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CENTRAL COMPOSITE DESIGN OF BIODIESEL
PRODUCTION FROM WASTE COOKING OIL USING
TYMPANOTONUS FUSCATUS (PERIWINKLE)
SHELLS AS CATALYST

ABSTRACT

Biodiesel has been generally accepted as the environmentally — safer alternative to fossil
based fuels. However, concerns of the cost of production, use of acid catalysts leading to
corrosion, and recovery of homogenous catalyst remain. This study therefore seeks to
optimize the transesterification process parameters in the conversion of waste cooking oil
(WCO) using waste Tympanotonus fuscatus shell (WTFS). The catalysts were characterized
using XRD, FTIR, and XRF. Temperatures ranging from 30°C to 90°C, catalyst loading
ranging from 1 to 10% by weight, and reaction durations ranging from 30 to 180 minutes
were examined for the transesterification technique. The physiochemical properties of the
waste cooking oil revealed a high acid value (10.02mgKOHY/qg), kinematic viscosity of 13.30
mm?/s, pour point, 156 °C, flash point of 104 °C, Calorific value of 34.78 MJ/kg, carbon
content of 2.65 % m/m, among other parameters while the GCMS analysis indicated the
presence of Ci6 t0 Co1. The biodiesel however showed an acid value of 0.416 mgKOH/g,
viscosity of 4.638 mm?s, pour point of 0.3 °C, flash point of 104 °C, calorific value of 40.17
MJ/kg, and carbon content of 0.019 % m/m which were in agreement with the EU and
American standards. The elemental composition and crystalline structure of the catalyst
revealed a considerable concentration of CaO, MgO, Al,Os;, SiO,, and other metal oxides.
The CCD approach used to design the experiments was significant (p <0.0001) and the
biodiesel synthesis resulted in a maximum yield of 91.70 % was obtained with 5.5 %
WFTS, 105 minutes of reaction time, 65 °C, and a 1:7 oil-Methanol ratio. The operating
parameters of Temperature (p <0.0001), catalyst load (p = 0.00713), and time (p = 0.0288)
all had significant effects on biodiesel yield; however, temperature had a stronger influence
than the other process variables. The ANOVA results showed that the factors were
extremely significant while Fit statistics and model comparison revealed a coefficient of
determination of 97.66%, with the predicted value of 84.68% and the adjusted value of
95.00%. The biodiesel produced met the biodiesel standards.

Keywords: Central Composite Design, Heterogeneous Catalysts, Optimization, Response surface
method, Waste cooking oil, Waste Tympanotonus fuscatus shell (WFTS).
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e The waste cooking oil (WCO) was characterized with a high acid value content
(10.02 mgKOH/g) and esterified to give an acid value of 0.416 (mgKOH/Q).

o An effective catalyst used for the conversion of waste cooking oil to biodiesel was
calcined at 900 °C for 2 hours.

e The central composite design (CCD) method for optimization was carried out using
the three-level, three-factors factorial.

e Maximum validated biodiesel yield of 91.70 (%wt.) was obtained via numerical
optimization.

e The produced biodiesel quality agrees with biodiesel standard.

1. INTRODUCTION

The depletion of fossil fuel reserves and growing concerns about global warming have not slowed the
world's rising energy demand. Conversely, this demand has exacerbated the energy crisis coupled
with the growing population and industrial revolution. Renewable energy including solar, wind,
geothermal, hydro, and biomass energy sources has become the response to these concerns [1] due
to their distinct degradability, economic, and efficient characteristics [2]. Utilizing renewable energy
sources is one of the most environmentally friendly ways the energy sector is contributing to
sustainable development [3]. Biofuels from biomass has garnered matchless attention among other
renewables because of certain disadvantages such as energy storage, influence of seasons on
energy generation, unavailability of land mass attributed to other renewables. Contrariwise, the
majority of these qualities are innate to biofuels such as biodiesel, biogas, and bioethanol, and can be
thought of as defining characteristics of the fuels themselves [2]. Biodiesel stands out among all of
these biodegradable fuels as being the one that most closely resembles conventional diesel in terms
of its physicochemical properties like low aromatic and sulphur content, high viscosity, low volatility,
low calorific value, lubricity, high flash point and cetane content, and overall feedstock regenerability,
which can guarantee particulate matter by 47%, hydrocarbon emission by 67% [4], and approximately
70-90 % reduction in GHG emission [2], [4]-[9]. These properties make them useful in several
automobiles including ships, cars, air planes, amongst others [9].

