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The present technology of transesterification of vegetable oils to produce biodiesel, which is suited to replace petrodiesel, has
economic challenges, and therefore, alternative sources are being explored. Microalgae, a renewable, third-generation biofuel
resource, have the potential to become a viable feedstock due to their high oil content and environmentally friendly nature. The
present study investigates the effect of microwave irradiation on the simultaneous extraction and transesterification of algae
lipids to produce fatty acid methyl ester (FAME), in a batch reaction system using sulphuric acid catalyst. In situ
transesterification combines the two steps of lipid extraction and transesterification into a single step. The microwave synthesis
unit comprised of a 3-neck round bottom flask inside a 1300-Watt microwave oven, fitted with a quick-fit condenser and having
an external stirrer. Response surface methodology (RSM) was used to analyse the influence of process variables, dry algae to
methanol ratio (1:4 -1 : 14 g/ml), algae biomass to catalyst ratio (1 : 0.0032 -1 : 0.0368 wt%), and reaction time (1 — 11 min),
at 500 rpm stirring rate for in situ reaction. FAME was analysed using gas chromatography (GC). The total lipid content of
Arthrospira Spirulina platensis microalgae biomass was found to be 10.7% by weight. The algae biomass also contained proteins
at51.83%, moisture content at 7.8%, and ash content 14.30% by weight. RSM gave the optimum process conditions as dry algae
biomass feed to methanol (wt/vol) ratio of 1:9, catalyst concentration of 2 wt%, and reaction time of 7 minutes for a maximum
FAME vyield of 83.43 wt%.The major fatty acid composition of FAME was palmitic 43.83%, linoleic 38.83%, and linolenic 19.41%.
FAME properties obtained according to European Standards (EN 14214) and American Society for Testing and Materials (ASTM
D 6751) standards were as follows: flash point 164°C calorific value 32,911 k]J/kg, acid value 0.475KOH/g, viscosity 4.45 mm?/s,
and specific gravity0.868. The study showed that Arthrospira Spirulina platensis microalgae lipid FAME met the biodiesel
standards (EN 14214 and ASTM D 6751) and has the potential to replace petrodiesel. Microwave irradiation increased the reaction
rate resulting in a reduced reaction time of 7 minutes (as compared to 8 hours for conventional heating) and therefore was found
to be a superior heating mode as compared to conventional heating.

ment of biodiesel energy as would the third-generation bio-
fuels from microalgae. The most common concern related

The world needs energy to support economic and social
progress and build a better quality of life, and in particu-
lar, more energy is required in developing countries [1].
For these reasons, the world is pursuing alternative renew-
able fuel sources to lessen the dependency on conventional
fossil fuels.

First- and second-generation [2] biofuel resources have
considerable economic and environmental limitations and
do not seem to have the ability to fulfil the current require-

to the current first-generation biofuels is that as production
capacity increases, so does their competition with agriculture
for arable land used for food production that may lead to
severe food shortages [3]. In addition, the intensive use of
land with high fertilizer and pesticide applications and water
use can cause significant environmental problems [4]. The
advent of second-generation biofuels was intended to pro-
duce fuels from lignocellulosic biomass, the woody part of
plants that do not compete with food production. However,
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converting the woody biomass into fermentable sugars
requires costly technologies involving pretreatment with
special enzymes, meaning that second-generation biofuels
cannot yet be produced economically on a large scale [5].
Therefore, third-generation biofuels derived from microalgae
according to Nigam and Singh [6] are considered a viable
alternative energy resource that is devoid of the major draw-
backs associated with first- and second-generation biofuels.

Microalgae have the distinctive ability to produce biodie-
sel in its natural form and thus avoid the requirements for
complex, expensive processing methods/technologies, and
there is no competition for agricultural land with other food
crops as they grow or are cultivated in areas (marshy areas,
brackish water areas, waste water, sewage, or marine environ-
ments) where crops do not grow [7].

Algae give potential benefits over lignocellulosic biofuel
source crops as there is no competition for agricultural land
with other food crops [8]. However, unlike vegetable oils
from crops that can be mechanically extracted, releasing oil
from algae cells is hindered by the rigid cell wall structure
requiring solvent extraction [8]. This results in a high cost
of oil recovery from microalgae prior to converting it into
biodiesel. Other extraction methods such as supercritical
fluid extraction, catalytic extraction, and ultrasonic extrac-
tion requiring longer extraction times large volumes of sol-
vents, are energy and cost intensive [9].

Thus, microwave-assisted extraction or extractive trans-
esterification could be an alternative to address the above
concerns as the ability of the microwave to penetrate through
the cell wall structure may result in an efficient recovery of
lipids. Microwave irradiation leads to rapid generation of
heat and pressure within the biological system, forcing out
compounds from the biological matrix, producing good-
quality extracts with better target compound recovery [10].
The rapid heating leads to localized high temperature and
pressure gradients which assist in cellular wall degradation
and enhanced mass transfer rates [11].

