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Abstract

Cost of biodiesel is primarily because of factors such as the feedstock, pro-
duction process and materials. Apparently, the final biodiesel product is a bit
expensive compared to fossil diesel fuel. While non-food feedstock of high oil
content such as Jatropha curcas has been proposed to reduce the cost due to
the feedstock, a promising two-step approach of hydro-esterification can pos-
sibly offset the production cost for oil resource with high free fatty acids.
Most importantly, optimization of the materials and process is expected to
reduce wastage, enhance product purity and generate less wastewater. How-
ever, optimizing product generation has been dauntingly elusive because sev-
eral parameters are needed to be considered holistically. In this study, Re-
sponse Surface Methodology (RSM) was employed to optimize the yield and
conversion of Jatropha biodiesel from J. curcas hydrolysate. An optimum
Yield and conversion of 96% was achieved for both responses with an opti-
mum temperature value of 60°C, 4 wt% for catalyst loading for 6 hrs reaction
time. Findings imply that optimization study of Jatropha curcas hydrolysate
for yield and conversion of fatty acid methyl esters using face centered central
composite design of Design Expert 6.0.8 can ensure purity of product, con-
serve energy and reduce waste generation providing a significant frontier in
biodiesel pricing.
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1. Introduction

Renewable energy is an area of alternative solution to energy problems expe-
riencing ongoing research enquiry because it is clean and environmentally be-
nign. Renewable energy sources (RESs) are also known to emit lower or appre-
ciably negligible amount of greenhouse gases and other pollutants as compared
with the fossil energy sources. Among the many RESs, the prospect of biodiesel
is particularly promising, experiencing intensified research effort to ensure its
competitiveness with the conventional energy source [1] [2] [3].

Biodiesel offered technical competition by offering technical benefits over
conventional diesel fuel. Vegetable oils can be converted into their alkyl esters
via transesterification process in the presence of a chemical or enzyme catalyst.
These catalysts are employed due to the apparent immiscible nature of the
oil-alcohol interphase [4]. Methyl, ethyl, 2-propyl, and butyl (all from short
chain monohydric alcohol) esters have been prepared sourcing feedstocks from
vegetable oils origin, using majorly sodium, potassium and/or sodium alkoxides
as catalysts [5]. The transesterification process is aimed at reducing the viscosity
of the oil. Ideally, while transesterification is potentially a less expensive way to
transform the large, branched molecular structure of bio-oils into smaller,
straight-chain molecules of the type required in regular diesel combustion en-
gines, notwithstanding, cost of biodiesel is still not competitive.

The cost of biodiesel is primarily determined by the feedstock utilized in the
production, accounting for between 70% - 95% of overall production cost [6]
[7]. Of importance are the geographic location, diversity in crop cultivation, the
cost of fossil fuel, and some other factors in biodiesel price determination. Cur-
rently, high purity requirement of oil resource for biodiesel is responsible for the
high price of biodiesel. However, low-cost feedstocks of solid state such as tal-
low, lard, and grease [8], waste cooking oils and non-food vegetable oils have
been investigated and considered for a more competitive fuel. Biodiesel from
restaurant waste oil is closer to being cost competitive with fossil diesel [5].
Waste cooking oil is much cheaper than virgin oil, but its supply is relatively
low, a quantity not enough for the needed amount for industrial and domestic
production of biodiesel.

The estimated biodiesel cost is divided into fixed and variable costs. While
fixed costs involve cost of oil extraction and process of vegetable oil transforma-
tion to biodiesel, variable costs include manufacturing, capital, and labour costs.
Furthermore, glycerin (used as starting material in soap and cosmetics indus-
tries) and protein meal (used as protein-rich animal supplement) generated as
side product can be utilized as poultry feed, sale of which might help to com-
pensate for the cost involved in the production process. Yet, all these measures
still do not produce the required incentive for cheaper biodiesel. Optimization of
process and operating conditions has been observed to be pertinent in reducing
cost associated with production processes [9] [10] [11]. Nevertheless, this is of-

ten a rigorous exercise requiring lots of time and effort for procedure repetition.
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Besides, because of the simultaneous effects of some operating variables on the
system, optimization procedure has been largely elusive. However, Response
Surface Methodology (RSM), as a design and application of modeling tools, is
versatile in ensuring product maximization and cost reduction of not only the
process, but the product as well [4].