Biodiesel is produced from either the esterification or transesterification reaction (depending on the
precursor) of triglycerides including edible and non-edible oils, fat, waste-oils, microalgae gotten from
plants and animals [1], [2], [4], [9], [10]. This reaction is carried out in the presence of an alcohol and
a suitable catalyst to produce esters and water or fatty acid alkyl esters and glycerol respectively. The
use of non-edible oil sources like Jatropha oil, neem oil, and rubber seed oil, amongst others, micro
algae, and waste cooking oil (WCO) has been considered an appealing option that has the potential
to lower the cost of producing biodiesel while ameliorating the concerns of food shortages due to the
use of edible oils as biodiesel feedstock [2], [8], [11]-[14]. Millions of tons of WCO are being
generated yearly with about 1 million from Malaysia [15], and a total of about 16.5 million tons
worldwide [3], [16]-{18]. These volumes which are being wasted by open disposal on plants and
animals alike [19] can be collected and converted into biodiesel creating dual-faced solution:
prevention of environmental degradation and alternative feedstock for the energy sector [1], [12], [19].

In general, catalysts can be categorised as homogenous or heterogeneous. Homogeneous base
catalysts exhibit a high level of catalytic activity under mild reaction conditions (40 to 65°C at normal
atmospheric pressure) [14], [20]. However, homogeneous catalysts are plagued by technical issues
such as soap formation, reactor corrosion, difficult catalyst recovery, and the production of vast
guantities of polluted water, which increase the overall cost and dangers of biodiesel production [21]—
[23]. Due to their eco-friendly and recyclable catalytic activities, the use of bio-based heterogeneous
catalysts in biodiesel production has received special consideration [23], [24]. Heterogeneous
catalysis has the potential to mitigate the various difficulties encountered when using homogeneous
catalysts to produce biodiesel from low-cost feedstock. Heterogeneous catalysts have a number of
technical benefits, including simple separation and purification of reaction products, low production
cost, decreased reactor corrosion, high stability, and low sensitivity to free fatty acids and moisture
contents [23], [25]. Many research communities are focused on developing novel heterogeneous
catalysts that are stable, durable, and efficient under ambient conditions [26]. Several research has
focused on the exploitation of waste materials as catalysts (wood [27], sugar cane bagasse and oil
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palm trunk [28], corn cub [10], fly ash [5], [28], [29], wheat bran [23], egg and coconut shells [25],
[30], plantain [31] and banana [32] peels, bones [33], etc.), due to their abundance and low cost of
catalysts preparation. Solid base catalysts have higher catalytic activity than solid acid catalysts [34].
Different solid-base catalysts used in transesterification include CaO, MgO, Al,Os;, SiO, etc. [35],
KF/Al,Os. These catalysts produce over 92% yield of biodiesel under optimum reaction conditions.

A large portion of Nigeria's 12 million tonnes of waste shells are Tympanotonus fuscatus (Periwinkle)
shells [36]. After consuming the edible part, the shells become waste and litter trash dumps,
residential areas, and even local markets, causing land and air pollution [37]. Decomposing waste
shells produce an offensive stench, leach and weather heavy metals from the dump, and contaminate
public water systems [36], [38]. Several shells from eggs [5]-{7], [11], [25], [28], [39]-[41] and a
variety of snails [40], [42]-[48] have been used, however, there aren't many studies [22], [49], [50] in
literature on the use of WTFS as a heterogeneous catalyst for biodiesel production.

In this research, the bio-catalytic (WTFS) synthesis of waste cooking oil (WCO) was investigated
through a two-step esterification and transesterification reaction. The synthesized catalyst was
characterized by XRD, XRF, and FT-IR for functional groups, elemental composition, and crystalline
structure. The WCO was pre-treated and stored for consequent characterization. Optimized Trans-
esterification reaction was then carried out using the central composite design (CCD) of experiments
and the products obtained were subsequently characterized for their physicochemical properties,
alongside their functional groups (FT-IR), and GC-MS to determine the effect of the catalyst on the
WCO. The catalyst was synthesized as recommended for the great performance breakdown of
hydrocarbon chains. The central composite design (CCD) is a tool for statistical optimization that is
used to maximise the many different factors that are involved in the system. CCD is the optimization
method that is advised to use CCD is recommended when there are more than two factors at play in
the system and the optimal value lies in the middle of the factor ranges. To optimise the biodiesel
synthesis process, reaction parameters such as WTFS catalyst loading (wt. percent), reaction
temperature (°C), and residence time (minutes), were considered while the Response Surface
Methodology (RSM) of statistical optimization technique based on CCD was utilised.

This work is original for several reasons:

i) Designed and characterized a functional heterogeneous catalyst for biodiesel production from an
agricultural waste i.e. Tympanotonus fuscatus shell, which is abundant in the entire Southern-Nigeria;
i) Optimized catalyst preparation parameters including activation with sulphuric acid, temperature and
duration;

iii) Adoption of WTFS catalyst to produce biodiesel from high free fatty acids waste cooking oil;

iv) Optimization of the biodiesel production conditions with a full factorial design of experiments in
conjunction with response surface methodology via central composite design;

The optimally produced biodiesel was characterised in accordance with ASTM and European
(EN14214) standards. The most important aspect of this research is unquestionably the investigation
into the synthesis of a bio-based heterogeneous catalyst.