Most biodiesel is made by transesterification which
involves mixing a lipid (triglyceride) with alcohol, in the
presence of a catalyst, to produce esters and glycerol. A more
common alcohol used is methanol which leads to the produc-
tion of methyl esters, as shown in Equation (1) [12].

CH, - OCOOR, R,COOCH;  CH,OH
atalys
'CH - OCCOR, +3CH,0H e R,)CcOOCH, 'CHOH
ICH, - OCOOR, R,//COOCH, 'CH,O0H
(Triglycerides)  (Methanol) (Methyl ester)  (Glycerol)

(1)

Transesterification is a reversible reaction and is expected
to occur in three steps: conversion of the long-chain triglyc-
erides to diglycerides, conversion of diglycerides to mono-
glycerides, and finally the conversion of monoglycerides to
esters [13].

Biodiesel can be produced from any vegetable oil (edible
or nonedible), used, cooking oils, animal fats, and microalgae
oils [14]. The best choice of a given feedstock for biofuel pro-
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duction should constitute a carbon chain length from the
saturated C14 to C22, the unsaturated free fatty acid groups,
and the saturation states which should be lower for better
conversion [15]. The most important aspect considered is
the chain length, whereas the usage of algae biodiesel is
negatively affected by high unsaturation levels. The level of
unsaturation affects negatively on oxidative stability, cetane
number, and heat of combustion [15].

The biodegradability, nontoxicity, renewability, safe, and
green form of alternative fuel and its low environmental
impact make the Spirulina platensis algae a good feedstock
for the production of alternative fuel [16]. Moreover, the
use of these algae as suitable alternatives is because some spe-
cies have high quantities of oil, which can be simultaneously
extracted and transesterified into biodiesel and finally refined
[17]. There is extensive literature carried out to explain bio-
diesel production from vegetable oils [18-21]. Yet, according
to Demibras [22], there is little research carried out on the
production of biodiesel from microalgae and especially
regarding the feedstock Spirulina. Microalgae biodiesel pro-
duction by conventional methods has been studied [17, 23—
25], in which the oil is initially extracted mechanically and later
by solvent extraction, followed by catalytic transesterification.

Algae oil has high free fatty acids (FFA), and the use of
alkali catalyst leads to soap formation, increase in catalyst
consumption, catalyst fouling, and decrease in the yield of
biodiesel [17, 26]. Acid catalysts do not form soap but have
slower reaction rates, taking a longer time for the reaction
to be completed [26]. Sulphuric acid has been used as a cata-
lyst in this study.

The in situ process simultaneously combines the steps of
lipid extraction and transesterification to produce biodiesel
and minimizes the cost of biodiesel production [27]. Deepa-
lakshimi et al. [28] carried out an optimization process of
biodiesel from waste avocado seeds by in situ method, and
they obtained a yield of 94.4 wt% with respect to the weight
of the total oil content of avocado seeds. El-Shimi et al. [17]
produced biodiesel from Spirulina platensis microalgae by
in situ method and stated that 8 hours was the optimum time
required by conventional heating (using a hot plate).

The conventional heating consumes high amount of
energy and has a long reaction time [29]. Microwave irradia-
tion provides a rapid, energy efficient, cost-saving, and
environmentally friendly method for the production of
biodiesel. Other than for transesterification reactions, micro-
wave energy also increases the rate of oil extraction to pro-
duce a greener and better quality biodiesel [30].

In the present study, biodiesel from Spirulina algae was
produced by simultaneous extraction and transesterification
by the use of microwave irradiation, to achieve a high degree
of oil/lipid removal from Spirulina algae biomass with high
efficiency of conversion to biodiesel [8].

2. Materials and Methods

2.1. Materials, Equipment, and Apparatus. Methanol, sul-
phuric acid, sodium hydroxide, hydrochloric acid, ethanol,
and potassium hydroxide, all analytical grade, were sourced
from Gelsup Kenya. Isopropyl alcohol, analytical grade, was
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FiGURE 1: Batch transesterification with microwave irradiation.

from Bevic, Kenya. The major equipment was as follows:
microwave oven 1300 Watts (Shivaki, Japan), Stirrer 50 w
(Bibby Sterilin Ltd., UK), rotary vacuum evaporator (HAHN-
VAPOR, Hahnshin Scientific Co. Ltd., Korea), centrifuge
(Itettich Zentrifugen D-7200 Tutlingen 6000 rpm, Germany),
hot plate (Thomas Scientific, CAT no. 984THOCHPEUA),
analytical balance, lab oven, and the Soxhlet apparatus
(PYREX UK). Spirulina microalgae biomass, Arthrospira
platensis, was obtained from Masinde Muliro University of
Science and Technology, Kenya. Algae characteristics and
growth conditions were as follows: filament average length
and diameter 1,000 and 10 microns; lipid content 6-8% of
dry biomass; growth nutrients (per litre of water), sodium
bi-carbonate 16g, potassium nitrate 2g, common salt 1g,
magnesium sulphate 0.1g, monoammonium phosphate
0.1 g, calcium chloride 0.1 g, potassium sulphate 0.1 g, iron sul-
phate 0.01, urea 0.02 g, and citric acid 0.02 g; pH 7; and average
temperature 20.4°C.

