice of catalytic pathway. Sheep, goat, and cow fats (1.11 % — 1.54 % FFA) can
undergo direct homogeneous base-catalyzed transesterification, whereas camel fat (1.75 % FFA)
approaches the threshold requiring a two-step acid-esterification process to prevent catalyst
neutralization.®®

Saponification value measures the alkali needed to saponify a given mass of fat, providing an inverse
index of average molecular weight.® Lower overall saponification values compared to pure refined tallow
(190 — 202 mg KOH/g) stem from non-lipid matrix inclusions in crude rendering. Nevertheless, cow fat
recorded a significantly higher saponification value (98.035 mg KOH/qg) relative to other species, directly
demonstrating its superior reactivity for soap and commercial detergent manufacturing.

The iodine values (0.254 — 0.761 g [,/100 g) are substantially lower than vegetable oil feedstocks (80 —
140 g 1,/100 g), confirming high structural saturation.® Analytically, iodine value measures double bond
concentration, where lower unsaturation grants exceptional oxidative stability during extended storage.
Goat fat exhibited the highest iodine value (0.761 g 1,/100 g), pointing to better cold-flow properties
(lower cloud point) in biodiesel applications, whereas sheep fat (0.254 g 1,/100 g) offers maximum
resistance to oxidative rancidity. Furthermore, peroxide values (0.010 — 0.030 meg/kg) remained well
below the standard rancidity threshold (10.0 meg/kg), confirming minimal primary lipid oxidation and
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validating that these waste fats maintain sufficient quality for high-value applications, including
pharmaceutical ointments, cosmetics, and bio-based lubricants.

3.3 Integrated Valorization Matrix for Abattoir Waste Management

To establish a sustainable waste-to-value framework within urban abattoir management, the analytical
results directly inform species-specific valorization pathways. Cow fat, characterized by its high
saponification value (98.04 mg KOH/g) and density, is primarily targeted for soap and detergent
manufacturing, which directly diverts organic pollutant loading from municipal aquatic discharges. Goat
fat, exhibiting the highest iodine value (0.761 g I1,/100 g) and a clear white colour, serves as an optimal
feedstock for biodiesel production and cosmetics, offsetting fossil fuel dependency while reducing solid
waste accumulation.

Camel fat displays relatively lower moisture (10.5 %) but elevated free fatty acid content, making it best
suited for bio-lubricant synthesis and energy recovery following two-step acid-esterification pre-
treatment, thereby preventing soil contamination and offensive odour emissions from land dumping.
Finally, sheep fat offers superior oxidative stability and a low iodine value (0.254 g 1,/100 g), rendering
it ideally suited for industrial greases and extended-storage fuel blends, which further advances circular
economy principles within local livestock waste networks.

4. CONCLUSION

Based on the obtained results, it was concluded that rendered animal fats obtained from common
livestock species in Sokoto Metropolis differ significantly in both physical and chemical properties. Cow
fat exhibited characteristics that favor soap and detergent production due to its high saponification value
(98.035 = 0.004 mg KOH/g). Goat fat may serve as a better biodiesel feedstock because of its
comparatively higher iodine value (0.761 £ 0.001 g [,/100 g) and lower peroxide content. Camel fat
showed signs of greater hydrolytic and oxidative degradation (3.506 + 0.004 mg KOH/g acid value),
which indicates the need for pre-treatment before industrial utilization. Sheep fat displayed
comparatively superior oxidative stability. Converting these slaughterhouse-derived waste fats into high-
value industrial feedstocks offers a viable pathway for effective waste management and sustainable
environmental management in urban centers.

ACKNOWLEDGEMENTS

The authors acknowledge the Department of Chemistry, Usmanu Danfodiyo University, Sokoto, Nigeria,
and University of Ibadan for providing laboratory facilities and technical support.

REFERENCES
(1) Musa, J. J.; Adejumo, B. A. Environmental impacts of slaughterhouse waste disposal. Environ. Monit.
Assess. 2023, 195 (4), Article 456.

(2) Bello, E. I.; Agge, M. A. Production and characterization of biodiesel from waste animal fat. Int. J.
Energy Environ. Eng. 2016, 7 (4), 423-430.

(3) Sani, M.; Garba, A.; Bello, A. Assessment of slaughterhouse waste management practices in Sokoto
Metropolis, Nigeria. IOSR J. Environ. Sci. Toxicol. Food Technol. 2020, 14 (8), 12-19.

(4) Alnagbi, M. A.; Al-Zuhair, S.; Al-Marzouqi, A. H. Synthesis and optimization of biodiesel production
from animal fat waste. Waste Biomass Valorization 2019, 10 (11), 3245-3255.

(5) Adejumo, B. A.; Adebiyi, O. A.; Omotoso, O. T. Characterization of animal fat for industrial and
biodiesel production. Fuel 2023, 344, Article 128123.

(6) Singh, D.; Sharma, D.; Soni, S. L.; Sharma, S.; Kumari, D. Feedstock characterization for biodiesel
production: A review. Energy Convers. Manage. 2024, 297, Article 117645.

(7) Bankovic-lli¢, I. B.; Stojkovi¢, 1. J.; Stamenkovié, O. S.; Veljkovic, V. B. Waste animal fats as feedstocks
for biodiesel production. Renewable Sustainable Energy Rev. 2014, 32, 238-254.

(8) Knothe, G.; Van Gerpen, J.; Krahl, J. The Biodiesel Handbook, 3rd ed.; AOCS Press, 2023.

Ibadan, Nigeria - February 8-11, 2026




11*" Annual Symposium of ACS Nigeria Book of Proceedings

(9) Encinar, J. M.; Gonzalez, J. F.; Rodriguez-Reinares, A. Biodiesel from used frying oil by
transesterification with methanol using homogeneous and heterogeneous catalysts. Fuel Process.
Technol. 2007, 88 (5), 513-522.

(10) AOAC. Official Methods of Analysis, 22nd ed.; Association of Official Analytical Chemists:
Washington, DC, 2023.

Ibadan, Nigeria - February 8-11, 2026




< ACSchapter Book of Proceedings 1

Symposium

ISBN: 978-978-67-0285-8 por: https://doi.org/10.55455/acsnigeria.1.3.6-11

Nutrient Tracking for Water Quality Evaluation: A Case Study of Domestic and
Industrial Discharges in Lagos State

Akeem Abayomi', Rotimi Oyebisi'*, and Abolanle Abolaji’
' Department of Chemistry, University of Lagos, Lagos State, Nigeria
2 Industrial Chemistry Programme, Bowen University, lwo, Osun State, Nigeria
Corresponding Author’s email: rotimi.oyebisi@bowen.edu.ng
DOI: https://doi.org/10.55455/acsnigeria.1.3.6-11

ABSTRACT

The release of nutrient-rich effluents from domestic and industrial sources pollutes surface waters, triggering
eutrophication and hypoxia. This study assesses wastewater quality, nutrient levels, and regulatory compliance,
highlighting implications for aquatic ecosystems and public health. Water samples were collected from seven points
across domestic and industrial discharges weekly for three weeks, following standard sampling protocols.
Physicochemical parameters such as pH, turbidity, conductivity, total dissolved solids (TDS), chloride, alkalinity,
hardness, dissolved oxygen (DO), chemical oxygen demand (COD), and biochemical oxygen demand (BOD) were
analyzed using standard methods, while UV-Visible spectrophotometry was used to determine nutrient indicators
(phosphate and nitrate). The result showed wide variations across sites with pH ranging from 6.19 to 8.82, while
high turbidity reflected elevated solids. COD (31.8 - 292 mg/L) and BOD (5.55 - 71.3 mg/L) indicated significant
organic pollution and microbial activity, corresponding to low DO values. Phosphate and nitrate levels were
moderate, ranging from 0.01 - 0.44 mg/L and 0.29 - 2.95 mg/L, respectively, and were within acceptable limits.
Wastewater from domestic and industrial sources showed notable differences in characteristics compared to
control samples. The study reveals that domestic and industrial wastewater significantly contribute to nutrient
pollution, posing environmental risks to aquatic ecosystems. These findings emphasize the urgent need for
enhanced, sustainable wastewater management practices to protect water resources.

KEYWORDS: Effluents, Hypoxia, Nutrients, Sustainability.

1. INTRODUCTION

Water is a vital natural resource under threat from untreated wastewater containing pollutants like
organic matter, heavy metals, and nutrients!". These compromise water quality, harm aquatic
ecosystems, and pose health risks, particularly in developing countries with inadequate treatment
infrastructure. Lagos, with over 20 million inhabitants, generates massive volumes of untreated domestic
and industrial wastewater daily, often discharged into waterways leading to nutrient accumulation,
eutrophication, leading to hypoxia and habitat degradation?-#. The consequences include biodiversity
loss, livelihood impacts, and waterborne diseases?. Several studies have documented high nutrient
levels in Lagos surface waters, particularly nitrates and phosphates!"®), however, there remains paucity
of comparative analysis of nutrient concentrations and other physicochemical properties of domestic
and industrial wastewater sources within the same geographical zone. These gaps pose a threat to
achieving Sustainable Development Goals, including good health and well-being, clean water and
sanitation, and life below water SDGs 3, 6 and 14, respectively. This study seeks to assess nutrient
levels in domestic and industrial wastewater discharges across Lagos State, aiming to identify key gaps
and inform effective wastewater management strategies.

2. MATERIALS AND METHODS

21 Study Area

The study was conducted in three major urban districts of Lagos State; Shomolu, Surulere, and lkeja
representing distinct socio-economic, residential and industrial characteristics with well geo-referenced
sampling points (Table 1, Figure 1).
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Table 1: Description of Sampling Locations

Sampling Points Discharge Points GPS Coordinate Description of Study Area
Point A Domestic Kitchen 6.53728 N 3.37732 E Houses, shops and borehole
Point B Domestic Laundry 6.53728 N 3.37732 E Houses, shops and borehole
Point C Canteen 6.53785 N 3.37490 E Houses, small shops, eatery and borehole
Point D Laundry Service 6.53789 N 3.37504 E Houses, shops and borehole
Point E Industry 1 6.47894 N 3.36202 E M°VemeO”;e"r;:if]‘éy;:gt{v;’f:;‘gj:éis”d”St”a'
Point F Industry 2 6.58849 N 3.37591 E Hea;’g’e‘;‘;:f:;a;nrg%‘zhmﬁgﬁc ndustrial
Point G Treated Effluent 6.58848 N 3.37592 E Heavy vehicular movements, industrial

operations and high traffic zone

Figure 1. Map showing the study area

2.2 Sampling and Laboratory Analysis

Sampling occurred weekly over three events between June and July 2025, with 21 samples collected
from domestic, commercial, and industrial discharge points, which were geo-referenced. Samples were
collected in pre-cleaned 2.5 L polyethylene containers, stored in an ice chest, and transported to the
laboratory. In-situ data were collected using a Horiba-U50 multi-parameter meter. Laboratory analysis
followed APHA protocols, with phosphate and nitrate concentrations determined using a UV-Visible
spectrophotometer at 880 nm and 420 nm, respectively?2.

3. RESULTS AND DISCUSSION

The physicochemical parameters and nutrient loads of the wastewaters demonstrated variability across
the samples, as presented in Table 2 and Figures 2-5. Notably, samples F (from an industrial area with
significant vehicular activity) and G (control sample) were clear, whereas the remaining samples were
cloudy. Samples B, C, and D, obtained from domestic canteens and commercial laundry facilities,
displayed a slightly soapy appearance. Furthermore, samples A, B, C, and D emitted an objectionable
odour, in contrast to samples E, F, and G, which were unobjectionable. The pH of the samples was
within the permissible threshold of 6.0 — 9.0 as set by NESREA and LASEPA, ranged from 6.19 — 8.82
for all the samples with a temperature range of 27.2 — 27.8 °C (Figure 2a). In Figure 2b, turbidity, TSS
and TS were observed to be relatively high (Table 2) while TDS was observed to be lower than
permissible threshold of 2,000 mg/L. Locations A, B, C and D were particularly observed to have higher
threshold possibly because the wastewater being discharged were untreated resulting in low ORP
values in the range of 50.7 — 163 mV and DO values ranging from 2.35 to 4.35 mg/L (Figure 2a).
Similarly, BOD, COD, Chloride, Alkalinity and Hardness showed higher concentrations being discharged
to the immediate drainage within the environment. While phosphate and nitrate were notably below the
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permissible threshold, the risk of accumulated discharge to the environment following other
physicochemical effect of wastewaters could be detrimental to the immediate water body.
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Figure 2a: Variation of Physicochemical Parameters at the Sampling Locations
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Figure 2b: Variation of Physicochemical Parameters at the Sampling Locations
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Figure 3: Results of Phosphate and Nitrate Concentrations across the Sampling Locations
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Table 2: Range of Data and Permissible Limit of Effluent Discharges

Parameters Range NESREA/LASEPA LIMIT
Temperature, °C 27.2-27.8 NS
pH 5.51-8.82 6.0-9.0
BOD, mg/L 5.55-71.3 <20
DO, mg/L 2.35-6.48 NS
Salinity, g/L 0.13-1.51 NS
Turbidity, NTU 15.9 - 833 <10
TDS, mg/L 179 - 1863 <2000
TS, mg/L 443 — 2883 NS
TSS, mg/L 264 - 1292 <750
EC, uS/cm 599 — 1921 <1000
ORP, mV 50.7 - 260 NS
COD, mg/L 31.8-292 <40
Chloride, mg/L 73.7 — 836 < 350
Acidity, mg/L 32.6 - 56.1 NS
Alkalinity, mg/L 44 - 1622 NS
Total Hardness, mg/L 680 — 2328 NS
PO+* mg/L 0.04 -0.44 <35
NOs mg/L 0.29 -2.95 <10

National Environmental Standards and Regulations Enforcement Agency, 2011©

Lagos State Environmental Protection Agency, 2019 U0

*NS - Not Specified

31 Relationship between physicochemical characteristics

The statistical correlation at P < 0.05 and P < 0.01(95% and 99% confidence limit, respectively)
between physicochemical characteristics of the wastewater samples are presented in Table 3.
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Table 3: Pearson Correlation of Different Parameters

por: https://doi.org/10.55455/acsnigeria.1.3.6-11

- .. . .. Total .
Temp., EC Turbidity TDS Salinity  Acidity  Alkalinity Chloride TS TSS coD BOD POs NOs
°oc B ORPmMV siem NTU DOmglL o1 glL mg/L mg/L Har:“g;fss mg/L mglk mgl mglL mglL mglL mgl
Temp. 1
oc
pH 0.739 1
ORP 0520  -0.693 1
mV
e 0375 0536  -0.027 1
uS/cm
Turbidity . o
NTU 0619  0.808(*) -0.891(**)  0.425 1
DO . .
mglL 0533 0416  0.774(*)  -0.068  -0.776(*) 1
TDS 0.513 0.592 0202 0.900(**) 0536 -0.095 1
mg/L
sag;‘l_'ty 0.499 0.589 0191 0.907(*% 0.530 -0.086  1.000(**) 1
A;g/'ty 0.281 -0.044 -0.083 -0.491 -0.247 -0.074 -0.448 -0.464 1
A"‘nfg;‘l_'ty 0.167 0.240 0380  0.886(*)  -0.012 0.364  0.789(")  0798()  -0.393 1
Total
Hardness | 0.799(*) 0.912(**)  -0.398 0.745 0.630 -0.268 0.738 0736  -0.046 0.549 1
mg/L
C';L‘;?f'e 0.500 0.588 0190 0.906(**)  0.529 0.084  1.000(**) 1.000(*) -0462  0.798(*) 0.736 1
ngS/L 0.590 0.733 0371 0.862(%) 0.653 0.184  0.978(**)  0.975(*)  -0.361 0.696 0.816(*)  0.975(*%) 1
;22_ 0656  0.886(**)  -0.603 0.723 0.778(*)  -0.308  0.853(*)  0.848(*)  -0.191 0.486 0.863(*)  0.848(*)  0.944(**) 1
:18/?_ 0.519 0.501 -0.746 0.372 0.870(*)  -0.933(**)  0.401 0395  -0.184 -0.066 0.403 0.392 0463  0.520 1
3‘;,?_ 0.642 0582  -0.786(*)  0.364  0.885(*) -0.942(**)  0.415 0406  -0.053 -0.068 0.491 0.404 0495 0577 0985(**) 1
3-
:]c;;L 0.798(*)  0.774(*)  -0.495 0.577 0.620 -0.559 0.497 0.491 0.270 0.314 0.850(*) 0.490 0595 0694 0601 0695 1
:gfl'_ 0.660 0613  -0.870(*)  -0.014 0.699 -0.599 0.271 0.252 0.387 0.274 0.413 0.252 0424 0624 0559 0655 0520 1

*. Correlation is significant at the 0.05 level (2-tailed).
**_Correlation is significant at the 0.01 level (2-tailed).
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Dissolved oxygen showed a positive relationship with ORP (r = 0.774) and negative with turbidity at (r =
-0.776). Turbidity, which is a measure of light attenuation due to suspended particles positively
correlated with suspended solids (r = 0.778), COD (r = 0.870) and BOD (r = 0.885), and negatively
correlated with DO (r = - 0.776). this possibly explains the pollution status of the wastewater being
discharged occasionally. Similarly, a negative relationship was observed in DO, COD and BOD at (r = -
0.933 and r = -0.942), respectively. Furthermore, the high suspended solids observed in the wastewater
samples also showed positive relationship with TDS, salinity, hardness and chloride at r = 0.853, r =
0.848, r = 0.863 and r = 0.848, respectively. These relationships reflect in the moderate relationship with
phosphate and nitrate which has the tendencies of enriching connecting surface water and instigating
oxygen stress in surface waters.

4. CONCLUSION

The study assessed nutrient levels and key water quality parameters in domestic and industrial
wastewater discharges across Shomolu, Surulere, and lkeja in Lagos State, Nigeria. Results showed
domestic and industrial wastewater contribute to nutrient pollution, with high solids, turbidity, COD, and
BOD levels. Phosphate and nitrate levels, though within limits, suggest ongoing nutrient enrichment that
may cause eutrophication and oxygen stress in surface waters if not managed. The findings emphasize
the need for community-level wastewater pretreatment, enforcing discharge regulations, and raising
public awareness on sustainable waste practices to reduce nutrient loading and improve urban water
quality.
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ABSTRACT

The high rate of mortality has been attributed to the presence of disease such as diabetic and this has called for
all possible interventions especially from botanical sources. The use of plant to treat and manage diabetic has
continue to yield positive outcome among global population and this has given room for more exploration among
researchers of medicinal plants. In this present work, phytochemical analysis and antidiabetic activity of methanol
extract of Launaea taraxacifoliaand Alternanthera brasiliawere investigated. Methanol was used for the extraction
of leaves of Launaea taraxacifolia and Alternanthera brasilia and phytochemicals were quantitatively determined.
Antidiabetic activities of the plants extract were determined via in vitro alpha- amylase and alpha — glucosidase
assay. The phytochemical analysis showed the present of alkaloids, terpenoids, flavonoids, phenols and tannis in
the two plants. Quantitatively, Launaea taraxacifolia and Alternanthera brasiliana have total phenol of 203.50 +
0.10 mgGAE/g and 127. 65 + 0.12 mgGAE/g respectively. The two plant extracts were used at varying
concentration and they displayed antidiabetic potential by inhibiting the two enzymes in vitro. The two plant extracts
examined were observed to be concentration dependent., at 7.5 mg/mL, Alternanthera brasiliana and Launaea
taraxacifolia gave 79.45% and 70.76 % inhibitory activities respectively while a lower concentration (1 mg/mL), a
low inhibitory activity were observed in the two plant extracts. The presence of the phenols, alkaloids and flavonoids
suggest the therapeutic potential of Alternanthera brasiliana and Launaea taraxacifolia. Also, the inhibitory actions
of the plant extracts against the enzymes responsible for diabetic clearly suggest their antidiabetic potential.

KEYWORDS: Diabetic, phytochemical, Launaea taraxacifolia, alpha-amylase.
1. INTRODUCTION

Modern medicine has dwells more into botanicals thereby unfolding the therapeutic potential of plants.
The ethnomedicinal study of plants as a potential source of therapeutic agent has become popular
among researchers. The use of plants for the cure management of diseases has come to stay among
the global populace, for it is found to be cheap, accessible and effective [1]. Diabetes mellitus (DM) is
simply the inefficient use of insulin to effectively metabolize blood sugar thereby resulting into
hyperglycemia. It is a chronic disease that impaired the normal functionality of the body system and
also leads to formation of other ailments such as high blood pressure, stroke and so on. (DM) is the
most widespread form of diseases across all continents which is majorly diagnosed in the elderly and
it is becoming increasingly common in children and adolescents [3,4,5]. There are two main types of
DM: Type 1 due to insulin insufficiency and Type 2 non-insulin dependent which account for 90-95% of
diabetic patients [6,7,8, 9]. Nigeria is one of the African countries that its populace have been faced
with. Among such plants are Alternantherabrasiliana, and Launaeataraxacifolia. Alternanthera
brasiliana(A. brasiliana) is commonly referred to as JoyWeed or Brazilian joyweed, a species of the
Amaranthaceae family. The presence of phenolic compounds in A. brasiliana contribute to its
antimicrobial action by damaging microbial cell walls and inhibiting enzyme activity [10, 11]. The acute
and sub-acute toxicity ofA. brasiliana have been conducted by Bilal et al., 2025[12]and revealed no
adverse effects on heart, kidney or liver tissues at doses up to 3000 mg/kg; LDs,.The Extracts of
A.brasiliana have been found to exhibit significant antimicrobial effects against various strains of
bacteria and fungi, including Staphylococcus aureus, Escherichia coli, and Candida albicans[13] and
also against; Mycobacterium smegmatis and herpes simplex virus (HSV) [14], Launaeataraxacifolia (L.
taraxacifolia) commonly known as wild lettuce that is underutilized leafy vegetable and is indigenous to
West Africa, but it is scarcely consumed for both nutritional and medicinal purposes. In Nigeria, it is
locally known as efoyanrin (Yoruba), namijindayi (Hausa), and agbloke (Ghana). Wild lettuce belongs
to the Asteraceae family and is recognized for its rich phytochemical profile, which includes flavonoids,
saponins, tannins, alkaloids, terpenoids, and phenolic compounds [15,16].The plant also enhance the
regulation of insulin and thus inhibit the carbohydrate digesting enzymes which suggest L. taraxacifolia
as a potential antidiabetic [17]. Launaeataraxacifolia has long been valued in African traditional
medicine for its wide range of therapeutic applications. In Nigeria and Ghana, decoctions and leaf
extracts are commonly employed in the treatment of diabetes, malaria, hypertension, measles, and eye
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infections such as conjunctivitis [18,19]. The leaves are also applied topically for wound healing, skin
infections, and yaws, reflecting the plant’s antimicrobial and anti-inflammatory potential [20]. The leaves
of L. taraxacifolia were also reported to contain phenols [21], glycosides[22]and flavonoids [23] which
make it a good potential antioxidant, immune enhancer, cardiac treatment and anti-inflammatory agent.
L. taraxacifolia is the only Asteraceae species which has no trichomes [24]. It is also consumed as a
salad ingredient or cooked in stew [25]. L. taraxacifolia contains useful amounts of bioactive chemicals
and minerals. It has been shown to possess antioxidant [26], anti-inflammatory [27], antimicrobial[28],
anticancer [29], neuro-nephroprotective [30], and cardio protective properties [31].

2. MATERIALS AND METHODS
2.1 Plant collection

The leaves of A. brasilianaandL.taraxacifolia were collected on Federal Polytechnic Ado Ekiti Campus,
Ekiti State Nigeria. The plant material was identified and authenticated by Mr Oyebode of Botany unit
of Applied biology department,Federal Polytechnic Ado Ekiti, Ekiti State, Nigeria, and voucher
specimens (FPA 730 and FPA 731 respectively) were deposited at the school Herbarium.

2.2 Plant Preparation and Extraction

The collected plant sample was cleaned of the dust and soil. It was air dried at room temperature (25°C)
for six-weeks until constant weight was obtained. The dried sample was pulverized and stored in an air
tight container prior to extraction. A 250 g of pulverized sample was soaked with 2.5 liter methanol for
72 hours. The extract was concentrated under a reduced pressure to a small volume by means of rotary
evaporator.

23 Quantitative Phytochemical Screening of A. brasiliana and L.taraxacifolia leaves

The determination of phytochemicals in the extracts of the plants were conducted with methods used
by Shaik and Patil, 2020 [32]. Four different phytochemicals; alkaloids, flavonoids, terpenoids and
phenols.

2.4 In vitro Antidiabetic Assay

The antidiabetes potentials of the two plants at varying concentration ( 1, 2.5, 5, 7.5 and 10 mg/ mL)were
carried out in vitro against alpha-amylase and alpha glucosidase inhibitory assay. The analysis was
carried out in duplicate.