2. EXPERIMENTAL

In the following is a list, functionality, and description of the materials and methods used to carry out
the preparation, characterization, and experiment.

2.1 Materials

2.1.1 WCO and WTFS

The waste cooking oil (WCO) was provided by a local restaurant (chicken republic) in Ugbowo area of
Benin city, while the WTFS was collected from Uselu Market, all in Benin city area of Edo State,
Nigeria. The WCO collected is filtered, to remove any impurity and suspended matter or particles.
This was heated at 120 °C while stirred continuously for 2 hours to remove possible water content.
The pre-treated WCO was hereafter stored in a clean container. The WTFS collected was thoroughly
washed with water for three days consecutively to remove the dirt and remnant periwinkle flesh within
the shells. The WTFS was then dried in direct sunlight for 3days to reduce the foul smell.

2.1.2 Chemicals
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Distilled water, 99.5% pure methanol, Concentrated Sulphuric acid (H,SO,), Ethanol, Benzene,
Potassium Hydroxide (KOH), Hydrochloric acid (HCI), Acetic acid, Chloroform, Wijs reagent,
Phenolphthalein, Sodium thiosulphate, Potassium lodide (KI), starch solution indicator, ice block.
They were all of analytical grade obtained from Ken Chemical Shop, Benin city, Nigeria, and needed
no further purification.

2.2 Methods

2.2.1 Preparation of Catalyst

The preliminary sun-dried WTFS was further dried in oven (U-Tech SSI-107) at an average of 120 °C
for 24 hours to remove excess water [51] before calcining in the electric-powered furnace
(MXBAOHENG YTH-2.5-10) at a temperature rate of 0.1 °C/second till 900 °C [52] and then left for an
additional 2 hours to ensure complete oxidation and convert any carbonate to oxides and bring out
the maximum amount of metallic oxides. The calcined WTFS was then cooled before subjecting to
pulverization manually with the use of a mortar and pestle to obtain fine powder. This was repeated
three (3) times with the use of a sieve of mesh size 45um to ensure proper separation, homogeneity,
and diffraction of powdered catalyst. To avoid the use of contaminated active oxides in the WTFS
catalyst from exposure to atmospheric water, moisture and carbon dioxide thereby forming less active
hydrates and inactive carbonates, the powdered WTFS was then re-calcined again at 900 °C for 1
hour before removal from furnace and storage in a sealed glass desiccator while the temperature
dropped to room temperature.

2.2.2 Characterization of Catalyst

The X-ray diffraction (XRD) of the WTFS derived catalyst was performed on a sample of WTFS using
the Brucker's D2-PHASER benchtop X-ray powder diffractometer furnished with Cu-Ka (1.541874 A)
radiation source. The XR software was set to 40KV and 40mA while the scan interval was from 10° to
90° 26 with a step size of 0.02. The XR patterns of Ca, Mg, Al and Si majorly amongst others were
collected at the 26 axis of the detector using the powder method in a scintillating diffractometer.

The elemental chemical compositions of the materials were analysed using the HORIBA’'s MESA-50K
X-ray fluorescence spectroscopy (XRF) to determine the compounds present (CaO, MgO, Al,O; and
SiO,). The functional groups were determined by Fourier transform infrared (FT-IR, Bio-Rad 3000
Excalibur series with wave number range from 400 to 3000 cm™).

2.2.3 Characterization of WCO and Biodiesel

The characteristics of the WCO, and Biodiesel was determined by relevant techniques based on
majorly on ASTM and European (EN14214) International standards. The relative density was
determined using ASTM D4052, the Kinematic viscosity was determined using the ASTM D7042. The
Acid Value was determined using the ASTM D974 testing standards, Peroxide value was determined
as described by the ASTM D3703 method, ASTM-D1959-97 was used to determine the lodine value,
ASTM D94 was used for the saponification value. The Glycerol content, Ester value and Free Fatty
Acid (FFA) were both gotten from the saponification value and acid vales respectively. Pour point was
determined using the American Standards for Testing and Methods in ASTM-D97, Pensky-Martens
equipment was used to determine the flashpoint (ASTM-D93), ASTM-D2500 for cloud point, ASTM-
D4297 for calorific value, and ASTM-D1500 standards was used to determine the carbon content.

Gas Chromatography coupled with Mass Spectrophotometry (GC-MS) of Hewlett-Packard HP 7890
was used to analyse the chemical composition of produced biodiesel. 5% phenylmethypolysiloxane
was used to form a thick-film coating on the capillary column working with a 5975-quadrupole
detector. The temperature ranged from 50 [JC to 290 [IC at the rate of 5 [IC per min for 10 min in full
scan mode between m/z 33-533 using split-less injection function at 29001C and solvent interval of 3
min. The obtained peaks based on their retention times were matched with standard compound peaks
of NIST08s mass spectral data library.