2.2. Extraction and Characterization of Oil, Algae Biomass,
and Biodiesel. A Soxhlet apparatus fitted with a quick-fit con-
denser and a 250 ml round bottom flask holding the solvent
(a mixture of hexane/isopropyl alcohol, 3:2 to make a total
of 120 ml) was used to extract oil from the algae biomass.
The oil was separated from the solvent using a rotary vacuum
evaporator. Oil yield of microalgae biomass (%) was calcu-
lated according to Equation (2) [17].

f the extracted oil
Oil yield of microalgae biomass = ( fass o” e exactecol ) x 100

mass of dried algae biomass

(2)

Algae biomass was analysed for protein, ash, and mois-
ture content by using ASTM standard methods. Spirulina

oil was tested for moisture content, FFA, acid value, density,
viscosity, and calorific value [31]. Similarly, specific gravity,
kinematic viscosity, calorific value, acid number, flash point,
carbon residue, ash content, S, pH, and moisture content of
FAME were determined using standard methods according
to American Standard Test Methods (ASTM D 67551) [31].

2.3. Transesterification Reaction. The experimental setup
consisted of a batch reactor (250ml round bottom flask)
placed in a microwave oven, as shown in Figure 1. The flask
was fitted with a reflux condenser and a glass rod for mechan-
ical stirring. The weighed amount of Spirulina platensis micro-
algae biomass was mixed with measured amounts of H,SO,
catalyst and methanol. Blending of the mixture was carried
out for a few minutes to achieve homogeneity before being
poured into a reaction vessel. The reactants were then heated
using microwave irradiation and maintained for a specified
duration. After the reaction had taken place, the mixture was
cooled in ice water to stop the reaction. The reactor contents
were centrifuged at 3,000 rpm for a period of 30 minutes to
separate biodiesel from glycerol and suspended solids. Biodie-
sel was decanted and washed a number of times to remove any
acid catalyst, before being heated at about 100°C to remove
any accompanying methanol and water. Biodiesel was ana-
lysed by GC for fatty acids. The experimental sequence for
single-step (in situ) microwave-assisted extraction and trans-
esterification process is illustrated in Figure 2.

This study optimized the process variables for the highest
yield: algae to methanol ratio, catalyst concentration, and
reaction time.

2.4. Design of Experiment for Optimization Studies. Response
surface methodology (RSM) and central composite design
(CCD) circumscribed [32] was used to optimize the
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FIGURE 2: Process flow diagram of in situ process of biodiesel production with CH;OH recovery units.
TaBLE 1: Levels for independent variables for selected factors designed through CCD.
. Variable levels
Factors Units Symbols o (-1.6818) 1 0 1 o (1.6818)
Catalyst concentration wt% X1 0.32 1 2 3 3.6818
Methanol (CH;0H) wt/vol X2 4.000 6 9 12 14.00
Reaction time Min X3 1 3 6 9 11.0

operational factors and maximize the production at five
levels of the three variables under study requiring 20 sets of
experimental runs consisting 9 factorial (cubic points), 5
axial (star points), and 6 replicates of centre points. These
were used to analyse optimally the influence of various meth-
odology process variables (catalyst concentration, methanol
to oil ration, and reaction time on FAME vyield) on the fatty
acid methyl acid ester conversion and then finally determin-
ing its maximum productivity. Subsequent values that were
acquired from the runs using the predicted optimal condi-
tions were then used as the validating sets and were
compared with the computed optimal values. A residual
analysis was also carried out to verify the assessment of the
model assumptions, namely, the evaluation of all important
effects, normality distribution of noise, or the error generated
by the experiment and the experimenter (random noise), and
finally to verify if the errors have the same variance. Table 1
shows the actual levels of independent variables for the
selected factors.

2.5. Analysis of FAME. Biodiesel was analysed for fatty acid
methyl esters (FAME) using gas chromatography fitted with
a flame ionization detector maintained at260°C, the injector
port at 240°C. The oven temperature program was as follows:

TaBLE 2: Characterization of Spirulina platensis.

