Proceedings of the World Congress on Engineering 2015 Vol 11
WCE 2015, July 1 - 3, 2015, London, U.K.

Optimization and Characterization of Biofuel
from Waste Cooking Oil
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Abstract—Waste cooking oil (WCO) is regarded as one of
the best feedstock for the production of biodiesel. The waste
cooking oil used in this study was prepared in the laboratory
by adding 5 wt. % of oleic acid into 95 wt. % of soybeans oil. 10
wt. % of titania-supported-magnesium oxide catalyst
(MgO/TiO,) wused was prepared by incipient wetness
impregnation and characterized using XRF, BET and XRD.
These materials were tested and used as catalyst for the
conversion of waste vegetable oil to biodiesel in the presence of
methanol and hexane co-solvents. Methanol to hexane mole
ratio of 1:1 was employed in the transesterification process.
The effects of reaction time, reaction temperature and hexane
co-solvent on the waste vegetable oil conversion have been
established. The 'HNMR analysis was used to estimate the
structure of FAME produced. It was observed that the oil
conversion increased with the increase in reaction time,
reaction temperature and use of hexane as co-solvent.

Keywords — Biodiesel, waste cooking oil, MgO/TiO,, oleic acid,
co-solvent, transesterification

I. INTRODUCTION

or centuries, the world had relied on non-renewable crude

oil for its energy supply. As a result, the International
Energy Agency predicts that from now to 2030, world
energy consumption will increase by 45 percent [1]. The
world oil production rises exponentially from current levels
of about 27 billion barrels per year to a maximum of about
55 billion barrels per year in 2037 [2], hence oil demand is
growing exponentially. It has been reported that oil
production in 33 out of 48 countries has now peaked and
global oil production is approaching an all-time peak. There
are various predictions about the decline of oil peaks. The
World Energy Forum has predicted less than 10 decades
more; all these energy supplies will be exhausted [3]. By the
year 2035 crude and other liquid fuels are estimated to
provide only 29% of global energy demands. The use of
other sources of energy is expected to accelerate. Natural
gas and coal consumption will increase by about 50% while
Nuclear and renewable energy will grow.

As a solution for these predictions, researchers have
identified renewable raw materials which can be processed
into liquid fuel as alternatives to keep pace with society’s
demand for energy supply. Biodiesel has received most of
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the interest because 90% of the total world energy is
consumed by the transportation sector [4]. Waste cooking
oil (WCO) can be used as a biodiesel sources and partially
improve the global problems. The use of waste cooking oil
as biodiesel feedstock reduces the overall cost of biodiesel
production [5]. It also diminishes the problems of
contamination thereby reducing the burden of disposing as
waste, maintaining public sewers and treating the oil
wastewater [6]. Hence, the use of waste cooking oils and
non-edible oils should be given higher priority over the
edible oils as biodiesel feedstock [7].

In another development, the use of a support to disperse a
catalytically active metal phase is receiving widely
recognition not only because of its economic benefit (lower
preparation costs/longer productive lifetime) but also
because the substrate can influence catalyst performance
through electronic interactions between the active phase and
the support [8]. The activity, selectivity and stability of the
catalyst are determined by the correct dispersion and
location of the active ingredients. Therefore, the interaction
of the active components with the support surface during
preparation is determined by the location and dispersion of
the active ingredients [9]. Complete heterogeneous catalysts
consisting of mixed metal oxide of magnesium and titanium
dioxide (MgO/TiO;) were used to promote the
transesterification reaction of waste cooking oil (WCO).
While magnesium nitrate hexahydrate (Mg (NQOs),. 6H,0) is
the raw material to produce MgO catalysts, titanium dioxide
is used as a catalyst support. However, the aim of this study
is to design titanium-supported-magnesium oxide catalyst
(MgO/TiO,) for biodiesel production from waste vegetable
oil and to determine the effect of operating conditions such
as hexane co-solvent, reaction temperature, and reaction
time on the overall conversion of waste vegetable oils to
biodiesel. It also includes using *HNMR analysis to
optimize and characterize the biofuel produced.

Il. METHODOLOGY

The materials used to conduct the experiment in this
study were magnesium nitrate hexahydrate (Mg
(NOs3),.6H,0) (98%), soybean oil (99%) oleic acid (99%)
methanol (99%) and titanium (1) oxide. All reagents were
received from Sigma Aldrich South Africa and used exactly
as supplied.

Titanium IV oxide support was prepared by dissolving
200 g (dry mass) of titanium powder with 100 ml of
deionised water in the ratio of 2:1. The solution was stirred
properly to form a whitish liquid which was dried in air at
100°C for 12 hours. The dry support was then calcined in air
at 600°C for 12 hours. After calcination, the support was
crushed and sieved. The particle sizes of the support ranging
between 53 and 106 pum were collected and measured.
About 27.026 g mass of calcined titanium IV oxide support
were obtained. Titanium-supported-magnesium  oxide
catalyst (MgO/TiO,) was prepared by impregnation method.
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In this method, 19.095 g of magnesium nitrate hexa-hydrate
was dissolved in 13.5 ml of de-ionized water. The nitrate
mixture was then poured slowly into a beaker containing
27.026 g of calcined titanium support. The resulting catalyst
mixture (MgO/TiO,) in pasty form was dried in air for 12
hours at 100°C. It was subsequently calcined in air for 12
hours at 600°C.

The calcined TiO, support and the prepared TiO,-
supported-MgO catalyst were characterized by X-ray
diffraction (XRD) and X-ray Fluorescence (XRF) analyses.
Characterization of the catalyst and the support by various
methods is to understand the structure of active surface
magnesium oxide species and its relation to catalytic
properties. The XRD analysis was carried out using Rigaku
Ultima IV X-ray diffractometer at measurement conditions
of CuKa (A = 1.54 A) radiation source, current and voltage
set at 30 mA and 40 KV, scan speed of 1.0000
degree/minutes, 20 scan range of 5.0 — 90° and step width of
0.01°. The XRF analysis was performed using Rigaku ZSX
Primus 1l equipment to determine the MgO loading on the
titania support.

The catalyst testing experiment was conducted using a
300 cm? Parr reactor, under an inert-nitrogen gas pressure of
24 bar that kept all reactants in liquid phase at different
reaction temperatures. This reactor has a fitted stirrer that
was operated at 1100 rpm for all the runs. A K-type
thermocouple in contact with the reacting medium was
connected to a PID controller which controls the reaction
temperature to the desired set-point temperatures of 100°C,
150°C and 200°C. The required feedstock which included
soybean oil, methanol, oleic acid and catalyst were
measured and charged into the reactor. When hexane co-
solvent was used, it was charged alongside with other
feedstock into the reactor. Sampling was done at 15, 30, 45
and 60 minutes. All experimental runs were carried out
under same reaction conditions.  After sampling, the
products were left to cool to room temperature for phase
separation. It was therefore separated into two phases, the
bottom glycerol plus the unreacted methanol phase and the
top oil plus the methyl esters phase. The methanol was
removed by heating the samples in a vacuum dryer at 65°C.
When hexane was used as a co-solvent, vacuum pump (v-
700) was used to remove hexane from the samples.
Thereafter, the latter was taken for NMR analysis to
determine the waste vegetable oil conversion.

I1l. RESULTS AND DISCUSSION

The XRD diffraction patterns for the blank TiO, support
and the catalyst (10 wt. % MgO/TiO,) were generated and
plotted as shown in Fig. 1. The pattern a shows the XRD
diffraction patterns of 10 wt. % MgO/TiO, catalyst while
pattern b shows that of the blank TiO, support. The two
patterns look identical and show that the most intense peaks
for blank TiO, support occurs at 20 of 25.5° and 48.3°. The
XRD pattern for the catalyst has additional diffraction peaks
detected at diffraction angles of 43.1° compared to the
calcined blank support. This peak can be attributed to MgO
particles stabilized on the titanium support which is in
conformity with Corma et al. [10] who reported the XRD
diffraction peaks for MgO at 20 = 37°, 42.9° 64°, 67° and
78.6°.
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Fig. 1: XRD patterns for (a) TiO,-supported-MgO catalyst
and (b) blank TiO,

The most intense peak for the catalyst is at Bragg’s angle
of 43.1° and this was used to calculate the average MgO
crystallite size (D) using Scherrer equation (i).

kA

- Bcos @ 0
where: k = shape factor, p = FWHM = line broadening at
half the maximum intensity, A = wavelength of x-rays, and 0
= Bragg’s diffraction angle. The -calculated average
crystallite size (with K = 0.9 and A = 0.15 nm) was found to
be 26.2 nm.

The XRD quantitative analysis shows that the blank
calcined TiO, support contains 100% anatase. After
impregnation and calcination at 600°C, this proportion
changes as the catalyst was found to contain 79.32% anatase
and 20.7% periclase of MgO without the formation of rutile
particles. This is an indication that SiO,, present as an
impurity as shown by the XRF analysis in Table I inhibits
the transformation of anatase to rutile particles.

TABLE |
XRF ANALYSIS OF SAMPLES CALCINED AT 600°C

Component | Calcined support | Calcined supported
(TiOy) catalyst (MgO/TiO,)

Na,O 0.01 0.00

MgO 0.01 10.87

Al,O; 0.02 0.00

Sio, 0.23 1.06

K,0 0.20 0.25

CaO 0.01 0.00

TiO, 99.39 87.66

Fe,03 0.13 0.16

The waste vegetable oil conversion was calculated using

NMR analysis data of the biodiesel and unreacted oil phase
using equation (ii) [11].
C= (2 AME /3 A(X-CHZ) x 100% (||)
where C is the percentage conversion/yield of methyl, Aye
is area from the integration value of the protons of methyl
ester and Aa.chp is area from the integration value of the
methylene protons. The 'H NMR spectrum of a sample
collected after 60 minutes of reaction at 200°C with the
addition of hexane co-solvent is shown in Fig. 2.
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Fig. 2: 'HNMR spectrum of sample collected after 60 min of
reaction at 200°C with hexane as co-solvent.

From the NMR spectra in Fig. 2, point 1, represents the
peak for the solvent (CDCL3) which is at 7.20 ppm, point 2
is the peak for methoxy group of fatty acid methyl ester
(FAME) at 3.6 ppm and point 3 is the peak for methylene
group of the triglyceride at 2.6 ppm. Using the areas of the
peak generated from integration, the sample calculation of
the percentage conversion of biodiesel after 60 minutes of
reaction at 200°C with hexane co-solvent using equation (ii)
was 89.3%. The areas of the generated peaks from
integration were also used to estimate the average chain
length of methyl-ester produced [12]. However, carbon and
hydrogen atoms can be estimated by assuming
approximately that the peaks from 5.1-5.6 ppm are methine
resonances due to olefinic hydrogen, that the terminal
methyl protons peaks were at 0.9 ppm and 3.6 ppm and that
the peaks from 1.0-3.0 ppm is related to methylene protons
of carbon chain [13]. From the methyl group, we find a
factor that divides the area to give 3, since it is known that
the area of methylium has three hydrogen atoms; the factor
was used to find the number of hydrogen atoms in other
groups as shown in Table II.

TABLE 11
ASSIGNMENT OF HNMR PEAKS TO FUNCTIONAL GROUPS

Punctional | Mathins Mathyl Mathylanz Rezonance (CH,) Total
I0UPE Rasonznce | Bospnancs

(CH) (CH)
Beshs jl1-58 3F |08 |26 -|23 |20 |15 |12
{rpm) 11
Arzz 1.0 070 |10 |041 [030]| 108 [086|3546
Hydrogen | 375 3 3 148 207385 |181 (105 |4036
Carbon 375 1 1 074 |104[183 | 1461023 |2117

Using these estimates, the molecular formula for the
biodiesel sample was found to be C,;H4;0,. The ratio of the
polyunsaturated fats to the monounsaturated fats was
estimated to be 2.28.

The effect of reaction temperature and time on waste
vegetable conversion was studied since temperature is
known to influences the trans-esterification reaction and
yield of the biodiesel product. A high reaction temperature
can decrease the viscosities of oils and result in an increased
reaction rate and a shortened reaction time [14]. This is the
reason why a reaction limited by mass transfer between
reactants and catalyst, after 100°C proceeded very fast to
give a better biodiesel yields at 150°C and 200°C. The waste
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soybeans oil conversion with alcohol to oil mole ratio of 18:
1 measured over 10 wt% of MgO/TiO, -catalyst
concentration at 100°C is 14.4% after 60 minutes (Fig. 3).
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Fig. 3: Effect of temperature on waste oil conversion
(alcohol to oil mole ratio of 18:1; Hexane to oil mole ratio
of 1:1; catalyst amount of 3 wt% with respect to oil at 60
minutes reaction time).(a) without hexane co-solvent (b)
with hexane co-solvent.

Increasing the reaction temperature to 150°C resulted in
an increase in waste oil conversions to 64.6% after 60
minutes. The data increased further to 75.0% after 60
minutes when the reaction temperature was increased to
200°C (Fig. 3). However, the behaviour is similar to the case
involving hexane as co-solvent. With hexane to oil mole
ratio of 1:1, oil conversion measured over 10 wt% of
titanium supported magnesium oxide catalyst at 100°C is
80.3% after 60 minutes. Increasing the temperature to 150
and 200°C produced an increased oil conversion of 81.3 and
89.3% respectively. This result shows that as reaction
temperature increased, the waste oil conversion to biodiesel
increased over titanium supported magnesium oxide catalyst
(MgOITiOy).

Summarily, the effect of reaction temperature and
reaction time showed that as the temperature increased, the
viscosity of waste vegetable oil decreased and this improves
the mass transfer of reactants to the active sites in the
catalyst. This on the other hand means that as more energy
was added to the system, the effective number of collisions
increased which helped to overcome the activation energy
barrier. In the same wvein, more waste vegetable oil
eventually dissolved in methanol to improve the methanol-
oil immiscibility which also improved the mass transfer in
the catalyst.

From Fig. 4, it was observed that the conversion to
biodiesel yield increases as the reaction time increases. For
example, 3 wt% of titanium-supported-magnesium oxide
catalyst at 150°C and methanol to oil ratio of 18:1 led to
waste oil conversion of 46.6, 48.4, 57.0 and 64.6.0% at 15,
30, 45 and 60 minutes respectively (Fig. 4a). The case
involving hexane as co-solvent exhibits similar behaviour as
3 wt% of titanium-supported-magnesium oxide catalyst at
150°C, methanol to oil ratio of 18:1 and hexane to oil mole
ratio of 1:1 gives improved oil conversion of 54.8, 72.8,
80.2 and 81.3 % at 15, 30, 45 and 60 minutes respectively
(Fig. 4b).
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Fig. 4: Effect of reaction time on waste oil conversion
(alcohol to oil mole ratio of 18:1, Hexane to oil mole ratio of
1:1; catalyst amount 3 wt.% with respect to oil and reaction
temperature of 150°C) (a) without hexane co-solvent (b)
with hexane co-solvent.

However, the reaction time in this study is limited to just
1 hour and to achieve more satisfactory levels of waste oil
conversion, extended reaction times must be recommended.
Albeit, the measured data show that the waste vegetable oil
conversion to biodiesel over TiO, —supported-MgO catalyst
increases with an increase in reaction time. However, some
researchers have conducted transesterification reaction for
an extended reaction time. Sadrameli et al, [15] used KOH
catalyst loaded on y-Al,03 support, methanol/oil ration of
15:1 and varied reaction time from 1 to 5 hours to conduct a
transesterification reaction. They reported that there is an
increase in biodiesel yield with an increase in reaction time
up to 3 hours, but after 4 hours of reaction time the biodiesel
yield did not increase significantly.

IV. CONCLUSIONS

In this study, (MgO/TiO,) catalyst was prepared by
impregnation of titanium (TiO,) support with magnesium
oxide (MgO) followed by drying and calcination at a higher
temperature of 600°C. The XRD quantitative analysis
showed that anatase to rutile transformation was inhibited
while the XRF analysis identified SiO, impurity as
responsible for the inhibition. The catalyst was tested in the
trans-esterification of waste cooking oil with methanol into
biodiesel at 100, 150 and 200°C for a reaction time of 1 hour
under an inert-nitrogen gas pressure of 24 bar. The
conversion was found to increase with the reaction time and
temperature. A utilization of hexane co-solvent was found
to be inevitable and increases the rate of trans-esterification
reaction producing higher biodiesel yields in small times of
reaction. The analyses of the results showed that when
hexane co-solvent to oil mole ratio of 1:1 was used, the
synergy of the transesterification reaction resulted to a waste
oil conversion of 89.3% at 200°C for reaction time of 1
hour. This result is very promising when compared to 75.0%
waste oil conversion obtained when only methanol was used
as the solvent for transesterification under the same reaction
conditions. 'H NMR analysis was used to produce a
spectrum which identified that the average chain length of
fatty acid methyl-ester (FAME) produced was Cy;H4;0,.
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