2.3 Biodiesel production

2.3.1 Esterification Reaction
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The transesterification of WCO was initially carried out with a 7:1 methanol — oil ratio, temperature of
60 °C, 5.5 % WTFS catalyst loading for 180 °C [53]. This yielded 21.35% biodiesel with plenty of soap
formation along with the large amount of water proving Canakci & Sanli [54] right. Hence, since the
conversion of oil to biodiesel can only be carried out with FFA of less than 1% [55], it became
necessary to first esterify the oil (500 g) with sulphuric acid (5 g) dissolved in methanol (24 g) for
lhour at 600C [53], [65]. Canakci [54] & Thangaraj [55] posited that the most common way is to
convert free fatty acids into FAME by esterification using sulphuric acids, p-toluene sulfonic acids, or
alkyl benzene sulfonic acids.

The mixture was heated in a three-neck round bottom flask connected with a reflux condenser to
avoid methanol losses and heated on a magnetic stirrer with a thermocouple installed to keep the
temperature constant. After completion of the reaction, the mixture was poured in a separation funnel
and left to cool and settle overnight into two layers. Water in the lower layer was removed while FAME
and unreacted triglyceride was subjected to the other transesterification process. This esterification
process reduced the FFA content from 5.03% to 1.02% before transesterification with WTFS catalyst
was carried out.

2.3.2 Synthesis of Biodiesel

The transesterification reaction made use of a recommended 7:1 methanol — oil ratio, while three
factors were varied; temperature ranging from 30 °C to 90 °C, WTFS catalyst loading of 1 to 10 %wt.
and residence time ranging from 30minutes to 180minutes [53], [56]-[61]. The process began with
was weighing a known amount of the pre-treated oil and heating in a three-necked batch reactor to its
specified reaction temperature according to the central composite experimental design (CCD). The
catalyst is the weighed and dissolved in methanol with its ration to oil being set to 7:1 constant as the
minimum optimal ratio needed to achieve over 80% conversion [53]. At the end of the reaction, the
reaction mixture was then transferred into the separation funnel and left overnight to allow the
separation of catalyst, glycerol and biodiesel (in that order from bottom to top). The upper phase
(biodiesel phase) was obtained and further purified using a high-speed centrifuge to remove any
suspended catalyst or glycerol. The purified biodiesel was stored in a closed-tight vial to be used for
biodiesel characterization using Agilent Technologies 7890B GC system -5977A MSD (GC-MS) and
Perkin Elmer Spectrum TM 100 FT-IR spectroscopy. The conversion was calculated in percentage
using Equation (1).
Weight of Biodiesel

L. , or) — 0
Biodiesel Yield (%) Weight of WCO x 100% ¢))

2.3.3 Design of experiment for biodiesel production, ANOVA statistics, and
optimization

Three factors were studied; the amount (in weight percent) of WTFS (1 — 10 %wt. in relation to the
acid), reaction temperature (30 °C — 90 °C) and reaction time (30 — 180 minutes). RSM was employed
to analyse the operating conditions of the transesterification reaction to obtain a high conversion
percent. The experimental design was carried out by the three chosen independent process variables
at three levels. The software “Design Expert 8P” was used for designing and analysing the
experimental data. The independent variables (factors) and their levels, real values as well as coded
values are presented in Table 1 below generating twenty (20) experimental runs all together.

Table 1

Experimental design for transesterification of WCO
Name Unit Low High - alpha + alpha
Temperature oC 42.16 77.84 30 90
Catalyst load wt. % 2.82 8.18 1 10
Time minutes  60.40 149.60 30 180
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The model equation was used to predict the optimum values and subsequently to elucidate the
interaction between the factors. The quadratic equation model for predicting the optimal point was
expressed according to Equations (1) below and the response (y) was determined to be the biodiesel

yield [62].

k k k=1 k

Y= B+ ) B+ ) B+ ) Y Byxy+ € @)

i=1 i=1 i=1j=i+1
The analysis of variance (ANOVA), was the statistical tool used for analysis used to establish the
influence of each variable on the response (biodiesel) yield. The statistical analysis further produced
the predicted values which were compared and contrasted with the responses obtained. On the
output-factors graph, the anticipated value was plotted against the responses to reveal the lines—of—
best—fit, which demonstrated the relationship between the considered variables. The process was
optimized by determining the and sum of squares and lack of fit test. Specifically, the df, f-value, p-
value, coefficient of determination (R-square), and regression co-efficient (experimented and
predicted R-square values) were examined to demonstrate the suitability of the model. Graphing a
function with a multi-dimensional input (AB; AC; BC; ABC) and a one-dimensional output (biodiesel
yield) necessitates the charting of points in three-dimensional space to examine the effect of
interaction variables.