Property wt%
Moisture content 7.8
Total lipid content 10.7
Protein content 51.83
Ash content 14.30
temperature was held at 100°C for2 min, increased
to 140°Cat 10°C/min, then to190°Cat3°C/min, increased

t0260°C at 30°C/min, and finally maintained at 260°C for 2
minutes. Nitrogen gas was used both as carrier and make-up
gas and allowed to flow inside a 30 m by 0.25mby 0.25 ym
Zebron ZB-FAME column fitted into the injector and detector
ports inside the gas chromatography. Biodiesel sample (50 mg)
to be eluded through the capillary column was mixed with 5 ml
of methyl heptadecanoate (C17 : 0, Gelsup 99%) to make a
solution of 10mg/ml. The standard solution (methyl heptade-
canoate, 2mg/ml) was initially prepared by dissolving in GC
grade hexane (Gelsup, 98.9%). The required injection volume
into the capillary column was 1 pl, which was used with the
split ratio of 1 : 50 (EN-14214:2003). Fatty acid methyl ester
content was calculated using the EN-14103 method.
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TaBLE 3: Physicochemical properties of Spirulina microalgae oil.

No. Property Test method Limits ASTM D6751 Values of algal oil

1 pH 7-9 7

2 Specific gravity ASTM D 941 0.86-0.89 0.877

3 Kinematic viscosity at 40°C mm®/s ASTM D 445 1.9-6.0 5.76

4 Acid value KOH/g ASTM D 664 — 0.4

5 Free fatty acid value — 0.802

6 Moisture content% ASTM D 2709 0.050 max 7.8

7 Carbon residue % ASTM D 524 0.050 max <0.1

8 Refractive index 1.365

9 Sulphur, wt% ASTM D 5453 0.0-0.0024 Nil

3. Results and Discussions

3.1. Characteristics of Algal Biomass and Oil. Characteristics
of dried, bluish green Spirulina microalgae biomass in pow-
der form (size 160 ym) is given in Table 2.

The total lipid content of microalgae biomass is greatly
dependent on the specific growth conditions and the type
of microalgae species in use, according to El Shimi et al.
[33]. The microalgae culture conditions, nutrients, and light
intensity can be optimized to increase the oil content of the
biomass, leading to the increase in biodiesel production
[33]. Microalgae grown under optimal conditions (right tem-
perature, right pH (potential hydrogen), and correct amount
of nutrients) produce large amounts of biomass but with low
neutral lipid content, while microalgae grown in nutrient
starvation (i.e., limiting nitrogen (N) and/or phosphorus
(P)) accumulate high levels of neutral lipids but are slow
growing [34].

3.2.  Physicochemical Properties of Spirulina platensis
Microalgae Oil. In the evaluation of the quality of the
extracted Spirulina microalgae oil, tests were carried out as
per the procedures stated in “Materials and Methods” to
determine the physicochemical properties, and the results
are as shown in Table 3. These properties are directly related
to the yield and quality of the biodiesel produced. Kinematic
viscosity and specific gravity were found to be 5.8 mm?/s at
313.15Kand 0.877, respectively, as obtained by El Shimi
et al. [33]. These values show a good agreement with the
information presented in Table 3 and, along with other prop-
erties, confirm the good characteristics of Spirulina oil to
produce biodiesel.

3.3. Fatty Acid Composition of Spirulina platensis Lipids and
Lipid Classes (Relative Content in %). Table 4 gives the fatty
acid composition of Spirulina microalgae oil obtained by
GC. The main fatty acid components are linolenic (C18 : 3),
Palmitic (C14 : 0), and linoleic acid (C18 : 2), respectively
(see Table 4).

The percentage of saturated fatty acid present in biodiesel
is 35.80 whereas the unsaturated is 64.20. The high fatty acid
percentage contributions of the saturated palmitic (C14),
both the unsaturated linoleic (C18 : 1), and linolenic (C18
: 2) fatty acids indicate good properties of Spirulina microal-

TaBLE 4: Fatty acid content in Spirulina microalgae biodiesel.

No. Fatty acid Structure Reference values (%)
1 Undecanoic acid Cl1:0 0.88
2 Lauric acid C12:0 0.64
3 Myristic acid Cl4:0 1.15
4 Palmitic acid C16:0 30.83
5 Methyl heptadecanoate ~ C17: 0 0.43
6 Stearic acid Ci8:0 0.89
7 Oleic acid (omega 9) C18:1 0.96
8 Linoleic acid (omega 6)  C18: 2 43.83
9 Linolenic acid (omega 3) C18:3 19.41
10 Arachidic acid C20:0 0.98

gae in the production of biodiesel. Fatty acid detected in trace
amounts and deemed insignificant was not included in the
analysis. Fatty acid composition gave the average molecular
weight of Spirulina platensis oil to be 849.80.

3.4. RSM for Optimization of the Process Variables. The cen-
tral composite design matrix for RSM is given in Table 5.

3.4.1. ANOVA for Quadratic Model. Table 6 gives the
ANOVA for regression analysis for microwave irradiation
for a full quadratic model.