25 Alpha Amylase Activity

The assay was evaluated using a modified procedure of McCue et al[33]. A 100 pL of the plant extracts
and 100 pL of 0.02 M phosphate bufferpH6.9 with 0.006 M sodium chloride) containing a-amylase from
Aspergillus oryzae (0.5 mg/mL) were added to each tube and incubated at 40 °C for 10 min. After pre-
incubation, 100 pL of 1% starch solution in 0.02 M sodium phosphate buffer (pH 6.9 with 0.006 M
sodium chloride) was added to each tube. The reaction was halt with 200 yL of dinitrosalicylic acid. The
test tubes were incubated in a water bath for 5 min, and cooled at room temperature. The alpha amylase
inhibitory activity was determined.

2.6 Alpha glucosidase Inhibition Assay

The inhibitory activity of the plant extracts on alpha-glucosidase was evaluated according to the method
described by McCue et al [33]. Alpha-glucosidase was derived from Saccharomyces cerevisiae. A
100 pL of a-glucosidase was dissolved in 100 pL of phosphate buffer pH6.8 which was pre-incubated
with 50 yL of the sample for 10 min. Then 50 pL of 20 pL phosphate buffer (pH 6.9) was then added to
start the reaction. The reaction mixture was incubated at 37°C for 20 min and stopped by adding 2 pL
of 0.1 M Na2CO3. The glucosidase activity was determined by measuring the yellow-colored
paranitrophenol released from pNPG at 405 nm.
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2.7 Statistical Analysis

The data obtained from the study were analyzed using Analysis of variance (ANOVA) using R(3.5.1)
with Turkey HSD post — hoc. A p-value of less than 0.05 was considered a statistically significant value
were expressed as mean £ SEM of experimental replication.

3. RESULTS AND DISCUSSION

31 Phytochemical Analysis

The presence of secondary metabolites in plant contributes immensely to their bioactivities properties..
Phytochemicals such as flavonoids, alkaloids and phenols to mention but few have been known to be
responsible for the therapeutic nature of botanicals [34,35]. The selected plants were evaluated
quantitatively of Phytochemicals; flavonoids, terpenoids, phenols and alkaloids. L. taraxacifolia
happened to have a higher concentration of all the phytochemicals analyzed than A. brasiliana. which
was a bit high in except alkaloid The results as presented in table 1 show that L. taraxacifolia possess
a higher concentration of phenol (203.50 + 0.10) and lower concentration of alkaloid (8.45 + 0.19) as
compared to A. brasiliana(10.50+ 0.15). The presence of phenol, alkaloid, terpenoid and flavonoid in
the extracts signify antioxidant and anti- inflammatory potential as was also reported by Barua et al [36].
Various investigations have also shown that aqueous fraction of these plants exhibit pharmacological
properties like antidiabetic, anticancer and anticonvulsant properties [37,38].

Table 1: Phytochemical analysis of A. brasiliana and L. taraxacifolia leaves extract

Phytochemicals L. taraxacifolia A. brasiliana
Phenol 203.50 £ 0.10 127.6510.12
Flavonoid 19.65+0.17 11.54 £ 0.15
Terpenoid 29.29 + 0.11 5.40 £ 0.10
Alkaloid 8.45+0.19 10.50% 0.15

3.2 Antidiabetic activity

Diabetes is one of diseases that have been known to contribute to the high rate of mortality in the human
populace especially in Africa continent including Nigeria. So the search for therapeutic agent from
botanical origin which are believed to be less toxic, readily available and affordable is inevitable [39].
Although some of the synthetic drugs have made huge successes in regulating blood sugar level, but
their side effects are unaffordable and this table is a major concern in the middle and low income
countries [40]. And Nigeria is one of the Africa countries that are richly endowed with medicinal plant.
In this investigation, we explore the antidiabetic activities of A. brasiliana and L. taraxacifolia leaves
extract in vitro through alpha amylase and alpha glucosidase inhibitory assay.Alpha amylase enzyme
controls the breakdown of carbohydrate and disaccharides into simple sugar (glucose) there by making
monosaccharides available in the body including blood stream.Therefore, alpha amylase inhibitory
activity is one of the major routes to evaluate the hyperglycemia lowering efficacy of plant extracts.
More so, alpha amylase enzyme inhibitor helps to manage type 2 diabetes and reduce blood glucose
level of diabetic patients [41,42]. The methanol extract of A. brasiliana and L. taraxacifolia demonstrated
increasing percentage inhibition as the tested concentration increased. As presented in table 2, the
inhibitory effect of A. brasiliana at initial concentration (1 mg/mL) gave 47.06x 0.17% , higher than 29.09
+ 0.00% that was observed with L. taraxacifolia, but at subsequent concentrations, a remarkable
inhibitory effect were observed for L. taraxacifolia higher than that observed forA. brasiliana. This results
obtained are in line with the study performed by Ayele et al [43].

Table 2: Alpha amylase inhibitory activity of A. brasiliana and L. taraxacifolia leaves extract

Concentration L. taraxacifolia A. brasiliana
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of Extract (mg/mL)

1 29.09 £ 0.00 47.06+ 0.17
25 41.23 +0.11 42.24 +0.15
5 4943 +0.14 4456 +0.16
7.5 54.42 +0.19 46.40+ 0.12
10 60.90+ 0.13 54.78+ 0.13

Alpha glucosidase is the enzyme responsible for transferring broken starch and carbohydrate to the
blood stream thereby increasing the blood sugar level and consequently causing diabetes. Table 3
showed the outcome of alpha glucosidase inhibitory effect of A. brasiliana and L. taraxacifolia leaves
extract. At a higher dose of 10 mg/mL, both A. brasiliana and L. taraxacifolia gave 91.17+ 0.19 and
96.81+ 0.19 respectively. But at 5 and 7.5 mg/mL, a remarkable percentage inhibition of 67.43 + 0.10%
and 79.45+ 0.15% respectively were observed higher than that obtained for L. taraxacifolia (59.18 +
0.11% and 70.76 £ 0.19%).A similar results were also obtained by Ayele et al [44], Vallinayaki and
Rajeshkumar [45] where Mimosa Peducaand Scutellariatournefortii methanol extract gave comparable
percentage inhibition and also comparable the work of Sapkota et al [46].The overall assessment depict
L. taraxacifolia having a higher antidiabetic potential than A. brasiliana which may be attributed to the
presence of phytochemicals analyzed.

Table 3: Alpha glucosidase inhibitory activity of A. brasiliana and L. taraxacifolia leaves extract

Concentration L. taraxacifolia A. Brasiliana
of Extract (mg/mL) % inhibition % inhibition

1 2475+ 0.10 16.06 + 0.12

25 43.56 £ 0.17 29.54 +0.15

5 59.18 + 0.11 67.43+0.10

7.5 70.76 £ 0.19 79.45+ 0.15

10 96.81+ 0.19 91.17+ 0.19

4. CONCLUSION

Based on our investigations, the methanol extract of A. brasiliana and L. taraxacifolia demonstrated in
vitro alpha amylase and alpha glucosidase inhibitory activities, suggesting potential antidiabetic
relevance. However, further phytochemical characterization, ICso determination, in vivo validation and
toxicity studies are needed before therapeutic claims can be made.
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ABSTRACT

The dye-sensitized solar cell (DSSC) has huge benefits with respect to competing technologies, but challenges
remain in attaining a high power conversion efficiency and stability in the long term. In this study, we made an effort
to optimize the DSSC by investigating the effect of dye- sensitizer temperature on the amount of dye adsorbed on
the TiO2 semiconductor during the fabrication process using different concentrations of a natural dye extracted
from the leaves of Lonchocarpus cyanescens. The studied temperatures are 30 °C, 35 °C, 40 °C and 45 °C with
concentrations 1.67g/L, 3.33 g/L, 5.00g/L, 6.67 g/L, 8.33 g/L and 10.00g/L. The results revealed that the percentage
adsorption of dye increased from 30 °C to 35 °C to 40 °C and then decreased at 45 °C for all dye concentrations.
This suggests that the optimal temperature for the adsorption of Lonchocarpus cyanescens dye extract on TiO:
semiconductor is 40 °C, and adsorption is both physisorption and chemisorption. The information obtained in this
study will aid in gaining access to clean and affordable energy, a key factor in the development of any nation.

KEYWORDS: Lonchocarpus cyanescens, semiconductor, optimize, DSSC, adsorption.

1. INTRODUCTION

The generation of electricity using solar cells is becoming more popular and it is high time the dye-
sensitized solar cell (DSSC), became more functional as a viable alternative to the silicon solar cells. A
major factor in determining the quality of a dye-sensitized solar cell is the adsorption process.The
semiconductor surface adsorbs dye and gets sensitized to absorb visible light so as to initiate the flow
of electrons which eventually get injected into the conduction band to generate electricity.The dye
molecules are deposited by soaking the mesoporous semiconductor layer in a solution containing the
dye.

The adsorption technology has been widely utilized due to its high efficiency, simple procedural process
and cost effectiveness.’ It is the transfer of organic substances from a liquid phase onto the surface of
a solid phase. It can be either physical, caused by Van der Waals force or chemical, caused by chemical
bonds such as covalent bond or ionic interaction. The efficiency of adsorption of dyes on the TiO2
semiconductor material is important and carried out because the performance of DSSCs is known to
be closely related to the equilibrium amount of adsorbed dye on TiO2.” It is at the root of the four major
processes (light absorption, electron injection, dye regeneration and charge transport) of the DSSC
operation.

The interaction between TiO2 nanoparticle and functional groups of the dye would then drive the
electron transfer from the dye molecules to the conduction band of the semiconductor TiO2.° This is
very important in enhancing the photoelectric conversion efficiency of the DSSC. Although the
operating principle of the DSSC is well understood, it is a complicated system involving four major parts
and several working processes and so enhancing their performance is not an easy task since it is
mutually influenced by many factors. Several variables, such as the solvent polarity, pH of sensitizer
solution, thickness of film, annealing or sintering temperature of films, temperature of the dye solution,
dye sensitisation time, co-sensitisation etc. may act independently or dependently to affect the efficiency
of the DSSC and so can be carefully determined and/or manipulated to enhance its performance, by
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selecting the optimum values of parameters during the fabrication process to favor the performance of
DSSCs.

Hence, there is a need to understand the effect of these factors/working parameters on the efficiency
of DSSCs and various methods have been developed for exploring the knowledge of how to improve
the performance of DSSCs.* For a breakthrough on the performance of DSSC and to preserve its
durability, scientists and engineers need to optimize every material within the DSSC. The hope is very
high that in the near future the DSSC is going to compete successfully with the silicon cells in terms of
efficiency and its commercialisation will be realised within a few years with more efforts devoted to it.°

2. MATERIALS AND METHODS

Titanium (iv) oxide TiOz, titanium (iv) chloride TiCls, ethanol (Sigma Aldrich), glass substrates, crude
extract of Lonchocarpus cyanescens and analytical balance.

The synthesis of titanium (iv) oxide and the preparation of plant materials are as stated in our previous
study.® TiO2 colloidal paste was prepared by mixing TiO2 nanoparticles with aqueous solution of TiCl. to
achieve optimal crack-free mesoporous films and good adhesion to glass substrate. This involves
dispersing the TiO2 powder in the aqueous solution and then crushing and grinding with a mortar and
pestle for about 1 hour until a uniform suspension is obtained. Different concentration of leaves extract
of Lonchocarpus cyanescens, 1.67 g/L, 3.33 g/L, 5.00 g/L, 6.67 g/L, 8.33 g/L and 10.00g/L were
prepared in ethanol solution. Films of TiO2 on the glass plate spread by doctor blading method, " were
soaked in the dye solutions for 16 hours 20 minutes in a small beaker. The experiment was carried out
at four different temperatures, 45 °C, 40 °C, 35 °C and 30 °C and the mass of the adsorbed dye was
determined gravimetrically using the analytical balance.

3. RESULTS AND DISCUSSION

The evaluation of the effect of temperature on the adsorption of dye in the DSSC is critical in its
optimization. The Figure below shows the variation of the adsorption of Lonchocarpus cyanescens using
different concentrations on the TiO: at different temperatures.

Dye Adsorption vs Concentration at Different Temperatures

g a1 30°C (rmg/g)
3 at .,’c:mq.;,"gju

uﬁéﬂ'i (ma/g)

-8—q at 45°C (mg/g)

q(mg/g)

Concentration of Dye (g/L)

Figure 1: Graph of the amount of adsorbed dye (q) versus concentration at different temperatures
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The effect of temperature was studied at 30 °C, 35 °C, 40° C and 45 °C. As displayed on the graph
above, result shows that the adsorption of dye was found to increase from 30 °C to 35 °C to 40 °C and
then decreased at 45 °C (Figure 1), This was observed at all concentrations, suggesting that adsorption
is both physisorption and chemisorption. This has been reported by Hirose et al.? The result also shows
that adsorption of LC is not favoured at high temperature as it was found to decrease at the highest
studied temperature (45 °C). Similar study by Rahman et al. showed the effect of dye temperature on
the efficiency of cells at temperature of 30 °C, 50 °C, 60 °C, 70 °C and 80 °C.° The result from their
study, reveals that optimum dye loading and efficiency were obtained at 50 °C.

4 m g at30°C (mg/g) |
Dye Adsorption vs Concentration at lefere NLs-c (me/e)

Temperatures

m g at 40°C (mg/g)

m g at 45°C (mg/g)

- /

Figure 2: Bar chat displayof the amount of adsorbed dye (q) versus concentration at different
temperatures

Adsorption of LC is generally observed to increase with increasing concentration as shown in Figure 2.
However, there appear to be a critical adsorption at the fifth concentration (8.33 g/L), at this
concentration, adsorption of crude extract of Lonchocarpus cyanescens was found to be the highest at
all studied temperatures. A decrease in the amount of dye adsorbed was observed at the highest studied
concentration in this work after the critical concentration for all temperatures. The reason for this is that
the surface of TiO2 may no longer adsorb after a particular concentration, and dye may have a maximum
adsorption concentration. This result is in agreement with the study on effect of concentration of
chlorophyll extract from binahong leaves, Anredera cordifolia on TiO: as adsorbents.'

Their result, showed an increase in efficiency as concentration increases until it got to a threshold
concentration after which it decreased. Also, Chang et al. in their study demonstrated that dye layer
increases with increasing dye adsorption time;'" however, beyond an optimum concentration, the dye
layer obstructs the charge transfer from the conduction band of the TiO: surface to the electrolyte.’” In
this study, the optimal adsorption temperature for crude Lonchocarpus cyanescens on the TiO:2
semiconductor is at 40 °C and a dye uptake of 112.360mg/g was possible and adsorption is both
physisorption and chemisorption as a decrease was observed at a higher temperature. Both physical
and chemical adsorption may occur on a surface at the same time. A layer of molecules may be
physically adsorbed on top of an underlying chemisorbed layer and on the same surface can display
physiosortion at one temperature and chemisorption at a higher temperature.’ The basic knowledge of
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adsorption equilibrium and kinetics is a fundamental to design an adsorption system, '* of which the
DSSC is one.

4. CONCLUSION

It is important to obtain the maximum amount of dye adsorbed by the TiO2. semiconductor during the
fabrication process of the dye sensitized solar cell as the efficiency of the cell most of the time is directly
dependent on it. This study revealed that there is a particular temperature to attain the highest dye
uptake for every dye that will be used as a sensitizer in the DSSC. There is therefore the need to carefully
optimize all varying parameters of the DSSC especially the temperature of the sensitizer solution.
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ABSTRACT

Fish-bone waste was valorized into a porous carbon/hydroxyapatite composite and evaluated for sustainable
treatment of local sludge wastewater. Catfish bones collected in Sokoto State were washed, oven-dried, pulverized,
impregnated with H;PO, (1:3) for 24 h, carbonized at 350 °C for 30 min, neutralized, dried, and applied in a filtration
column. The resulting material was characterized by FTIR, XRD, SEM, and EDX. FTIR revealed O-H, C-H, and
oxygen-containing surface functionalities alongside prominent phosphate-associated bands, while XRD showed
crystalline reflections consistent with retention of the calcium-phosphate mineral phase. SEM revealed a rough,
porous carbonaceous matrix containing dispersed mineral domains, and EDX confirmed C, O, P, and Ca as the
predominant elements, collectively supporting formation of a carbon/hydroxyapatite composite. Filtration markedly
improved sludge-water quality, achieving 92.77% COD, 89.02% BODs, and 96.40% turbidity removal. The pH
increased from 3.40 to 7.20, while dissolved oxygen increased from 0.56 to 6.20 mg/L. High removal efficiencies
were also obtained for Cd (99.51%), Cr (92.93%), Cu (91.43%), and Zn (92.00%). These findings demonstrate the
potential of fish-bone waste as a low-cost, sustainable precursor for producing a multifunctional carbon/mineral
adsorbent for wastewater treatment and resource valorization.

KEYWORDS: fish bone; porous carbon; hydroxyapatite; sludge wastewater; heavy metals.

1. INTRODUCTION

Increasing pressure on freshwater resources, population growth, urbanization, and inadequate
wastewater management have intensified the need for sustainable technologies that can improve
wastewater quality while facilitating safe water reuse.'? Wastewater and sludge-associated aqueous
streams are chemically complex and may contain suspended and dissolved solids, biodegradable and
oxidizable organic matter, nutrients, inorganic ions, and potentially toxic metals. The persistence of
metal contaminants is of particular concern because they are non-biodegradable and may accumulate
in environmental compartments if inadequately treated.®>” Consequently, the development of affordable
treatment materials capable of removing multiple classes of contaminants while minimizing secondary
waste and resource consumption remains an important objective of sustainable water management.

Among available treatment approaches, adsorption has received considerable attention because of its
operational simplicity, flexibility, relatively low energy requirements, and suitability for both centralized
and decentralized applications.?8-'® Recent developments have increasingly focused on porous and
waste-derived adsorbents as alternatives to comparatively expensive conventional materials. Porous
materials can provide large accessible surfaces and diverse adsorption sites for wastewater
contaminants, while carbonaceous adsorbents offer tunable pore structures and surface functionalities
that support interactions with both inorganic and organic species.'!? Biomass- and biowaste-derived
carbon materials are particularly attractive from a sustainability perspective because their production
can simultaneously valorize residual resources and generate functional materials for environmental
remediation.'3-

Fish-processing residues represent a potentially valuable feedstock within this waste-to-resource
framework. Fish bones contain an organic matrix together with a substantial calcium-phosphate mineral
fraction, predominantly associated with hydroxyapatite (HAp). Unlike conventional lignocellulosic
precursors used primarily to produce carbonaceous adsorbents, thermal processing of fish bone can
therefore generate a heterogeneous carbon-mineral material in which residual carbonaceous
structures coexist with HAp-rich inorganic phases.!” Recent work has demonstrated that pyrolysis and
activation of fish-bone biowaste can produce porous HAp-rich adsorbents containing residual carbon
structures and surface functional groups suitable for agueous contaminant removal.'® This distinctive
composition provides an opportunity to exploit fish-bone waste directly as a precursor for multifunctional
adsorbents rather than removing its mineral fraction before carbonization.
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Hydroxyapatite is particularly relevant to metal-contaminated wastewater because its calcium-
phosphate framework exhibits strong affinity toward several metal ions through mechanisms that may
include surface complexation, ion exchange, dissolution—precipitation, and incorporation into the
mineral lattice. Accordingly, HAp-based materials have emerged as promising low-cost adsorbents for
heavy metals and other aqueous pollutants.”®2?° Fish-bone-derived HAp has demonstrated effective
Cd(ll) removal from aqueous systems and real industrial wastewater?’, while recent investigations have
further demonstrated substantial adsorption of Cr®*, Ni*, and Zn?* by HAp derived from different fish
species, with removal performance strongly influenced by fish species, thermal treatment, and solution
pH.?" Waste-derived HAp can therefore contribute simultaneously to contaminant immobilization and
the productive utilization of calcium-phosphate-rich biological residues.

Combining a porous carbonaceous phase with naturally occurring HAp may offer additional advantages
over either component considered independently. The carbonaceous fraction can contribute porosity,
accessible surface area, and oxygen-containing functional groups, whereas the calcium-phosphate
phase can provide chemically active sites with strong affinity for metal ions. Such complementary
characteristics may broaden the range of interactions available for contaminant sequestration. The
feasibility of this composite approach is supported by studies demonstrating that waste-derived HAp-
containing composites can exhibit high porosity and substantial adsorption capacities for metal ions and
other wastewater contaminants.?> More broadly, the integration of waste-derived carbon materials with
functional inorganic phases is consistent with current efforts to develop multifunctional adsorbents that
couple high treatment performance with resource recovery and circular-economy principles.

Against this background, the present study investigates a fish-bone-derived porous
carbon/hydroxyapatite composite for sustainable treatment of local sludge wastewater. By converting
locally available fish-bone waste into a functional carbon-mineral adsorbent, the study explores an
approach that integrates waste valorization, contaminant removal, and sustainable wastewater
management.

2. MATERIALS AND METHODS

21 Preparation of fish-bone adsorbent

Catfish bones were separated from residual tissue, washed with distilled water and oven-dried at 150
°C for 24 h. The dried material was crushed and sieved to approximately 110 mesh. Fish-bone powder
was impregnated with 75% HsPO: at a solid-to-acid ratio of 1:3 for 24 h, filtered, dried and carbonized
in a furnace at 350 °C for 30 min. After cooling, the product was washed with NaOH solution and
deionized water until the washings reached approximately neutral pH. The material was then dried and
pulverized before use. This preparation procedure is consistent with established approaches involving
acid modification and thermal conversion of fish-bone waste into carbonaceous/HAp-containing
adsorbent materials'®23,

2.2 Wastewater collection and filtration

Sludge wastewater was collected from Madorawa, Bodinga Local Government Area, Sokoto State.
Large particulate matter was removed before treatment. The prepared fish-bone material was used in
a burette-column filtration arrangement in which cotton supported the adsorbent bed. Wastewater was
contacted with the adsorbent and passed through the column, and the filtrate was collected for analysis
as described elsewhere.®

2.3 Characterization and water-quality analyses

FTIR spectra were recorded over 4000-400 cm™ to examine surface functional groups. XRD was used
to assess crystalline phases and structural order; the study adopted a typical 20 range of approximately
10-80° using Cu Ka radiation (A = 1.5406 A). SEM was used to examine morphology, while EDX
associated with the SEM analysis was used to assess elemental composition. Physicochemical
parameters were determined before and after treatment using standard methods.?* Heavy-metal
concentrations of Cd, Cr, Cu and Zn were determined by atomic absorption spectroscopy (AAS).
Removal efficiency was calculated as R (%) = [(Ci — Cf)/Ci] x 100, where C; and Cf are the
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concentrations before and after filtration, respectively. For dissolved oxygen, the direction of
improvement was reported as an increase rather than removal.

3. RESULTS AND DISCUSSION

3.1  Structural and surface characterization of the Fish-Bone-Derived Porous
Carbon/Hydroxyapatite Composite

The FTIR spectrum of the fish-bone-derived material (Figure 1a) exhibits a weak, broad absorption in
the hydroxyl stretching region at approximately 3370-3540 cm™, together with a C-H stretching feature
around 2875 cm™'. The most prominent absorptions occur below approximately 1400 cm™, particularly
within the 1200-900 cm™ fingerprint region. Rather than being attributed exclusively to carbonaceous
functionalities, these bands are more appropriately interpreted as contributions from overlapping P-O
vibrations of the retained calcium-phosphate phase and C-O-containing surface groups of the
carbonaceous matrix. This interpretation is consistent with recent studies of fish-bone-derived
hydroxyapatite (HAp), in which characteristic phosphate stretching vibrations have been reported at
approximately 1000-1080 cm™, together with hydroxyl and residual organic functionalities.?! Similarly,
HAp extracted from fish bone has shown characteristic phosphate bands at approximately 1044 and
963 cm™.2®> The FTIR spectrum therefore indicates the coexistence of surface-functionalized
carbonaceous matter and a retained phosphate-rich mineral phase, supporting assignment of the
material as a carbon/HAp composite rather than phase-pure porous carbon.

The XRD pattern (Figure 1b) contains several relatively sharp diffraction reflections superimposed on a
broader background, indicating the coexistence of crystalline and comparatively disordered
components. Such a pattern is inconsistent with assignment of the material as exclusively amorphous
carbon and instead demonstrates retention of a crystalline inorganic phase following carbonization at
350 °C. This interpretation agrees with recent characterization of fish-bone-derived HAp, for which well-
defined XRD reflections characteristic of crystalline HAp have been observed.?> More importantly,
Zhang et al. (2026) recently demonstrated that pyrolysis and activation of fish bone can yield an HAp-
rich adsorbent containing a residual carbon structure, providing direct precedent for the coexistence of
carbonaceous and calcium-phosphate phases in thermally processed fish-bone materials.’® When
considered alongside the phosphate-associated FTIR bands and the Ca- and P-rich EDX response, the
present XRD pattern therefore strongly supports identification of the material as a porous
carbon/hydroxyapatite composite.

The SEM micrograph (Figure 1c) reveals an irregular, rough and highly textured morphology
characterized by interconnected cavities and agglomerated domains. The porous matrix is interspersed
with angular, comparatively compact particles that are morphologically distinct from the surrounding
carbonaceous structure. In conjunction with the FTIR and XRD results, these features are consistent
with HAp-rich mineral domains retained within and on the surface of a porous carbonaceous matrix.
Comparable heterogeneous and porous morphologies have been observed in fish-bone-derived HAp
materials, while porosity has been associated with improved accessibility of aqueous contaminants to
adsorption sites. Recent work on thermally treated fish bone likewise demonstrates that pyrolysis and
activation can improve the porosity and surface functionality of HAp-rich fish-bone adsorbents.'® The
interconnected cavities observed here may consequently facilitate access of dissolved species to
external and internal adsorption sites and reduce diffusion distances within the adsorbent. Nevertheless,
the SEM image provides morphological rather than quantitative porosity information; parameters such
as specific surface area, pore volume and pore-size distribution would require complementary gas-
adsorption measurements.

The EDX spectrum and elemental maps (Figure 1d) provide further evidence for the composite nature
of the material. The analysis is dominated by C, O, P and Ca, with smaller contributions from Na and Si.
The strong carbon signal confirms retention of a substantial carbonaceous component, whereas the
simultaneous occurrence of Ca, P and O is consistent with the calcium-phosphate/HAp phase identified
from FTIR and XRD. Fish-bone-derived HAp is similarly characterized by Ca- and P-rich compositions,
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and recent studies routinely combine SEM-EDX with FTIR and XRD to establish the chemical and
structural characteristics of such materials.?! The elemental maps additionally show that C, O, P and Ca
are distributed throughout the examined region, although local variations are evident, consistent with a
heterogeneous carbon—-mineral architecture. The EDX-derived Ca/P atomic ratio of approximately 1.34
is lower than the theoretical value of 1.67 for stoichiometric hydroxyapatite and should therefore not be
interpreted as evidence of phase-pure stoichiometric HAp. Rather, it may reflect a calcium-deficient or
compositionally heterogeneous phosphate-containing phase, contributions from other Ca- or P-
containing species, and the local and semi-quantitative nature of EDX analysis. Accordingly, EDX is used
primarily here to establish elemental identity and spatial association rather than precise bulk
stoichiometry.

Together, the FTIR, XRD, SEM and EDX results provide mutually reinforcing evidence that carbonization
of fish bone at 350 °C preserved a substantial fraction of the native calcium-phosphate mineral while
converting part of the organic component into a porous carbonaceous matrix. The resulting material is
therefore more appropriately described as a fish-bone-derived porous carbon/hydroxyapatite
composite than as phase-pure activated or nanoporous carbon. This dual-phase architecture is
potentially advantageous for wastewater treatment because the carbonaceous component can
contribute accessible pores and surface functional groups, while HAp provides chemically active
phosphate- and calcium-associated sites capable of interacting with metal ions. HAp-based materials
have been reported to remove metals through combinations of surface complexation, ion exchange and
dissolution—precipitation processes, depending on the adsorbate and solution conditions. Fish-bone-
derived HAp has, for example, demonstrated effective Cd?* removal from real wastewater, supporting
its potential as a waste-derived adsorbent for metal-contaminated aqueous systems. More recent
studies further demonstrate the capacity of fish-bone-derived HAp and HAp-containing composites to
remove multiple metal ions from water and wastewater.

» rseraty

(@) ]

Figure 1. Characterization of the fish-bone-derived porous carbon/hydroxyapatite (HAp) composite: (a)
FTIR spectrum showing characteristic surface functional groups; (b) XRD pattern confirming the
crystalline phases of the composite; (¢) SEM micrograph showing the porous carbon matrix and
embedded HAp-rich particles; and (d) EDX spectrum, elemental composition, and elemental mapping
confirming the presence and distribution of C, O, P, Ca, Na, and Si.

3.2 Physicochemical performance of composite

Filtration with the fish-bone-derived porous carbon/hydroxyapatite composite substantially improved
the physicochemical characteristics of the sludge water (Table 1). The initially acidic pH increased from
3.40 to 7.20, bringing the treated water within the stated acceptable range of 6.5-8.5. This shift is
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important because pH influences contaminant speciation, adsorption behaviour and overall treatment
performance. WHO similarly recognizes pH as an important operational water-quality parameter.®

Electrical conductivity (EC) decreased from 940 to 245 uS/cm (73.94%), while total dissolved solids
(TDS) declined from 604 to 198 mg/L (67.22%), indicating substantial reduction of dissolved ionic
constituents. The final values were below the NSDWQ limits reported in Table 1. WHO also recognizes
TDS as an important indicator of drinking-water acceptability, although no health-based guideline value
is established for TDS.?”

Marked reductions were observed in oxygen-demanding and particulate pollutants. COD decreased
from 249 to 18.0 mg/L, corresponding to 92.77% removal, while BODs declined from 41.0 to 4.50 mg/L
(89.02%). Turbidity exhibited the highest removal efficiency, decreasing from 75.0 to 2.70 NTU
(96.40%). Effective turbidity reduction is particularly important because suspended and colloidal
particles can impair water quality and interfere with subsequent treatment and disinfection
processes?%:?7

Concurrently, dissolved oxygen increased from 0.56 to 6.20 mg/L, consistent with the substantial
reduction in oxygen-demanding constituents. Overall, the simultaneous improvements in pH, EC, TDS,
COD, BOD;s, turbidity and DO demonstrate effective attenuation of dissolved, particulate and organic
pollutant loads. These results indicate strong treatment performance of the fish-bone-derived
composite, although compliance with these physicochemical parameters alone should not be
interpreted as confirmation of drinking-water safety without complementary microbiological and
contaminant-specific assessments.?

Table 1. Physicochemical characteristics of sludge water before and after filtration.

Before After Change/Removal WHO/NSDWQ Assessment
Parameter . \ . - . after
filtration filtration (%) guideline/limit#2 .
filtration
Within
pH 3.40 7.20 — 6.5-8.5 acceptable
range
EC Within
(uS/cm) 940 245 73.94 1,000 uS/cmt NSDWQ limit
TDS Within
(mg/L) 604 198 67.22 500 mg/Lt NSDWQ limit
DO (mg/L) 0.56 6.20 +1007.14% - -
COD
(mg/L) 249 18.0 92.77 - -
BOD;
(mg/L) 41.0 4.50 89.02 - -
Within
- commonly
Turbidity 75 2.70 96.40 <5NTU applied
(NTU) A
drinking-
water limit

T Nigerian Standard for Drinking Water Quality (NSDWQ), NIS 554:2015, Standards Organisation
of Nigeria (SON).2®

3.3 Heavy-Metal Removal

The fish-bone-derived porous carbon/hydroxyapatite composite demonstrated high removal
efficiencies for all four target metals (Table 2). Cd decreased from 0.570 to 0.0028 mg/L, corresponding
to 99.51% removal, and the residual concentration was within the WHO guideline value of 0.003 mg/L.
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Cr decreased from 0.580 to 0.0410 mg/L (92.93% removal), also below the WHO guideline of 0.05 mg/L,
while Cu declined from 0.910 to 0.0780 mg/L (91.43% removal), substantially below its 2.0 mg/L
guideline value. Zn decreased from 3.500 to 0.2800 mg/L (92.00% removal); WHO does not establish a
health-based guideline value for Zn at concentrations normally encountered in drinking water.6-2”

The consistently high removal (>91%) is compatible with the complementary surface chemistry of the
carbon/HAp composite. Oxygen-containing carbon functionalities may contribute through surface
complexation and electrostatic interactions, while hydroxyapatite can immobilize metal ions through ion
exchange, surface complexation and dissolution—precipitation processes, as reported for waste-derived
HAp adsorbents.?’ However, adsorption kinetics, isotherms and post-adsorption characterization would
be required to establish the dominant removal mechanisms quantitatively.

Table 2. Concentrations and removal efficiencies of selected heavy metals in sludge water before and
after filtration.

Heav Before After Removal Assessment after
Y filtration filtration o WHO guideline (mg/L)%6%*" .
metal (%) filtration
(mg/L) (mg/L)
cd 0570 00028 9951  0.003 Within WHO
guideline
Cr 0.580 0.0410  92.93 0.05 Within WHO
guideline
Cu 0910 00780 9143 20 Within WHO
guideline
7n 3.500 0.2800 92.00 N.o WHO health-based Substantially
given value reduced

4. CONCLUSION

A porous carbon/hydroxyapatite composite was prepared from waste catfish bones through H;PO,
impregnation followed by carbonization at 350 °C. FTIR, XRD, SEM and EDX analyses collectively
confirmed a porous carbonaceous matrix containing retained calcium-phosphate/hydroxyapatite
phases. The composite markedly improved sludge-water quality, achieving 92.77% COD, 89.02% BODs
and 96.40% turbidity removal, accompanied by a substantial increase in dissolved oxygen. High removal
efficiencies were also obtained for the target heavy metals, reaching 99.51% for Cd, 92.93% for Cr,
91.43% for Cu and 92.00% for Zn. These findings demonstrate the potential of fish-bone waste as a low-
cost and sustainable precursor for producing a multifunctional carbon/mineral adsorbent for wastewater
treatment. Further studies should incorporate BET surface-area and pore-size analyses, calibrated XRD
phase identification, adsorption kinetics and isotherms, regeneration and reuse studies, and post-
adsorption characterization to establish adsorption mechanisms, long-term performance and practical
applicability before large-scale deployment or claims regarding drinking-water safety are considered.
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ABSTRACT

Elephantiasis (Lymphatic filariasis) is a neglected tropical disease that causes severe swelling and disability. Current
treatments such as albendazole are useful but limited by side effects and drug resistance, so there is a need for
new, safer therapies. In this study, the stem of Parkia biglobosa (African locust bean tree), a plant widely used in
African traditional medicine, was examined for bioactive compounds. The present study investigated the
phytochemical composition and bioactivity of Parkia biglobosa stem essential oil and extract. GC-MS analysis
revealed major constituents including 2-amino-6-methylbenzoic acid (29.82%), 2,4-di-tert-butylphenol (20.40%),
9,10-methanoanthracen-11-ol (5.31%), a-phellandrene (4.48%), and pentacosane (4.79%). Drug-likeness
evaluation using SwissADME indicated one Lipinski’s rule violation, attributed to the high molecular weight of certain
constituents. Antioxidant activity was assessed using FRAP, DPPH, and ABTS assays. The essential oil exhibited
strong ABTS scavenging activity (average 86.78%), while the stem extract showed concentration-dependent
potency in the DPPH assay (95.28% at 100 mg/ml). Both samples demonstrated weak ferric reducing activity in the
FRAP assay. Molecular docking further revealed favorable binding interactions of selected phytochemicals with
protein 8E4F, suggesting potential therapeutic relevance. These findings highlight Parkia biglobosa stem essential
oil and extract as promising sources of natural antioxidants with drug-like properties, warranting further
pharmacological exploration.

KEYWORDS: Bioactive compounds, Parkia biglobosa, Elephantiasis, Drug design, Virtual screening.

1. INTRODUCTION

Elephantiasis also known as lymphatic filariasis, is a neglected tropical disease caused by parasitic
filarial worms such as Wuchereriabancrofti, Brugia malayi, and Brugia timori. The disease is transmitted
through the bites of infected mosquitoes, primarily Culex, Anopheles, and Aedes species. First recorded
in ancient Egyptian texts and later documented in ancient India, elephantiasis is characterized by severe
swelling of limbs and genitals due to lymphatic obstruction caused by the parasites.

Parkia biglobosa, commonly referred to as the African locust bean tree, is a multipurpose tree native to
sub-Saharan Africa, particularly in savannah regions of West Africa. It belongs to the family Fabaceae
(Leguminosae) and is widely known for its food, medicinal, and economic value. Traditionally, the seeds
are fermented to produce a local condiment called "dawadawa" or "iru," widely used in Nigerian and
Ghanaian cuisine. However, beyond the seeds, other parts of the tree, including the bark, stem, leaves,
and pods, have shown great potential in traditional medicine.

Numerous studies have been conducted to evaluate the pharmacological and phytochemical properties
of Parkia biglobosa: Odeyemi et al. (2015) reported antimicrobial activity in stem bark extracts against
Staphylococcus aureus and Escherichia coli. Akinmoladun et al. (2014) found flavonoids, saponins,
tannins, alkaloids, and glycosides in ethanolic and aqueous extracts of the plant’s stem and roots.
Ogunmoyole et al. (2018) assessed antioxidant potential of methanolic extracts of the root and stem,
demonstrating significant radical scavenging activities. Adedapo et al. (2011) showed anti-inflammatory
and analgesic activity in aqueous extracts from the bark and leaves. Adebayo et al. (2019) analyzed
essential oil compositions using GC-MS and identified compounds such as alpha-pinene, linalool,
eugenol, and caryophyllene in the volatile fractions of the leaves and bark. Ajaiyeoba et al. (2003)
confirmed antifungal properties of the root and bark against Candida albicans and dermatophytes.
Balogun et al. (2020) explored the immunomodulatory effects of the stem extracts on lymphocyte
proliferation and cytokine expression. Ezekwesili-Ofili et al. (2021) investigated the hepatoprotective
effects of methanolic extracts in Wistar rats with paracetamol-induced liver damage.
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Despite these findings, there is a paucity of comprehensive studies combining cold maceration, rotary
evaporation, hydro distillation, andGC-MS to examine the volatile profile of the stem of Parkia biglobosa.
This project aims to fill that research gap by using an integrated approach. Additionally, this project is
driven by the hypothesis that the phytochemicals derived from the stem bark of Parkia biglobosa may
offer therapeutic relevance in the management or potential cure of elephantiasis, a neglected tropical
disease caused by lymphatic filarial parasites. The investigation into its phytochemical constituents may
pave the way for future pharmaceutical applications against lymphatic filariasis.

2. MATERIALS AND METHODS

21 Reagent and Materials

Methanol, ethyl acetate, n-hexane, distilled water, ice block, beaker, round-bottom flask, measuring
cylinder, funnel, retort stand, Clevenger apparatus, rotary evaporator, bucket, keg, cotton wool, muslin
cloth, GC-MS, MOE, CHEMDRAW, UCSF Chimera, Plip, SWISSADME.

2.2 Plant Collection and Preparation

Fresh stem samples of Parkia biglobosa were collected in February 2025 from a forest in Ibarapa Local
Government Area, Oyo State, Nigeria. The plant was authenticated by Dr. Odewo at the Forestry
Research Institute of Nigeria (FRIN). Samples were air-dried under shade for four weeks, then ground
into coarse powder. A total of 2515 g of the powder was extracted with methanol and ethyl acetate (4 L
each) at room temperature for five days with intermittent agitation. Extracts were filtered and
concentrated under reduced pressure at 40°C using a rotary evaporator.

23 Hydro distillation

Essential oil was obtained from 40 g of powdered sample using a Clevenger-type apparatus for 45
minutes (in two portions) and stored under refrigeration.

24 GC-MS Analysis

Samples were analyzed using an Agilent 8890 GC coupled with a 5795 MS. Helium (99.999%) served
as the carrier gas on an HP-5MS column (30 m x 0.320 mm, 0.25 pm). The oven temperature was
programmed from 80°C (2 min) to 240°C at 12°C/min (held 6 min). A 1 pL sample was injected, and
compound identification was performed using the NIST library and retention times.

25 Ligand and Protein Preparation

Ligands were drawn and optimized in ChemDraw and exported for docking. The target protein (PDB ID:
8E4F) was retrieved from the Protein Data Bank and prepared in Chimera by removing water molecules,
adding hydrogens, and defining active sites.

2.6 Molecular Docking and Interaction Analysis

Docking was performed using MOE software. Binding affinities were evaluated using London dG and
GBVI/WSA dG scoring functions. Top poses were analyzed, and interactions were profiled using PLIP
to identify hydrogen bonds, hydrophobic interactions, and other key contacts.

2.7 ADMET Prediction and Candidate Selection

Pharmacokinetic properties were predicted using SwissADME. Compounds were prioritized based on
docking scores, interaction profiles, and drug-likeness for further validation.

2.8 Antioxidant Assays

(a). FRAP Assay: Ferric reducing antioxidant power was determined using the method of Sharmaet al.
(2024). Extract (200 pL) was mixed with 3.0 mL FRAP reagent, incubated for 10 min, and absorbance
measured at 593 nm. Results were expressed as pymol Fe?* equivalents/g extract.
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(b). DPPH Assay: DPPH scavenging activity was evaluated using the method of Khalid et al. (2023).
Sample (1 mL, 1 mg/mL) was mixed with 4 mL DPPH solution (30 mg/L), incubated for 30 min in the
dark, and absorbance read at 520 nm.

(c). ABTS Assay: ABTS scavenging activity was determined using the method of Gulcin et al. (2024).
Sample (1 mL) was added to 4 mL ABTS solution, incubated for 6 min in the dark, and absorbance
measured. Inhibition (%) for DPPH and ABTS was calculated as:

Absorbance of control — Absorbance of sample 100
x

Absorbance of control

3. RESULTS AND DISCUSSION

31 Results

The GC-MS analysis revealed a diverse range of metabolites, including aromatic acids, terpenoids,
hydrocarbons, esters, fatty acids, and sulfur-containing compounds. These constituents varied in their
retention times and relative percentage compositions, suggesting a complex mixture of volatile and
semi-volatile metabolites. The essential oil contained twenty-one (21) identifiable compounds. Among
these, 2-amino-6-methylbenzoic acid (29.82%) and 2,4-di-tert-butylphenol (20.40%) were the
predominant constituents, accounting for nearly half of the total composition. Other notable compounds
include alpha-phellandrene (4.48%), pentacosane (4.79%), and eucalyptol (4.31%), which have been
reported in literature for their antioxidant, antimicrobial, and anti-inflammatory properties. The presence
of long-chain alkanes such as octacosane, hexacosane, and docosane, as well as fatty acids and esters,
further highlights the chemical diversity of the extract.

This compositional profile is significant as it reflects the potential pharmacological properties of Parkia
biglobosa stem essential oil, with phenolic and terpenoid compounds likely contributing to its antioxidant
and therapeutic activities.
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Figure 1: Boiled-Egg Model lllustrating Gastrointestinal Absorption (HIA) and Blood—-Brain Barrier (BBB)
Permeation of the Test Molecules.
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alpha-phellandrene

Eucalyptol

9,10,-Methanoanthracen-11-0l,9,10-dihydro-9,10,11-trimethyl

pentacosane

Figure 2: Structures of the Constituents of the Essential Oil
The structures above are the chemical structures of major constituents identified in the essential oil.

Figure 4: Binding interaction of Octacosane with Protein (8E4F) active site.

Figure 5: Binding interaction of Hexacosane with Protein (8E4F) active site.
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Figure 6: Binding interaction of Carbonic acid, eicosyl vinyl ester with Protein (8E4F) active

Figure 7: Binding interaction of 1,2-Benzenedicarboxylic acid, bis(2-propylpentyl) ester with Protein
(8E4F) active site.

Figure 8: Binding interaction of Pentacosane with Protein (8E4F) active site.

FRAP Assay of Parkia biglobosa Stem Extract ve Essential Odl

Figure 9: FRAP Assay of Parkia biglobosa stem Extract vs Essential Oil

DPPH Radical Scavenging Assay of Parkia biglobosa
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Figure 10: DPPH Radical Scavenging Assay of Parkia biglobosa Stem Extract vs Essential Oil

Figure 11: ABTS Scavenging Assay of Parkia biglobosa Stem Extract vs Essential

Table 1: Percentage composition of Essential oil of stem of Parkia biglobosa

SIN Constituents Chemical KOVAT Retention Percentage
formular Index time composition
(Min) (%)
1. Trans-2-methyl-3-propyloxirane ~ CeH120 - 3.38 247
2. 2-Amino-6-methylbenzoic acid CsHsNO2 - 3.46 29.82
3. Alpha-phellandrene CioH1e - 415 448
4. 1-Methyl-3-(1-methylethyl)- CioH1a 1010 4.43 2.20
benzene
5. Limonene CioH1e - 4.48 2.46
6. Eucalyptol Ci1oH180 1030 4.55 4.31
7. 9,10-Methanoanthracen-11- CigH1s0 - 5.46 5.31
0l,9,10-dihydro-9,10,11-trimethyl
8. Dodecanal C12H240 - 9.40 2.06
9. Eicosane C20Ha2 - 10.34 1.62
10. 2,4-Di-tert-butylphenol C14H20 - 10.64 20.40
11. Dodecanoic acid C12H2402 1580 11.17 1.75
12. Octacosane CasHss - 12.56 2.31
13. Hexacosane Ca6Hs4 - 12.98 1.81
14. Docosane C22Has - 14.55 2.45
15. Pentacosane CasHs2 - 14.92 4.79
16. 1-Hexadecanethiol C16H34S - 15.42 1.75
17. 1,2-Benzenedicarboxylic acid, C2sH3304 - 15.61 3.15
bis(2-propylpentyl) ester
18. Eicosane C20Ha2 - 16.52 1.61
19. Carbonic acid, eicosyl vinyl ester  C23H403 16.88 1.86
20. Octacosane CasHss - 17.00 1.81
21. Sulfurous acid, 2-ethylhexyl CisH303S - 17.27 1.60
hexyl ester
Total 100

Table 2: Constituents with top-ranked binding energies compared to standard drug

S/N Molecules Binding energy(kcal/mol)
1.  Albendazole -6.7578
2.  Octacosane -9.3733
3. Hexacosane -9.1402
4. Carbonic acid, eicosyl vinyl ester -8.9437
5. 1,2-Benzenedicarboxylic acid, bis(2propylpentyl) ester -8.8271
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6. Pentacosane

-8.7618

Table 3: Protein-Ligand interaction between target protein and tested ligands

Ligand Hydrogen Hydrophobic Key Residues Binding Characteristics
Bond Interactions Involved
Interactions
Albendazole 2 (ILE-10A: 4 (ILE-19A, LYS-57A, Polar+ Strong and  specific
(Standard) 2.78 A, ILE- VAL-58A, TYR-120A) hydrophobic binding due to combined
114A: 215 residues hydrogen bonds and
A) hydrophobic
stabilization.
Octacosane None 8 (ALA-12A, ILE-19A, Predominantly Extensive hydrophobic
PHE-36A, LYS-57A, hydrophobic interactions, stable fit but
VAL-58A, LYS-79A, residues lacks polar specificity.
LEU-122A, VAL-
145A)
Hexacosane None 6 (ALA-12A, PHE-36A PHE-36A Hydrophobic-driven
x3, LEU-69A, VAL- (repeated), stabilization, less
145A) VAL-145A versatile than
octacosane.
Carbonic acid, None 4 (PHE-36A, LYS- Non-polar and Stable hydrophobic
eicosyl  vinyl 57A, LEU-77A, LYS- basic residues binding but less
ester 79A) extensive than
hydrocarbons.
1,2- None 10 (ALA-12A, ILE- Multiple Highest  number  of
Benzenedicar 19A, PHE-36A x2, hydrophobic hydrophobic  contacts,
boxylic  acid, LYS-57A x2, ILE-62A, residues suggesting strongest
bis(2- LEU-69A, VAL-145A binding among
propylpentyl) x2) phytochemicals.
ester
Pentacosane None 6 (PHE-36A, LYS- Hydrophobic + Moderate hydrophobic
57A, LEU-77A, LYS- GLU-118A stabilization, similar to
79A, GLU-118A, VAL- hexacosane.
145A)
Table 4: Drug-likeness Predictions of Selected Compounds Computed by SwissADME
S/N  Chemical Molecular TPSA  LogP Gl BBB P-gp Lipinski
formular weight (A2 (Consensus) Absorption Permeant substrate violation
(g/mol)
1 C12H1sN302S  265.33 92.31 229 High No No 0
2 CasHss 394.76 0.00 10.81 Low No Yes 1
3 CasHsa 366.71 0.00 10.09 Low No Yes 1
4 C23H1403 368.59 3553 7.73 Low No No 1
5 C24H3804 390.56 5260 6.16 High No No 1
6 CasHs2 352.68 0.00 9.72 Low No Yes 1

Table 5: Ferric Reducing Antioxidant Power (FRAP) Assay of Parkia biglobosastem bark essential oil

Concentration mg/ml Blank Absorbance sample Percentage average
25 0.268 0.260
50 0.268 0.535 23.21
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75 0.268 15.1816
100 0.268 31.2391

Table 6: DPPH Radical Scavenging Assay of Parkia biglobosastem essential oil

Concentration Blank Absorbance sample Inhibition percentage
mg/ml

25 1.180 1.029 12.80

50 1.180 1.032 12.54

75 1.180 1.019 13.64

100 1.180 1.009 14.49

Table 7: ABTS [2,2’-azino - bis (3-ethylbenzothiazoline-6-sulfonic acid)] Scavenging activityof Parkia
biglobosa stem Essential Qil

Concentration mg/ml Blank Absorbance sample Inhibition percentage
25 1.337 0.214 83.99
50 1.337 0.216 83.84
75 1.337 0.162 87.88
100 1.337 0.115 91.40
Percentage Average 86.78

Table 8: Ferric Reducing Antioxidant Power (FRAP) Assay of Parkia biglobosaroot Extract

Concentration mg/ml Blank Absorbance sample Percentage Average
25 0.268 0.268

50 0.268 0.356 18.22

75 0.268 15.6487

100 0.268 20.7871

Table 9: DPPH Radical Scavenging Assay of Parkia biglobosastem Extract

Concentration mg/ml Blank Absorbance sample Percentage Average
25 0.268 0.268

50 0.268 0.356 18.22

75 0.268 15.6487

100 0.268 20.7871

Table 10: ABTS [2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)] Scavenging activityof Parkia
biglobosa stem Extract

Concentration mg/ml Blank Absorbance sample Inhibition percentage
25 1.780 1.334 25.06
50 1.780 1.121 37.02
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75 1.780 1.003 43.65

100 1.780 0.971 45.45

Percentage Average 37.80
3.2 Discussion

3.21 Essential Oil

From Table 1 above, the most abundant compound detected from the GC-MS analysis was 2-amino-6-
methylbenzoic acid (29.82%), an aromatic carboxylic acid derivative. Aromatic acids and related
nitrogen-containing derivatives are known to contribute to antimicrobial and pharmacological properties
in plant extracts (Akpuaka et al.,2013). Another highly abundant constituent was 2,4-di-tert-butylphenol
(20.40%), a phenolic antioxidant commonly reported in essential oils and plant-derived fractions. This
compound has been documented to exhibit strong antioxidant, antimicrobial, and anti-inflammatory
activities (Gao et al., 2011). The high proportions of these two compounds suggest that they may
account for much of the extract’s potential bioactivity.

3.2.2 Molecular docking result

The molecular docking study provided insights into the binding affinities of phyto-constituents identified
from Parkia biglobosa stem extract in comparison with the standard drug albendazole. Binding energy
values (AG) are critical indicators of the strength and stability of ligand—protein interactions, with more
negative values reflecting stronger binding potential.

Among the analyzed molecules as shown in Table 2 above, long-chain alkanes such as Octacosane (-
9.3733 kcal/mol), Hexacosane (—9.1402 kcal/mol), Docosane (-8.5759 kcal/mol), and Pentacosane (-
8.7618 kcal/mol) exhibited the highest binding affinities, surpassing the reference albendazole (-6.7578
kcal/mol). Similarly, Carbonic acid, eicosyl vinyl ester (-8.9437 kcal/mol) and 1,2-Benzenedicarboxylic
acid, bis(2-propylpentyl) ester (-8.8271 kcal/mol) also demonstrated strong binding interactions,
suggesting that they may contribute significantly to the bioactivity of the extract.

3.2.3 Protein-Ligand interaction profile

The protein-ligand interaction results from Table 3 highlight the nature of interactions between the target
protein and the tested ligands (Albendazole and selected phytochemicals). The interactions involve both
hydrogen bondingandhydrophobic contacts, which are critical for stabilizing ligand binding within the
protein active site as shown in figure 4.2 above.

3.2.4 UCSF Chimera

Molecular docking using UCSF Chimera revealed that Albendazole (Figure 3), the standard drug,
formed stable hydrogen bond and hydrophobic interactions with the protein (8E4F) active site, serving
as a reference. Among the phytochemicals, Octacosane, Hexacosane, and Pentacosane (Figure 4-8)
mainly showed hydrophobic interactions due to their hydrocarbon chains, suggesting weaker binding
affinity. In contrast, Carbonic acid, eicosyl vinyl ester and 1,2-benzenedicarboxylic acid ester exhibited
stronger interactions through polar and aromatic groups, indicating better potential activity. Overall, the
results suggest that the polar and aromatic constituents of Parkia biglobosa essential oil may contribute
more significantly to bioactivity than the straight-chain hydrocarbons, which aligns with earlier reports
on plant-derived bioactive compounds (Kumar et al., 2021; Zaki et al., 2022).

3.2.5 ADME Prediction and Pharmacological Evaluation

The predicted properties of the tested compounds are summarized in Table 4, and their distribution in
the BOILED-Egg model is illustrated in Figure 1 above. The diagram represents the BOILED-Egg
predictive model, which is widely applied in drug discovery to evaluate the likelihood of compounds
being absorbed in the gastrointestinal tract and/or crossing the blood-brain barrier (BBB). The two
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descriptors plotted are WLOGP (lipophilicity, y-axis) and Topological Polar Surface Area (TPSA, x-axis),
both of which strongly influence molecular pharmacokinetics.

The yellow region corresponds to the BBB-permeable space, indicating compounds that are likely to
cross into the central nervous system. The white region represents the optimal space for human
intestinalabsorption (HIA), highlighting compounds expected to show favorable oral bioavailability. Each
molecule is plotted as a circle, with the outline color denoting P-glycoprotein (P-gp) interaction:

Red outline (PGP-) indicates molecules that are not substrates of P-gp, meaning they are not actively
effluxed from cells. Blue outline (PGP+), which does not appear here, would denote molecules that are
subject to P-gp efflux, potentially lowering absorption or distribution.

significantly reduce its potential as a drug candidate.

The Boiled-Egg model demonstrates that Molecule 5 is a strong candidate for CNS-active drug design,
while Molecule 1 has potential for systemic (non-CNS) applications with good intestinal absorption. The
four out-of-range compounds highlight possible limitations in bioavailability, requiring optimization.

3.2.6 FRAP Assay of Parkia biglobosa Stem Extract vs. Essential Oil
The ferric reducing antioxidant power (FRAP) of Parkia biglobosa stem extract and essential oil is
illustrated in Figure 9. Both samples exhibited relatively low and inconsistent percentage values
compared to the ABTS and DPPH assays. The stem extract recorded 18.22% inhibition at 50 mg/ml,
with no substantial activity at other concentrations, while the essential oil showed 23.21% inhibition at
50 mg/ml, also with weak or negligible values across the remaining concentrations.

These results suggest that neither the stem extract nor the essential oil demonstrated strong ferric
reducing ability under the tested conditions.

3.2.7 DPPH Radical Scavenging Assay of Parkia biglobosa Stem Extract vs. Essential Oil

As shown in Figure 10, the stem essential oil showed consistently low inhibition values (12.80 -14.49%)
across concentrations, indicating relatively weak radical scavenging potential in the DPPH system. In
contrast, the stem extract displayed variable activity, with very low inhibition at 50—-75 mg/ml (3.61% and
0.92%, respectively), but a sharp increase to 95.28% inhibition at 100 mg/ml. This suggests that the
antioxidant effect of the extract may be concentration-dependent, becoming highly active at higher
doses, whereas the oil remains weak in this assay.

These results highlight that the DPPH assay response differs from the ABTS assay, where the oil was
dominant. Such differences are often attributed to the polarity of antioxidant compounds and the
solubility of radicals in the assay medium (Molyneux et al. 2004; Prior et al., 2005). Hence, while the
essential oil performed better in the ABTS assay, the extract demonstrated stronger radical scavenging
activity in the DPPH assay at higher concentrations.

3.2.8 ABTS Scavenging Activity of Parkia biglobosa Stem Extract and Essential Oil

The bar chart (Figure 2) compares the average percentage inhibition of Parkia biglobosa stem extract
and essential oil in the ABTS assay. The results show that the stem extract exhibited a moderate
antioxidant activity with 37.80% average inhibition, while the essential oil displayed a significantly higher
activity with 86.78% average inhibition. This suggests that the essential oil contains more potent or
higher concentrations of radical-scavenging phytochemicals compared to the crude extract.

These findings are consistent with studies where essential oils, rich in monoterpenes and phenolic
compounds, generally demonstrate stronger ABTS radical scavenging activities than polar extracts
(Brand-Williams et al., 1995; Re et al., 1999). Thus, the essential oil of Parkia biglobosa shows greater
potential as a natural antioxidant source compared to its stem extract.

4. CONCLUSION

This study demonstrated that Parkia biglobosa stem harbors diverse phytochemicals with significant
pharmacological potential against lymphatic filariasis. Virtual screening revealed that long-chain
hydrocarbons and ester derivatives exhibited stronger binding affinities to the filarial protein 8E4F than
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albendazole, the current standard drug. Interaction profiling highlighted the predominance of
hydrophobic contacts, while ADMET analysis identified a subset of compounds with acceptable oral
bioavailability and drug-likeness. Additionally, antioxidant assays confirmed the therapeutic relevance
of the plant by demonstrating free radical scavenging activity. Collectively, these findings validate the
ethnomedicinal use of Parkia biglobosa stem bark and provide a computational basis for the
development of novel anti-filarial agents. Future work should focus on in vitro validation, toxicity studies,
and structural optimization of the lead compounds to enhance their efficacy and
pharmacokinetic properties.

5. RECOMMENDATIONS

The promising phytochemicals identified in Parkia biglobosa stem bark through docking and ADMET
predictions should be isolated and subjected to laboratory-based in vitro and in vivo studies to confirm
their anti-filarial efficacy and safety.

Compounds such as octacosane, hexacosane, pentacosane, and ester derivatives with strong
binding affinities should undergo structural modifications to reduce excessive lipophilicity and improve
solubility for enhanced pharmacological performance.

Since albendazole remains a standard treatment, combined therapy with Parkia biglobosa
phytochemicals should be investigated to evaluate potential synergistic effects, reduced drug
resistance, and minimized side effects.

Comprehensive toxicological studies are needed to evaluate long-term safety, potential
mutagenicity, and cytotoxicity of the bioactive compounds before clinical applications.

Variations in phytochemical composition due to geography, season, or extraction methods should
be addressed by developing standardized extraction protocols to ensure reproducibility and therapeutic
consistency.

The identified compounds should be incorporated into larger virtual screening and cheminformatics
pipelines, exploring derivatives and analogues that may yield more potent anti-filarial candidates.

Government and research institutions should support phytomedicine research on Parkia biglobosa
and other African medicinal plants, as they provide cost-effective and culturally acceptable alternatives
for managing neglected tropical disease.
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ABSTRACT

The replacement of Portland cement with geopolymer binder (GB) is gaining global attention due to reduced carbon
footprint in compliance with the United Nations agenda on sustainable development goals. The major drawback to
geopolymer technology is the cost and unavailability of its aluminosilicate precursors. Therefore, this study
investigated the utilisation of mining waste clays (MWCs) as sustainable precursors for the production of GBs, with
a particular focus on process optimisation. The MWCs samples collected from Nigerian mining sites, namely ljero,
Owode, Ibeshe and Awo, were pre-treated by screening, drying, and sieving. These were characterised using the
DTA/TGA technique for their thermal properties. The MWCs were calcined at varying temperatures of 420 °C — 850
9C range, at a time range of 3 — 14 h, NaOH concentrations in the range 4 — 10 M, and with varying NaOH/Na2SiOs
activator ratios 1:1 - 1:2.5. The GBs produced at these varied parameters were tested for their respective
compressive strength to establish optimal process conditions. The dehydroxylation of MWCs into the reactive
amorphous phase occurred within the range of 420-740 °C. Optimised process conditions for GBs production were
600-740°C calcining temperature, 6hrs calcining time, 8M NaOH concentration and 1:1.5 NaOH/Na2SiOs ratio. The
compressive strength of the geopolymer binders ranged from 26.1 to 33.7 MPa, meeting the applicable ASTM
strength requirements. Process conditions were optimised for the production of GBs from MWCs.

KEYWORDS: Mining waste clays, climate change, geopolymer binders, carbon-footprint reduction.

1. INTRODUCTION

High and excessive energy requirements have been found to be a flaw associated with the manufacture
of Portland cement. According to report by [1], the energy requirement for the manufacturing of PLC is
just next to that of steel and aluminium. In addition, in the course of production or manufacture of
Portland cement, a huge amount of dust gets released into the environment, which constitutes a major
health concern. Coupled with these problems, a major adverse impact from cement manufacture is the
high quantity of carbon (iv) oxide (COz2) being released into the atmosphere during production. Studies
have been ongoing to find more sustainable environmentally friendly alternatives to Portland cement in
compliance with the UN goals on a sustainable environment. Consequently, geopolymer binders have
gained much attention in this regard, because they can utilise aluminosilicate materials as precursor
and, in the presence of an alkaline activator, provide a mechanically and environmentally superior
alternative to the conventional Portland cement binders [2, 3]. The production of geopolymer binders
generally involves the alkaline activation of silica and alumina-rich solid precursors. During the
geopolymerisation process, reactive Si and Al species are dissolved from the precursor by the activator
under alkaline conditions and are subsequently polycondensed to form a three-dimensional
aluminosilicate network. The resulting binder can exhibit high compressive strength and other
favourable engineering properties. The use of waste materials as precursors is a form of waste
valorisation [4, 5]. Geopolymer technology may not be considered more advantageous over Portland
cement ultimately, until there is proper identification of suitable low-cost precursor, and well optimized
process conditions; to achieve waste valorisation and green process advantage respectively [6]. So
many precursors have been investigated, including fly ash, volcanic materials, blast furnace slag,
agricultural waste, metakaolin, and some mineral wastes. However, the sustainability of most of these
precursors can not be guaranteed, due to changing technological process pathways generating these
materials as by-products. This has aroused interest in naturally occurring wastes, such as waste clays
[3, 4].

Clay is no doubt an aluminosilicate material, but is less reactive without thermal treatment, due to the
ordered structure of the crystalline raw form. Thermal activation is usually employed to modify the
mineral structure, remove structural hydroxyl groups and increase the availability of reactive
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aluminosilicate species. Studies have reported the use of thermally treated clays as effective precursors
for low-carbon geopolymer binders, although the optimal calcining temperature varies based on clay
mineralogy and chemical composition [4, 7]. This variability is important because excessive calcination
may cause structural reorganisation or sintering, whereas inadequate calcination may leave substantial
quantities of unreactive crystalline phases. Therefore, investigating the appropriate calcining
temperature and duration for a particular clay resource is an essential aspect of determining the
geopolymer process.

Activators are a major part of the process of geopolymerisation, which provide the alkaline environment
and soluble silica needed for the dissolution of the aluminosilicate precursor’'s component species.
Activators include calcium hydroxide, sodium hydroxide and sodium silicate, etc. However, variations in
hydroxide concentration, silicate content and hydroxide-to-silicate ratio can substantially influence
precursor dissolution, gel formation, setting behaviour and mechanical strength. Therefore, optimisation
of the activator composition is essential for achieving adequate mechanical performance and also to
avoid excessive activator consumption [6, 8].

Therefore, this study investigated the optimisation of processing conditions for the production of
geopolymer binders from mining waste clays obtained from mining locations spread across four different
states of Nigeria: Ekiti State (ljero), Ogun State (Owode), Lagos State (Ibeshe) and Osun State (Awo).
The chemical and thermal characteristics of the studied clays were determined. The effects of calcining
temperature, and duration were studied. The NaOH/Na,SiO; activator ratio on the compressive strength
of the resulting geopolymer binders were determined; to establish suitable processing conditions for the
different mining waste clays. The study therefore went beyond just the identification of mining waste
clays as potential geopolymer precursors and sought to establish experimentally derived processing
conditions for their effective conversion into mechanically effective geopolymer binders. The outcome
is intended to provide a practical process basis for the valorisation of Nigerian mining waste clays as
locally available precursors for sustainable, low-carbon construction materials.

2. MATERIALS AND METHODS

2.1 Materials

Samples of raw mining waste clays were randomly scooped from the mining grounds in each of the four
selected mining locations: ljero (Ekiti State), Ibeshe (Lagos State), Owode (Ogun State), and Awo (Osun
State) mining sites. These were labelled EK, LA, OG and OS, respectively. Industrial-grade Na:SiOs
solution (26% wt SiO2, 11 % wt Na20, and 63% wt SiO2) and sodium hydroxide pellets were purchased
from a credible chemical company.

| =
£

Fig.m1 : AMap Sﬁavirg-s-egcted Mining Locations in the Southwest Region of Nigeria

The selected locations where sampling of the mining waste clays took place is represented on map in
Fig. 1. Instruments used for this study included: Simultaneous thermal properties and mass loss
analysers, which had Thermogravimetric analyser and Differential thermal analyser (TGA/DTA);
NETZSCH STA 449 F3 Jupiter model, with temperature range set at 40 - 900 °C, heating rate of 10°C
per minute; Digital furnace (Vecstar furnaces 1100 series and Carbolite AAF, type 301 MC 16-GB-C
1.01), with a heating rate of 7.8 °C/minute was used; an oven and an analytical weighing balance, at the
Department of Chemistry laboratories, University of Ibadan; Compression test machines: ELE
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International, ADR Touch 2000 Standard Compression Machine, at Civil Engineering workshop,
University of Ibadan.

2.2 Methods

2.2.1 Pre-treatment of mining waste clays

The collected MWC samples from ljero (EK), Owode (OG), Ibeshe (LA) and Awo (OS) were initially
screened manually to remove visible foreign materials, including stones, gravel, plant residues and other
coarse impurities. The screened samples were oven-dried at 105 °C, pulverised and homogenised. The
dried samples were subsequently passed through a 212-uym mesh sieve to obtain a relatively uniform
particle-size fraction. The processed samples were stored in labelled airtight containers before thermal
characterisation and calcination.

2.2.2 Preparation of activators

The activator mixture was composed of sodium hydroxide and sodium silicate. Pellets of sodium
hydroxide were dissolved in cooled distilled water in plastic containers to achieve NaOH concentrations
of 4, 6, 8, and 10 M. Sodium silicate solution was made available in a plastic container.

2.2.3 Thermal characterisation and calcining of the mining waste clay samples

The four mining waste clays were separately pulverised, sieved with a 212-micron mesh sieve, dried in
the oven at 105 °C, and kept in appropriately labelled plastic buckets. These raw mining waste clays
were characterised for their thermal properties using the thermogravimetry/differential thermal analysis
method (TGA/DTA). The determination of the thermal properties of the samples was done to establish
phase changes occurring during calcination and to determine the dehydroxylation temperatures of the
clays. Hence, based on the values observed from the respective DTA curves of the clays, they were
thereafter calcined in the furnace at varying temperatures in the 420 — 850 °C range.

2.2.4 Preparation of geopolymer binders and optimisation

The procedure used for the production of geopolymer binders included mixing of calcined mining waste
clays and activator into paste or molten material, which was fed into moulds of 40 x 40 x 40 cm?. These
were kept for demoulding till after 3 days. Solid cubes of geopolymer binders resulted. Using this
procedure, laboratory-scale experiments were performed, starting with the optimisation of calcination
temperature by using clays calcined at the varied temperatures of the 420 — 850 °C range. At the same
time, other parameters were kept at 6 hours calcining time, 8 M NaOH concentration and activator
mixing ratio of 1:1(NaOH/Na2SiOs), as observed in previous studies [9]. Replicate geopolymer samples
were produced for all the temperatures selected for each of the four clays, respectively. The resulting
geopolymers were subjected to compressive strength tests at 7, 14, 21, and 28 days of curing time. The
temperature value that produced the geopolymer with the highest compressive strength was
considered the optimum calcining temperature. This procedure was repeated to optimise other
parameters; varying calcining time of 3, 6, 10, 14 and 20 hrs; varying NaOH concentration within the
range 4, 6, 8 and 10 M; and varying activator (NaOH/Na2SiOs) mix ratios of 1:1, 1:1.5, 1:2, and 1:2.5 for
all the clays respectively.

3. RESULTS AND DISCUSSION

3.1 Thermal Properties of the Clays by DTA/TGA technique

The thermograms resulting from thermal characterisation using DTA/TGA are represented in Fig. 2. The
TGA/DTA results simultaneously monitored and presented the mass loss of clays with increasing
temperature during dehydroxylation. According to [10], dehydroxylation, which has been understood to
depend essentially on the clays’ layered structures and the amount of hydroxyl groups, had been
preceded by the removal of the interlayer water molecules and those absorbed from the atmosphere.
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Fig.2 Thermograms of mining waste clays; A (OS); B (EK); C (OG); D (LA)

Dehydroxylation, however, requires more intense thermal treatment, leading to the loss of hydroxyl
groups chemically bonded to the octahedral sheets. This causes a collapse of the crystalline structure,
leading to the amorphisation of the clay. This phenomenon takes place at different temperatures for
different clays, depending on the mineral composition. For the clays studied, the temperature range on
DTA/TGA thermograms provided necessary information to predict the dehydroxylation temperature
points for each clay source and also enhance identification of the constituent clay minerals.

There exist different groups of clay minerals, based on their silica-to-alumina ratio (SiO2/Al203) and the
way their structural sheets are layered. When the clay minerals consist of the tetrahedral-octahedral
sheets, and the silica and alumina sheets form a layer by shared oxygen atoms, and these layers are
held together by hydrogen bonding, this is referred to as a 1:1 clay mineral. An example of this type is
the kaolinite clay mineral. However, when tetrahedral — octahedral- tetrahedral sheets are formed, and
the silica, alumina, and silica sheets form a layer by shared oxygen atoms with an interlayer space, this
is referred to as a 2:1 clay mineral type. The interlayer always contains adsorbed water molecules and
other ions. Examples of this group of clay minerals include montmorillonite, illite, and chlorite [11]. The
thermograms of the clay samples suggest the points of transformation of the kaolinite to metakaolinite,
which is the reactive form of clay.

Generally, for all the clays, the temperature range for the dehydroxylation of kaolinite which occurred
between 430°C and 740°C, had the most intense mass loss among the three peaks in the respective
thermograms, suggesting a relatively large presence of kaolinite alongside the composition of the 2:1
clay types suggested by the XRF results. This assumption is further ascertained by the XRD results,
revealing intense kaolinite peaks for the clays. At a temperature range above 800°C, the occurrence
here was the dehydroxylation of some 2:1 clay minerals; illite, montmorillonite, and mullite [12]. All the
clays used in this study, as represented by the thermogrammes, exhibited all the dehydration and
dehydroxylation phenomena

3.2 Optimisation of calcining temperature of the mining waste clays

The results of the compressive strength of the geopolymers produced from clays calcined at the varying
temperatures are presented in Fig. 3. From the results, the optimal calcination temperatures for the
clays are 700, 740, 600, and 700 (°C) for OG, LA, OS, and EK, respectively. From these values, the clays
can be calcined at temperatures within the range of 600 to 740 (°C). Correlating the compressive
strength test results with the thermograms (Fig. 2), it was observed that the calcination of clays at the
T3 dehydroxylation (post-peak) temperatures gave the best geopolymer performance, across all the
clays. This suggests that the thermal process of clay conversion to metakaolin continued after the peak
and had only come to completion at the post-peak point. For all the investigated clays, strength generally

Ibadan, Nigeria - February 8-11, 2026




11*h Annual Symposium of ACS Nigeria Book of Proceedings

increased with curing age. The reduction in strength at 850 °C suggested that excessive calcination
may be detrimental to geopolymer precursor reactivity.
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Fig. 3: Compressive Strength of Geopolymers at Varying Calcination Time

3.3 Optimisation of Calcination Time of the Mining Waste Clays

The results of the compressive strength of the geopolymers at varying calcining time duration are
presented in Figure 4. The results suggest that the optimal calcination time for the clays is 6 hours at
the optimised temperature. The decline in the compressive strength at higher temperatures suggests
that at a calcination time longer than 6 hours, the clays experienced transformation to less reactive
crystalline phase minerals.
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Fig. 4: Compressive Strength of Geopolymers of Different Clays at Varying Calcination Time

3.4 Optimisation of NaOH Concentration
The concentration of NaOH used in the making of the activator for geopolymer production was
optimised to determine which concentration was most suitable. The results are presented in Figure 5.
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It was observed from the results that the geopolymers produced with NaOH of 8 M concentration had
the highest compressive strength across all the selected clays.
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Fig. 5: Compressive Strength of Geopolymers of Different Clays with Varying Concentrations of
NaOH

3.5 Optimisation of Activator Mixing Ratio (NaOH/Na,SiO3)

The results of the optimisation of the mixing ratio of activator consisting of Na:SiOs and NaOH as
presented in Fig. 6 suggested that a careful balance of the constituent species in these two activator
components largely influenced the mechanical strength development of the geopolymers. This ratio
may have provided the most favourable alkaline environment for the best strength development for
geopolymer. The highest 28-day compressive strengths were obtained at a NaOH/Na,SiO; ratio of
1:1.5, with values of 33.7, 29.8, 28.3 and 26.1 MPa for OG, LA, OS and EK based binders, respectively.
However, further increase to 1:2.5 adversely affected the strength, suggesting that excess availability of
soluble silica species in Na,SiO3; could be causing changes in dissolution kinetics, mixture viscosity and
gel formation.
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4. CONCLUSION

This study demonstrated the suitability of Nigerian mining waste clays (MWCs) as sustainable
aluminosilicate precursors for geopolymer binder production and established the optimal values for the
major process conditions. Thermal analysis confirmed significant dehydroxylation and transformation of
the clay minerals to reactive phases within approximately 430-740 °C, with the optimum calcination
temperature varying among the clay sources. Based on compressive strength development, the
optimum temperatures were 700 °C for OG, 740 °C for LA, 600 °C for OS and 700 °C for EK, while 6 h
was identified as the optimum calcination time. An 8 M NaOH concentration and 1:1.5 NaOH/Na,SiO;
activator ratio produced the most favourable strength development across the investigated clays. At the
optimum activator ratio, the 28-day compressive strengths reached 33.7, 29.8, 28.3 and 26.1 MPa for
OG, LA, OS and EK, respectively. Excessive calcination and higher sodium silicate proportions resulted
in reduced strength, indicating the importance of controlling thermal treatment and activator
composition. Overall, the findings establish that locally sourced Nigerian mining waste clays can be
effectively converted into reactive geopolymer precursors through appropriate process optimisation,
providing a sustainable route for waste valorisation and the development of lower-carbon alternative
binders to conventional Portland cement.
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ABSTRACT

The yield of synthesized silver nanoparticles from Anogeissus leiocarpus leaf (ALNP) was investigated by varying
some operational parameters such as time, ratio of extract to AgQNOs and concentration on the production of the
nanoparticles for optimization. The effects of the operating parameters on the biosynthesis of ALNP was monitored
using the UV-Vis Spectroscopy. The biosynthesized AgNPs was evaluated for activities against some fungi and
bacteria pathogens. Dose dependent activities against the pathogens used were observed with zones of inhibition
ranging from 16-26 mm. Pseudomonas aeruginosa was the most susceptible organism. Optimization of the
synthesis of Anogeissus leiocarpus silver nanoparticle was obtained at 60 minutes, concentration; 3 mM, ratio 1:2
of AgNOs and 50 % of ethanol.

KEYWORDS: Nanoparticles, operational variables, Anogeissus leiocarpus.

1. INTRODUCTION

Nanotechnology impacts every aspect of human life every day (1-3). Use of nanomaterials has increased
significantly in devices such as nanofilms, nanoparticles, nanowires and nanoclusters due to biomedical
applications in tissue engineering, drug-gene delivery, and biosensors [4-6].

Nanomaterials from copper, zinc, magnesium, titanium, gold, silver, dielectric and semiconductor been
developed [7-11]. Silver and gold nanoparticles showed highest possibilities as they displayed
significant antibacterial activities [12-14]. Of all the methods involve in nanoparticle production, the use
of plants extract eliminates the conditions of high temperature, pressure, energy and the use of harmful
and less expensive reducing agents [15].

Increase in risk of spread of disease, debility, severe iliness and mortality due to antimicrobial resistance
is a major worldwide health challenge. It was estimated to be associated with close to 5 million deaths
across the globe in 2021. This is caused majorly due to drug misuse, and also lack of adequate access
to appropriate new and existing vaccines and medicines among locals [16].

Recently efforts are directed on developing new antimicrobial agents that can effectively eliminate
bacteria, hence, it is imperative to find novel antimicrobial treatment agents. Nature holds an unlimited
pool of agents that could serve as alternatives to combat the growing threat of antimicrobial resistance.
In the recent time, there is an increase interest in phytochemicals from medicinal plants which could
serve as potential sources of antimicrobial drugs as reliable alternative which have been affirmed from
scientific sources.

Anogeissus latifolia is a member of Combretaceae family. It’s a medium-sized tree of 20-36 meters in
height. Several studies have reported that Anogeissus leiocarpus possess potentials for activities
against microorganisms, parasitic worms and other parasitic disease agents [17-19]. Lately, the use of
plant nanoparticles as antimicrobial agent is a new field of study. Synthesis and antimicrobial properties
of some AgNPs with several plant extracts have been reported [20-22]. Our group have reported
synthesis, characterization and antimicrobial activity of some AgNPs using different plant extracts [23-
25]. In the present study, AgNPs was prepared using a low cost, simple and environmentally friendly
method using the leaf extracts of A. leiocarpus. The effect of different experimental variables, such as
concentration of AgNOs3, time, percentage of ethanolic plant extract used and volume ratio of plant
extract to AgNOs solution on the synthesis of the silver nanoparticles were studied. The characteristics
(size and morphology) of metal nanoparticles are influenced by the various synthesis parameters which
determines the uses and applications of nanoparticles [26]. In this study, AQNPs was prepared using
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the leaf A. leiocarpus. This study aims at examining the best conditions of synthesis of A. leiocarpus
silver nanoparticle and also to determine their usefulness as potential alternative antimicrobials.

2. MATERIALS AND METHODS

2.1 Preparation of plant extract

Anogeissus leiocarpus leaves were collected and identified at Forest Research Institute of Nigeria.
AgNO:s salt used was prepared from Merck Company (Germany). Freshly collected leaves were washed
and air-dried at 32°C for 48 hours. Leaves were ground and boiled for 10 minutes in 40% ethanol in the
ratio 1:10.

Figure 1: Anogeissus leiocarpus leaves

2.2 Synthesis of silver nanoparticles

Equal amount (10 mL) of extract and aqueous solution of AQNO3 were heated at 70°C for 60 minutes. A
colour changed from light brown to deep brown was noticed which confirms production of nanoparticle.
The formation of A. leiocarpus silver nanoparticles (ALNP) was also confirmed by UV
spectrophotometer.

2.3 Effect of amount of AgNO3

About 5 mL of 1 mM solution of AgNOs was added to 5 mL extract and heated at 70 °C for 10 mins. A
change in colour was observed which indicates the formation of nanoparticles. The absorbance of the
resulting solutions was measured spectrophotometrically. This was repeated with various amount of
silver salt solution (2 and 3mM).

2.4 Effect of time

Mixture of equal volume of plant extracts and 1 mM AgNOs was incubated. Sample of the mixtures was
taken at time intervals of 0, 15, 30, 45 and 60 minutes of the reaction and the absorbance taken.

2.5 Effect of ratio of volume of plant extract to AgNOs solution

An equal volume of extract ratios (1:1, 1:2 and 1:3) and the silver salt was heated at 70 °C and colour
changed from light brown to dark brown. The UV absorbance of the mixture was taken.

2.6 Effect of Concentration of ethanol solvent used in preparing the extract

Equal volume of different concentrations (10%, 20%, 30%, 40% and 50%) of ethanol solvent was reacted
with the same volume of leaf extract at 70<C for about an hour. A change in the colour of the reaction
was used to confirm the formation of nanoparticles.
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2.7 Antimicrobial assay

The agar diffusion plate method was used for the antibacterial assay while surface plate method was
employed for the antifungal assay. Human pathogenic organisms consisting of four bacteria; 2 Gram
positive (Bacillus subtilis and Staphyloccocus aureus) and 2 Gram-negative bacteria (Pseudomonas
aeruginosa and Escherichia coli) were used for the antibacterial assay. For antifungal assay, one yeast
(Candida albicans) and three molds (Aspergillus niger, Penicillium notatum Rhizobium stolonifer) were
used. The microorganisms were obtained from the Faculty of Pharmacy, University of Ibadan. Nutrient
agar, nutrient broth, sabourand dextrose agar (SDA), tryptone soya broth agar from Oxoid Laboratories,
U.K were used in the study. Methanol (40%) was in used to dissolve the drugs and also served as
negative control in the assay. The agar cup well (diameter =8 mm) diffusion and agar broth tube dilution
procedures were in the study. Gentamicin (0.5 mg\ml) and Tioconazole (70 pg/mL) served as reference
antibacterial and antifungal drug.

2.8 Statistical analysis

Results were analyzed with SPSS software, while the analysis of variance was used to determine
significant differences between the values under the experimental conditions examined.

3. RESULTS AND DISCUSSION

3.1 The effect of various operational variables

The rate of formation of AgNs increased with increase in reaction time (from 0-60 minutes) with slight
shift in the absorption maxima indicative of variation in the particle size. (Figure 3a). Optimum
concentation for A. leiocarpus was10-3 M (Figure 3b).Excess silver ion is required for optimum synthesis
of ALNP (Figure 3c).Change in the concentration of ethanol solvent used during formation of AgNPs is
negligible Figures 3d.

3.2 Antimicrobial Result

Anogeissus leiocarpus NP showed dose dependent inhibitory activity against the whole organism in the
antimicrobial assay. P. aeruginosa was the most susceptible organism while Rhizobium stolonifera
showed least activity. Other members of the family Combretaceae such as Anogeisuss acuminata and
Anogeissus latifolia palladium nanoparticle have demonstrated similar antimicrobial activity [27, 28]. In
all the assays, the synthesized AgNPs demonstrated lower activities than the reference drugs Table 1.

3.3. Discussion

Addition of leaf extract of A. leocarpus reduced Ag* to Ag metal nanoparticles which caused the
observed colour change from faint brown to dark brown ascribed to the surface plasmon resonance
phenomenon (SPR) [29]. The synthesized nanoparticles showed a spectrum range around 420 to 460
nm which agree to literature reports that gave AgNPs spectrophotometric absorption measurements in
the wavelength ranges between 400-450 nm [30]. The aggregation of the silver nanoparticles in the
solution is shown by the presence of broad resonance (Figure 2). The green reduction of the Ag* occurs
speedily with over 90% of reduction of Ag* ions accomplished in less than 1 h after its addition to the
leaf extract. Higher SPR peaks intensities were observed at the higher time intervals which indicate the
increase in the production of silver nanoparticles (Figure 2a). After addition of the leaf extract to silver
nitrate solution at different ratios, the curve shows increased absorbance at higher concentration (3mM)
(Figure 2b) and high volume ratio.

The antimicrobial activity of silver nanoparticles synthesized by natural plants extract was investigated
against various pathogenic organisms. The synthesized silver nanoparticles showed efficient
antimicrobial property due to their extremely large surface area, which provides better contact with
microorganisms. The antibacterial activities of metal nanoparticles from A. leocarpus leaf extract
showed similar and comparable results to other silver nanoparticles from other plant [31,32].
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Table 1: Antimicrobial activity of AgNP

Plant/Concentration | S.a E.c B.sub | Ps.a | C.a A.u P.n R.n
(mg/mL)
A. Leiocarpus

100 20 24 24 26 20 18 18 16
50 18 20 22 20 18 16 16 14
25 14 18 18 18 16 14 14 12
12.5 12 14 16 14 14 12 12 10
6.25 10 12 12 12 12 10 10 _
3.125 _ 10 10 10 10 _ _ _

-ve (40% _ _ _ _ _ _ _ _
Methanol)

+ve 40 38 38 40 28 26 28 28

Key: +ve = Gentamicin 10 ug/mL (Bacteria), Tioconazole 70 pg/mL (Fungi), Staphylococcus aureus (S.
a), Esherichia coli (E.c), Bacillus subtilis (B.sub), Pseudomonas aeruginosa (Ps.a), Candida albicans
(C.a), Aspergillusniger (A.u), Penicilliumnotatum (P.n), Rhizobium stolonifer (R.s).

—— 0 min.

49 —1mM
—2mM
—3mM

Absorbance

Absorbance

400 500 600 700 800 900
Wave length (nm) (b)

A 400 500 600 700 800 900
Wave length (nm) B

(b)

— Ratio 1:1
—— Ratio 1:2
—— Ratio 1:3

Absorbance
N

Absorbance

(b)

400 560 660 760 860 960
Wave length (nm)

Cc 500 600 700 800 900
Wave length (nm)
D

Figure 2a: Effects of time on AgNPs formation A. leiocarpus, 2b: Effects of concentration of AGQNOs on
AgNPs formation A. leiocarpus

2c: Results of change in ratio of AgQNOs3 solution to plant extracts on AgNPs formation A. leiocarpus,
2d: Effects of concentration of ethanolic solvents on AgNPs formation A. leiocarpus
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4. CONCLUSION

Anogeissus leiocarpus leaf extracts demonstrated reducing ability for the synthesis of the
Ag nanoparticles. The concentration of the extract was the most effective parameter for optimization.
The synthesized AgNPs showed effective antifungal and antibacterial activities.
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ABSTRACT

Teacher education systems worldwide face pressure to integrate digital technologies meaningfully into pre-service
preparation. In Nigeria, demographic expansion, infrastructural constraints, and curricular rigidity make this
imperative both urgent and complex. This analysis examines Nigeria's teacher education landscape in the digital
era, synthesizing policy documents, empirical studies (2020-2025), and institutional audits across 24 teacher
education institutions. Grounded in the Technological Pedagogical Content Knowledge (TPACK) framework and
Sen's Capability Approach, the study positions digital competence as an enabling capability for pedagogical agency
rather than a technocentric end. Findings reveal persistent gaps between national digital-education policies and
ground-level practice: inadequate infrastructure (only 28% of institutions report reliable electricity), low ICT self-
efficacy among teacher educators (68% use technology solely for administrative tasks), fragmented curriculum
integration, and weak public—private partnerships. Emergent initiatives mobile-based micro-credentialing, virtual
teaching-practicum platforms, and community driven open educational resource repositories demonstrate scalable
potential. The paper advances a four-pillar framework for systems-oriented digital re-professionalization: curriculum
infusion, continuous professional learning ecosystems, adaptive infrastructure investment, and robust monitoring-
evaluation mechanisms, aligned with SDG 4.c and African Union Agenda 2063.

KEYWORDS: Teacher education; digital pedagogy; ICT integration; digital literacy; capability approach

1. INTRODUCTION

Teacher education is the cornerstone of educational quality and equity. Teacher preparation in Nigeria
did not start as a digital enterprise, but as a formal teacher training dated to the immediate post-
independence period. The recommendation of Ashby Commission's led to an expansion of teacher
training colleges, establishment of colleges of education and the National Teachers' Institute as parallel
routes into the profession (Saidu & Saliu, 2025). Also, the National Policy on Education formalized the
Nigeria Certificate in Education (NCE) as the minimum qualification for classroom teaching, a standard
that has anchored teacher-preparation curricula for over four decades (Federal Republic of Nigeria,
2014). That policy was developed for a print-based, lecture-and-examination model of instruction,
produced a teaching corps trained primarily in content delivery, classroom management, and subject
mastery, with comparatively little structural attention to instructional technology (Asaya, 2010). Nigeria
is Africa's most populous nation, with a population exceeding 200 million people, and an estimated 20.2
million of its children and youth remain out of school, one of the highest national totals recorded globally
(UNESCO

Institute for Statistics & Global Education Monitoring Report, 2022). Because teacher supply and quality
are central to progress toward Sustainable Development Goal 4, the capacity of Nigeria's teacher-
education system carries weight well beyond the colleges of education themselves. Yet as digital
technologies reshape global knowledge production and assessment, Nigeria's teacher-education
infrastructure remains anchored in an inheritance built for lecture-dominated, examination-focused
instruction, rather than for hybrid teaching, open educational resources, or Al-mediated pedagogies.

Global frameworks such as UNESCO's ICT Competency Framework for Teachers (UNESCO, 2018) set
out competencies for hybrid instruction, open educational resources, and technology-integrated
pedagogy that presuppose an infrastructure and training base Nigerian teacher education was not
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originally built to provide. Technology-integrated pedagogy grounded in the Technological Pedagogical
Content Knowledge (TPACK) framework treats effective technology use as an interaction between
subject knowledge, teaching method, and tool, rather than technology added onto existing instruction;
Zhang et al. (2025) found that a technology-enhanced active learning environment measurably
improved this integrated competency among pre-service teachers. Flipped-classroom pedagogy, in
which content delivery precedes class time so that class time is reserved for application and discussion,
has been studied as a variant of blended learning that deliberately recombines face-to-face and digital
instruction (Lopes et al., 2024). It is frequently paired with gamified pedagogy as the use of points,
badges, and leaderboard mechanics to sustain motivation with Borras-Gené and Montes Diez (2025)
reporting measurable gains in motivation and self-regulated learning among pre-service teachers taught
through a gamified flipped-classroom design, and Sanz-Angulo et al. (2025) linking a similar blended,
gamified methodology to gains in both academic performance and soft-skill development. Also,
Halkiopoulos and Gkintoni (2024) reviewed how Al-based adaptive assessment models draw on
cognitive neuropsychology to individualize instructional delivery, while Dharam Singh and Mohamad
(2025) caution against conflating adaptive learning, which is largely performance-data driven, with
genuine personalization, which requires accounting for learner identity, goals, and context as a
distinction with direct implications for how teacher-education curricula should frame Al competency
rather than treating it as a single undifferentiated skill.

Empirical assessments of ICT availability in teachers Education have repeatedly found resources largely
unavailable, inaccessible, or underutilized in actual content delivery (Zubairu & Tukur, 2015), and
evidence from other national contexts suggests this pattern is not unique to Nigeria: Landa (2025) found
that infrastructural and training-related technological-pedagogical challenges significantly predicted
whether university instructors in Tanzania actually used the technologies available to them. In response,
the National Commission for Colleges of Education launched a 2025 review of the NCE Minimum
Standards intended to embed Al awareness, data literacy, and adaptive digital pedagogy into teacher
preparation (National Commission for Colleges of Education, 2025). Guided by Mishra and Koehler's
(2006) TPACK framework and Sen's Capability Approach (1999), the analysis treats digital competence
as an enabling capability rather than a hardware target, contributing an evidence-based synthesis of the
digital landscape, a critical evaluation of emergent innovations, and a systems-oriented framework for
digital re-professionalization.

2. BEYOND TECHNOCENTRIC INTEGRATION: INTEGRATING KNOWLEDGE
DOMAINS FOR EFFECTIVE TECHNOLOGY USE

TPACK, developed by Mishra and Koehler (2006), conceptualizes effective technology integration as
arising from the interaction of Technological, Pedagogical, and Content Knowledge and their derived
combinations (TCK, TPK, PCK, and TPACK itself) (Koehler et al., 2013). Effective use requires
understanding how technological affordances intersect with pedagogy and content in specific contexts
(Voogt et al., 2013); a rural Katsina mathematics educator, for example, negotiates different digital
affordances than an urban Lagos English educator (Adedoja & Adeyemi, 2024). Nigerian institutions,
however, have often reduced digital competence to basic computer literacy, treating technology as a
standalone subject rather than an integrated pedagogical tool (Okebukola&Okebukola, 2022). This
reductionism appears in curriculum designs, in professional development divorced from pedagogical
application, and in assessments that evaluate technological knowledge independently of teaching
practice (Yusuf & Salawu, 2024). Recent scholarship extends TPACK through the concept of “TPACK-
in-practice,” emphasizing sustained, situated application rather than decontextualized skills training
(Rosenberg & Koehler, 2015), and shows that pre-service teachers need scaffolded, mentored
experiences particularly relevant where Nigerian student teachers move directly from theoretical
coursework to under-resourced school placements (Baran et al., 2011).
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3. DIGITAL TOOLS AS EXPANSION OF HUMAN FUNCTIONING

Sen's (1999) Capability Approach shifts analytical focus from resource endowment to what individuals
can do with available resources their substantive freedoms. Applied to digital teacher education, it
redirects attention from inputs (tablets distributed, bandwidth capacity) to outcomes: what teachers can
accomplish pedagogically with digital technologies (Zheng et al., 2023). This distinction matters in
Nigeria, where mobile-phone ownership exceeds 85% of adults (National Bureau of Statistics, 2024) yet
meaningful pedagogical use remains shallow; a teacher's capability to facilitate collaborative learning
through cloud-based platforms depends on institutional support, mentoring networks, and incentives
for innovation as much as on device access or connectivity (Adebayo &0Okebukola, 2024). The approach
distinguishes conversion factors—educator digital literacy, institutional culture, infrastructure reliability,
policy environment from functionings, the abilities educators realize, such as designing digitally
enhanced lessons or assessing learning through technology-mediated tools (Robeyns, 2005). Structural
inequalities in geography, institutional resources, gender, and prior technology exposure differentially
shape how educators convert resources into capabilities (Zheng et al., 2023), a lens especially relevant
to Nigeria's rural-urban divides. Together, TPACK and the Capability Approach frame the analysis that
follows: TPACK articulates the knowledge structures required for effective integration, while the
Capability Approach attends to the social and institutional conditions that enable or constrain their
development.

4. STRUCTURE OF NIGERIAN TEACHER EDUCATION

Nigeria's teacher-education system comprises 36 Federal Colleges of Education, 52 State Colleges of
Education, over 100 private colleges, and university Faculties of Education (National Commission for
Colleges of Education, 2023). The Nigerian Certificate in Education (NCE), a three-year post-secondary
credential, remains the predominant qualification, producing about 85,000 graduates annually (National
Commission for Colleges of Education, 2024). The National Commission for Colleges of Education
(NCCE), established in 1989, sets academic standards, accredits programs, and conducts institutional
audits, most recently revising its Minimum Standards in 2023 (National Commission for Colleges of
Education, 2023). The National Teachers' Institute (NTI), established in 1976, offers distance-education
programs for in-service teachers, though its reach remains constrained by limited digital infrastructure
(National Teachers' Institute, 2024).

5. POLICY FRAMEWORK FOR DIGITAL INTEGRATION

The National Policy on ICT in Education (2018) mandates ICT integration across NCE programs and
requires pre-service digital-literacy competencies and systematic educator professional development
(Federal Ministry of Education, 2018). The 2023 Revised NCE Curriculum introduced mandatory
courses such as Digital Pedagogy, Educational Data Literacy, and Emerging Technologies in Education
and requires digitally mediated teaching-practice components and proficiency in at least two digital
assessment tools (National Commission for Colleges of Education, 2023). Implementation, however,
lags considerably: a 2023 NCCE audit found only 31% of Federal Colleges of Education with functional
ICT laboratories, fewer than 15% of educators certified in digital pedagogy, and just 12% of programs
implementing the mandatory digital teaching-practice component (National Commission for Colleges of
Education, 2023). These deficits reflect low education funding (about 5.7% of the federal budget, well
below UNESCO's recommended 15-20%), weak coordination between policymaking and implementing
agencies, and limited accountability mechanisms for institutional compliance.

6. PEDAGOGICAL CONSERVATISM AND EDUCATOR PREPAREDNESS

A mixed-methods study using simple random and systematic random sampling method of 412 teacher
educators across 12 institutions found that 68% used ICT solely for administrative tasks, 44% believed
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technology distracts from core teaching objectives, and only 22% had designed lessons meaningfully
integrating open educational resources or interactive simulations (Yusuf & Salawu, 2024). Resistance
and psychological unpreparedness were studied by Avakyan (2024), who used nearly 1,800 university
teachers across nine Russian institutions treated pedagogical conservatism as a measurable trait,
finding it linked to psychological unreadiness for innovation and to emotional burnout, and correlated
with job satisfaction levels among teaching staff studied across multiple universities.

Griffiths and Goddard (2015), working from a case study of an educational software deployment, built
an explanatory framework combining positioning theory, Heidegger's concept of readiness-to-hand, and
Popperian ideas about social engineering to explain why teachers resist adopting technologies even
when institutions push them toward it. Mirriahi, Vaid, and Burns (2015) found that resistance among
academic staff to integrating technology into language teaching tracked closely with the Technology
Acceptance Model's constructs of perceived usefulness and ease of use and argued that adoption
decisions often overlook the actual pedagogical value of the tools involved. Also, Institutional and
structural conservatism by Zemsky and Massy's (2004) widely cited report "Thwarted Innovation" made
the case, discussed in later journal literature, that the spread of ICT and online learning in American
higher education had, if anything, entrenched conservative teaching practices rather than displacing
them since the implementation of ICT and online learning has increased conservatism in American
higher education. This connects to Ibatullina and Vorontsova's (2011) treatment of pedagogical
conservatism as a structural barrier that institutions must actively work to overcome through defined
organizational conditions, not just individual attitude change. Moreso, Ideological and philosophical
framing by Bowers's (1980) much older but still-cited piece in Teachers College Record examined the
assumption that technological progress in education is inherently good, framing that assumption itself
as a form of conservatism dressed up as innovation, a critique of what he called technicism in curriculum
thinking presenting a critique of technological consciousness in education from the perspective of
philosophical conservatism. Prestridge's (2017) work in Technology, Pedagogy and Education takes a
related but more applied angle, examining how teachers' existing pedagogical orientations shape which
uses of technology they accept and which they filter out or reject. This pedagogical conservatism
reflects legitimate concerns about assessment validity and classroom management, and a lack of
institutional support and professional incentives, rather than mere resistance to change
(Okebukola&Okebukola, 2022). Digital self-efficacy is a critical mediating variable: educators with higher
self-efficacy are significantly more likely to experiment with innovative pedagogies and persist through
technological challenges, yet fewer than 30% of Nigerian teacher educators report high digital self-
efficacy, and professional development programs rarely address this affective dimension (Yusuf &
Salawu, 2024).

7. CURRICULUM-PRACTICE DISJUNCTURE

Although the 2023 NCE curriculum mandates courses in digital pedagogy, educational data literacy,
and emerging technologies, observational research across 18 institutions found such courses taught
predominantly as theoretical content, without laboratory components or authentic assessment tasks
(Eze et al., 2023). Analysis of 326 teaching-practice placements in 2023 found that 87% of student
teachers taught without using any digital tools, even in schools where technological infrastructure
existed (National Commission for Colleges of Education, 2024). This misalignment undermines the
formation of a “digital habitus,” as student teachers rarely see digital pedagogy modeled by their own
instructors during formative field experiences. Contributing factors include teacher educators' outdated
technology expertise (Okebukola&Okebukola, 2022), assessment of digital competencies through
written examinations rather than authentic performance tasks, and partner schools that themselves lack
technological resources for placement.
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8. GOVERNANCE FRAGMENTATION AND ACCOUNTABILITY DEFICITS

Responsibility for teacher education in Nigeria is dispersed across the NCCE, the Federal Ministry of
Education, State Universal Basic Education Boards, the NTI, and individual autonomous institutions (Afe,
2023). This fragmentation produces coordination challenges, policy redundancies, and monitoring gaps:
no integrated national indicator system tracks graduates' digital teaching efficacy post-certification, and
independent program evaluations remain rare (National Commission for Colleges of Education, 2023).
The NTI's e-learning portal, despite its mandate for continuous professional development, reaches fewer
than 5% of registered teachers, constrained by infrastructure and digital-literacy gaps (National
Teachers' Institute, 2024). No standardized assessment framework verifies graduates' attainment of
mandated digital competencies, allowing significant variation in implementation quality across
institutions.

9. EMERGING INNOVATIONS AND SCALABLE OPPORTUNITIES (2020-2025)

Despite formidable systemic constraints, several pandemic-era innovations demonstrate promising,
scalable pathways. They share common design features: mobile-first or low-bandwidth delivery, use of
existing social technologies, integration with rather than replacement of traditional structures, and
measurable impact on educator practice.

Mobile-First Micro-Credentialing Programs

The Digital Teaching Badge program, piloted in Ogun and Kaduna States (2022-2024), delivers
competency-based training in mobile-assisted language learning, digital storytelling, and formative e-
assessment via USSD and WhatsApp platforms requiring no internet connectivity (EduTech Africa,
2024). Over 1,200 teacher educators completed Level 1 certification, with 78% reporting increased
classroom technology use and 65% designing at least one mobile-integrated lesson within three months;
the NCCE now accredits these credentials for professional advancement (EduTech Africa, 2024).

Virtual Teaching Practicum Platforms

Obafemi Awolowo University and Ahmadu Bello University developed Virtual Teaching Practicum (VTP)
systems combining live-streamed lessons in partner schools, VR-based classroom-management
simulations, and Al-assisted feedback on recorded teaching performances (Ojo et al., 2024). A quasi-
experimental comparison (VTP participants, n = 210, vs. traditional practicum students, n = 198) found
VTP participants scored 23% higher on digital lesson-design rubrics, though traditional-practicum
students showed advantages in physical classroom management—suggesting hybrid models may
optimize student-teacher development (Ojo et al., 2024). The Tertiary Education Trust Fund's Digital
Practicum Grant Initiative has funded 12 universities (8450 million, roughly $300,000) with plans to reach
30 institutions by 2026 (Tertiary Education Fund, 2024).

Community-Driven Open Educational Resource Repositories

NaijaLessonBank, developed by teacher educators in Enugu and Rivers States, curate’s curriculum-
aligned resources in English and Nigerian Pidgin on Kolibri, an offline-capable platform, distributing
content via WhatsApp channels and portable storage devices (Nwachukwu &Emejulu, 2024). By late
2024 it had registered over 15,000 users, with 42% demonstrating repeat engagement ata notably
higher retention rate than many formal professional development programsreflecting the value of
linguistic and cultural contextualization and community-driven, participatory development over donor-
dependent models (Nwachukwu &Emejulu, 2024).
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10. TOWARD SYSTEMIC DIGITAL RE-PROFESSIONALIZATION: A FOUR-PILLAR
FRAMEWORK

Building on this analysis of challenges and emergent innovations, a four-pillar framework integrates
curriculum design, professional capacity development, infrastructure investment, and accountability
mechanisms toward developing educator capabilities rather than merely installing technological
resources.

Curriculum Infusion Rather Than Curriculum Addition

Standalone “ICT for Teachers” courses should be replaced with discipline-specific digital pedagogy
infused throughout subject methodology courses—for example, dynamic geometry software in
mathematics education or multimodal composition in language education—so that student teachers
develop integrated TPACK rather than isolated competencies in each domain (Koehler et al., 2013).
Curricula must also address emerging competencies including ethical Al literacy, data privacy in
learning management systems, and recognition of algorithmic bias, as artificial intelligence increasingly
mediates educational processes (Crompton et al., 2024).

Continuous Professional Learning Ecosystems

Sustainable transformation requires moving beyond episodic, workshop-based development toward
embedded support: Digital Mentor Tutor positions within each academic department, incentivized
through reduced teaching loads and explicit consideration in promotion criteria, can model effective
practice and facilitate professional learning communities embedded within existing institutional
structures. Partnerships with technology companies should be structured to build local facilitator
capacity rather than create dependency on external providers.

Adaptive Infrastructure Investment

Infrastructure development should prioritize adaptive, sustainable technologies appropriate to Nigerian
contexts solar-powered, offline-capable hubs such as RACHEL and Kolibri, and tiered connectivity
solutions matching local infrastructure (4G LTE in urban areas, LoRaWAN in rural areas, TV white-space
technologies where feasible) rather than importing high-resource models. Device strategies should
accommodate the reality that many educators’ own smartphones even where institutions lack computer
laboratories, using mobile-optimized platforms while ensuring institutional access for students who lack
personal devices.

Robust Monitoring, Evaluation, and Learning Systems

National indicators for digital-teaching efficacy should move beyond infrastructure inputs to measure
actual practice and outcomes for example, the proportion of graduates regularly using two or more
digital formative-assessment tools, and pre- and post-practicum TPACK self-efficacy. Annual NCCE
Digital Readiness Audits should assess effective use rather than infrastructure stock alone and inform
performance-based resource allocation. Partnerships between teacher-education institutions and
research centers, potentially supported through TETFundresearch grants, could generate the rigorous
comparative evidence currently lacking.

11. DISCUSSION: IMPLICATIONS AND FUTURE DIRECTIONS

This analysis demonstrates the value of integrating TPACK and the Capability Approach: TPACK
articulates necessary knowledge structures, while the Capability Approach directs attention to the
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conversion factorsinstitutional support, professional development quality, infrastructure reliability that
mediate their translation into practice. It also extends understanding of the gap between policy
intentions and institutional practice, illustrating that policy articulation, though necessary, is insufficient
without accompanying capacity building, resource allocation, and accountability, consistent with
implementation-science research emphasizing context, capacity, and culture (Fixsen et al., 2005).
Examination of emergent innovations reveals design principles with applicability beyond Nigeria:
leveraging ubiquitous technologies, employing low-bandwidth or offline-capable platforms, integrating
with existing institutional structures, and building local capacity through participatory approaches.

Policy Implications

Curriculum revision alone, absent parallel investment in educator capacity, infrastructure, and
accountability, will not achieve intended outcomes; policy coherence across these domains is essential.
Infrastructure investment should prioritize adaptive, context-appropriate technologies solar power,
offline-capable platforms, mobile-first approaches over imported high-resource models dependent on
reliable electricity or high-bandwidth connectivity. Professional development must shift from episodic
workshops to embedded, ongoing learning ecosystems with genuine institutional incentives, and
partnerships with technology companies should emphasize local capacity building. Accountability
mechanisms must evolve beyond infrastructure inventories to assess actual use, educator
competencies, and graduate outcomes, with performance-based funding tied to demonstrated
progress.

Limitations and Future Research

Available evidence concentrates in certain geographic regions and institution types, with limited
evidence from smaller private or rural colleges. Most studies employ cross-sectional designs, limiting
understanding of how digital competencies develop over time or evolve during graduates' early teaching
years. The analysis also focuses predominantly on formal institutions, with limited attention to alternative
pathways such as online programs or informal professional learning. Future research should compare
professional-development models for building teacher-educator TPACK in Nigerian contexts, examine
how different infrastructure configurations affect educator practice and student-teacher outcomes, and
identify factors predicting sustained technology integration among graduates during their initial teaching
years.

12. CONCLUSION

Nigerian teacher education stands at a critical juncture. Persisting with predominantly analog teacher
preparation constitutes pedagogical malpractice in classrooms already shaped by digital-native
learners, even in under-resourced communities, yet uncritical techno-solutionism—imported platforms,
donor-driven hardware distributions, superficial adoption risks reproducing dependency and inequity.
The path forward is digital re-professionalization: reconceiving teaching as a digitally fluent, critically
reflective, contextually inventive practice, and repositioning teachers from passive technology recipients
to active design partners in Nigeria's digital education future. Success will be measured not by syllabus
compliance but by whether newly certified teachers can apply digital tools purposefully toward locally
relevant pedagogical goals. Mobile-first approaches, virtual practicum platforms, and community-driven
resources demonstrate that pathways exist; scaling these innovations through comprehensive
curriculum infusion, professional learning ecosystems, adaptive infrastructure, and robust accountability
mechanisms offers a realistic route to sustainable transformation one aligned with Sustainable
Development Goal 4.c and African Union Agenda 2063.
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ABSTRACT

This data-driven predictive optimization framework, developed using IBM SPSS, optimizes multi-feedstock
biodiesel mixtures derived from non-edible African star apple (Chrysophyllum albidum) seed oil (ASASO), palm
kernel oil (PKO), and waste cooking oil (WCO). A total of 231 distinct blends were simulated using this approach.
The performance of each blend composition with respect to key biodiesel fuel properties was modelled using
Multiple Linear Regression Analysis (MLRA). Among the five fuel indices evaluated (kinematic viscosity, density,
oxidative stability, higher heating value, and cetane number), kinematic viscosity was the best-predicted property
((R? = 0.739)). To identify high-quality fuel blends, blend configurations satisfying the optimal limits specified by
ASTM D6751 were classified into three clusters using hierarchical cluster analysis based on Ward's method. A
restricted blending window of 20-50% ASASO was identified as a viable range for simultaneously managing fluid
flow resistance and oxidative stability. Within this range, the kinematic viscosity was maintained between 3.80 and
4.95 mm?/s, while oxidative stability exceeded 7.5 h. This approach replaces laborious and time-consuming
empirical blending trials with a practical predictive framework for biodiesel formulation, thereby supporting the
development of the green economy in West Africa through practical formulation indices.

KEYWORDS: Chrysophyllum albidum, Blending kinetics, Multiple linear regression, Hierarchical cluster analysis,
Fuel property optimization.

1. INTRODUCTION
1.1 Global Energy Transition Context

Facing issues of global warming, energy consumption growing, and long-term energy security,

the global energy market is currently undergoing an exceptional energy transition toward low-carbon
energy. Being one of the major emitters of greenhouse gases as a result of continued dependence of
the road transport system on petroleum, the transport sector Governments & intergovernmental
organizations are committed to enhancing the utilization of renewable transport fuels to promote
diversification, carbon mitigation, as well as overall energy resiliency'. Amongst the potential
alternatives, biodiesel got much attention owing to its biodegradable and replenishable properties and
compatible usage with conventional compression-ignition engines.
Biodiesel can be made from diverse biological origins, including the use of edible and non-edible oils
and other waste products. However, this move is relatively far behind the developed economies. Many
developing economies (particularly in Sub-Saharan Africa) are suffering from their dependence on
imported petroleum products (owing to a lack of processing capacity) and failure to tap the huge amount
of indigenous biomass available on the continent, consequently fuelling the energy security concern.
For that, there is a need to harness non-edible oilseeds and waste streams towards designing
decentralised biodiesel production to provide environmental benefits and to realize a circular
bioeconomy?®. However to capitalize this opportunity in efficiently, fuel compositions are essential
scientifically optimized to ensure its adherence with the international standard as well as to capture the
synergistic effects of local sources, therefore; data driven approach has opened the door for predicting
fuel parameters that may support development of bio- diesel, reduce the cost associated with
experiment, while also leading the way to facilitate the design of optimal bio fuel compositions*.
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1.2 Nigerian Energy Crisis and Biofuel Policy

Although Nigeria is endowed with large crude oil deposits, challenges persist in its downstream
petroleum sector, including insufficient domestic refinery capacity, reliance on imported refined fuels,
and repeated fuel shortages. These structural limitations have been further complicated by the recent
removal of fuel subsidies, which has significantly increased transportation and logistics costs and
intensified inflationary pressures throughout the economy. Consequently, rising diesel prices have
adversely affected industrial activities, agricultural mechanization, electricity production, and road
freight transportation, highlighting the need for stable, locally available alternative fuels to strengthen
energy security and resilience against global petroleum price fluctuations'. In response to these and
related challenges, Nigeria has introduced policies to scale up renewable energy and increase
biodiesel’s contribution to the domestic energy supply.

For example, the National Biofuel Policy and Incentives promotes the use of indigenous plant
biomass resources to displace fossil-derived fuels and encourage rural economic development.
Nigeria’s commitment to achieving net-zero greenhouse gas emissions by 2060 has also renewed
interest in producing second-generation biodiesel from non-food oil crops and waste materials.
Biodiesel produced from non-edible feedstocks and residues has the added advantage of utilizing
abundant but underused plant resources while reducing food-versus-fuel concerns associated with
edible crops such as palm and groundnut oil, thereby supporting circular bioeconomy solutions. These
government policies provide a strong basis for developing domestically available biodiesel products that
can strengthen national energy security and support climate and sustainability goals®.>.

1.3 African Star Apple Seed Oil as a Sustainable Biodiesel Feedstock

African star apple (Chrysophyllum albidum), an indigenous fruit tree common in West Africa,
including Nigeria, is mainly consumed for its fruit, while the seeds are often discarded as municipal or
agricultural waste. African star apple seeds represent an abundant and largely unexplored non-food
biomass resource with potential for biodiesel production because they do not directly compete with
food crops or arable land. Biodiesel produced from African star apple seed oil has favourable ignition
characteristics and oxidation stability due to its fatty acid composition. However, its relatively high
kinematic viscosity at high blend concentrations may impair fuel flow, atomization, and engine
performance, particularly at low temperatures®. This suggests that blending African star apple seed
biodiesel with other biomass-derived biodiesels may provide a more suitable second-generation fuel.

1.4 Predictive Multi-Feedstock Blending and Multivariate Statistical Modelling

Multi-feedstock blending combines different feedstocks to compensate for the limitations of
individual oils. Appropriate combinations of saturated and unsaturated feedstocks can improve oxidative
stability, viscosity, and other fuel properties”>2. Blending edible oils, where appropriate, with animal fats
or non-edible vegetable oils can therefore produce fuel matrices with favourable characteristics.
However, traditional experimental formulation can be resource-intensive and may provide limited
capacity for developing statistically integrated multivariable models*>°.

Mathematical and statistical approaches provide more efficient alternatives for blend selection
and optimization'®. Response surface methodology is useful for evaluating interactions among key
variables, while Multiple Linear Regression can quantify relationships between dependent and
independent variables™. IBM SPSS provides a platform for analysing such interrelated data. However,
studies integrating West African feedstock matrices within predictive multi-feedstock optimization
frameworks remain limited. Therefore, this study addresses this gap by applying an integrated modelling
approach to regional renewable fuel resources.

Specifically, this study develops a multivariate predictive optimization framework using previously
published physicochemical data. The objectives are to determine optimum blend ranges with
consideration of viscosity and stability, develop multivariate regression models, and classify blend
formulations using hierarchical cluster analysis to support biodiesel feedstock utilization and West
Africa’s energy transition.
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2. METHODOLOGY AND STATISTICAL FRAMEWORK

21 Base Experimental Input and Data Collection

Physical & Physicochemical Properties The biodiesel's physical and chemical attributes for
African star apple seed oil (ASASO) were used on the basis of those obtained experimentally through
physical measurements, reported in the literature as provided by'. These physicochemical property
data, namely: Density 0.918 g/ cm 3, kinematic viscosity 6.85 m/ s2, higher heating values of biodiesel
(27.65 MJ/ kg) higher heating values of biodiesel as well as other properties like oxidative stability, the
cetane number, the flash point, etc., were collated. To create a broad-based and realistic multi-feedstock
biodiesel blending tool to serve various purposes, these physicochemical attributes were used for
formulating and modelling similar characteristics for palm kernel oil (PKO) and waste cooking oil (WCQO)
biodiesels through the review and examination of recorded measured values from other experimental
research to constitute input data parameters for blending in binary and ternary mix models'?13.

2.2 Mathematical Formulation of Biodiesel Blend Simulation

A blending matrix was developed for binary (ASASO-PKO) and ternary (ASASO-PKO-WCO)
biodiesel systems. The volumetric blending fractions (X;) were varied systematically in 5% increments
while satisfying the mass-balance constraint:

Xasaso T Xpko + Xwco = 1
A 5% increment was selected to provide sufficiently fine compositional resolution across the blending
space while maintaining a manageable number of simulated formulations. Under the 100% mass-
balance constraint, this systematic grid generated 231 unique biodiesel blend compositions, which were
subsequently evaluated statistically. The density (p,) and higher heating value (HHV,) of each blend
were estimated using linear volumetric mixing rules:

Pr = in pi
i
HHV, = in HRHY,

i
where X;, p;, and HHV,represent the volumetric fraction, density, and higher heating value, respectively,
of each constituent biodiesel.
Because kinematic viscosity exhibits non-linear blending behaviour, the viscosity of each blend
(vp) was estimated using the Arrhenius—Grunberg-Nissan logarithmic mixing model:

lnvb=ZXilnvi+ ZXLXJdU
i

T>i

L

where v;is the kinematic viscosity of constituent biodiesel i, and d;;is the binary interaction parameter
between components iand j. In the present simulation, the binary interaction parameters were set to
dasaso—pko = 0.000, dasaso—wco = 0.000, and dpko-_wco = 0.000. Thus, the viscosity calculations
employed the ideal logarithmic form of the Arrhenius—Grunberg-Nissan model without an additional
binary non-ideality correction. The pure-component kinematic viscosities used were 6.85, 5.24, and
4.82 mm?/s for ASASO, PKO, and WCO biodiesels, respectively. These mixing models provide a
systematic means of estimating the physicochemical properties of multi-component biodiesel blends
from the corresponding constituent properties.'*1°.

23 Statistical Analysis Using IBM SPSS

The simulated dataset containing the 231 binary and ternary biodiesel blends was analysed using
IBM SPSS Statistics Version 27 (IBM Corp., Armonk, NY, USA). Two complementary multivariate
statistical techniques were employed to evaluate the relationships between blend composition and fuel
performance.
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2.3.1  Multiple Linear Regression Analysis (MLRA)

Multiple Linear Regression Analysis (MLRA) was performed to quantify the influence of the
volumetric blending fractions of ASASO (X,5450) and PKO (Xpx,) on the predicted physicochemical
properties of the biodiesel blends. Six independent regression models were developed using kinematic
viscosity, density, oxidative stability, higher heating value, cetane number, and flash point as dependent
variables, while the blend fractions served as independent predictors. The Enter method was employed
to estimate the regression coefficients, and statistical significance was evaluated at the 95% confidence
level (p < 0.05). Multiple linear regression has been widely applied for modelling fuel-property
relationships and evaluating the influence of compositional variables on biodiesel quality '>¢.

2.3.2 Hierarchical Cluster Analysis (HCA)

The HCA was applied to group the generated biodiesel mixtures according to similarities existing
among physicochemical parameters. Before performing clustering, all variables were standardized to
Z-scores in order to remove variation related to the different scale measurements. For the analysis, the
squared Euclidean distance was selected as the similarity criterion and Ward's minimum variance was
employed as the agglomeration rule. Based on the resultant dendrogram, homogeneous groups of
biodiesels with similar quality characteristics could be distinguished. HCA has been established as an
important multivariate data tool for distinguishing performance groups of complex fuel mixtures and has
been utilized in the optimisation of biofuel'”.

2.3.3 Model Validation

Regression models' predictive performance was tested by R?, Adjusted R2, ANOVA, and the
standard error of the estimate calculated by SPSS. Variance Inflation Factor (VIF) was used to test the
multicollinearity between explanatory variables, and those lower than 5.0 may imply good predictor
independence and stable coefficients of the explanatory variable. These statistical measures are
routinely employed to ensure the robustness of the regression and prediction accuracy.'®°.

3. RESULTS AND DISCUSSION

31 Multivariate Regression Modelling and Predictive Fuel Properties

The 231 simulated biodiesel blends were analysed using IBM SPSS Statistics to evaluate the
effects of ASASO and PKO fractions on the selected fuel properties. Regression coefficients and
collinearity diagnostics are presented in Table 1. VIF values (1.333-1.343) indicated no substantial
multicollinearity.

Table 1. SPSS Model Coefficient Outputs and Collinearity Diagnostics

Kinematic Viscosity (mm?/s) Constant 4.824 0.053 — 91.864 <0.001 —
(X_{ASASO}) 1.989 0.085 0.914 23.357 <0.001 1.343
(X_{PKO}) 0.256 0.084 0.119 3.039 0.003 1.343
Density (kg/m?) Constant 0.845 0.032 — 26.472 <0.001 —
(X_{ASASO}) 0.045 0.052 0.066 0.869 0.386 1.343
(X_{PKO}) 0.070 0.051 0.104 1.363 0.174 1.343
Oxidative Stability (h) Constant 3.174 0.356 — 8.927 <0.001 —
(X_{ASASO}) -0.110  0.577 -0.014 -0.191 0.849 1.343
(X_{PKO}) 1.430 0.570 0.188 2506 0.013  1.343
Higher Heating Value (MJ/kg) Constant 32.819 0.384 — 85.486 <0.001 —
(X_{ASASO}) -5.500 0.623 -0.562 -8.831 <0.001 1.343
(X_{PKO}) -0.077 0.616 -0.008 -0.126 0.900 1.343
Cetane Number Constant 62.760  0.940 — 66.776 <0.001 —
(X_{ASASO}) 3.960 1.525 0.183 2597 0.010 1.343
(X_{PKO}) 9.769 1.508 0.456 6.479 <0.001 1.343
Flash Point (°C) Constant 148.000 0.000 — — — —
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(X {ASASO})  -9.000  0.000 1152 — — 1.333
(X_{PKO}) -5.000 0.000 -0.640 — — 1.333

Flash point was generated directly from the blending relationship, resulting in a deterministic fit
(R? = 1.000) with zero residual error. Thus, standard errors, t- and p-values were not estimable and are
not interpreted as conventional statistical evidence. The regression output is retained in Table 3.1 for
completeness. The resulting empirical regression equations derived from the unstandardized
coefficients are expressed as:

Vp = 4.824 + 1.989(X,5450) + 0.256(Xpxo)

pp = 0.845 + 0.045(X45450) + 0.070 (Xpxo)

0S8, = 3174 — 0.110(Xa5450) + 1.430(Xpx0)

HHV,, = 32.819 — 5.500(X45450) — 0.077 (Xpxo)

CNy, = 62.760 + 3.960(X45450) + 9.769(Xpx0)

FP, = 148.000 — 9.000(X5450) — 5.000(Xpx0)
The regression models revealed that blend composition influenced the investigated fuel properties to
varying degrees. Kinematic viscosity exhibited the strongest statistically meaningful dependence on
blend composition (R? = 0.739, p < 0.001), with ASASO exerting the dominant positive effect (8 =
0.914), while PKO also contributed positively but with a comparatively smaller influence (g = 0.119).
These findings indicate that increasing the ASASO fraction substantially increases resistance to flow,
reflecting the influence of its fatty acid ester composition on intermolecular interactions. Similar
relationships between biodiesel composition and viscosity have been reported for multi-feedstock
biodiesel systems and predictive fuel-property models”°,

The resulting empirical regression equations derived from the unstandardized coefficients are
expressed as Equations 3 through 8. To visually map these interrelated mathematical dependencies, a
response surface optimization contour was constructed (Figure 1A). As illustrated in the contour
topography, the fluid friction boundary scales sharply toward the primary axis vertex, confirming that
increasing the Chrysophyllum albidum fraction drives structural flow resistance upward due to its high
density and underlying saturation metrics.

PANEL A PANEL B
Ternary Contour Plot: Fluid Friction Multivariate Performance Cluster
& Property Optimization Grouping Map (HCA)
X_Asaso X_Asaso

10 10

c1

gh Ouaisy
High Suatsbty
Low Fricton)

[
Ramrcnd
Performance

c3
Hgh Factien
o Low Stateiey

.

X_weo 0.3 050 ors X_ex0
Cluster Identifcation

@ Optmal Zore: Balanced Fiud Frcton g
] €1 = Migh Quaity (Mgh Statéty. Low Enction)
Viacosty and Stat=My . oty (Mg oty Low

] €2« Balanced Performance
£ € = Migh Friction / Low Statsbty

[Contour Lines: Viscosity & Stability)

[Color Biocks: C1, C2, and C3 Boundaries |

Figure 1: Multivariate optimization space and hierarchical performance classification mappings for
binary and ternary fuel systems: (A) Response surface contour showing the interaction of fluid
resistance and oxidative stability parameters across different mixing fractions; (B) Formatted ternary
distribution tracking the three distinct homogeneous performance windows isolated via Ward's
hierarchical cluster analysis (HCA).

Density showed only a weak dependence on blend composition, with neither ASASO (p = 0.386)
nor PKO (p = 0.174) exerting a statistically significant effect. The low coefficient of determination (R? =
0.008) suggests that the constituent biodiesels possess comparable molecular packing characteristics,
resulting in only minor variations in blend density.

Oxidative stability also exhibited limited predictive capability (R? = 0.038); however, PKO
significantly improved oxidation resistance (8 = 0.188, p = 0.013), whereas ASASO showed no
significant contribution (p = 0.849). This behaviour indicates that oxidative stability depends not only on
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blend ratio but also on intrinsic fuel chemistry, including fatty acid saturation, antioxidant composition
and oxidation kinetics”®

The higher heating value model demonstrated moderate predictive performance (R? = 0.311),
with increasing ASASO significantly reducing the energy content of the blends (8 = —0.562, p < 0.001),
while PKO exhibited no statistically significant effect. Conversely, both ASASO (f = 0.183, p = 0.010)
and PKO (B =0.456, p < 0.001) significantly increased cetane number, indicating that blend
composition can be strategically adjusted to improve ignition quality. Flash point followed a deterministic
relationship with blend composition because it was generated directly from the prescribed blending
equation; consequently, the regression produced a perfect mathematical fit rather than an
independently validated statistical prediction.

Table 2. Regression ANOVA and Model Fit Summary

Target Model R Rz  Adjusted R? Std. Error of Estimate F Sig.
Kinematic Viscosity 0.860 0.739 0.737 0.235 324.415 <0.001
Density 0.091 0.008 0.000 0.141 0.947 0.389
Oxidative Stability ~ 0.194 0.038 0.029 2.474 4568 0.011
Higher Heating Value 0.557 0.311 0.305 2.670 51.280 <0.001
Cetane Number 0.396 0.157 0.150 6.536 21.218 <0.001
Flash Point* 1.000 1.000 1.000 0.000 — —

*Flash point was generated directly from the blending equation; therefore, the regression produced a
deterministic fit with zero residual error.

From statistical fithess measures reported in Table 2, it could be inferred that the prediction ability
of the regression models differed with different fuel properties evaluated. The parameters that
possessed relatively higher predictive accuracy in a statistically meaningful way were kinematic
viscosity, next being higher heating value and cetane number, whereas those with relatively poorer fit
were density and oxidative stability. Further, the absence of multicollinearity among predictor variables,
VIF < 5.0, and statistical independence was indicated by very low values (VIF = 1.333-1.343), validating
the use of MLRA. Taken together, these findings suggest that MLRA can be successfully used for the
prediction of major physicochemical properties of biodiesel blends and offer scope for its usage in
subsequent analyses of hierarchical cluster analysis and blend optimisation studies.

3.2 Cluster Analysis (HCA) Breakdown

The 231 simulated biodiesel mixtures were classified into three performance regions using HCA
based on six standardized fuel properties. Cluster 1 comprised high-ASASO blends with greater
stability, Cluster 2 represented the preferred optimization region with balanced fuel properties, and
Cluster 3 comprised more fluid blends with lower thermal capacity. The cluster distributions were
visualized in the ternary optimization space (Figure 1B), while recommended Cluster 2 formulations and
their predicted properties are presented in Table 3.

Table 3: Recommended Cluster 2 formulations and predicted properties

Kinematic

ASASO PKO WCO viscosit Density  Oxidative HHV Cetane Flash

(%) (%) (%) (mm? /s)y (g/lcm3)  stability (h) (MJ/kg) number point (°C)
30 35 35 5.51 0.87 3.54 30.99 66.98 143.55

35 30 35 5.59 0.87 3.53 30.78 66.86 143.35

35 35 30 5.61 0.87 3.52 30.71 67.18 143.10

i. Cluster 1: High-ASASO Stability Zone
Cluster 1 comprised ASASO-rich blends with higher viscosity but favourable oxidative stability and flash
point. Thus, increasing ASASO improves stability and fire characteristics but requires compositional
balancing to maintain acceptable fluidity.

ii. Cluster 2: Optimised Blending Zone
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Cluster 2 provided the best overall balance of fuel properties. Representative formulations (Table 3.3)
showed acceptable ASTM D6751 compliance for viscosity, cetane number, and flash point, although
viscosity and oxidative stability did not fully satisfy EN 14214 limits. These blends therefore represent
promising candidates for further optimisation and experimental validation.

iiii. Cluster 3: PKO/WCO-Dominated Flow Zone
Cluster 3 contained PKO/WCO-rich blends with lower viscosity and improved fluidity but reduced
oxidative stability. Such formulations may require antioxidant treatment and appropriate storage.
Overall, HCA identified distinct compositional-performance domains, with Cluster 2 offering the most
balanced formulation window.
Model limitation: PKO and WCO properties were obtained from literature rather than measured
directly. Variations in feedstock composition and measurement conditions may therefore affect
prediction accuracy; hence, the recommended blends should be experimentally validated before being
considered standards-compliant.

3.3 Policy Implications

The regression models and the cluster analysis offer a useful decision-making platform in
designing biodiesel blend compositions that optimally harness the potential of ASASO, PKO and WCO
feedstocks and are conducive to standardising the production of biodiesel that ultimately decreases
reliance on fossil fuel diesel. Such modelling approaches for predictive analysis have a crucial role in
speeding up industrial commercialization of green biodiesel technology and in more efficient assurance
of fuel properties™°. The potential of incorporating other underexploited non-edible feedstocks, when
combined with waste oil biodiesel, would improve utilisation of resources and ensure sustainable
circular bioeconomy strategies were applied; in developing countries with access to feedstocks such
as Nigeria’s waste and non-edible sources like ASASO and PKO, it would guarantee sustainable energy
source security while lowering emissions and promoting transport systems with a low carbon
footprint?20,

4. CONCLUSION

This study developed a multivariate predictive optimization framework for multi-feedstock
biodiesel blends derived from African star apple seed oil (ASASO), palm kernel oil (PKO), and waste
cooking oil (WCO) using IBM SPSS. By integrating blend simulation, multiple linear regression analysis
(MLRA), and hierarchical cluster analysis (HCA), the study demonstrated that statistical modelling can
effectively predict key physicochemical fuel properties while identifying optimal blend compositions
without extensive experimental trial-and-error. Among the investigated fuel properties, kinematic
viscosity exhibited the highest predictive accuracy, indicating that blend composition, particularly the
proportion of ASASO, strongly governs fuel flow behaviour. Conversely, density and oxidative stability
showed weaker dependence on blend ratio, suggesting that these properties are influenced by
additional intrinsic fuel characteristics.

Hierarchical cluster analysis further classified the simulated biodiesel blends into three distinct
performance groups, enabling the identification of an optimized blending region that balances viscosity,
oxidative stability, cetane number, and higher heating value within acceptable biodiesel quality limits.
The results demonstrate that combining complementary non-edible and waste-derived feedstocks
provides a practical strategy for overcoming the limitations associated with individual biodiesel sources
while improving overall fuel quality.

The predictive framework developed in this study provides a rapid and cost-effective decision-support
tool for biodiesel formulation and optimization. By reducing dependence on extensive laboratory
experimentation and facilitating the rational design of multi-feedstock biodiesel blends, the proposed
approach offers a scalable methodology for sustainable biodiesel production. Furthermore, the
integration of indigenous non-edible biomass resources with waste lipid streams supports circular
bioeconomy principles, promotes efficient resource utilization, and contributes to enhanced energy
security and the broader transition toward sustainable transportation fuels in Sub-Saharan Africa.The
preferred blending region was a ternary formulation containing approximately 30-40% ASASO
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biodiesel, 30-40% PKO biodiesel, and 20-40% WCO biodiesel, which provided the most balanced
predicted fuel properties. However, these model-derived blends require experimental validation to
confirm their fuel performance and compliance with applicable biodiesel standards.
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ABSTRACT

This study investigated the relationship between soil physicochemical properties and heavy metal speciation in
soils from Oghara, Delta State, Nigeria. Surface soil samples (0-20 cm) were collected from ten sampling locations
and analysed using standard analytical procedures. Heavy metal speciation was determined using the five-step
sequential extraction method, while Fe, Zn, Cu, Cr, Ni, Pb, and Mn were quantified by Atomic Absorption
Spectrophotometry (AAS). Pearson correlation analysis was employed to evaluate the relationships between soil
particle-size fractions and heavy metal speciation. The soils were slightly acidic (pH 6.4 £ 0.1) and predominantly
sandy (61.28%), with low organic matter (1.55 + 0.03%) and cation exchange capacity (3.99 + 0.05 cmol(+) kg™).
Zinc (230.79 £ 0.20 mg kg™') and nickel (141.15 + 0.10 mg kg™") recorded the highest total concentrations. Zinc
occurred mainly in the Fe—-Mn oxide-bound and organic matter-bound fractions, whereas nickel was predominantly
associated with the residual fraction. Significant correlations (p < 0.001) between soil particle-size fractions and
heavy metal forms indicated that soil texture strongly influenced metal distribution and retention. The study
concludes that soil physicochemical properties, particularly particle-size distribution, play a significant role in
controlling heavy metal speciation and potential mobility in Oghara soils. These findings provide baseline
information for environmental monitoring, ecological risk assessment, and sustainable soil management.

KEYWORDS: Heavy metal speciation; soil physicochemical properties; sequential extraction; soil texture; Oghara;
Niger Delta.

1. INTRODUCTION

Soil is a critical environmental resource that supports agricultural productivity, nutrient cycling, water
regulation, and ecosystem sustainability. However, rapid industrialization, urbanization, agricultural
intensification, petroleum exploration, and indiscriminate waste disposal have increased heavy metal
contamination of soils [1]. Because heavy metals are persistent and non-biodegradable, they
accumulate in the environment and may enter the food chain, posing significant ecological and public
health risks [1].

Environmental risk associated with heavy metals depends not only on their total concentrations but also
on their chemical forms (speciation), which determine their mobility, bioavailability, and toxicity.
Consequently, heavy metal speciation has become an important approach for evaluating contaminant
behaviour in soils [2]. The distribution of metals among geochemical fractions is strongly influenced by
soil physicochemical properties such as pH, organic matter, cation exchange capacity, electrical
conductivity, and soil texture, all of which regulate metal adsorption, retention, and release under
changing environmental conditions [3].

Previous studies in the Niger Delta have largely focused on determining total heavy metal
concentrations in soils, sediments, and water bodies, providing limited information on the relationships
between soil physicochemical properties and heavy metal speciation[4], [5], [6]. As a result, the factors
controlling heavy metal mobility and potential ecological risks in many locations remain insufficiently
understood. Oghara, Delta State, is characterised by expanding residential development, agricultural
activities, transportation, and proximity to petroleum-producing communities, all of which may influence
soil quality and heavy metal dynamics. Despite these environmental pressures, information on the
relationship between soil physicochemical properties and heavy metal speciation in Oghara soils is
scarce.This study therefore investigated the relationship between selected soil physicochemical
properties and heavy metal speciation in soils from Oghara, Delta State, Nigeria. The findings will
improve understanding of heavy metal mobility and bioavailability and provide scientific evidence to
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support environmental monitoring, ecological risk assessment, and sustainable soil management in the
study area.

2. MATERIALS AND METHODS

2.1 Study Area

The study was conducted in Oghara, Ethiope West Local Government Area, Delta State, Nigeria (5°55"-
5°59" N, 5°40'-5°46' E). The area has a humid tropical climate with annual rainfall of 2,000-2,500 mm
and mean temperatures of 27-32 °C. It is underlain by the Benin Formation, with predominantly sandy
loam soils. Agriculture, residential development, commercial activities, transportation, and proximity to
petroleum-related operations constitute potential sources of heavy metal contamination.

2.2 Soil Sampling

Surface soil samples (0-20 cm) were collected from selected locations representing different
anthropogenic activities using a stainless-steel auger. Five subsamples from each location were
composited to obtain representative samples. Samples were air-dried, sieved (<2 mm) for
physicochemical analyses, and further ground (<0.15 mm) for heavy metal determination.

2.3 Soil Physicochemical Analysis

Soil pH, electrical conductivity (EC), particle size distribution, organic carbon, organic matter, cation
exchange capacity (CEC), moisture content, available phosphorus, and total nitrogen were determined
using standard analytical procedures[7], [8], [9]

2.4 Heavy Metal Speciation and Determination

Heavy metal speciation was performed using the five-step sequential extraction procedure of [10], which
fractionates metals into exchangeable, carbonate-bound, Fe-Mn oxide-bound, organic matter-bound,
and residual forms. Concentrations of Cd, Pb, Cu, Zn, Cr, Ni, Fe, and Mn in each fraction were
determined using Atomic Absorption Spectrophotometer (AAS)Labnicsmodel 2000

2.5 Quality Assurance and Data Analysis

Analytical quality was assured through the use of acid-washed glassware, analytical-grade reagents,
procedural blanks, duplicate analyses, certified reference materials, and recovery tests. Data were
analysed using descriptive statistics and Pearson's correlation to evaluate relationships between soil
physicochemical properties and heavy metal speciation at a 95% confidence level.

3. RESULTS AND DISCUSSION

3.1 Results
3.1.1 Physicochemical properties of soil samples
Table 1. Physicochemical properties of soil samples collected from Oghara, Delta State, Nigeria

Parameter Value
Available phosphorus (mg kg™) 14.5+ 0.1
Calcium (cmol(+) kg™) 3.10 £ 0.02
Cation exchange capacity, CEC (cmol(+) kg™) 3.99 £ 0.05
Clay (%) 9.29
Magnesium (cmol(+) kg™) 0.52 + 0.04
Organic matter (%) 1.55+ 0.03
pH 6.4 +£0.1
Potassium (cmol(+) kg™) 0.05 + 0.001
Sand (%) 61.28

Silt (%) 29.43
Sodium (cmol(+) kg™) 0.32 £ 0.01
Total nitrogen (%) 0.11 + 0.05

Values are expressed as mean + standard deviation (SD)

Table 1 presents the physicochemical properties of soils collected from Oghara, Delta State. The soils
were slightly acidic (pH 6.4 + 0.1) and sandy in texture, comprising 61.28% sand, 29.43% silt, and 9.29%
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clay. Organic matter, total nitrogen, and available phosphorus contents were 1.55 + 0.03%, 0.11 %
0.05%, and 14.5 + 0.1 mg kg™, respectively. The cation exchange capacity was 3.99 + 0.05 cmol(+)
kg™, with calcium being the dominant exchangeable base (3.10 + 0.02 cmol(+) kg™), followed by
magnesium, sodium, and potassium.

3.1.2 Heavy metal speciation and total concentrations in soil samples
Table 2. Heavy metal speciation and total concentrations in soil samples from Oghara, Delta State,

Nigeria.

. Organic
Metal TotaI_Smg Exchangeable Carbonate- Fe-Mn oxide- matter- Residual
kg™) bound bound
bound

Fe 12.36 £ 0.01 3.47 £ 0.01 3.28 + 0.01 3.91 £ 0.01 1.70 £ 0.01 ND

Zn 230.79£0.20 36.61+£1.00 35.96 + 1.00 78.46 £ 1.60 7748 £ 160 1.96 +0.06
Cu 0.95 £ 0.01 ND ND ND 0.63 £ 0.02 0.31 £ 0.01
Cr 4,94 + 0.03 ND ND 1.56 £ 0.10 2.60 £ 0.20 0.78 £ 0.05
Ni 141.15+0.10 5.87 £0.30 4.99 £ 0.30 1.17 £ 0.10 51.07+£1.20 78.05+1.70
Pb 9.05 + 0.02 ND ND 4,79 £ 0.20 ND 4,26 £ 0.20
Mn 11.26 £ 1.04 ND 8.24 £ 0.30 0.55 + 0.02 ND 247 +£012

Values are presented as mean * standard deviation (SD) of triplicate determinations (n = 3). ND = Not
detected (below the limit of detection)

Table 2 presents the total concentrations and geochemical fractions of heavy metals in soils from
Oghara. Zinc recorded the highest total concentration (230.79 + 0.20 mg kg™"), followed by nickel
(141.15 £ 0.10 mg kg™), whereas copper had the lowest concentration (0.95 + 0.01 mg kg™). Iron
occurred mainly in the exchangeable, carbonate-bound, Fe—-Mn oxide-bound and organic matter-bound
fractions, while zinc was predominantly associated with the Fe—Mn oxide-bound and organic matter-
bound fractions. Nickel was largely concentrated in the residual and organic matter-bound fractions,
whereas lead was detected only in the Fe-Mn oxide-bound and residual fractions. Copper and
chromium were primarily associated with the organic matter-bound and residual fractions, while
manganese occurred mainly in the carbonate-bound fraction

3.1.3 Heavy Metal Fractions and Soil Particle-Size Fractions In Soils.
Table 3. Pearson correlation coefficients (r) between heavy metal fractions and soil particle-size
fractions in soils in Oghara, Delta State, Nigeria

Metal Fraction Clay Sand
Iron (Fe) Exchangeable 0.655 0.596
Carbonate-bound 0.000 0.000
Fe—Mn oxide-bound 0.217 512
Organic matter-bound  -0.143 -0.197
Residual 0.645 -0.115
Zinc (Zn) Exchangeable 0.466 0.565
Carbonate-bound 0.818 0.738
Fe—Mn oxide-bound 0.327 0.693
Organic matter-bound  -0.436 0.784
Residual 0.393 -0.813
Lead (Pb) Exchangeable 0.000 0.000
Carbonate-bound 0.000 0.000
Fe—Mn oxide-bound NC 0.776
Organic matter-bound  0.000 0.000
Residual -0.782 -0.393

Table 3 shows significant correlations between soil particle-size fractions and heavy metal speciation (p
< 0.001). Iron exhibited moderate positive correlations between its exchangeable and residual fractions
and clay, whereas zinc showed strong positive correlations in the carbonate-bound fraction with clay (r
= 0.818) and the organic-bound fraction with sand (r = 0.784). In contrast, the residual fractions of zinc
(r =-0.813) and lead (r = —0.782) were negatively correlated with sand and clay, respectively. These
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findings indicate that soil texture significantly influences the distribution and retention of heavy metals
in Oghara soils.

3.2 Discussion

The physicochemical properties of the Oghara soils showed that they were slightly acidic (pH 6.4),
sandy in texture, and contained relatively low organic matter and cation exchange capacity (CEC).
These characteristics suggest a moderate capacity for heavy metal retention and increased
susceptibility to metal mobility. Soil pH, texture, organic matter, and CEC are widely recognized as the
primary factors controlling the adsorption, mobility, and bioavailability of heavy metals in soils. Clay- and
organic matter-rich soils generally retain metals more effectively than sandy soils because of their
greater surface area and higher cation exchange capacity [11], [12]. In the Oghara samples, however,
the prevalence of a sandy texture and low organic matter content likely limits the formation of stable
metal-organic complexes and insoluble precipitates, thereby increasing the risk of heavy metal leaching
into groundwater [13], [14].

The heavy metal speciation results revealed that zinc and nickel had the highest total concentrations,
while copper occurred at the lowest concentration. Zinc was mainly associated with the Fe—Mn oxide-
bound and organic matter-bound fractions, whereas nickel was predominantly present in the residual
fraction. This distribution indicates that a substantial proportion of these metals occurs in relatively stable
forms with lower immediate bioavailability. Previous studies have similarly reported that Fe—Mn oxides,
soil organic matter, and residual mineral fractions serve as important sinks for heavy metals, thereby
reducing their mobility under stable environmental conditions [15], [16], [17].

The correlation analysis further demonstrated significant relationships between soil texture and heavy
metal fractions. The positive correlations of several iron and zinc fractions with clay indicate that clay
minerals enhance heavy metal adsorption and retention [18]. Conversely, the negative correlations
observed for the residual fractions of zinc and lead with sand suggest that coarse-textured soils have a
lower capacity to retain metals, thereby increasing their potential mobility. These findings are consistent
with previous reports that clay-rich soils immobilize heavy metals more effectively than sandy soils
because of their larger surface area and greater adsorption capacity[19], [20], [21].

4. CONCLUSION

The study demonstrated that soil physicochemical properties significantly influence heavy metal
speciation in soils from Oghara, Delta State. The soils were slightly acidic and predominantly sandy,
with zinc and nickel recording the highest total concentrations. Most heavy metals occurred in the Fe—
Mn oxide-bound, organic matter-bound, and residual fractions, indicating differences in their mobility
and bioavailability. Significant correlations between soil particle-size fractions and heavy metal forms
confirmed that soil texture plays an important role in controlling metal distribution. These findings
provide baseline information for environmental monitoring, ecological risk assessment, and the
sustainable management of contaminated soils in the Niger Delta.
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ABSTRACT

Micro-organisms resistance to antimicrobial agents has prompted a quest for novel potent antimicrobial agents
which are particularly derived from natural sources. Costuslucanusianus(J.Braun&Shum) is a plant generally
utilized in traditional medicine for the treatment of innumerable infectious diseases including venereal diseases.
However, there is limited information on the antimicrobial potency of its rhizome crude extracts and chemical
compositions. This study is aimed at determining the chemical composition and antimicrobial potency of C.
lucanusianus rhizome organ. The antimicrobial potency of various concentrations (12.5-100 pg/mL) of the ethyl
acetate, hexane and methanol extracts of the rhizome was evaluated against six bacterial and four fungal strains
using the Agar well diffusion techniques. Minimum inhibition concentration (MICs) of the most potent extracts was
determined using Agar Microdilution method. The most potent plant extract was further subjected to
chromatographic separation and then structural elucidation using NMR spectroscopy. The extracts displayed
varying antimicrobial activity against the micro-organisms, and MICs for the most potent extracts ranged from 3.125
pg /ml to 6.25 pug/ml. Chromatographic studies of the hexane extract led to the isolation of a compound Z, a mixture
of isonuatigenin and diosgenin whose structures were established with NMR and comparison with literature data.
The in vitro antimicrobial activity displayed by the crude extracts from C. lucanusianus rhizomes highlights its
potential for the treatment of infectious diseases in ethnomedicine.

KEYWORDS: Costuslucanusianus, Antimicrobial activity, Isonutiagenin, Diosgenin, Infectious diseases

1. INTRODUCTION

Infectious diseases continue to pose a significant world health concern, especially in low- and average-
income regions where access to effective treatment remains limited'. The enormous burden of
infectious diseases in developing countries is due to the emergence and spread of drug-resistant
infections?2. A major challenge encountered in treating infectious diseases is the antimicrobial
resistance. There is therefore an urgent requirement for new drugs that can counteract antimicrobial
agent resistance mechanisms 3. Medicinal plants have traditionally served as a vital origin of bioactive
compounds used to treat various diseases. These plants contain significant organic compounds such
as carbohydrates, steroids, terpenes, alkaloids and flavonoids, many of which are liable for the
antimicrobial properties displayed in vitro conditions “As a result, the interest in making use of
compounds derived from plants as potential alternatives to conventional antimicrobial agents has
increased.

Costuslucanusianus, commonly referred to as the Spiral ginger and African spiral flag, is a popular plant
widely famous for its efficiency in the treatment of cough, urethral discharge, urinary tract infection,
venereal diseases amongst others 5. The rhizome is frequently used in decoctions for therapeutic
purposes in cases like leprosy and malaria 6. Various biological activities such like hepatoprotective,
antimicrobial, anti-inflammatory and antihyperglycemic effects have been reported "°.

Despite this, limited information is available on the plant’s chemical components 9. The Costus genus
is rich in steroidal saponins, starches, oxalates, and sapogenins and other bioactive compounds °,
suggesting that C. lucanusianus may contain structurally relevant compounds with significant
pharmacological potential. This study aims to evaluate the antimicrobial activity of rhizome extracts and
characterize the chemical bioactive constituents accountable for these effects.
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2. MATERIALS AND METHODS

2.1 Plant material

Fresh rhizomes of Costuslucanusianus italicize were collected from General gas area, Akobo Ibadan,
Oyo state, Nigeria (at a geographical coordinate of 7 © 25! 45.4” N 3 ° 56 ' 10.9” E; altitude 830 ft.).
Voucher specimens (FH110048) of the plant were dropped at the FRIN herbarium.

2.2 Instrumentation

The NMR spectra were acquired by the use of BrukerTopSpin 600 and 150 MHz spectrometers for 'H
and "3C, respectively, in CDCls. Silica gel 60-200 mesh size was utilized for column chromatographic
procedures.

2.3 Study method

2.3.1 Extraction of plant organ

Air-dried and ground rhizome (50 g) was deffated with hexane using the cold-maceration extraction
method repeatedly. The extract filtered usingWhatman filter paper number 1 and a Buchner funnel. The
filtrate was concentrated under reduced pressure with a rotary evaporator at 40°c to obtain the crude
extract. The defatted plant material was then extracted with Ethyl acetate and methanol sequentially
with the same cold maceration technique. Subsequently, more extracts were obtained from the rhizome
organ (2.70kg) using a Soxhlet apparatus. The rhizome organ was defatted with hexane, extracted with
ethyl acetate and methanol successively. The percentage yields (w/w) of the extracts were determined.

2.3.2 Purification of the hexane extract

Hexane extract (6.80 g) was purified on silica gel (60-200 mesh, 205 g, 32.5 mm x 66 mm) using various
concentrations of ethyl acetate in hexane to give 125 fractions of 200 mL each. Fractions 64-73 (1.03
g) were subjected to repeated column chromatography using a gradient of ethyl acetate in hexane to
give a mixture of diosgenin (3) bold and isonutiagenin (4) bold (12 mg).

2.3.3 Antimicrobial activity of crude extracts

A total of six clinical bacterial strains (Pseudomonas aeruginosa, Bacillus subtilis, Staphylococcus
aureus, Salmonella typhi, Klebsiellapneumoniae and Escherichia coli) and four fungal strains (Candida
albicans, Rhizopusstolonifer, Penicilliumnotatum and Aspergillusniger) were used in this study. All test
organisms were provided by the laboratory of pharmaceutical microbiology, University of Ibadan. The
antibacterial and antifungal potency of methanol, hexane and ethyl acetate extracts from C.
lucanusianus were determined using Agar well diffusion techniques on Mueller-Hinton Agar medium
(MHA) and Sabouraud Dextrose Agar medium (SDA), respectively, against the above-mentioned
microorganisms. Culture media were sterilized by autoclaving prior to use

2.3.4 Preparation of graded concentrations

An initial concentration of 100 ug /ml of each extract was prepared by dissolving,extracts (1.0 mg each)
into 10 ml of methanol. Double-fold serial dilution method was used to obtainfour different concentration
solutions ranging from 12.5 pyg/ml to 100 pg/ml

(a). Antibacterial assay

A mixture of micro-organisms andsterile nutrient agar was cautiously poured into sterilized petri dishes
and permitted to solidify for about 45 minutes. Extracts (30pl), methanol and gentamicin were poured
into the wells (8 mm diameter hole pierced in the Agar at distance of 25 mm apart using a sterilized cork
borer). For adequate diffusion of the extracts into the medium, the plates were left at room temperature,
afterwards incubated at 37 °C for 24 hours.

The bacterial growth zones were observed after the duration and inhibition zones were measured in
mm. Tests were carried out in triplicates .

(b). Antifungal assay

The prepared sterile SDA (62 g/L) was permitted to solidify for about 45 minutes in sterile plates. The
SDA plate surfaces were covered with fungal strain suspension using sterile cotton swabs under aseptic
conditions. Different concentrations of the extracts, along with methanol and tioconazole{please chech
the name} 70% were transferred into the wells for 120 minutes to allow perfect diffusion into the agar.
After that, they were incubated uprightly for 48 hours at 28 °C. Measurements of inhibition zone diameter
(IZD) in mm were determined '*
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2.3.5 Determination of Minimum Inhibitory Concentration (MIC)

The hexane and methanol extracts solutions in methanol were prepared. The MIC was determined by
making use of the Agar dilution technique (micro/dilution technique) in a 96-well micro-titer plate (MTP).
Prepared sterilized and cooled Agar (18 mL each) was properly mixed with various concentrations of
the extracts (2 mL each). The spreading of the resulting mixtures was evenly in (MTP) which was
maintained in an oven for 24 hours at 37 °C for bacteria and 48 hours for fungi. Then, unto the surfaces
were applied microorganisms. For the fungi, the visualization of turbidity in the wells, which represented
the least concentration at which no microorganism growth was seen, was used to determine the MIC
12. The experiment was carried out in triplicate. MIC of the extracts in millilitres was determined,

2.3.6 Statistical Analysis
Statistical analysis of data obtained was determined by the use of one-way analysis of variance
(ANOVA). A significant difference between obtained data was considered at P<0.05.

3. RESULTS AND DISCUSSION

3.1 Results

3.1.1 Crude extract percentage yields

The percentage yields of the cold hexane, ethyl acetate and methanol extracts were 0.05 g, 0.01 g and
1.20 g, respectively. On the other hand, the hot methanol, hexane and ethyl acetate extracts yields were
0.26 g, 0.08 g and 1.41 g, respectively.

3.1.2 Isolation of bioactive constituents

In this study, we report the isolation of a mixture of isonutiagenin (3) and diosgenin (4) from the rhizomes
of Costuslucanusianus. Fig.1 &2).

The known compounds (3 and 41) were identified by comparison of their NMR spectra data
(Supplementary Figures A and (Tables 1-2) with the literature 13-15.

Fig.3 and 4.Chemicalcompoundsisolated fromtherhizomesof CostuslucanusianusJ.Braun&K.Shum

The1H NMRand13CNMRdataofcompounds3&4 are reported inTables1 and2,respectively.

Compd. H-3 H-6 H-18 H-19 H-21 H-26 H-27
3 3.35- 5.36,d,1.9Hz 0.79,s,3H 1.02,53H 096, d, 3.28,dd, 1.20,s,3H
3.37,m 7.0Hz 10.3,2.4,
3.6Hz
4 3.45- 5.73,d,1.9Hz 0.80,s,3H 1.02,5,3H 0.98,d,6.7 3.34, 0.82,s,3H
3.47,m Hz d,11.0,
3.44,d,11

'H NMR(600Hz).3*,4*13-15
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Table2:13CNMR dataofcompounds3 and4

CarbonPosition Compound3 Compound4
Experimental Literature Experimental Literatu
re
1 37.38 37.10 37.38 37.43
2 31.78 31.60 31.78 31.79
3 71.89 71.30 71.89 71.89
4 42.43 42.30 42.43 42.46
5 140.95 141.5 140.95 141.02
6 121.59 121.5 121.59 121.60
7 32.96 32.90 32.29 32.25
8 31.87 31.80 31.60 31.64
9 50.89 50.60 50.22 50.25
10 36.80 37.00 36.80 36.84
11 20.98 21.20 21.03 21.07
12 39.95 40.10 39.95 39.99
13 40.52 40.60 40.42 40.46
14 56.68 56.90 55.82 56.72
15 32.01 31.90 32.21 32.04
16 80.77 81.60 80.97 81.03
17 62.20 62.40 62.26 62.28
18 16.40 16.40 16.44 16.49
19 19.50 19.50 19.57 19.63
20 41.77 41.40 41.88 41.80
21 14.63 14.30 14.67 14.73
22 109.42 109.5 109.44 109.50
23 31.52 29.90 31.55 31.59
24 34.11 34.60 28.96 28.99
25 80.66 81.60 30.46 30.49
26 67.00 69.20 67.02 67.04
27 30.43 23.80 17.56 17.35

13CSpectrum(CDL3)recordedonBrukerAvanceIIIat1 50.0MHz.3*,4*(*3= 13,16*4=14-15.

3.2 Discussion
3.2.1 Extract yields

Low extraction yields were recorded for both the cold (0.01-1.20%) and hot (0.08-1.41%) extracts. This aligns
with previous reports, which have attributed low recovery of crude extracts to the limited abundance of
extractable secondary metabolites 17-18.

3.2.2 Isolation of bioactive constituents

This was the initial isolation of steroids from the hexane extract of the C. lucanusianus rhizome. Costus genus
rhizomes are known as the major sourceof diosgenin and similar compounds have been identified from its
other parts such as leaves, stems and flowers. In addition, steroidal saponins, steroids and sapogenins have
also been reported to be characteristic constituents of the genus ™. In this study, isonuatigenin was identified
alongside diosgenin, marking its first reported occurrence within the Costus genus. The examination of
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spectroscopic data of compound Z, in comparison with the published data for (25R)-isonuatigenin and
diosgenin confirmed that it was a mixture of two identical steroidal sapogenins13-16

Few proton signals were easily recognizable due to extensive interproton coupling in the 1TH NMR. A total of
eight methyl signals at (18-CHs, 19-CHs) and (21-CHs, 27-CHs ) were observed as the upfield signals. The
overlapping multiplets in the methylene envelope (6 2.23-1.6 ppm) were as a result of the remaining
methylene and methine signals. Overlapping downfield signals greater than 3ppm were assigned to the
olefinic signals at & 5.3-5.7ppm and oxysubstitutedmethine resonance at 6 3.3-3.4 ppm. The signals for H-16
appeared as a doublet of doublet at & 4.4 ppm and H-26 at 6 3.2-3.3 ppm. The overlapping of signals observed
in the H NMR can be attributed to the presence of two similar compounds with similar chemical shifts. The
signal corresponding to the H-27 is of particular diagnostic value in distinguishing between the two
compounds. The chemical shift value of the C-27 protons at 30.43ppm further confirmed that the structure is
isonuatigenin.

A total of fifty-four (54) carbon signals observed were assigned to compounds 3 and 4.

The characteristic signals of the steroidal sapogenin are those of C-16, C-26 and C-22, which are usually
between (80-110 ppm). 16

The angular methyl groups, and C-21 chemical shifts were established to be similar to those reported for
isonuatigenin and diosgenin. The signals of diosgenin and isonuatigenin were nearly identical except for the
induction of the expected chemical shift of the carbon atoms (25-C and 27-C) of ring F by the addition of a -
OH group at C-25 and a small downfield shift of the C-27 value. Some 'H-"H and "H-"*C couplings were also
established with the 2D NMR

3.2.3 Antibacterial and antifungal activity

High inhibition zones were observed by the hexane extract against S. typhi (30 mm), followed by S. aureus
and K. pneumonia (28 mm) while the methanol extract exhibited a high inhibition zone against B. subtilis (24
mm) and P. aeruginosa (23 mm). These findings are comparable to previous studies on the antibacterial
potency of C. igneus, C. pictus and C. speciosus rhizome petroleum ether (non -polar) extracts against E. coli,
S. aureus, P. aeruginosaand B. subtilis at (500-2000 pg/mL) 19. Also, C. speciosus rhizome hexane, ethyl
acetate and methanol extracts inhibited the growth of S. aureus and B. subtilis (9 mm-15mm) at 2.5-5.0
mg/disc 17.

A similar trend was observed in antifungal assays where maximum antifungal activity was also observed at
100 pg/ml (Table 4). Hexane extract displayed a slightly higher antifungal activity than the methanol and ethyl
acetate extracts. Antifungal activity of the extracts against tested fungal strains is in line with previous reports
on the antifungal potency of the root and leaf ethanol extracts of Costusafer, a related African species, against
C. albicans and A. niger20.

Antibacterial and antifungal activity resultsof the crude extracts revealed that the active components liable for
the observed properties are predominantly present in the non-polar extract (hexane extract).

SolventExtracts S.aureus E.coli P.aeruginosa K.pneumonia
(ng/mL)Concentration 100 50 25 125 100 50 25 125 100 50 25 125 100 50 25 12.5 100
273 22-3 19.0 26.7 21.7 25.3 227
. 28.0+ 24.3+ 253 19.7+ 253
Hexane(Rhizome) 1,848 1.067 20 18 +1.06 11,067 +0.53  +1.60 +1. 26 +141 20 28 +1.06 +141 1411 11,067
7 3 0 067 1 7 1
14.7 12.7 153 12.7
Ethylacetate(Rhizome) 167+ 14 12 10 18 16.7 +1.06 +1.06 18 16 14 12 173+ +1.06 +1.06 10 20
1.067 +1.067 1.067
7 7 7 7
13- 22.7 17.7 15.0 20.7 15.7
. 20 17.3 153+ 3+ ’ 19.7+ ’ ’ ’ 17.7 ’
Methanol(Rhizome) 11848 +1.067 1067 1. +1.06 1411 +141 +1.60 23 +0.53 +0.53 0.5 22 18 16 14 24
0.533 06 7 1 0 3 3
+Ye§tandardGenta 40 18
micin
-veStandardDMSO
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*S.auereus=Staphylococcusaureus,B.subtilis = Bacillus
subtilis,E.coli=Escherichiacoli,P.aureginosa=Pseudomonasaureginosa,K.pneumonia=Klebsiellapneumonia, S.typhi
=Salmonellatyphi

Table4:AntifungalActivityOfCrudeExtracts

Partsofplant

used SolventExtracts C.albicans A.niger P.notat
Concentration 100 50 25 12.5 100 50 25 125 100 50 y
(pg/mL)
Hexane 18.7+ 16,7+ 17.3+ 133+  19.0+ 17.3+ 1
Rhizome 1067 41087 15 14 19.3+1.067 1067 453+1.067 1.067 0924 0533 4
173+ 14.7+ 153+ 127  + 19.3+  17.3+
Ethylacetate 1067 1067 2 10 17.3+1.067 1.067  1.067 10 1067 1067
18.7+  17.3+  14.7+ 16.7
Methanol 067 1osr  1oer 12 17.3+1.067 14 12 10 osr ™ 1
+ve Standard
Tioconazole(70%) 28 26 28
-ve Standard _ ) )
DMSO

*C.albicans= Candidaalbicans, P. notatum= Penicilliumnotatum,A.niger=Aspergillusniger
,R.stolonifer

3.3.4 Minimum Inhibitory Concentration (MIC) Results

The hexane extract exhibited MIC values at 3.125 pg /ml against tested microorganisms except A. niger
and P. notatum, which displayed no prominent growth (Table 5) while the MIC of the methanol extract
was at 6.25 pg /ml against all tested microorganisms (Table 6). C. speciosus rhizome hexane extract
displayed a MIC value of 1.25 mg /ml against B. subtilisand S. aureusand 500 mg /ml against A. niger.
Also, a MIC of 1.25 mg /ml was displayed by C. speciosus rhizome methanol and ethyl acetate extracts
against B. subtilis and S. aureus respectively. The methanol extract also displayed a MIC of 0.625 mg/mL
against S. aureus 17. Costusigneus rhizome petroleum ether extract also displayed a MIC value of
0.25mg /ml against P. aeruginosa, S. aureus and B. subtilis, while CostusPictus petroleum ether
exhibited MIC of 0.25 mg /ml for B. subtilis, S. aureus, and 0.5 mg /ml for P. aeruginosa and E. coli'*°.

4. CONCLUSION

The Chromatographic studies of the rhizome hexane extract led to the isolation of a mixture of diosgenin
and isonuatigenin. The antimicrobial activity displayed by the rhizome extracts validates its application
in the treatment of infectious diseases traditionally. Further work is ongoing to purify and separate the
compounds for individual antimicrobial activities.
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FigureB1:ProtonNMRofCompounds3and4

FigureB2:Carbon13NMRofCompounds3and4
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ABSTRACT

The occurrence of organic biomarkers in an ecosystem should be of great concern due to their effects on the
environment and health of residents. The study profiled the organic biomarkers in soil and sediment samples
towards identifying the various classes of organic biomarkers present and their biogeochemical relevance. Soil and
sediment samples were collected from the petroleum depot at Mosinmi, Ogun State. The extraction of the samples
(soil and sediments) were done with the aid of sonicator. Silica-alumina column chromatography was used for
further clean-up of the extracts into polar, aromatic and saturate fractions. Gas chromatography-Mass spectrometer
(GC-MS) was used for the analysis of the organic biomarkers from the concentrated fractions. The National Institute
of Standards and Technology (NIST) library reference was used as basis of comparison of mass spectra for the
identification of the organic biomarkers. Biogeochemical parameters including Pristane/Phytane (Pr/Ph), Odd-Even
Carbon Prevalence (OEP), Pristane/Carbon-17 (Pr/nC17) were determined. The values obtained gave indication of
the state of the environment and anthropogenic activities of the sampled area.

KEYWORDS: Organic biomarkers, Odd-Even carbon preference (OEP), Sonicator, Mass Spectra, petroleum depot.

1. INTRODUCTION

Biomarkers are organic matter whose identity can be traced back to biologically synthesized organic
molecules. They occur in sediments, rock, and crude oils and show little or no change in structure from
their parent organic molecules in living organisms. Their chemical fingerprint in petroleum provide
unique clues to indicate source rocks and biological sources of organisms that generated the organic
matter, environmental conditions, thermal maturation and level of microbial biodegradation. Biomarkers
generally retain their source information after burial in soil and sediment regardless of any alteration
(Derrien et al., 2017). Soil and sediment contain organic matter with very complex sources (Ortiz et al.,
2013), hence, different tools such as stable isotopic, total organic carbon (TOC) and specific biomarker
methods are used to identify their origin of organic carbon. Specifically, n-alkanes and geochemical
parameters such as: carbon preference index (CPI), average chain length (ACL), pristine/phytane
(Pr/Ph) ratio are widely used in identification and oil-source rock correlations, origin and environment
of depositions determination (Cheng et al., 2023). Only a few reports, including Olayinka et al., (2020)
exists on organic biomarkers in the petroleum depots. However, to ensure a clean and safe environment,
proper profiling of organic biomarkers in sediments and soils of petroleum depots is essential.

2. MATERIALS AND METHODS

The soil and sediment samples were collected at the identified locations at a depth of 0 — 30 cm each
using hand shovel. 20 g of the freeze-dried composite soil and sediment samples were weighed into
100 ml beaker. 25 cm?® of dichloromethane was added and sonicated for 15 minutes at 25 °C. The
sonication was done three times, and all the extracts collected together into a beaker covered with
perforated aluminum foil. The beaker was labeled and set for purification with column chromatography.
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3. RESULTS AND DISCUSSION

31 Occurrence of saturated organic biomarkers in sediment samples of Mosinmi, Sagamu

Aliphatic compounds detected in the sediment sample of Mosinmi, Sagamu ranged from nCs to nC17
(table 1).Cetene and E-15- heptadecenal both have high similarity indices of 92% and 91% respectively.
1- Ethyl -2- methylcyclopentane which is an n- alkane nCs show the least similarity index of 59%, it is
however the most predominant as it exhibited the highest area percentage of 33.26 (table 1). This is an
indication of petrogenic input of hydrocarbons in the surface sediments, supported by Hassaan et al.,
(2024). The high predominance of low molecular weight n-alkane indicates oil contamination in the
sample while its petroleum source input is corroborated by Sojinu et al., (2012).

Table 1: Occurrence of compounds in sediment sample of Mosinmi, Sagamu

SIN RT (mins) Name CAS Number %Quality %Area
1. 2.26 1-ethyl-2-methylcyclopentane 019781-68-1 59 33.26
2. 1416 Cetene 000629-73-2 92 0.63
3. 16.03 E-15-Heptadecenal 100130-97-9 91 1.74

3.2 Occurrence of aliphatic Compounds in sediment sample of Mosinmi (outside depot),
Sagamu

The n-alkanes in the sample ranged from nCe to nCas (table 2). Hexacosene, 2, 6, 11-
trimethyldodecane, nonadecene, hexadecane and tetradecane have similarity indices of 97%, 96%,
95%, 93% and 94% respectively. 1, 2- dimethylaziridine, 3methylene heptane and (E)- 2- octane show
moderate similarity indices of 59%, 59% and 58% respectively. (Z)- 2- hexane is the saturate with the
least similarity index of 53%.,indicating sensitive response to anthropogenic interactions and petroleum
hydrocarbon pollution (Zhan et al., 2022).The predominantly low to medium molecular weight nCs to
nCis n- alkanes reveals the abundant algal organic matter biomakers with terrigenous inputs (Egbeola
et al., 2024).

Table 2: Occurrence of compounds in sediment sample of Mosinmi (outside) depot, Sagamu

S/N RT (mins) Name CAS Number  %Quality %Area
1. 2.27 1,2-Dimethylaziridine 030757-96-1 59 2.68
2. 3.09 (2)- 2-Hexene 007688-21-3 53 0.89
3. 433 3-methyleneheptane  001632-16-2 59 1.79
4. 446  (E)- 2- octane 013389-42-9 58 0.60
5. 12.15 Tetradecane 000629-59-4 94 0.63
6. 14.22 Hexadecane 000544-76-3 93 0.88
7. 16.06 1-Nonadecene 018435-45-5 95 8.80

8. 16.10 2,6,11-trimethyldo

decane
031295-56-4 96 0.61
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9. 22.06 1-Hexacosene 018835-33-1 97 0.84

3.3 Occurrence of aliphatic compounds in soil sample, Mosinmi (inside) depot, Sagamu

The n-alkanes ranged from nCs to nCss (table 3), most of the compounds have similarity index above
70% while 1-bromo—4-bromomethylpetane and 1- methylpentane have similarity indices of 64% and
56% respectively. 2- Cyclopropylpentane and 1- docosene have relatively high area percentage of 13.39
and 11.64 respectively.

Table 3: Occurrence of compounds in soil sample of Mosinmi (inside) depot, Sagamu

S/N RT (mins) Name CAS Number %Quality %Area
1. 221  2- methyl -Pentane 000107-83-5 56 5.34
2. 297  2-cyclopropyl-Pentane005458-16-2 78 13.39
3. 12.08 (E)-5-Tetradecene 041446-66-6 96 1.04
4. 12.17 Tetradecane 000629-59-4 94 1.91
5. 13.21 Nonadecane 000629-92-5 83 0.38
6. 14.18 1-Octadecene 000112-88-9 94 5.32
7. 14.26 Hexadecane 000544-76-3 97 3.94
8. 15.18 Heptadecane 000629-78-7 90 0.24
9. 15.25 1-bromo-Octadecane 000112-89-0 83 0.42
10. 16.13 Hentriacontane 000630-04-6 91 2.39
11. 17.79 1-Docosene 001599-67-3 99 11.64
12. 20.11 1-Bromo-4-bromo-

Methyldecane
061639-11-0 64 0.34

13. 26.40 17-Pentatriacontene 006971-40-0 87 0.44

3.4 Occurrence of aliphatic compounds in soil sample, Mosinmi (outside) depot, Sagamu

The compounds present in the soil sample of Mosinmi (outside depot) are n-alkanes ranging from nCs
to nCqo (table 4). The number of saturated compounds detected was relatively small but with
considerably high similarity index with octadecane having the highest index of 94% and 2-
hexyloctylcyclopentane with the least similarity index of 70%. This is an indication of sensitive
response to anthropogenic interactions and petroleum hydrocarbon pollution (Zhan et al., 2022).
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Table 4: Occurrence of compounds in soil sample of Mosinmi (outside) depot, Sagamu

SIN RT (mins) Name CAS Number % Quality % Area
1. 2.99 2-cyclopropyl- pentane 005458-16-2 72 30.34
2. 16.01 1-Nonadecene 018435-45-5 91 213
3.  16.06 Octadecane 000593-45-3 94 0.42
4. 17.55 (2-hexyloctyl)-Cyclopentane 055044-77-4 70 0.78

3.5 Biogeochemical significance of organic biomarkers in selected ecosystems

The biogeochemical parameters determined were carbon Preference Index 1 (CPl4), Natural alkane
Ratio (NAR), Carbon Preference Index 2 (CPI2), Odd-Even Carbon Prevalence (OEP), Pristane/Phytane
(Pr/Ph), Pristane/Carbon-17 (Pr/nC+7), Phytane/Carbon-18 (Ph/nC1s), Average

Chain Length (ACL), Low Molecular Weight/ High Molecular Weight (LMW/HMW) and Carbon- 31/
Carbon-29 (n-Cs1/Ca9) (tableb).

The CPl4 values of less than 1 are for n-alkanes derived from petroleum and other anthropogenic
activities such as combustion of fuel, wood and agricultural debris and values greater than 1 is source
indicator of n-alkanes in marine sediments (Nascimeto et al., 2023), CPIl> values greater than 1 is an
indication of input from terrestrial higher plant wax.

The LMW/HMW values of less than 1 is an indication of n-alkanes in marine sediments, contribution from
higher plants, marine animals and sedimentary bacteria and values greater than 1 showed contribution
from petroleum and plankton sources. The n-alkane ratio (nCs1/nC19) differentiates sources inputs of n-
alkanes in marine sediments, serving a measure of relative proportions of allochthonous and
autochthonous hydrocarbon inputs, values greater than 0.4 is associated with non-marine sources. The
values of OEP less than 1 suggested an input from petroleum, strong bacteria activities or low flux of
terrestrial vascular plant debris and NAR values less than 1 indicated an input from petroleum
hydrocarbons, values greater than 1, origin from terrestrial higher plants or marine plants. The
environment of deposition is inferred from the Pr/Ph values with values less 1 indicating anoxic, aquatic
environment and greater than 1, oxic, terrestrial with contribution from terrigenous plants.

Table 5: Geochemical parameters in samples

Indices Mosinmi(1) Mosinmi(2) Mosinmi (in) Mosinmi (out)

CPl4 6.73 3.27 1.12 1.21

CPIlz 0.05 1.28 2.37 4.26

NAR 0.74 0.72 0.21 -0.10

OEP 0.08 3.46 0.31 0.00

Pr/Ph 0.00 2.18 0.00 2.35

Pr/C17 1.32 0.00 0.06 0.81

Ph/C1s 0.00 2.86 0.00 3.00

ACL 0.04 1.13 0.05 3.85
LMW/HMW  1.31 3.49 0.30 4.08
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C31/Cis 0.00 0.00 0.00 0.00

The samples depositional environments ranged from oxic, sub-oxic to anoxic in the terrestrial
and aquatic environment while the anthropogenuc activities and possible pollution indication
have been established.

4. CONCLUSION

Aliphatic compounds including Cetene, E-15- heptadecenal and. 1- ethyl -2- methylcyclopentane,
nonadecene, hexadecane, tetradecane, 2- cyclopropyl- pentane, and 1- methylpentane were identified
in the petroleum depot. The anthropogenic and petrogenic sources indications established while the
origin of the biomarkers such as terrestrial, aquatic, lacustrine and environment of depositions including
oxic, sub-oxic and anoxic determined.
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