3. RESULTS AND DISCUSSION
31 Properties of WCO, Biodiesel

The GC-MS results (Figure 1) for the characterization of WCO are outlined in Table 2 below. For
comparison purposes, they are tabled together with the Biodiesel results (Table 5). WCO trans-
esterified in the presence of WTFS produced biodiesel which fell within the biodiesel European
standard (EN 14214:2003) as shown in Table 2 below. Also, comparing the properties with the
petroleum diesel is necessary for determining the validity of the biodiesel.
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Figure 1 GCMS Spectra of WCO showing peaks at different time intervals

Table 2
Fatty Acid Profile of WCO
Peaks R Time Compound Area (%)
1 15.570 C19H3602 Methyl (11E)-11-octadecenoic acid 1.67
2 15.790 C17H3402 Methyl 14-methylpentadecanoic acid 21.50
3 16.511 C16H3202 1-Pentadecanecarboxylic acid 1.91
4 17.486 C18H31CIO (9E,12E)-9,12-Octadecadienoyl chloride 26.43




5 17.583 C19H3602 (E)-9-Octadecenoic acid methyl ester 26.20
6 17.710 C21H4202 Methyl-aracidate or Methyl-eicosenate 12.92
7 18.176 C18H3402 cis-9-Octadecenoic acid 7.20
8 19.320 C19H3603 Methyl ricinolate 2.26
234
235 3.2 WTFS Characterization and Elemental Analysis
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236 Wavenumber (cm-1)
237 Figure 2 FT-IR spectra of the WTFS catalyst
238 Figure 2 shows the FT-IR spectra analysis of the WTFS catalyst calcined at 900 °C for 2 hours after
239 pre-treatment. The absorbance bands match the WTFS vibrations during infra-red exposure. Table 3
240  gives the functional groups in the WTFS catalyst according to the spectrum stretching.
241  Table3
242 Functional groups of WTFS catalyst
S/No. Frequency (cm™)  Appearance Bonds Compounds
. Alcohols, phenol,
1 36416 Very sharp and weak Q-H s}retchmg water, ROH, ArOH.
absorption band vibration (free)
H,O
Very sharp and C-O stretching
2. 1408.9 broad absorption vibration of carbonate CO03-, C0O2, CO
band ion
Very sharp and RCH=CR, or mono
3. 872.2 broad absorption C-H bending vibration substituted Arene
band ring
Very sharp and .
4. 711.9 broad absorption M-O stre.tchlng Ca-0, Mg -0,
vibration Al - O etc.
band
243
244  The XRD pattern of WTFS catalyst reflects the properties of a crystalline material with a single intense
245  and sharp basal plane peak at low 26, a medium duplet, and a basal plane peak at high 26. All of the
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reflections are crisp, indicating that the material is extremely crystalline and contains few impuirities.
The XRF analysis gives the elemental composition confirmed by the XRD in Figure 3. It shows a high
concentration of CaO of 57.104 wt%, MgO of 21.195 wt%, Al,O3; of 13.949 wt%. This shows that the
WTFS catalysts is comprised mainly of CaO, MgO and Al,O;. The other metal oxides present in the
catalyst include PdO of 4.203 wt% while others are very low and has insignificant effect on the
properties of the catalyst. These transition metals and their compounds are used as catalyst because
of their ability to change oxidation state or in the case of the metals, to adsorb other substances on
their surface as catalyst.

Intensity, cps

Calate, syn | I

zsl‘
Figure 3 X-ray diffraction of WTFS catalyst

3.3 Transesterification reaction of WCO
3.3.1 Numerical optimization of reaction conditions for WCO to biodiesel using WTFS

Table 4 RSM experimental design matrix and results of produced biodiesel.

Coded factors Actual factors Yield (%)
Standar Temp Catalyst Time Experimenta
d order A B C (°C) dosage (wt.%) (mins) I Predicted

1 -1 -1 -1 42.16 2.82 60.40 77.56 79.75

2 1 -1 -1 77.84 2.82 60.40 65.12 63.19

3 -1 1 -1 42.16 8.18 60.40 57.47 52.73

4 1 1 -1 77.84 8.18 60.40 22.70 26.02
149.6

5 -1 -1 1 42.16 2.82 0 58.22 53.10
149.6

6 1 -1 1 77.84 2.82 0 40.18 43.12
149.6

7 -1 1 1 42.16 8.18 0 83.96 82.61
149.6

8 1 1 1 77.84 8.18 0 67.93 63.94
- 105.0

9 1.68 0 0 30.00 5.50 0 48.84 52.46
105.0

10 1.68 0 0 90.00 5.50 0 22.67 21.60
105.0

11 0 -1.68 0 60.00 1.00 0 71.90 72.17
105.0

12 0 1.68 0 60.00 10.00 0 64.68 66.96

13 0 0 - 60.00 5.50 30.00 67.75 67.57
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1.68