The model F value of 170.10 implies the model was sig-
nificant. There was only a 0.01% chance that an F value this
large could occur due to noise. p values of “Prob.>F” less
than 0.0500 indicate the model terms are significant. For
catalyst concentration (X, ), the table F value for alpha =0.05
is 4.96, which was less than the calculated F of 191.07 and
P <0.05; both indicate that the variable was significant and
the null hypothesis was rejected. Similar observations hold
for X,, X5, X, X5, X, X3, X%, X, and X’ all were significant
model terms, and the null hypothesis was rejected. For the
interaction X, X3, the calculated F was smaller and p > 0.05,
indicating the term was not significant and the null hypothesis
was valid. However, the term could not be dropped because it
was part or supported by the model hierarchy.

The “lack of fit F value” of 0.92 implies the lack of fit was
not significant relative to the pure error. There was a 53.32%
chance that a “lack of fit F value” this large could occur due to
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TaBLE 5: Experimental matrix and results from RSM central composite design.

Variables (actual) Yield (%)
STD Run Catalyst Conc. (X1) (wt%) Volume of CH;OH (X2) (wt/vol)  Reaction time (X3) (min)  Experimental Predicted
3 1. 1 12 3 37.56 38.5363
2 2. 3 6 3 42 42.8006
11 3. 2 4 6 38.32 37.6164
13 4. 2 9 1 46.56 46.9381
6 5. 3 6 9 63.76 63.9538
16 6. 2 9 6 79.4 80.294
7 7. 1 12 9 44.4 44.7695
17 8. 2 9 6 80.66 80.294
9 9. 0.32 9 6 49 48.0875
14 10. 2 11 72 69.9672
20 11. 2 6 83.43 80.294
8 12. 3 12 9 69.96 71.8784
12 13. 2 14 6 42.62 41.6688
19 14. 2 6 78.12 80.294
15. 1 6 9 48.958 50.8439
16. 3 12 3 54.41 53.6942
18 17. 2 9 6 78.75 80.294
1 18. 1 6 3 42.39 41.6417
10 19. 3.682 9 6 72.6 71.8578
15 20 2 9 6 81.12 80.294
TaBLE 6: ANOVA for Response Surface Quadratic Model.
Source Sum of squares Df Mean square F value p value
Model 5464.62 9 607.18 170.10 <0.0001 Significant
X, catalyst concentration 682.05 1 682.05 191.07 <0.0001
X, volume of methanol 19.82 1 19.82 5.55 0.0402
X;, time 640.17 1 640.17 179.34 <0.0001
X, X, 97.99 1 97.99 27.45 0.0004
X, X, 71.41 1 71.41 20.01 0.0012
X,X, 4.41 1 441 1.23 0.2925
X12 74391 1 743.91 208.40 <0.0001
XZZ 2976.89 1 2976.89 833.96 <0.0001
X32 859.35 1 859.35 240.74 <0.0001
Residual 35.70 10 3.57
Lack of fit 17.15 5 3.43 0.9247 0.5332 Not significant
Pure error 18.55 5 3.71
Cor. total 5500.32 19

noise. p value for lack of fit was >0.05 was nonsignificant  centage of FAME yield in terms of coded factors is given by
which implies that there was no evidence that the model Equation (3).
did not fit. The lack of fit was good.

The “Predicted R*” of 0.9700 was in reasonable agree-

ment with the “Adjusted R*” of 0.9877, i.e. the difference is Ypame% =80.29 +7.07X + 1.20X, + 6.85X; + 350X, X
less than 0.2. “Adequate Precision” measures the signal to —0.7423X,X;, — 7.18468X> — 14.3724X;
noise ratio. A ratio greater than 4 is desirable. A ratio of —7.72209X2.

31.945 indicated an adequate signal. This model can be used
to navigate the design space. The model that predicts the per- (3)
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FIGURE 3: RSM plot: effect of volume of methanol (CH;OH) and time on FAME yield.

where X, refers to the actual catalyst concentration as a per-
centage of microalgae feed, X, refers to the volume of meth-
anol to the algae biomass feed, and X; refers to the reaction
time inside the microwave synthesis unit.

Equation (3) was then used to plot response surface and
contours of FAME vyield as an acid catalyst (H,SO,) was
taken into consideration. The relationships between yield
and the three factors are shown in Figures 3-5.

3.4.2. Optimization and the Effects of Process Variables

3.4.3. Effect of the Catalyst Loading. Figures 4 and 5 indicate
the highest FAME yield corresponds to 2% catalyst
concentration.

