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Abstract

Due to the quest to meet a basic need — food, vast potentials of numerous African crops have remained
unexplored. Cucumeropsis mannii, an invaluable West African melon, is cultivated for its edible proteinous oil-rich
seeds. Here, we report for the first time, its potential use for biodiesel production over an uncommon
heterogeneous nanocatalyst, and for wastewater treatment. An identification of the untapped species’ seed was
made, for disambiguation. Oil (CMO) was expressed from the C. mannii seeds (CMS) and characterized. The CMS
was found composed of 53.5% lipids, while 46.1% of the full-fat CMS flour was recovered as vegetable oil.
Transesterification experiments were performed using a specially-prepared heterogeneous nanocatalyst derived
from Eobania vermiculata shells, by varying successively: methanol/oil ratio, temperature, and reaction time.
Maximum biodiesel (CMOME) vield of 86.2% was achieved at catalyst concentration of 5.4%, methanol to oil molar
ratio of 9:1, reaction temperature of 60 °C, after 3 h of reaction. Furthermore, part of the polyunsaturated CMO was
sulphur-functionalized and utilized at different dosage levels for extraction of Ag* from 600 to 1500 ppm simulated
water. The modified CMO exhibited desirable sorption properties — sinking 100% of Ag™ from 900 ppm water, after
7-h-phase-contact at 6.9 g (20 mL)~ ' dosage. Stagewise operation (multi-staging) was found capable of

improving the extraction efficiency in highly concentrated wastewater. Although CMOME conformed to EN-14214
and ASTM D-6751 standards, it had low oxidation stability; making wastewater treatment a more faithful
application. Regarding the crop’s food value, residual CMS cake remained edible, even with longer shelf-life (relative
to the full-fat flour) — encouraging commercial flour-defattening and consequent availability of CMO for industrial
applications. Lastly, it was concluded (with some relevant recommendations) that CMO has great potentials for use
as biodiesel feedstock and as heavy metal removal agent.
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Introduction
Cucumeropsis mannii (egusi): facts and identity
From the Cucurbitacean plant family, where the very
popular watermelon belongs, comes a white seeded spe-
cies, C. mannii (or Cucumeropsis edulis [1]), also known
as Mann’s cucumeropsis or white seed melon — because
the seeds are exceptionally white when dehulled.
Archeological findings prove it to be one of the major
indigenous West African cultigens [2] grown for their
proteinous and oil-rich edible seeds.

While all cucurbits may not be popularly referred as
melon, Food and Agriculture Organisation (FAO) defines
‘melonseed’ (documented as item code 299) to include the
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seeds of all Cucurbitaceae. Based on available statistical
data, global production and farmland utilization for melon
seed have increased remarkably over the years, as illus-
trated in Fig. la. Hence, much reason to identify ‘who is
who’ in the family. FAO acknowledges Africa as the lead
producer of melon seed, with 886 kt accounting for 93%
global production in 2018; and an average annual produc-
tion of 486 kt accounting for 92% global production since
1961. Most recent FAO data on global production of
melon seed by region together with the top 10 producers
is shown in Fig. 1b and c [3]. Obviously, Nigeria, ‘the giant
of Africa’ situated in her west, has been controlling and
still controls the melon seed market.
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In Nigeria, seeds of C. mannii are the major cucurbit
seeds produced, mainly for consumption as ‘egusi’ soup.
Etymologically, C. mannii is respectively called: ‘agushi’,
‘egwusi’ and ‘egusi’, according to the 3 major Nigerian
tribes: Hausa, Igbo and Yoruba; and that has fetched the
crop the generic name ‘egusi’, even beyond the country.
Burkill [4], Essien et al. [5] and Azuaga et al. [6] have ac-
knowledged C. mannii as the true ‘egusi’, while noting
the wrong use of egusi-nomenclature for other cucur-
bits. Yes, it is not amazing that family members do re-
semble; C. mannii is commonly mistaken for Citrullus
spp. (the lanatus, vulgaris or colocynthis [1]) which are
wild species of watermelon [7], with black coloration at
unshelled seed edges. Egwim et al. [8] noted the Niger-
ian local names for Citrullus colocynthis and non sounds
like ‘egusi’. A Cameroon-based study of several cucurbits
also identifies C. mannii as ‘egusi’ melon [9]. However,
in the second volume of “Lost Crops of Africa”, C. lana-
tus was treated as ‘egusi’, while another name, ‘egusi-ito’
was given to C. mannii; however, the authors admit, “In
some West African countries the main egusi crop may
be Cucumeropsis mannii” [1]. Also, a seed expert [10]
reports, “The particular species we are growing was
labeled as Egusi-itoo (C. mannii), but we now believe
it to be another Egusi in the same species as water-
melon: Citrullus lanatus. The seeds are fat, white,
and beautiful, and according to Truelove Seeds ap-
prentice Amirah, who requested we grow this crop,
the flesh is the essence of bitterness”. Be it as it may,
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the generally recognized ‘egusi’ in Nigerian markets is
the Cucumeropsis spp.

Lastly, for proper identification, Fig. 2 clearly depicts
the distinguishing appearances of the seeds of the two
commonly mistaken melon species. Obviously, dehulled
C. lanatus seeds are not white. The resemblance of wet
C. lanatus seed with watermelon seed is typical of a
common species, the Citrullus spp. One good thing irre-
spective of the misconceived nomenclature is that the
cultivation of cucurbits is the same and that is well doc-
umented [1, 7]. In essence, the foregoing was never
intended to win back egusi-nomenclature for the rightful
species, but to aid the reader in identifying the Cucumer-
opsis spp., which happens to be the subject of this study.