180.0

14 0 0 1.68 60.00 5.50 0 74.34 77.06
105.0

15 0 0 0 60.00 5.50 0 81.75 84.09
105.0

16 0 0 0 60.00 5.50 0 80.16 84.09
105.0

17 0 0 0 60.00 5.50 0 82.18 84.09
105.0

18 0 0 0 60.00 5.50 0 85.81 84.09
105.0

19 0 0 0 60.00 5.50 0 79.23 84.09
105.0

20 0 0 0 60.00 5.50 0 86.95 84.09

The numerical optimization of the transesterification of WCO was carried out with the use of design
expert software 8P using response surface methodology. Central Composite Design (CCD) was
recommended by the software beased on the three-factors, three-level design. The quadratic model
was chosen, the build time was 10 minutes and the subtype, randomoized to generate 20 runs as
presented in Table 4. From the table, the highest biodiesel yield was 86.95% at the following
conditions; 60 °C temperature, 5.50 wt. % catalyst loading, 105 minutes, and a constand methanol —
oil ratio of 7:1. These results were analyzed numerically and Table 5 was gotten:

Table 5
ANOVA results for the quadratic response surface regression model
Sum of Mean p-value

Source Squares Df  Square F-Value Prob > F
Model 6966.331 9 774.0368 46.33446 < 0.0001*
A-Temperature 1149.475 1 1149.475 68.8085 < 0.0001*
B-Catalyst Load 3279.335 1 3279.335 9.63033 0.00713*
C-Time 108.665 1 108.665 6.504776 0.0288*
AB 51.6128 1 51.6128 3.089583 0.1093
AC 21.58245 1 21.58245 1.291943 0.2822
BC 1682 1 1682 100.6859 < 0.0001*
A 3742.421 1 3742.421 224.0243 < 0.0001*
B* 306.5278 1 306.5278 18.349 0.0016
(o 190.7235 1 190.7235 11.41686 0.0070
Residual 167.0542 10 16.70542
Lack of Fit 119.6566 5 23.93133 2.52453 0.1662
Pure Error 47.3976 5 9.47952
Cor Total 7133.385 19
Fit Statistics
R” (%) 97.66
Adjusted R?* (%) 95.00
Predicted R* (%) 84.68
Coefficient of Variation 06.20
Adequate Precision 21.00

* means significant factors

The Model F-value of 46.33 implies the model is significant. This means that there is only a 0.01%
chance that a "Model F-Value" this large could occur due to noise. Based on the analysis of variance
(ANOVA), the “p-value” value determined for the quadratic model was less than 0.05, suggesting
that the design factors was significant. This means that the temperature (Factor A; p-value is <
0.0001), catalyst load (Factor B; p-value is 0.00713), time (factor C; p-value is 0.0288) and various
interactions like;

¢ Interactions between the catalyst load and time (factor BC; p-value is < 0.0001)
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e Quadratic factors; square of the temperatures (Factor A% p-value is < 0.0001), catalyst load
squared (Factor B p-value is 0.0016) and time squared (Factor C% p-value is 0.007).

Furthermore, to demonstrate the connection between biodiesel yield and the three significant factors,
the interaction and the quadratic factors, the quadratic equation for the regression model in Equation
(3) below is used:
Yield = 82.61 —9.174 — 1.55B + 2.82C — 2.54AB + 1.64AC + 14.50BC — 16.114% — 4.61B?
— 3.64C*? 3)
Since the “Lact-of-Fit F-value” is 2.52, thus means that there is a 16.62% chance that the model
would not fit the experiment thereby proving the suitablility of quadratic model for the experimental
design.
The value of the coefficient of determination, often known as R?, is a statistical metric that indicates
the fraction of a dependent variable's variance that can be attributed to an independent variable or
variables. The R? value provides a measure of how variability in the observed response values could
be explained by the experimental factors and their interactions [63]. The R-squared (R?) value was
0.9766 for methyl-ester (biodiesel) yield. The closer the R? value to 1, stronger the model and better it
predicts the response. Therefore the R® value of 0.9766 showed that only about 2.34% of the total
variation in the observed response cannot be explained by this model. In addition, the regression
coefficient (R?) value of the actual experimental data (95%) and the predicted data (84.68%) result are
obviously in resonance seeing that both values only differ by less than 11% and the coefficient of
variance (error percentage) i.e. CV = 6.20% further proves that the model is a good fit. Similarly, the
adequate precision of the model bothers around 21 which is largerly greater than “4” (the minimum
limit) because a signal to noise ratio of greater than 4 is desirable to indicate that the model is suitable
for navigating the design space.
Predicted vs. Actual
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Figure 4 Parity plot of Biodiesel yield produced via WFTS catalysts

The consistency plotting (Figure 4) above demonstrates a significant correlation between the actual
and expected values of biodiesel production. The points concentrated around the diagonal line
indicating a successful fit of the model with an insignificant residual value due to the low variance
between the actual and forecast values. The impacts of interaction process variables on biodiesel
yield were graphically explored using three-dimensional surface plots and two-dimensional contour
plots. The biodiesel production is projected to grow at optimal values but decline if the values are
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308 increased past the optimum [49]. Figure 4a and 4b shows the interaction of recaction time and
309  catalyst loading on the

Yield
o
@
Q
1
B
T =
] e
- o]
> o
[
o
=
m
4216 4126 52.36 57.45 6255 67.64 7274 7184
312 A: Temperature
Yield
( ) 14980 —
( ) 12730 —
=
]
b= E
E 10500 —|
8}
8270 —|
77.84
7274
67.64
62.55
e T i " /
& . T T 1
e 4726 A: Temperature 2 28 523 e c25s o7t 274
313 A: Temperature

315 Figure 5(a — f) 3-D Response Surface and contour plots for the interaction effects of process
316  parameters

317

318  biodiesel yield. It can be seen that the yield of biodiesel increases with increase in reaction time
319  towards 105 minutes up to 5.5 wt.% WTFS catalyst at a reaction temperature of 60 °C and after that,
320  asteady fall in the yield with increase in the amount of WTFS catalyst and reaction time. The shape of
321  contour plot revealed that more than 80% of biodiesel yield peaked between 2.82 and about 5.5 wt. %
322  WTFS catalyst and 60 — 105 minutes’ reaction time. However, there is a reduction in yield with longer
323  time spent and larger amount of WTFS catalyst. This may be because of presence of excess catalyst
324 which will in turn, make the separation of products very difficult by which the amount of catalyst must
325  be optimized [64]. Adequate time is required for reactants to interact together to form product(s) [65].
326  Based on the results, it can be deduced that the reaction time and WTFS catalyst load play an
327  important role in the biodiesel yield. Figure 4c and 4d demonstrates the effects of varied reaction
328  temperatures and amounts of additional WTFS catalyst on biodiesel yield while the reaction duration
329  was held constant at 105 minutes. Increase in reaction temperature had a substantial effect on
330 biodiesel yield under all conditions. With a minute change in biodiesel yield due to the catalyst load,
331  biodiesel yield rose according to the reaction temperature. However, yield decreases significantly with
332  increasing temperature and WTFS catalyst concentration. This may be due to the boiling point of
333  methanol (65 °C), which renders it unavailable for reaction [66]. In contrast, raising the designated
334  amount of catalyst had a modest effect on the biodiesel output at different reaction temperatures. The
335 maximum biodiesel was produced by employing a WTFS catalyst of roughly 5.5% by weight and 60
336 °C. Figure 4e and 4f illustrates the three-dimensional and contour response surface built to
337  demonstrate the impact of the transesterification condition factors (temperature and reaction time) on
338  hiodiesel yield. The yield of biodiesel increases as the reaction temperature approaches 60 °C and
339  the reaction time approaches 105 minutes with a WTFS catalyst loading of 5.5% by weight.

11



340
341
342
343
344
345
346
347

348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370

371
372
373
374
375
376
377
378

Approximately in the vicinity of the optimal time and temperature, the maximum yield was achieved.
However, the reaction time has a more consistent effect on biodiesel yield than reaction temperature,
as temperatures above 65 °C resulted in a significant decrease in biodiesel yield at various reaction
durations. Based on the data, it might be concluded that the reaction temperature had a greater
impact on the biodiesel yield than the reaction time.

Table 6

Quiality of WCO, Biodiesel with EU and American Standards [67]-[71]
Property WCO Biodiesel Biodiesel Petroleum

(Prepared) (EU & American Biodiesel
Standards)

Relative density (15[/C) kg/m® _ 909.8 880 860 — 900 832.5
Kinematic Viscosity (at 400C), mm“/s 13.30 4.638 19-6.0 20-45
Acid value (mg KOH/g) 10.02 0.416 0.50 max 0.15
Peroxide value (meg/kg) 461.54 - - -
lodine value (1,/100g) 2167.87 92.57 120 max -
Saponification value (mg KOH/qg) 184.25 - - -
Ester value (mg KOH/g) 174.25  103.57 96.5 min -
Free fatty acid content (%) 5.035 0.209 0.251 max -
Percentage glycerol 9.53 0.240 max -
Pour point (°C) 5.2 0.3 0 1
Flash point (°C) 156 104 120 — 130 min 55 min
Carbon-content (% m/m) 2.65 0.019 0.05 — 0.30 max 0.30 max
Cloud point (°C) 10 1.3 No Report 2
Calorific value (MJ/kg) 34.78 40.17 25.35 — 43.96 44 — 46

The density of the prepared biodiesel from WCO was found to be 5.30% higher than the average
petrol diesel (0.8325 kg/m®) as seen in Table 6. This is confirmed because the (average) densities of
over 30 investigated methyl esters from different bio-sources and over 18 works, ranged from 0.75 to
0.904 kg/m®, with the overall average value being 0.8802 kg/m® (i.e. almost 5% higher than the
corresponding fossil diesel value) [18], [72]-[77]. Density can impact fuel consumption as fuel
introduced into the combustion chamber is determined volumetrically [78]. Biodiesel fuels are, in
general, characterized by higher density than conventional fossil diesel, which means that
volumetrically operating fuel pumps will inject greater mass of biodiesel than fossil diesel fuel [79].
Since the flow is controlled by volume, the expected peak power reduction for engines using B100 is
only 5 to 7 % less than the fossil diesel because more (kg/m® would flow and vaporize more
efficiently given a set throttle (volume) [80]. It should be noted that biodiesel produces more than
three times the energy as the same amount of fossil fuel. Biodiesel's higher Specific gravity and
density relative to fossil diesel means that on road biodiesel blends are normally made by splash
blending the biodiesel fuel on top of the conventional diesel fuel or fossil fuel [80].