According to Prafulla et al. [9], lower concentration of
the catalyst may not efficiently advance the reaction as the
catalyst effect is hindered by the presence of a variety of
organic compounds (lipids, olefins, fatty alcohols, phytols,
and sterols) which may arise from algae biomass extraction
[35]. When the catalyst ratio loading to dry microalgae bio-
mass was increased further beyond 2.5%, the results obtained
indicated a decrease in FAMEs content. This was brought
about by the interaction of other molecules/compounds
resulting in increased amounts of by-products. The addition
of the catalyst in excess gives rise to the formation of an
emulsion, which leads to an increase in viscosity and in the
process to the formation of gels [36]. One other disadvantage
of high catalyst concentrations, in general, is their corrosive
nature which hinders the transesterification reaction [35].

3.4.4. Effect of Methanol. The ratio of microalgae to methanol
in use in the in situ transesterification of microalgae to pro-

duce FAME remains significant as the ratio increases from
1:4to 1:12 (g/ml). The methanol used serves two purposes:
it acts as an extraction solvent of the microalgae lipids and as
reactant species for transesterification to take place [9].
However, according to Li et al. [37], an adequate amount of
methanol is required for a higher yield of in situ biodiesel
production processes because the methanol in use plays the
role of both reactant and substance to submerge algae
biomass. According to the results which are presented in
Figure 4 and Table 5, 1:9 dry algae biomass to methanol
(g/ml) was the most efficient feed ratio of the two variables
under study. With the algae biomass to methanol (g/ml)
increasing from 1:4 to 1:9, the FAME:s yield increased con-
siderably. The FAME content achieved is clearly the highest
at 1:9 dry algae biomass to methanol (g/ml) ratio. The higher
the dry algae to methanol ratios above 1:12 (g/ml) does not
favour the extraction and transesterification as much of the
microwave energy will be absorbed by the solvent, and in the
process having no effect on the algae biomass which may
result in inefficient extraction of algae oils [9]. Increased
amounts of solvent may also result in greater loss of solvent
or aggravated rates of solvent recovery. Moreover, excessive
methanol amounts may reduce the concentration of the cata-
lyst in the reactant mixture and in the process retard the trans-
esterification reaction [9].

3.4.5. Effect of Reaction Time. Figures 3 and 4 show that the
highest yield occurs in about 6-7 minutes of reaction time.
Lower reaction times do not provide sufficient interaction
of the reactant mixtures. Higher reaction time does not
increase the conversion, but favours the backward reaction
(hydrolysis of esters and thus the formation of glycerol),
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Journal of Energy

TaBLE 7: Physicochemical characteristics of Spirulina microalgae biodiesel.

No. Property Test method Limits ASTM D6751 Values of algae biodiesel
1 pH 7-9 7

2 Specific gravity ASTM D-941 0.86-0.89 0.868

3 Flash point ("C) ASTM D 93 100-170 164

4 Kinematic viscosity at 40°C (mmzls) ASTM D 445 1.9-6.0 4.45

5 Acid value (KOH/g) ASTM D 664 — 0.475

6 Free fatty acid value — 0.95

7 Calorific value (k]/kg) ASTM D 240 — 32911.34
8 Moisture content (%) ASTM D 2709 0.050 max 0.001

9 Carbon residue (%) ASTM D 524 0.050 max 0.045
10 Ash content mass %. ASTM D 482 0.0001 Nil

11 Sulphur (wt%) ASTM D 5453 0.0-0.0024 Nil
which results in a reduction of product yield [38]. Addition- ~ Acknowledgments

ally, having higher reaction times above 8 minutes may not
favour sufficient conversion, as it may lead to loss of the
solvent, overheating of the reaction mixture, by-product
formation, and energy losses.

The optimal process conditions of the three variables
chosen for the in situ process of biodiesel production as
obtained from analysis above are dry Spirulina algae biomass
to methanol ratio of 1 : 9 (g/ml), catalyst concentration of 2
(wt%), and the reaction time of 6-7 minutes.

3.5. Properties of Spirulina Microalgae Biodiesel. Table 7
shows the characteristics of the Spirulina microalgae biodie-
sel alongside European standards. These values show a good
agreement with the information presented in Table 7, and
along with these properties, the calorific value was similar
to that presented by other researchers that includes a value
of 32,911.34 kJ/kg confirming the characteristic of Spirulina
biodiesel.

4. Conclusions

Arthrospira Spirulina platensis microalgae oil was transester-
ified with methanol and acid catalyst, and a high yield of
83.4% of FAME was obtained. The in situ reaction used algal
biomass, eliminating the expensive solvent extraction, and
microwave irradiation reduced the reaction time to less than
7 minutes. Conventional heating takes about 3 hours and
above for similar yields. FAME produced met the require-
ments to be used as a diesel fuel.
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The article contains all the relevant data. The corresponding
author would provide any additional data upon request.

Conflicts of Interest

The authors declare that there is no conflict of interests
regarding the publication of this paper.