Further background to the study

Having identified the uncommon source of oil for this
study, the C. mannii seed (CMS), what else does one
need to know? The use of melon seed in Africa has been
limited to food. The seed is usually prepared into snacks
or soup, and when the oil is extracted it is still used for
food processing [8]. Being edible, melon seed oil is clas-
sified as first generation biomass and arguably should be
reserved for food [13]. However, considering the attract-
ive tolerance for wide range of climatic conditions [1],
short life cycle (4 to 5 months, from sowing to harvest)
[7], ease of cultivation [7], high oil content (about 50%
of dehulled seed on dry basis), and the fact that melon
seed cake remains edible after oil extraction; melon seed

lanatus seeds

Fig. 2 Distinguishing appearances of the seeds of the two commonly mistaken melon species: a Unshelled Cucumeropsis mannii seeds [11], b
Dehulled C. mannii seeds [12], ¢ Wet unshelled Citrullus lanatus seeds, and d Dried unshelled (in plate) [10] and dehulled (in bags) [1]1 C
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oil could reasonably serve as feedstock to the chemical
industry, without much disruption to the existing food-
chain.

Notably, one common ill-practice in food processing
researches is the extraction (leaching) of edible oils with
undrinkable solvents like ether and hexane or the likes
of benzene and toluene (aromatic hydrocarbons); this
renders both the oil extract and the resulting cake un-
healthy for consumption. Characterization of or further
research on such extracts or their cakes would certainly
not represent the healthy processing encouraged in food
industries. Opoku-Boahen et al. [14] characterized C.
colocynthis and C. manni oils extracted using petroleum
ether, for cooking purpose in Ghana. Also, in the assess-
ment of food qualities of defatted C. mannii cake, Ogun-
busola et al. [15] extracted oil using n-hexane. In
addition, cold maceration with n-hexane has been tried
[6]. While on the healthy side, C. lanatus oil has been
extracted using supercritical carbon dioxide [16], and
with water [8]. Also, the effect of operating conditions
on the mechanical expression of oil from Citrullus vul-
garis has been studied [17]. However, studies on the ex-
traction and characterization of C. mannii oil (CMO) in
a manner appropriate for food processing and the effect
of defatting melon seed flour on the flour’s shelf-life, are
barely documented.

Apart from food, research has shown that various var-
ieties of melon seed could yield vegetable oils suitable
for biodiesel production. Biodiesel is a promising renew-
able alternative to fossil diesel, which meets certain
regulatory standard, produced by reacting lipids with
low molecular weight alcohols usually in the range of C;
to C,. While fats and oils are combustible, they are not
suited for direct use in conventional combustion ignition
engines due to their high viscosity which results in poor
fuel atomization and deposition of carbon particles on
the engine (coking). Among the several techniques de-
veloped to reduce the viscosity of lipid feedstock, trans-
esterification is the most mature, and it is strictly the
only means to producing what can be termed biodiesel
[13]. Biodiesel with acceptable qualities have been pro-
duced from C. lanatus oil [18], and C. colocynthis [19].
Opoku-Boahen and co-workers [20] investigated the use
of CMO as potential biodiesel feedstock but they report
an outrageous kinematic viscosity value of 15mm?*s™ '
for the biofuel — ASTM and European standards stipu-
late maximum viscosities of 6.0 and 5.0 mm?*s™?, re-
spectively. Moreover, investigations on the potential use
of melon seed oil as biodiesel feedstock, are limited to
transesterification by homogenous catalysis; typically
employing the likes of H,SO, [20], KOH [18], and
NaOCHj3; [19], as catalysts.

Furthermore, another possible applicability of melon
seed oil is in wastewater treatment. Heavy metal
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remediation by membrane separation, adsorption, or ex-
traction can be enhanced by respectively functionalizing
the membrane, adsorbent, or extracting solvent, with
sulphur-containing group, such as the thiol-moiety. This
is because sulphur-containing moieties have shown
strong affinity for heavy metal ions [21-26]. Murray
et al. [23] patented the extractive sequestration of heavy
metals from heavy metal-contaminated solid, liquid or
gaseous materials, by treating such matter with thiol-
functionalized fatty acids or thiol-functionalized lipids.
Since the discovery, only sulphur-modified canola and
corn oils have been tried [23, 24, 27]. Based on our re-
cent comparative study of sorption potentials of thio-
lated oils with different levels of fatty acid unsaturation,
derived from Elaeis guineensis and Glycine max, high
level of unsaturation was found desirable [28], and stud-
ies have shown CMO to be of high iodine and peroxide
values [20], suggesting good candidacy of thiolated
CMO as heavy metal sink in wastewater treatment appli-
cation. Meanwhile, the choice of Ag as contaminant is
well justified [28].

Altogether, this study investigates the potentials of
mechanically expressed and characterized CMO, as bio-
diesel feedstock and as heavy metal sink, without
neglecting the food value of CMS. The uncommon use
of heterogeneous catalyst in melon seed oil transesterifi-
cation, is investigated. And for the first time, the use of
CMO as heavy metal removal agent, for treating con-
taminated water, is reported. Food qualities of defatted
and full-fat CMS flour samples were also probed over a
long duration of storage, to ascertain their shelf lives in
the absence of food additives/preservatives.

Experimental

C. mannii fruit processing for seeds, preparation of CMS
flour and mechanical expression of CMO

Five matured C. mannii fruits were purchased from local
farmers in Anam, Anambra State, Nigeria. Sequestration
of the C. mannii seeds from the solid pulp of the fruit
was achieved by bursting the fruit open using the blunt
edge of a hard object — sharp edges could cut through
and slice some of the seeds, and shallowly burying the
fruit content (pulp and seed) in soil for 6 d to enable the
pulp content to rot. The seeds were recovered from rot-
ten pulp by washing and screening [7]. The recovered
fragile unshelled seeds were sun-dried for a day to re-
duce the moisture content and improve resistance to
shear stress (to reduce seed breakage during dehulling).
The seeds were dehulled manually and further sun-dried
for a day.