Another important impediment to biodiesel pricing is that petroleum oil de-
rivatives and value-added products are produced in relatively low cost. Never-
theless, recent fall in price of crude oil makes the costs of producing organic di-
esel less economical compared to those of petroleum-based diesel. Biodiesel cost
more than diesel fuel in most diesel market. Currently, at least there exist seven
producers of biodiesel in commercial scale in the United States. Pure biodiesel
(B100) cost about US$1.50 to US$2.00 per gallon prior to taxation. Fuel taxes in-
creases the cost to about 25% - 30% per gallon [5]. Other reactant in biodiesel
synthesis that determines cost is the alcohol used. Methanol is cheap and readily
affordable in chemical industries. It is sourced from natural gas. Methanol is va-
lued at around €250 to €280 per ton, though the price depends on natural gas
prices, which in some ways determines the price of biodiesel.

Furthermore, catalyst is fundamental in the reaction to generate biodiesel and
can significantly affect biodiesel pricing. However, the catalyst used differs from
one biodiesel processing plant to another. Caustic soda, caustic potash and sul-
furic acid are three commonly utilized in biodiesel processing. Other essential
contributors to biodiesel production costs are the yield and purity of the bypro-
ducts from biodiesel production. Glycerol is produced as a co-product with bio-
diesel, and its economic worth is of enormous advantage capable of augmenting
the cost relief for biodiesel. For every 10 tons of biodiesel produced, 1 ton of
glycerol is generated [12]. Glycerol is produced in typical biodiesel plant which
is about 80% pure. The cost of one ton is about €500. Prospect of glycerol in
oleo-chemical industries will assist the development as further investment stands
to reduce the production cost of biodiesel industries. Long term expectations
project a reduction in production costs by more than 50% to around ca. €0.20
per liter (or around 6 €/G]J) depending on how well the process is optimized.

An investigated feasibility study revealed that the forecasted prices for biodie-
sel of oil and fats origin range from US$0.30 to 0.69 per liter. Price estimates of
vegetable oil and waste frying oil biodiesel are between US$0.54 - 0.62 per liter
and US$0.34 - 0.42 per liter respectively. With pre-tax policies, diesel is priced at
US$0.18/L in the USA and about US$0.20 to 0.24/L in some European countries.
Therefore, needs for economically competitive organic diesel fuel beckon inten-
sified research holistically [5] [13] [14]. Among the techniques adopted by re-
searchers for a more cost effective and economical biodiesel fuel is to utilize
non-edible virgin oil such as Jatropha curcas. Recently, Jatropha curcas has at-
tracted substantive interest as biodiesel feedstock due to its potentials as oil crop
feedstock for biodiesel production [15] [16] [17]. This oil crop is a-branched trig-

lycerides with alkyl esters properties like fossil diesel and it is capable of reduc-
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ing CO, emission to the surrounding when utilized in diesel engine. Although
the direct use of the oil is known to cause some problems because of its viscosity
and chemical structure [18]. Thus, reduction of its viscosity is of prime impor-
tance which has been achieved through chemical and enzymatic transesterifica-
tion approaches utilizing arrays of catalyst [19].

Optimizing production processes and resources is one important area that is
expected to ensure a competitive diesel fuel production. While lots of work has
been done in this regard, less effort has been directed to its implication on bio-
diesel pricing. This has advantage to minimize material lost and enhance the
purity of the product by eliminating wastage of resources [20]. Robust produc-
tion process can as well ensure that product generation is maximized with little
or no side reaction, which could otherwise result in waste generation. Very few
resources have been found in literature relating the cost of biodiesel to the opti-
mized condition of the process. This paper is aimed at presenting the cost im-
plication for biodiesel as a result of optimized conditions in Jatropha biodiesel

production.

2. Material and Methods
2.1. Materials

The free fatty acid used in the study was a product of enzymatic hydrolysis of the
crude Jatropha curcas oil by a locally produced Candida cylindracea lipase. Hy-
drolysis of Crude /. curcas oil to produce FFA was carried out using immobilized
C. cylindracea lipase which resulted in 78% FFA of the feedstock. This hydroly-
sate (FFA) was esterified with Methanol procured from HmbG Germany as the
acyl acceptor due to cost consideration in the presence of powdered niobium (v)
oxide procured from Sigma-Aldrich, USA as the heterogeneous acid catalyst to
produce methyl ester. Details of the hydrolysate production are explained in our

sister article elsewhere [21].

2.2. Calcination and Characterization of Niobic Acid Catalyst

The niobic acid (Nb,0O,-H,0) catalyst used in this step was calcined at 150°C in
Iso Temp-220 furnace for 4 hrs. The white fluffy niobic acid powder was kept in
a desiccator until needed for use. The calcined catalyst was characterized with
Fourier Transform Infrared Spectroscopic (FT-IR) analysis (IR prestige-21,
FTIR-84005, SHIMADZU Corporation Kyoto, Japan). The functional groups
present in the material and FTIR spectra of the sample were recorded within 400
- 4000 cm ™. The transmission spectra of the sample were recorded using the KBr
pellet. About 1.0% - 2.0% of the sample was mixed with dry KBr and grinded in
mortar. Then the sample was transferred to hydraulic press. The pressure in hy-
draulic pump was increased until it reaches 20,000 prf and then the pressure was
slowly released. The pellet which is homogeneous and transparent in appearance
was inserted into the IR sample holder for the analysis. The pellet was dried

overnight at 100°C before the spectra were recorded. Detail elsewhere [22].
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2.3. Experimental Design of Esterification Reaction

The batch esterification reaction was carried out in 250 mL screwed cap flask
and the content of the flask was made to react by monitoring the operating pa-
rameters in an incubator shaker (INFORS AG CH-4103 BOTTMINGEN). Ja-
tropha curcas hydrolysate (FFAs) (16 g) produced from enzymatic hydrolysis
reaching 78% FFA content was used in the study. After completion of every
cycle, the product was centrifuged in a Rotina 38 “Zentrifugen” (D-78532 Tut-
tlingen) at 4000 rpm for 10 mins. The oil and unreacted methanol phase was
decanted into a separating funnel and was left overnight to separate the oil and
excess methanol. The fatty acid methyl ester was incubated in drying oven for 3 -
4 h to evaporate the water produced during the esterification procedure. Each
experiment was carried out in successive triplicate and then the yield and con-
version of the biodiesel were estimated using the equations below.

weight of biodielsel 8
weight of FFA

Av,
C= [1 - ™ ] (2)

where Cis the FFA conversion to generate FAME, Av, = final acid value and A,

Yield (%)= 100 (1)

and

= initial acid value prior to esterification.

Face centered central composite design of Design expert software DoE 6.0.8
[23] was used to determine the interaction of three selected parameters (temper-
ature, catalyst loading and reaction time) for optimum esterification effect based
on the observed individual parameter (Table 1). Several batch esterification
procedures were investigated for FFA conversion for the three selected parame-
ters (Temperature 55°C - 65°C; catalyst loading 3 - 5 wt% and reaction time 5 - 7
h). All reactions were carried out using 5:1 methanol molar ratio and agitation of

400 rpm.

3. Result and Discussion

3.1. Optimization Study

In the esterification study, of the five parameters (reaction temperature, molar
ratio of methanol, catalyst loading, agitation and reaction time) that were tested
for single factor optimization, three prominent variables (reaction temperature,
catalyst loading and reaction time) were selected for use in face centered central
composite design of design expert 6.0.8 software [23]. The design was used to
investigate the parameter interaction for optimum conversion and yield of me-
thyl esters. Table 1 shows the design data for the esterification of hydrolysate.
Results as presented for the experimental matrix (Table 2) show that the yield
of biodiesel and the FFA conversion range from 84% - 95% and 66% - 96%, re-
spectively. High biodiesel yield was recorded for different runs (T02, T03, T04,
T05, T06, T07, T08, T09, T10 and T15), while for FFA conversion, assays (T02,
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T03, T04, T06, T07, T09, T10, T14 and T20) produced high response. Statistical
analysis informs linear contributory effect for the parameters, a quadratic effect
for the parameters, as well as for the interaction of catalyst loading with temper-
ature and reaction time with temperature as shown in the 3D contour plot

(Figure 1).

Table 1. Experimental design for esterification reaction.

Levels
Variables
-1 0 1
Temperature ("C) 55 60 65
Catalyst loading (wt%) 3 4 5
Time (h) 5 6 7

Table 2. Experimental matrix for the esterification of Jatropha hydrolysate to produce
FFA by FCCCD of Design Expert software.

Factors Response 1 Response 2
Assay
Temperature Catalyst loading React. Time %Yield %Conversion
To1 65 5 7 86 88
T02 60 4 7 90 92
T03 60 4 6 95 96
T04 60 4 6 95 95
TO05 65 5 5 92 84
To6 60 4 6 94 96
To07 60 4 6 96 95
T08 55 5 5 91 76
T09 60 4 6 94 96
T10 60 4 6 95 95
T11 55 3 5 84 66
T12 55 3 7 82 77
T13 65 3 7 86 85
T14 60 3 6 89 90
T15 60 4 5 90 88
T16 55 4 6 86 76
T17 65 3 5 85 80
T18 60 5 6 88 86
T19 55 5 7 84 68
T20 65 4 6 87 92
DOI: 10.4236/gsc.2021.111003 28 Green and Sustainable Chemistry
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Figure 1. 3D contour plot showing the interactions of operating parameters on biodiesel
yield. (a) Interaction between catalyst loading and temperature; (b) Interaction between
time and temperature; and (c) Interaction between catalyst loading and time.
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The factorial design for the biodiesel yield from Jatropha curcas hydrolysate
was analyzed with Analysis of Variance (ANOVA). Table 3 presents the result of
the analysis of operating parameters contribution to the esterification reaction.
ANOVA revealed that the primary contributory effect of the individual parame-
ters statistically influenced the production of biodiesel. Employing the parame-
ters significance, a model was proposed which describes best fitting response

function. The model is as presented below:

% Biodiesel Yield = +93.25+0.90A +1.50B —1.40C

where A = temperature, B = catalyst loading and C = reaction time. This model
is a description of the interaction of the parameters over the boundary consi-
dered as confirmed by the Coefficient of Determination (R®), whose value is
0.8064 in comparison with the adjusted (R*) with value of 0.6323. Statistical im-
plication of the model showed that it was significant at more than 87.4 % confi-
dence level though with significant lack-of-it (p > 0.05). Besides, 81% R’ indi-
cated that experimental variability can be explained by the model.

The contour plots (Figure 1(a), Figure 1(b) and Figure 1(c)) present the in-
teractions of the parameters and their effects on the response variable (Biodiesel
yield). It is shown that yield of the methyl esters increased with increasing para-
meters but decrease with further increase reaching 65°C for temperature, which
may be due to predominant methanol evaporation. Optimum temperature was
found to be 60°C. This ensures a considerate power consumption in the produc-
tion process thus power utilization will not significantly influence the cost of the
product enormously. Contrary to study of [24] where 45°C was reported as op-
timum in alkaline transesterification of papaya seed oil in a transesterification

process, however similar value of yield was recorded.

Table 3. Analysis of variance (ANOVA) for Response Surface Quadratic Model [Partial
sum of squares] for biodiesel yield.

Source Sum of DF Mean F value Prob >F
squares square

Model 294.31 9 32.70 4.63 0.0126 significant
A 8.10 1 8.10 1.15 0.3094
B 22.50 1 22.50 3.19 0.1046
C 19.60 1 19.60 2.77 0.1267
A? 52.36 1 52.36 7.41 0.0215
B? 15.36 1 15.36 2.18 0.1710
c? 2.05 1 2.05 0.29 0.6018
AB 0.50 1 0.50 0.071 0.7956
AC 2.00 1 2.00 0.28 0.6063
BC 18.00 1 18.00 2.55 0.1415
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Furthermore, increasing the catalyst loading also increased biodiesel yield and
further increment above 4 wt% produced low yield which can be attributed to
favoritism of backward reaction causing FFA production. Veena et al [6] re-
ported 2.5% optimum catalyst for transesterification of Kusum oil and attributed
observed reduction to soap formation with the excess catalyst above the opti-
mum. In this study, 4 wt% was discovered to be optimum catalyst dose produc-
ing up to 96% yield of methyl ester. Increasing the catalyst further does not show
significant increase. Hence, optimum esterification effect was achieved at 4 wt%
of the catalyst. This attainment in catalyst use shows minimum amount ensuring
high yield generation of the product.

Nguyen et al. [7] obtained similar amount of yield of biodiesel from insect fat
employing enzymatic catalysis at higher reaction time and enzyme loading. En-
zyme is prone to deactivation at high FFA content. Our approach of chemical
catalysis ensures that the FFAs are effectively converted to FAME without issue
relating to enzyme deactivation. The implication of this on the price of the
product is that little effect does the catalyst have on the cost of the product be-
cause the catalyst dose was small and its improvement through a cost-effective
physical modification was as well helpful. Dharma et al [25] studied optimiza-
tion of biodiesel from J. curcas using KOH and recorded 2 h reaction time at
60°C reaction temperature like what was found in this present study. Lower
reaction time reported in literature is expected, as many researchers suggested
that alkaline catalyst perform better compared to heterogenous catalyst, howev-
er, it becomes an issue due to possible saponification with feedstocks of High
FFA such as /. curcas.

For FFA conversion, the contour plots (Figure 2(a), Figure 2(b) and Figure
2(c)) present the interactions of the parameters and their effects on the FFA
conversion. It is shown that esterification increased with increasing parameters
but decrease with further increase above 60°C for temperature. Optimum tem-
perature was found to be 60°C. Moreover, increasing the amount of catalyst also
favours esterification reaction and further increase above 4 wt% offered no fur-
ther increase in the FFA conversion. 4 wt% of the catalyst was discovered to be
optimum for FFA conversion producing up to 96% FAME. Increasing the cata-
lyst further does not show significant increase. Hence, optimum esterification of
the hydrolysate was achieved at 4 wt% of the catalyst.

Employing the parameters significance, a model was proposed to describe best
fitting response function. The model is as follow:

% FFA Conversion = +94.48 + 6.60A +0.40B +1.60C

where A = temperature, B = catalyst loading and C = reaction time.

The model is a description of the interaction of the parameters over the
boundary considered as confirmed by the Coefficient of Determination (R?),
whose value is 0.9507 compared to the adjusted (R?) value of 0.9063 (Table 4).
Statistical implication of the model showed that it was significant at more than
99% confidence level though with significant lack-of-it (p > 0.05). Besides, 81%
R’ indicated that experimental variability can be explained by the model [26].

DOI: 10.4236/gsc.2021.111003

31 Green and Sustainable Chemistry


https://doi.org/10.4236/gsc.2021.111003

N. I. Mohammed et al.

95.7095
90.1878
84.6661

79.1444
73.6227

CONVERSION

95.9932
90.7756
85.558
80.3403
75.1227

CONVERSION

>
C: REACTION TIME 5.00 55.00 A: TEMPERATURE
(b)

CONVERSION

N
C: REACTION TIME 5.00 3.00 B:CATALYST LOADING
()
Figure 2. 3D contour plot showing the interactions of operating parameters on FAME

conversion. (a) Interaction between catalyst loading and temperature; (b) Interaction be-
tween time and temperature; and (c) Interaction between catalyst loading and time.
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Table 4. Analysis of variance (ANOVA) for Response Surface Quadratic Model [Partial
sum of squares] for FFA conversion.

Source Sum of DF Mean F value Prob >F
squares square
Model 1601.87 9 177.99 21.42 <0.0001 significant
A 435.60 1 435.60 52.43 <0.0001
B 1.60 1 1.60 0.19 0.6701
C 25.60 1 25.60 3.08 0.1097
A? 220.51 1 220.51 26.54 0.0004
B? 67.51 1 67.51 8.13 0.0172
c? 24.01 1 24.01 2.89 0.1200
AB 4.50 1 4.50 0.54 0.4787
AC 4.50 1 4.50 0.54 0.4787
BC 50.00 1 50.00 6.02 0.0341

In an optimization study conducted by Meher et al [27], they estimated be-
tween 97% - 98% optimum yield of fatty acid methyl ester using Karanja oil as
the feedstock. Some researchers recommended two-step approach for synthesis
of biodiesel from feedstock of high FFA content to generate better yield, they
however submitted to the common esterification of the FFA and subsequent
transesterification rather than the recent hydro-esterification where more of FFA

is produced and then esterification carried out [28] [29].

3.2. Economic Analysis and Scale-Up Propensity of Jatropha
Biodiesel

The economic analysis of the synthesized biodiesel can be effectively compared
with the various submission proposed by Karmee et al [30]. The study utilized
waste cooking oil (WCO) as feedstock to offset the feedstock price of virgin veg-
etable oil (+$ 1.01/L) comparatively with the feedstock employed in this study
(Jatropha curcas oil (JCO)) with average price of ($2.39/L). Besides, the study of
Karmee et al. reported a 6% FFA content of the WCO which is comparable with
the 7% initial FFA content of the /CO reported elsewhere [31]. The reaction
conditions were as well similar to the reported estimation of 65°C temperature, 6
h reaction time and catalyst loading of 5 wt%. This study employed an average 6
h Reaction time and approximately 4 wt% of the catalyst which is appreciably
lower than that reported by [30] a development that is expected to further re-
duce the price of the synthesized Jatrophabiodiesel.

The scale-up of the Jatropha biodiesel is recommended based on the optimum
condition with which the biodiesel had been synthesized. The Jatropha biodiesel
can be produced to several thousands of Litres subject to the availability of the
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feedstock which is the major drive. The production route was discovered to be
environmentally feasible and the pure synthesized glycerol which can be used by
oleo chemical industries will further provide a value-added augmentation to cost
of production. The only expensive Reagent utilized in the study was the chemical
catalyst (niobic acid), however, research is underway to investigate the activity of
low cost heterogeneous catalyst derived from biomass resource for esterification

of the hydrolysate produced from hydrolysis of the crude Jatropha curcas.

4. Conclusion

In this study, Response surface methodology (RSM) was successfully applied to
study the effects of the key operating parameters on Jatropha biodiesel yield and
conversion. ANOVA results showed that temperature effect was the most
prominent for FAME conversion, as well as for the yield with an optimum tem-
perature value of 60°, 4 wt% for catalyst loading and 6 h reaction time. In addi-
tion, the interactive effect of catalyst loading/reaction time was found to be in-
credibly significant on both responses. The maximum biodiesel yield and FAME
conversion under the optimum condition was 96 wt% and 96% FFA conversion.
Furthermore, the optimization study was discovered to achieve minimum re-
source utilization implying an offshoot for the price of the biodiesel fuel pro-
duced from the process. While development of low-cost heterogeneous catalyst
especially from waste materials is anticipated to further ensure cost competi-
tiveness, optimization of the production process has been shown to be signifi-
cant for product pricing. Hence the two-step hydro-esterification is a viable and
promising approach for biodiesel synthesis from oil resources with extremely
high FFA content.
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