The authors express their gratitude to the African Develop-
ment Bank (AFDB) for their financial support of this project
and Moi University for providing access to research facilities.
The authors wish also to thank Prof. Ambrose Kiprop of
Africa Centre of Excellence for his kind assistance in the pro-
ject. Assistance of Prof. Asenath Sigot of Department of
Nutritional Sciences, MMUST is also hereby acknowledged
for providing data on algae cultivation.

References

[1] Imperial, Oil, Energy and Research, Imperial Oil Limited, 2018.
[2] R. Radakovits, R. E. Jinkerson, A. Darzins, and M. C. Posewitz,
“Genetic engineering of algae for enhanced biofuel produc-
tion,” Eukaryotic Cell, vol. 9, no. 4, pp. 486-501, 2010.

D. Giulano, B. D. Fernandes, A. Vicente, and J. X. Tixeira,
Third generation biofuels from microalgae, Formatex Research
Center, 2010.

P. Schenk, S. R. Thomas-Hall, E. Stephens et al., “Second gen-
eration biofuels: high-efficiency microalgae for biodiesel pro-
duction,” Bioenergy Research, vol. 1, no. 1, pp. 20-43, 2008.

(3

—_

=

[5] L. Brennan and P. Owende, “Biofuels from microalgae—A
review of technologies for production, processing, and extrac-
tions of biofuels and co-products,” Renewable and Sustainable
Energy Reviews, vol. 14, no. 2, pp. 557-557, 2010.

[6] P.S.Nigam and A. Singh, “Production of Liquid Biofuels from
Renewable Resources,” Progress in Energy and Combustion
Science, vol. 37, no. 1, pp. 52-68, 2011.

[7] Nuffield council of Biofuels, Ethical Issues, Bioethics, Nuffield
Council of Bioethics, London, 2011.

[8] P. D. Patil, V. G. Gude, H. K. Reddy, T. Muppaneni, and
S. Deng, “Biodiesel production from waste cooking oil using
sulfuric acid and Microwave irradiation processes,” Journal
of Environmental Protection, vol. 3, no. 1, pp. 107-113, 2012.

9

—

P.D. Patil, V. G. Gude, A. Mannarswamy et al., “Optimization
of microwave-assisted transesterification of dry algal biomass
using response surface methodology,” Bioresource Technology,
vol. 102, no. 2, pp. 1399-1405, 2011.

[10] S. Hemwimon, P. Pavasant, and A. Shotipruk, “Microwave-
assisted extraction of antioxidative anthraquinones from roots



10

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

of Morinda citrifolia,” Separation and Purification Technology,
vol. 54, no. 1, pp. 44-50, 2007.

A. V. Kanitkar, Parameterrization of microwave assisted oil
extraction and its transesterification to biodiesel [M.S. thesis],
Lousiana State University, Bouton Rogue, LA, 2010.

J. Murphy, “Summary and assessment of the safety, health,
environmental and system risks of alternative fuels,” in U.S.
Department of Transportation, Federal Transit Administra-
tion, 1995.

A. Kumar, A. Chirchir, S. S. Namango, and K. H. Kirimi,
“Microwave irradiated transesterification of croton megalocar-
pus oil - process optimization using response surface methodol-
ogy,” Proceedings of the 2016 Annual Conference on Sustainable
Research and Innovations, 2016.

A. A. Alcaine, Biodiesel from microalgae, Chemical Engineer-
ing and Technology Department, Royal School of Technology,
Stockholm Sweden, 2010.

T. Stacey, Determination of the relative ratio of unsaturated
fats to saturated fats in nuts using bomb calorimetery, Chemis-
try DepartmentMcKendree University, 2014.

H. M. El-Mashad, R. Zhang, and R. J. Avena-Bustillos, “A two-
step process for biodiesel production from salmon oil,” Biosys-
tems Engineering, vol. 99, no. 2, pp. 220-227, 2008.

E. I. El-Shimi, N. K. Attia, S. T. El-shetawy, and G. L. El-
Diwani, “Biodiesel production from Spirulina-platensis micro-
algae by in-situ transesterification process,” Scientific Research,
vol. 3, 2013.

X. Deng, Z. Fang, Y. Liu, and C. Yu, “Production of biodiesel
from Jatropha oil catalyzed by nanosized solid basic catalyst,”
Energy, vol. 36, no. 2, pp. 777-784, 2011.

A.N. Phan and T. M. Phan, “Biodiesel production from waste
cooking oils,” Fuel, vol. 87, no. 17-18, pp. 3490-3496, 2008.
P. Patil and S. Deng, “Optimization of biodiesel production
from edible and non-edible vegetable oils,” Fuel, vol. 88,
no. 7, pp. 1302-1306, 2009.

B. R. Moser, “Biodiesel production, properties, and feed-
stocks,” in Biofuels, Springer, New York, 2011.

A. Demirbas, “Biofuels securing the planet’s future energy
needs,,” Energy Conversion and Management, vol. 50, no. 9,
Pp. 2239-2249, 2009.