Kinematic viscosity is the primary reason why biodiesel is used as an alternative fuel instead of neat
vegetable oils or animal fats [81]. The viscosity of the prepared biodiesel indicates a 65.187%
decrease from the crude WCO. It is noticed that prepared biodiesel is 3.07% higher in value than the
maximum allowable viscosity for a petroleum-derived diesel. The viscosity range given as per the
ASTM D7042 and EN14214 standard is 1.9 to 6.0 mm?/s [67], [68]. This high value is due to high fatty
acid composition of the source oil (WCO in this case) [82]. Fatty acid composition determines the
degree of saturation and the higher the composition the higher the degree of saturation. Viscosity
increases with increasing degree of saturation [69].

The produced biodiesel has a higher flash point than that of petroleum diesel (104 °C > 55 °C
minimum) because biodiesel has a higher number of fatty acid methyl esters (FAME) which is
generally not volatile. Flash point varies inversely with the fuel’s volatility hence; biodiesel is safer to
handle at higher temperature than fossil diesel. As diesel impurities increase in biodiesel and diesel-
fuel blends, so does the flash point increase [78]. Flow properties such as pour point (PP) and cloud
point (CP) are important in determining performance of fuel flow system [69]. Viscosity is known to be
inversely proportional to temperature, therefore, operating a diesel engine at low temperatures
especially in cold climate regions can be difficult because of high viscosities.
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The acid value for the prepared biodiesel from WCO (0.416) was about 67% higher than petroleum
diesel (0.15) but falls within the required American and European standard for biodiesel. However,
this is an indication that the biodiesel is more unstable compared with petroleum diesel [69]. The
calorific value increased by 15.5% from its source waste cooking oil but 13% lower than petroleum-
diesel calorific values.

3.3.2 Optimization of biodiesel yield

Using the Design of Expert 8P software, biodiesel yield was numerically optimise by first optimzing all
factors and response variables. Since maximum biodiesel yield is desired, set the lower (30.67%) and
upper ranges (92 %). Table 4 codes independent variables as 1 and +1. Within the range, numerical
optimization is performed. Based on the model and input criteria, the CCD provided the best system
response optimizing biodiesel yield based on transesterification factors in experimental runs. The
software projected that optimal parameters for biodiesel yield were 60 °C temperature, 5.5 wt. %
WTFS catalyst load, and 105 minutes of reaction time, with 86.95 percent biodiesel yield. After
optimization the biodiesel production was 91.7%. This signifies that the experimental value agreed
with the model's value.

Yield Desirability
Prediction 91.7023

Prediction

B: WPS Catalyst Load

4216 4726 5236 5745 6255 6764

4218 4726 5236 57.45 6255 6764 7274 77.84
A: Temperature
A: Temperature

394

Figure 6(a & b) Contour plot of optimized biodiesel yield and desirability

4. CONCLUSION

The investigation on using waste Tympanotonus fuscatus shell (WTFS) as a catalyst in
transesterifying high FFA waste cooking oil (WCO) led to the following conclusions:

i.  Waste cooking oil (WCO) had a large amount of free fatty acid (FFA > 5%), thus direct
transesterification couldn't be done. Initial esterification decreased the FFA to 1%.

ii. Using design expert 8P's central composite design (CCD) of response surface methodology
(RSM), the subsequent transesterification process successfully optimised biodiesel yield
(91.7%). Experiment design favoured the quadratic model. The three operating paramenters
were significant from the ANOVA results (< 0.05 p-values) showing that the prepared catalyst
had an influence on the biodiesel yield.Only the interaction variable of catalyst load and time
was significant while all quadratic variables showed significance.

iii. The optimal reaction conditions were 60 °C, 5.5 wt. percent WTFS catalyst loading, and 105
minutes at a 7:1 methanol-oil ratio. Biodiesel yields were 86.75 percent anticipated and 91.70
percent optimised.

iv. X-ray diffraction and FTIR characterisation of WTFS showed the catalyst had a high
percentage of CaO along with Al,Os;, SiO,, MgO, and traces of other metallic oxides,
indicating WTFS is a promising catalyst source.

V. Gas chromatogram — mass spectroscopy (GCMS) analysis of improved biodiesel showed the
presence of C16:0 (palmitic acid), C17:0 (methyl heptadecanoate), C18:1 (oleic acid), C18:2
(linoleic acid), and C18:3 derivatives (linolenic acid). The physicochemical characterisation
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indicated similar qualities to American and European biodiesel, making it appropriate for
blends and unblended application.
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