Dehulled seeds were finely comminuted using Rose
GTM-8302 milling system. Prior to oil expression, part
of the resultant full-fat CMS flour was removed for
characterization and the rest was heated in the oven at
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130°C for 20 min [17]. The heated full-fat CMS flour
was instantly wrapped in a sieve cloth and squeezed in a
mechanical screw press to derive CMO. The full-fat
flour and the resulting defatted flour samples were fur-
ther examined for food qualities. Percentage oil recovery
— an important parameter usually conceived as oil yield
in most extraction literature — was calculated as
expressed in Eq. (1).

Percentage oil recovery (%)
Amount of oil extracted

~ Amount of full - fat flour used for extraction
x 100

(1)

Characterization of CMO, full-fat CMS flour and defatted
CMS flour samples

While the amount of mechanically expressed oil per unit
mass of the heated full-fat CMS flour was noted, the
acid value (AV), kinematic viscosity, saponification value
(SV), iodine value (IV), specific gravity, flash point, fire
point, and fatty acid profile of the oil were determined
as described elsewhere [13]. Also, the cetane index and
high heating value (HHV) of the oil were calculated ac-
cording to the models (Egs. (2) and (3)) developed by
Krisnangkura [29] and Demirbas [30], respectively.

5458
Cetane index = 46.3 + <V 0.225(1V) (2)

HHV (K g~ ') = 49.43 - [0.041(SV)) + 0.015(1V')]
(3)

Furthermore, the freshly produced full-fat CMS flour
and defatted CMS flour samples were examined for nu-
tritional content via proximate analysis [31]. They were
then tied in black thin polyethylene bags, and stored
under ambient condition (about 28 °C). Both flour sam-
ples were assessed every 2 days for rancidity via ultravio-
let (UV) absorption and sensory analysis. In order to
probe rancidity by UV absorption, 1 g of the full-fat flour
or 3.8 g of the defatted flour was stirred with 20 mL of
iso-octane and the homogeneous liquid extract phase —
basically composed of iso-octane and oil [32], was recov-
ered by centrifugation at 6000 rpm. HITACHI UV Spec-
trophotometer (U -3900) was used to analyze the
extract phase at the wavelength range of 220 to 380 nm.
Bearing in mind that UV absorption increases with in-
creasing levels of oxygen uptake and peroxide formation,
and that the magnitude of UV absorbance is not readily
related to the amount of oxidation [33]; this test was
only used qualitatively to detect relative changes in
CMO oxidation levels. The sensory analysis considered
the organoleptic taste and smell of the samples [31]. At
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the onset and end of the probation period, the peroxide
value [33] and AV of CMO samples (extracted using
ethyl ether by Soxhlet method, from the flour samples),
were each determined for more reliable quantitative
assessment.

Preparation and characterization of heterogeneous
transesterification catalyst

Helical shells of an Egyptian desert snail species (E. ver-
miculata) were picked from remote corners of Borg
El'Arab region of Alexandria, Egypt. They were sorted,
washed and decalcified without comminution. The solid
shells were gradually added to 1M aqueous sulphuric
acid with continuous mild stirring to achieve decalcifica-
tion; shell disintegration was simultaneously followed by
effervescence (release of CO,), as represented in Eq. (4).
The volume of used acid solution was such that the
shells just get completely dissolved. The resultant solu-
tion was filtered through Whatman filter paper, under
vacuum, using Buchner flask and funnel. Caustic solu-
tion (1M NaOH) was added in drops to the clear fil-
trate, in order to precipitate calcium hydroxide as
represented by Eq. (5). Precipitated hydroxide was recov-
ered by filtration as before, and washed repeatedly with
distilled water. The washed precipitate was oven-dried
overnight, at 100 °C, and mortar-crushed to powder. In
order to derive an active basic catalyst, the resultant
powdered hydroxide was calcined at 500 °C in muffle
furnace (Eq. (6)), and stored air-tight [13]. In a nutshell,
Fig. 3 demonstrates the catalyst preparation protocol.

CaCOs; (s) + H,SO, (aq)—>CaSO4 (aq) T H,O + CO, (g

(4)
CaSOy (aq) + 2NaOH,q—Ca(OH), (s) T NaxSOy (5q)

(5)
Ca(OH), + Heat<CaO + H,O (6)

Afterwards, the material was characterized by: scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM), surface area analysis (BET), X-ray dif-
fraction (XRD), X-ray fluorescence (XRF) and particle
size analyses, using: JEOL JSM-6010LV, JEOL JEM-
2100F, Belsorp II (BEL Japan), Shimadzu Xlab 6100,
Rigaku NEX CGEDXREF, and Malvern Zetasizer, respect-
ively. Some characteristic features of the snail shell-
derived catalyst are shown in Fig. 4. A pictorial view of
the precipitated bulk powder before and after calcin-
ation, as well as a scanning electron micrograph showing
the catalyst’s porous surface structure and morphology,
are respectively shown in Fig. 4a and b. The transmis-
sion electron micrograph (Fig. 4c) reveals that the
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particles were well within the nano range, while the
XRD spectrum (Fig. 4d) is typical of CaO crystal. The
crystal fingerprint of the synthesized catalyst was identi-
fied by matching the XRD peaks with standard data, the
Joint Committee on Powder Diffraction Standards:
JCPDS file No. 017-0912 (for CaO), and JCPDS No. 01—
073-5492 [for Ca (OH),], as identified in Fig. 4d. The
CaO crystal grain size (based on Debye-Scherrer model)
was 31.0 nm. Hydration of CaO, upon exposure to at-
mospheric moisture, in the course of sampling, could be

responsible for the observed minor hydroxide peaks at
20 = 34.3 and 51° [34, 35]. The composition was justified
by the 99.3% CaO content gotten from XRF analysis. An
average particle size of 87 nm was obtained from particle
size analysis with a polydispersity index of 0.22, while
BET analysis showed material surface area of 5.1 m*g™ .
This shell decalcification-precipitation-calcination route
was employed to minimize electric energy consumption
— direct calcination of shells requires higher calcination
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temperatures and therefore consumes more energy.
Moreover, it guarantees material purity.

Biodiesel production experiments

The CMO had very low free fatty acid (FFA) content as
depicted by the AV (<2mg KOH g ' of oil); therefore,
there was no need for acid catalyzed pretreatment prior to
transesterification [36]. Part of the CMO was transesterified
with methanol (99.8%; product of JHD) in different experi-
mental runs, using identical batch continuously stirred tank
reactors (sealed 500 mL round-bottom flask, immersed in a
water bath mounted over HJ-4A Thermostatic Dual Con-
trol Constant Magnetic Agitator Hotplate).

Using 100g of the oil in every experimental run, a
catalyst concentration of 5.4% was adopted throughout
this study [37]. In a typical experimental run, oil was
weighed into the reactor and preheated to the desired
reaction temperature, while suitable amounts of the
nanocatalyst and methanol were measured, covered and
premixed for 20 min. Premixed methanol-catalyst mix-
ture was carefully emptied into the preheated oil, and
the reactor was set up with stirring and temperature
controls. Stirring was initiated as soon as the catalyst-
methanol mixture was added and timing started in-
stantly. The methanol to oil molar ratio (3 to 15),
temperature (30 to 65°C), and reaction time (1.5 to 3.5
h), were varied one after the other, in order to determine
the optimum biodiesel yield; median values of the latter
process factors were used prior to their optimization.
After transesterification, the outlined biodiesel recovery
procedure, characterization procedures and objective
yield model by Okwundu et al. [38] were adopted. All
experimental runs were performed in duplicate and
mean results were reported. Only the biodiesel sample
with the best yield was characterized; therefore, produc-
tion at optimum condition was repeated to obtain ad-
equate amount of the sample for characterization.

The resultant biofuel was assessed for ester content,
AV, density, saponification value, IV, cetane index, high
heating value, kinematic viscosity, water content, cold
filter plugging point (CFPP), cloud point, pour point,
flash point, and fire point, as described elsewhere [13].

Liquid-liquid extraction studies
Part of the remaining CMO was modified by reacting
with excess 1-heptanethiol under UV light (wavelength
of 300 nm) such that it becomes thioether functionalized
(TF) [39]. In a typical modification experiment, 100 g of
CMO was reacted with 65g of heptanethiol to obtain
crude TF-CMO. Thereafter, the modified oil (TF-CMO)
sample was recovered from its crude mixture with ex-
cess/unreacted heptanethiol, by simple distillation.
Afterwards, AgNOs, a product of Sigma Aldrich, was
used to simulate deionized water, giving 600, 900, 1200
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and 1500 ppm stock solutions. Cation extraction experi-
ments were carried out using 20 mL of the contaminated
water per run. At first, equilibrium liquid-liquid contact
time was determined by adding roughly 3.5 g of the TEF-
CMO to 20 mL of contaminated water in masked (light-
proofed) conical flask, mounted on a stirrer. Considering
the light sensitivity of silver salts, the whole experimental
set-up was within an enclosed dark chamber. In each case,
the two phases were contacted by stirring at 200 rpm for
up to 10 h, at room temperature (28 °C). In the interim of
stirring, samples were taken after: 0.5, 1, 2, 4, 6, 8 and 10
h, and separated. Treated water samples were collected
from the clear aqueous layer recovered by centrifugation
of the stirred oil-water mixture, for analysis. In order to
examine the influence of sulphur-modification of CMO,
unmodified CMO was used in control experiments, at the
extreme concentrations of the contaminant (600 and
1500 ppm). Inductively Coupled Plasma Mass Spectrom-
eter (ICPMS-2030 Shimadzu) was used to analyze the
water samples, at 328 nm [24], while a commercial stand-
ard Ag solution (QMX Laboratories Ltd., UK) was used
for calibration. The efficiency of the sorption process was
calculated using Eq. (7a); Where: [Ag']o and [Ag'], are the
initial and instantaneous concentrations of the metallic
ion in water.

+ +
Sorption efficiency (%) = w x 100 (7a)
[Ag™]o

Lastly, varied concentrations of the extractant (from
0.1 to 10 g per 20 mL of water) were tried in order to in-
vestigate the sorption capacities of TF-CMO in the sim-
ulated stock solutions. This time around, stirring lasted
for the determined period of time necessary for phase
equilibrium to be achieved. Separation and analysis of
treated water were performed as earlier stated. In this
case however, Ag" sorption efficiency was calculated ac-
cording to Eq. (7b). Where: [Ag']., is the equilibrium
concentration of the metallic ion in water.

[Ag"], - [Ag"]

, . _ eq
Sorption efficiency (%) = g, x 100 (7b)

Results and discussion

CMO extraction and characterization results

Upon mechanical expression using screw press, 460.83 g
of CMO was derived from 1kg of full fat CMS flour.
This oil recovery of 46.1% is well above the range ob-
tained by Ajibola et al. [17], who report maximum recov-
ery of 41.6% for the expression of vegetable oil from seeds
of C. vulgaris having 51% oil content, under similar extrac-
tion conditions employed in this study. Physicochemical
properties of CMO obtained in this study, alongside those
from literature, are given in Table 1. The higher lipid
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content of full-fat CMS used in this study, as would be
shown later, could be accountable for the higher oil recov-
ery. The resulting vyellowish viscous liquid at room
temperature, identified as CMO, had very low acid value <
2mg KOH g ', and therefore required no pretreatment
step prior to transesterification for biodiesel production [13,
38]. The IV was quite high — suggesting high degree of fatty
acid unsaturation. The recovered oil had 1.1% free moisture
and relatively low viscosity (32mm?*s™') in comparison
with the works of Essien et al. [5] and Azuaga et al. [6].
Considering its fuel properties, the CMO had low cetane
index (a value of 46.9) compared to the 63.7 reported for
beef tallow feedstock, elsewhere [13]. However, the HHV
(40kJ g~ Y falls within the vegetable oil range: 37 to 41Kk]J
g ' [30]. Due to the molecular triglyceride chain branching
in lipids, transesterification of lipids improves the cetane
index. Notwithstanding, according to ASTM D-6751, the
viscosity needs to be less than 6 mm?s™*, for the flammable
liquid to be employed as fuel in a normal diesel engine, in
order to minimize fuel atomization and coking problems
noted earlier.

Furthermore, the fatty acid profile from GC/MS analysis
shows that more than 80% of the fatty acid molecules in
the CMO were unsaturated (17.5% monounsaturated oleic
acid and 63.6% polyunsaturated linoleic acid). Unsaturated
fats are nutritionally desirable and may possibly lower
blood cholesterol level when consumed [17, 38]; but the

Table 1 Physicochemical properties of CMO
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attractive food value of CMO should not completely limit
its industrial potential. The high fatty acid unsaturation
suggests the reactivity of CMO - its amenability to
sulphur-functionalization [24]. The IV >100g I, (100 g)” !
suggests that CMO is a drying oil and would therefore be
suitable for ink and paint production [41]. Differences in
CMS cultivar and cultivation practices, age of oil (starting
from the time the melon fruits were processed/harvested),
and extraction technique, could have contributed to the
slight diversity in AV and fatty acid profile shown in Table
1. Efthymiopoulos et al. [32] report wide variation in FFA
content for oil samples extracted using various polar and
non-polar solvents, and for both the titration and nuclear
magnetic resonance means of measuring FFA content.
Note that FFA content is approximately half of AV (even
though they have different units). This study employed
dry expression of oil rather than leaching with solvent,
and AV was determined by titrimetric technique.

Qualities of full-fat and defatted CMS flour samples

Proximate analysis of both the full-fat and defatted CMS
flour samples revealed the nutritional compositions shown
in Table 2. The act of heating the full fat flour prior to ex-
pression, contributed significantly to reduction in moisture
content: from 6.2% in full-fat flour to 2.7 and 1.1% in the
resultant cake and oil, respectively. Of course, such reduc-
tion in moisture content would directly enhance

This study [20] [14] [5] (6]

Medium of extraction Dry * Ether ® Ether ® Ether ® n-hexane ©
Recovery (% of full-fat flour) 46.1 28.82 57.26 19.92
Colour Yellowish” Pale yellow Golden yellow
Acid value (mg KOH g~ D) 0.93 6.89 143 7.09 240
Saponification value (mg KOH g™ 1794 187.23 188.96 220.19 1683
lodine value [g I, (100 g)q] 1326 12849 106.13 114.94 1.17
Moisture content (wt%) 1.09 27.30 0.16
Specific gravity 0.9162** 09158 09162 09129 0.9000
Kinematic viscosity (mm?s™") 31.6% 6451.97 5333
Cetane index 46.9
HHY (kg™ 40.1
Flash point (°C) 320
Fire point (°C) 353
Fatty acid profile

Palmitic acid, C16:0 (%) 9.8 115 10.57

Stearic acid, C18:0 (%) 9.0 14.1 833

Oleic acid, C18:1 (%) 175 155 13.65

Linoleic acid, C18:2 (%) 63.6 588 62.14

Linolenic acid, C18:3 (%) 529

A mechanical expression technique; & Soxhlet extraction method; © Cold maceration; *Microsoft colour RGB = 245-200-20 (according to associated MethodsX); **

analysis was performed at 28 °C
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Table 2 Nutritional compositions of full-fat and defatted CMS
flour samples

Moisture Ash Lipid Fibre Protein Carbohydrate
moisture-free basis
Full-fat 6.2 27 535 10 382 46
flour (%)
Defatted 27 39 99 25 74.8 89
flour (%)

accessibility of oil through the intra- and inter-particle
pores of CMS flour during expression, thereby leading to
much appreciable recovery. Effectiveness of the expression
process was marked by drastic drop in oil content of the
CMS flour: from 53.5 to 9.9%. Considering the composition
of the residual cake (defatted CMS flour sample), one could
safely consider it as a mere piece of protein. Such piece
could invaluably serve as dietary protein and may be used
to supplement food protein in the fortification of such
foods like those made of cassava [31, 42]. The nutritional
contents of full-fat CMS flour reported in Table 2 is quite
comparable with those of “five species of egusi seeds” (in-
cluding C. mannii) examined by Fokou et al. [9], while the
alteration (increase) in ash, fibre, protein and carbohydrate
contents observed after defatting the flour is very normal —
resulting from normalization of values after significant drop
in lipid content.

In addition, the rancidity tests: UV light absorption
and sensory probation of the flour samples, were used to
detect incipient rancidity. Maximum UV absorption was
observed at 290 nm; therefore, all absorbance measure-
ments were taken at this wavelength. The UV absorb-
ance of the full-fat-flour iso-octane extract phase
increased steadily from 0.31 (on the 1st day) to 0.77 (on
the 7th day); but on the 9th day, a sharp rise in absorb-
ance up to 1.39 was observed. The taste and smell of the
full-fat flour became completely off on the 13th day; As
at then, the absorbance was 2.4. Beyond 2 wk. of storage,
growth of mold began to set-in. Peroxide value increased
from 1.8 meq O, kg™ ' on the 1st day, to 23.7 meq O,
kg™' on the 9th day, for CMO samples extracted from
full-fat CMS flour sample. At the same timeframe, the
AV increased from 1.1 to 6.9 mg KOH g~ ' of oil. How-
ever, considering the defatted CMS flour sample, there
was very slow degradation, relative to the full-fat sample.
UV absorbance sluggishly increased from 0.30 to 0.92,
after 1yr. Although the defatted flour had a characteris-
tic taste and smell slightly different from that of fresh
full-fat flour, the defatted flour remained intact over the
one-year probation period. The peroxide value increased
from 1.7meq O, kg™* on the 1st day, to 6.1 meq O,
kg™ ' after 1yr of storage. While, the AV increased from
1.1 to 43 mg KOH g ' of oil, over the same period of
time. Full-fat CMS flour would be best consumed as
food within 13 d from the date of preparation,
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considering the noticeable changes in taste and smell,
while for the same purpose, defatted flour can last up to
a year, retaining its characteristic taste and smell, with-
out the inclusion of any preservative or food additive.
Obviously, CMS flour is better stored in the defatted
state, as that reduced both the moisture and unsaturated
lipid content, making the flour more biochemically
stable; hence, improved shelf life. As a result, the
protein-rich food crop can be produced commercially
and stored effectively as defatted flour, while its oil finds
other relevant applications.

In a study entitled, “Effect of drying method on the
quality and storability of ‘egusi’ melon seeds (Colocynthis
citrullus L.)”, Bankole et al. [43] report short shelf-life as
one major challenge in dealing with melon seeds; noting
that the seeds are easily prone to fungal infection which
depreciates the nutritional value, increases the peroxide
value, while encouraging mycotoxin production. Accord-
ing to ancient works of Harrington [44, 45], unit per-
centage reduction in moisture content (within the range
of 5 to 14%), has been found to double the lifespan of
seeds, while the same seed life is halved for every 5°C
increase in storage temperature (within the range of 0 to
50°C). The lower moisture content of defatted flour
contributed to its relatively higher shelf-life. Flour stor-
age temperature close to 0°C would generally improve
storability. Unsaturated fatty acid triglycerides, in the
presence of moisture, undergo hydrolytic autoxidation to
yield FFAs and other oxidation products which raises
the peroxide value, while tarnishing the moisture con-
tent and IV [41]. For fresh oils, peroxide value falls
below 10 meq O, kg™ ', while for rancid ones, the value
lies between 20 and 40 meq O, kg~ L of oil [33]. In, “As-
certaining the Shelf-life of Ground Melon Seed (Coco-
cynthis citrullus)”, Nwakaudu et al. [41] found that the
shelf-life of full-fat C. citrullus seed flour could be in-
ferred based on its purpose — the life of the flour used
for soup was up to 18 d, while for the purpose of edible
oil, shelf-life was only 2 d.

Performance of CMO in biodiesel production

At a fixed catalyst concentration of 5.4%, temperature of
50 °C and reaction time of 2.5h, methanol to oil molar
ratio was varied from 3:1 to 15:1. Figure 5a shows the ef-
fect of methanol to oil ratio on C. mannii seed oil me-
thyl ester (CMOME) yield. From the figure, increasing
the amount of methanol (relative to the amount of oil),
from a molar ratio of 3:1 up to 9:1, promoted CMOME
yield. A maximum vyield of 74% was reached at a ratio of
9:1. Upon increasing the methanol beyond that ratio,
there was diminishing returns on CMOME yield. By
stoichiometry, just 3 mol of alcohol are needed to dis-
place one mol of glycerol in a mol of triglyceride. How-

ever, considering the reversible nature of such
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displacement reaction (transesterification), increasing
the concentration of reactant (methanol) would shift the
reaction equilibrium in favor of the product (biodiesel).
This explains the observed increase in CMOME yield as
the methanol to oil molar ratio was increased from 3:1
up to 9:1. The diminishing returns that occurred there-
after could be linked to relatively poor biodiesel recov-
ery, resulting from the co-solvating action of methanol;
since methanol is soluble in both biodiesel and glycerol,
large amount of methanol in excess of what is needed
for reaction, remains residual in the discharged reactor
product and deters phase separation during desired
product recovery [36, 37].

Also, with a catalyst concentration of 5.4%, methanol
to oil molar ratio of 9:1, and reaction time of 2.5h, the
reaction temperature was varied from 30 to 65°C. The
effect of temperature on CMOME yield is shown in
Fig. 5b. Upon increasing the reaction temperature, there
was a sharp rise in yield (moving from 30 to 40°C),
followed by gradual increase up to 77% at 60 °C. Bio-
diesel yield began to decline with further increase in
temperature. Usually, heterogeneous catalytic reactions
of this kind follow more complicated rate steps (rate of
mass transfer to and from the catalytic reactive sites be-
comes as relevant as the chemical reaction rate), unlike

the simple homogeneous counterpart; both the mass
transfer rate and chemical reaction rate appreciate with
temperature [46]. Therefore, at a fixed reaction time, in-
crease in temperature leads to corresponding increase in
product vyield. This explains the observed rise in
CMOME yield below 60°C. However, at elevated tem-
peratures — above 64 °C, which is about the boiling point
of methanol — phase changes could destabilize the
catalyst-reactant interaction, thereby reducing reaction
effectiveness, and consequently tarnishing product yield.

Furthermore, the influence of reaction time was inves-
tigated between 1.5 to 3.5h, catalyst concentration of
5.4%, methanol to oil molar ratio of 9:1, and reaction
temperature of 60 °C. Figure 5c¢ shows the effect of reac-
tion time on CMOME yield. Increase in reaction time
led to progressive increase in biodiesel yield, from 65%
(after 1.5h) to 86% (after 3 h). Afterwards further in-
crease in reaction time slightly reduced the yield. Reac-
tion time is one of the major control parameters for
batch processes. The early rise in CMOME yield (in the
first 3h) is due to progressive increase in reactant con-
version [37]. Now, what possibly could be responsible
for the slightly reduction in biodiesel yield, after the
third hour? At a point in the course of a catalytic reac-
tion, catalyst could get denatured. Catalyst denaturation
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(not necessarily deactivation) could impede product for-
mation and consequently depreciate yield; otherwise,
how do powdered CaO catalysts come out as pasty
lumps/agglomerates after use in transesterification? Pro-
longed use of the catalyst amidst glycerol leads to cal-
cium diglyceroxide formation [13, 47]. Besides, such
trend shown in Fig. 5c is also normal for parallel reac-
tion products in batch reactors and for such reactions,
reaction time is crucial in controlling the relative
amounts products [46]. Yes, saponification usually oc-
curs in parallel to the desired transesterification [40, 48,
49]; although the undesired soap formation is reasonably
mild compared to what is obtainable with homogeneous
catalysts [13].

Altogether, CMOME yield of 86% was the
optimum, achieved at catalyst concentration of 5.4%,
methanol to oil molar ratio of 9:1, reaction
temperature of 60 °C, after 3h of reaction. Consider-
ing the 1.1% moisture content of the lipid feedstock
(CMO), use of homogeneous/alkali catalyst could
have suppressed the CMOME yield due to instantan-
eous saponification that could consume such catalyst
and complicate biodiesel recovery [13, 38]. Bearing
in mind that the choice of fatty acid methyl ester
(biodiesel) yield model could greatly affect result
comparison [38], we hereby highlight the results of
some related works. Away with the soap formation
(saponification) limitation, biodiesel yield of 86% is
reported for homogeneous acid (sulphuric acid) cata-
lyzed transesterification of CMO [20]. In a similar
study with C. colocynthis L. seed oil and sodium
methoxide (acting as homogeneous catalyst), a yield
of 82% was attained at 60°C, with methanol to oil
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ratio of 6:1 [19]. These works [19, 20] employed the
most common notion of yield, as criticized in the
“Comparative effect of reaction time on biodiesel
production from low FAA beef tallow: a definition of
product yield” [38]; for they considered biodiesel
yield as the percentage mass of biodiesel recovered
per mass of oil used.

Lastly, by examining the fuel properties of
CMOME (biodiesel) produced at optimum condi-
tions, Table 3 shows the characteristics of CMOME
produced at optimum conditions in comparison with
literature. From the result of this study, about 97%
of the biodiesel was identified as CMOME by gas
chromatographic analysis. The IV still shows high
level of fatty acid unsaturation and that suggests that
the biodiesel is prone to degrade chemically with
time — high IV means poor chemical stability [38].
The cetane index and HHV improved with respect
to the CMO feedstock. The high heating value of 42
kjg~' is slightly higher than the 40kJg ' reported
for biodiesel produced from C colocynthis L. [19],
making CMOME a better choice of fuel. The viscosity
of CMO was successfully reduced from 31.6 to 4.9
mm?*s~ !, making it an acceptable fuel for conven-
tional diesel engine. The low cold fuel properties:
cloud point, pour point and CFPP indicate that the
fuel could serve even during winter seasons, in geo-
graphic regions where atmospheric temperature does
not get to subzero level. A flash point of 173 °C guar-
antees safety of the biodiesel fuel for handling and
storage. Asides the high IV, the biodiesel resulting
from this study met both the European and American
biodiesel standards. It also proved to be superior to

Table 3 Characteristics of CMOME produced at optimum conditions in comparison with literature

EN-14214 ASTM D-6751 [20] This study
Ester content (%) > 96.5 974
Acid value (mg KOH g™ <05 <08 0.21
Density at 15°C (kg m™2) 860-900 889.9 883
Saponification value (mg KOH g~ ) 132
lodine value [g I, (100g)™"] <120 124
Cetane index 60
High heating value (k) g™") 42
Kinematic viscosity at 40 °C (mm?s™ " 3.5-50 1.9-6.0 15.1 49
Water content (mg kg”) < 500 < 500 390
CFPP (°Q) -3
Cloud point (°C) -2
Pour point (°C) -3 -3
Flash point (°C) > 120 2130 155 173
Fire point (°C) 204
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the CMOME from a previous study [20], with regards
to viscosity and flash point.

Performance of CMO and modified CMO as heavy metal
sink in water treatment

For wastewater treatment application, the contact
time sufficient to achieve 2-phase equilibrium was
first sought, using a raw CMO and modified CMO
(TF-CMO) dosage of 3.5g in 20 mL contaminated
water. Variation of sorption efficiency for water sam-
ples of different contamination levels, based on con-
stant extractant dosage with varying contact time is
shown in Fig. 6a. Constant Agaq) concentration was

attained after 7 h using contaminated water of differ-
ent initial concentrations. In other words, the equi-
librium phase contact time was found to be 7h.
With the stated extractant dosage, at equilibrium,
the TF-CMO was able to trap/remove/sink 96, 68,
52, and 42% of Ag® in 600, 900, 1200, and 1500 ppm
simulated water, respectively. This simply suggests
that at equilibrium, the active sorption sites of TF-
CMO were saturated with Ag®, leading to the extrac-
tion of virtually the same amount of contaminant, ir-
respective of initial concentration of the water. Also,
from the figure, only the sulphur-modified oil ex-
tractant (TF-CMO) was effective in Ag sequestration.
Attempts to treat 600 and 1500 ppm Ag-
contaminated water using raw CMO, showed no
promising results up to 10 h of phase contacting. Of
course, there is no notable interaction between aque-
ous metallic ions and normal fatty acid triglyceride
(organic) phase that could trigger inter-phase trans-
fer of Ag'. As a result, it was verified that thiol
functionalization of CMO bestowed on the oil some
heavy metal sinking potentials. Earlier reports on
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similar comparative extraction with oils (derived
from corn, soybean, palm fruit and kernel) and their
thiol-functionalized equivalents witnessed complete
dormancy of unmodified (raw) oil samples [24, 28].
Furthermore, Fig. 6b shows the variation of sorption
efficiency for water samples of different contamin-
ation levels, based on changing extractant dosage at
the established common equilibrium contact time;
dotted lines were used because outside the marked
points, removal efficiency does not necessarily follow
the line-progression. Higher cation sorption efficiency
was achieved for every increase in extractant dosage
level, at all contaminant concentrations. Although it
was not possible to strictly maintain specific dosages
due to uncertainty in measuring the mass of liquids,
at every dosage level, greater cation removal efficien-
cies were obtained with lower contaminant concentra-
tions. This is expected if the extractant active sites
should be saturated at equilibrium. That does not ne-
cessarily mean equal amount of cation removal; be-
cause, take for instance, at a dosage of 6g (20 mL) "
of water, efficiencies of: 100, 93, 78, and 54% were
achieved with 600, 900, 1200, and 1500 ppm contami-
nated water, meaning that: 600, 837, 930, and 806
ppms Ag’ were removed, respectively. Indeed, the
sorption kinetics of the process deserves to be looked
into. The performance of TE-CMO is very promising
for it compares well with butanethiol-functionalized
corn oil, in the treatment of 600 ppm of Ag® in simu-
lated water [24]. At all contaminant concentrations,
moving from zero to a dosage of 1g (20mL)™ " of
water, relatively very high removal efficiency was
achieved for the little increment in extractant dosage,
suggesting that low dosage levels could be more effi-
cient; hence, stagewise operations (employing low ex-
tractant dosages per stage) could be more economical

~~
&
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Fig. 6 Variation of sorption efficiency for water samples of different contamination levels, based on: a constant extractant dosage with varying
contact time, b varying extractant dosage at common equilibrium contact time
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Fig. 7 Comparison of single-stage and multi-stage extraction
operations for the treatment of 20 mL of 1500 ppm simulated water
using 8 g of TF-CMO

(with regards to saving the extractant) for highly con-
centrated wastewater.

As a result, attempt was made to treat 20 mL of 1500
ppm simulated water in 2 and 3 stages, using 8 g of TF-
CMO split equally for each stage. The reductions in
aqueous Ag" concentration is compared for single-stage
and multi-stage operations. Figure 7 depicts a compari-
son of single-stage and multi-stage extraction operations
for the treatment of 20 mL of 1500 ppm simulated water
using 8 g of TF-CMO; dotted lines were used because out-
side the marked points, concentration does not necessarily
follow the line-progression. For the multi-stage opera-
tions, the extractant was distributed evenly across the
stages. It was possible to reduce the 1500 ppm to: 425, 154
and 0 ppm, via: single, double and tripple stage operations,
respectively; that is to say, the cation removal efficiency of
72% recorded for single-stage operation, improved to 90
and 100%, by mere multistaging, while maintaining the
same amount of extractant split into 2 and 3 parts, re-
spectively. Yes, stagewise operation appears to be attract-
ive with respect to the extratant management, but
adequate economic analysis has to consider the extra re-
sources (including time and labour) needed per stage.

Conclusions and recommendations
In conclusion, this study has successfully demonstrated
the fuel and Ag" metal-sinking potentials of a well iden-
tified untapped West African seed crop, the C. mannii.
CMS was found to possess high expressible-lipid con-
tent, with the CMO having high level of fatty acid unsat-
uration. The reduction in oil content of CMS flour by
mechanical expression greatly improves the shelf life of
the residual protein meal, and good enough, the defatted
protein-rich cake remains available for food.

Considering its use for fuel production, by variation of
one experimental factor at a time, a maximum CMO
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biodiesel yield of 86% was achieved using 5.4% E. vermi-
culata shell-derived-nanocatalyst, with methanol to oil
molar ratio of 9:1, reaction temperature of 60 °C, after 3
h of transesterification reaction. It can be inferred that
CMO is a good candidate, because, besides the high fuel
yield, the CMOME met both the American and Euro-
pean biodiesel standards, except for its poor oxidation
stability; however, for amelioration, fuel blending and/or
use of additives are recommendable.

On the other side, sulphur-modified CMO exhibited
desirable heavy metal liquid-liquid sorption properties.
In a single stage operation, 7.8 g of modified CMO could
effectively treat 20 mL of 900 ppm Ag contaminated
water. Optimization of the process could yield better re-
sults. However, the equilibrium contact time of 7h is
practicably high; further studies should focus on investi-
gating and improving the process kinetics. Stagewise op-
eration is promising in dealing with highly concentrated
wastewater samples. Economic consideration would aid
in striking balance between extractant savings achieved
upon multi-staging, and the extra capital and operating
costs necessary for such mode of operation.

Finally, regardless of the food quest, the industrial use of
CMO should be encouraged as the defatted residual cake
remains edible with improved shelf-life. As the crop gains
more applicability, research into its cultivation and man-
agement for increased productivity, should proceed in par-
allel — several aspects to be considered are suggested in
“Lost Crops of Africa” [1]. Moreover, the production and
utilization of CMS should extend beyond Africa.
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