M. R. Atiqur and N. Kamrun, “Production and characteriza-
tion of algal biodiesel from Spirulina maxima,” Global Journal
of Research In Engineering, vol. 16, 2016.

N. Nagle and P. Lemke, “Production of methyl ester fuel from
microalgae,” Applied Biochemistry and Bio-technology, vol. 24-
25, no. 1, pp. 355-361, 1990.

S. M. Abdo, E. Ahmed, S. A. El-Enin, and R. A. S. El Din,
“Growth rate and fatty acid profile of 19 microalgal strains iso-
lated from river Nile for biodiesel production,” Journal of Algal
Biomass Utilization, vol. 4, no. 4, pp. 51-59, 2013.

B.-S. Chiou, H. M. El-Mashad, R. J. Avena-Bustillos et al,
“Biodiesel from waste salmon oil,” Transactions of the ASABE,
vol. 51, no. 3, pp. 797-802, 2008.

G. Hincapié, F. Mondragén, and D. Lépez, “Conventional and
in situ transesterification of castor seed oil for biodiesel pro-
duction,” Fuel, vol. 90, no. 4, pp. 1618-1623, 2011.

S. Deepalakshmi, A. Sivalingam, M. Thirumarimurugan, and
N. Yasvanthrajan, “In-situ tranesterification and process opti-
mization of biodiesel from waste ovacado seed,” Journal of
Chemical and Pharmaceutical Sciences, vol. 4, pp. 115-118,
2014.

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Journal of Energy

P. D. Patil, H. Reddy, T. Muppaneni et al.,, “In situ ethyl ester
production from wet algal biomass under microwave-
mediated supercritical ethanol conditions,” Bioresource Tech-
nology, vol. 139, pp. 308-315, 2013.

J. Gimbun, S. Alj, C. C. S. C. Kanwal et al., “Biodiesel produc-
tion from rubber seed oil using activated cement clinker as cat-
alyst,” Procedia Engineering, vol. 53, pp. 13-19, 2013.

ASTM, “Standard specification for biodiesel fuel blend stock
(b100) for middle distillate fuels,” ASTM International, West
Conshohocken, PA, 2020, https://www.astm.org.

R. H. Myers, D. C. Montgomery, and C. M. Andersone-Cook,
Response surface methodology: process and product optimiza-
tion using designed experiments, John Wiley & Sons, Fourth
Edition edition, 2016.

H. 1. El Shimi, N. K. Attia, and A. A. A. El Aal, “Quality profile
of Spirulina- platensis oilgae extraction,” Indian Journal of
Applied Research, vol. 5, pp. 3-4, 2015.

K. W. Tan and Y. K. Lee, “The dilemma for lipid productivity
in green microalgae: importance of substrate provision in
improving oil yield without sacrificing growth,” Biotechnology
for Biofuels, vol. 9, no. 1, 2016.

S. Nomanbhay and M. Y. Ong, “A review of microwave-
assisted reactions for biodiesel production,” Bioengineering,
vol. 4, no. 4, p. 57, 2017.

N. T. P. Thao, N. Thanh Tin, and B. X. Thanh, “Biodiesel pro-
duction from microalgae by extraction - Transesterification
method,” Waste Technology, vol. 1, no. 1, 2013.

P.Li, X. Miao, R. Li, and J. Zhong, “In situ biodiesel production
from fast-growing and high oil content Chlorella pyrenoidosa
in rice straw hydrolysate,” Journal of Biomedicine and Biotech-
nology, vol. 2011, Article ID 141207, 8 pages, 2011.

N. E. Magida, Biodiesel production from sunflower oil using
microwave assisted transesterification [Ph.D. thesis], North-
West University, 2013.


https://www.astm.org

	In Situ Transesterification of Spirulina Microalgae to Produce Biodiesel Using Microwave Irradiation
	1. Introduction
	2. Materials and Methods
	2.1. Materials, Equipment, and Apparatus
	2.2. Extraction and Characterization of Oil, Algae Biomass, and Biodiesel
	2.3. Transesterification Reaction
	2.4. Design of Experiment for Optimization Studies
	2.5. Analysis of FAME

	3. Results and Discussions
	3.1. Characteristics of Algal Biomass and Oil
	3.2. Physicochemical Properties of Spirulina platensis Microalgae Oil
	3.3. Fatty Acid Composition of Spirulina platensis Lipids and Lipid Classes (Relative Content in %)
	3.4. RSM for Optimization of the Process Variables
	3.4.1. ANOVA for Quadratic Model
	3.4.2. Optimization and the Effects of Process Variables
	3.4.3. Effect of the Catalyst Loading
	3.4.4. Effect of Methanol
	3.4.5. Effect of Reaction Time

	3.5. Properties of Spirulina Microalgae Biodiesel

	4. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments

