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bstract

Used cooking oil (UCO) was mixed with canola oil at various ratios in order to make use of used cooking oil for production of biodiesel
nd also lower the cost of biodiesel production. Methyl and ethyl esters were prepared by means of KOH-catalyzed transesterification from the
ixtures of both the oils. Water content, acid value and viscosity of most esters met ASTM standard except for ethyl esters prepared from used

ooking oil. Canola oil content of at least 60% in the used cooking oil/canola oil feedstock is required in order to produce ethyl ester satisfying

STM specifications. Although ethanolysis was proved to be more challenging, ethyl esters showed reduced crystallization temperature (−45.0 to
54.4 ◦C) as compared to methyl esters (−35.3 to −43.0 ◦C). A somewhat better low-temperature property of ester was observed at higher used

ooking oil to canola oil ratio in spite of similar fatty acid compositions of both oils.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Biodiesel is a well known alternative, renewable fuel which
rovides less harmful emissions when compared with the con-
entional fossil-based diesel fuel. The most common method to
roduce biodiesel is transesterification of vegetable oils or ani-
al fats with a short-chain alcohol [1]. High purity methyl ester

an be achieved by transesterification of fresh vegetable oils
ith methanol in presence of an alkaline catalyst [2,3]. Transes-

erification of canola oil (CO) produces ester whose properties
re comparable with those of conventional diesel fuels [3]. It
as also been reported that the lubricity of diesel fuel can be
nhanced by 60% with the addition of 1 vol.% canola-derived

ethyl ester [4].
However, the main drawback of this fuel is the high cost of

eedstock which leads to the high price of the product biodiesel.

∗ Corresponding author at: Department of Chemical Engineering, 57 Campus
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el.: +1 306 966 4771; fax: +1 306 966 4777.
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comparison of biodiesel price with that of diesel fuel can
e used to depict severity of economic barrier of biodiesel.
ccording to S&T Consultants Inc. and Meyers Norris Penny
LP [5], the price of biodiesel in the United States, on average,
as 2.22 US$/US gallon while diesel fuel cost at 1.21 US$/US
allon. This economical factor has been undermining biodiesel
usiness for decades.

In more recent years, attempts to utilize used cooking oil
UCO) as a feedstock for biodiesel production have been made
o overcome the economic problem. This is because the cost of
ellow grease, which is 16.5 ¢/lb, is lower than that of canola
il, which is 34 ¢/lb [6]. However, due to high free fatty acids
FFA) and water content in used cooking oils, they cannot be
irectly transesterified using an alkaline catalyst, which other-
ise, gives low yield and low quality of biodiesel. This is because

he side saponification reaction consumes catalyst and generates
oap which causes problems in producing high quality biodiesel.
ransesterification of used cooking oils with an alkaline cata-
yst can be done only when the FFA and water content have
een removed through different pre-treatment processes [7,8].
lternatively, acid catalyst can be used instead to prevent the

mergence of this saponification [9]. However, this approach

mailto:ajay.dalai@usask.ca
dx.doi.org/10.1016/j.cej.2007.09.008
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equires a longer reaction time, a higher operating temperature,
nd an acid-resistible reactor. It is obvious that exploitation of
sed cooking oils requires a more sophisticated technology and
more complicated process, which increase the cost of biodiesel
roduction process.

Even though several attempts have been made to produce
iodiesel from various fresh vegetable oils and used cooking oils,
he combination of these two sources as feedstock for biodiesel
roduction is relatively unexplored. It was anticipated that the
ddition of fresh vegetable oil, i.e., canola to used cooking oil
ould improve yield and quality of biodiesel produced from
irect alkali-catalyzed transesterification. The purpose of this
tudy was to optimize canola to used cooking oil ratio to produce
igh yield and quality biodiesel while maintaining a simple and
ow-cost alkali-catalyzed transesterification process. This study
ould provide an alternative means to make use of UCO for a
ow-cost biodiesel production process.

. Materials and method

.1. Materials

UCO was obtained from the campus cafeteria, University of
askatchewan, Saskatoon, Canada. Commercial grade canola
il (CO) was purchased from a local grocery store. Anhy-
rous methanol (MeOH) (99.8%) and potassium hydroxide
KOH) were purchased from EMD Chemicals Inc., Darmstadt,
ermany. Anhydrous ethanol (EtOH) was obtained from Com-
ercial Alcohol Inc., Brampton, Ont., Canada. Sulfuric acid

H2SO4) was procured from EM Science, Darmstadt, Germany.
eference standard chemicals including methyl oleate, triolein,
iolein, and monoolein were purchased from Sigma–Aldrich,
O, USA.

.2. Method

Canola oil methyl ester (CME), canola oil ethyl ester (CEE),
sed cooking oil methyl ester (UME), and used cooking oil ethyl
ster (UEE) were produced by means of KOH-catalyzed trans-
sterification from a 100 g of feedstock. The same method was
lso used for the production of methyl and ethyl ester from mixed
eedstock. In the present work, 80:20, 60:40, 40:60, 20:80 ratio
f UCO and CO was used to produce 80UME (methyl ester
roduced from 80 g of UCO and 20 g of CO), 60UME (methyl
ster produced from 60 g of UCO and 40 g of CO), 40UME
methyl ester produced from 40 g of UCO and 60 g of CO), and
0UME (methyl ester produced from 20 g of UCO and 80 g
f CO), respectively. Ethyl esters were also produced from the
ame set of feedstock. The feedstock was initially placed in a
arr reactor (Parr Instrument Company, IL, USA) and heated to
0 ◦C. A mixture of alcohol (methanol or ethanol at 6:1 alcohol
o oil molar ratio) and KOH (1 wt.% with respect to oil) was then
dded to the reactor. The temperature and stirring speed of the

eaction mixture were maintained constant for 2 h at 50 ◦C and
00 rpm, respectively.

After the reaction, the transesterification product was allowed
o stand in a separating funnel for glycerol separation. Due to a

3

1

ering Journal 140 (2008) 77–85

trong emulsion in the case of ethanolysis products, glycerol was
ot separated only by gravity. In order to separate glycerol from
thyl ester phase, approximately 10 g of pure glycerol was added
nto the transesterification product and the separatory funnel
as shaken vigorously and the product was allowed to stand.
lycerol layer separated from ester layer within an hour.
To avoid the formation of emulsion, tannic acid solution

0.1 wt.%) was used in the washing step, thereby neutralizing
he excess base catalyst. The pH of washing water was measured
y pH-indicator strips from EMD Chemicals Inc., Gibbstown,
J throughout the washing process. The pH of washing water
as initially very high at approximately 10 due to dissolved
OH. After seven to eight times of washing, the washing water
ecame clear and its pH was approximately 7.7. The wash-
ng process was continued until the approximate pH of 7 was
chieved.

Unreacted methanol and water was removed using BÜCHI
otavapor. The process was continued until the constant weight
as observed. Biodiesel was finally passed through the anhy-
rous sodium sulphate, which was previously dried in an oven
t 100 ◦C for 1 h, to remove traces of moisture.

The percentage of triglyceride, diglyceride, monoglyceride,
nd ester were analyzed by gel permeation chromatography
GPC) using a Hewlett-Packard 1100 series (HPLC) with refrac-
ive index detector and two Phenogel (5 � 100A 300×7.80 mm)
olumns in series protected with guard column. The data
ere collected by ChemStation software, Agilent Technolo-
ies. Tetrahydrofuran (THF) was used as a mobile phase at
ml/min for 25 min. The operating parameters were as follows:

njection volume 5 �l; column temperature 24 ◦C; and detec-
or temperature 35 ◦C. Reference standard chemicals including
ethyl oleate, triolein, diolein, and monoolein were used for

he calibration. The esters were extensively characterized for
heir properties such as water content (AOCS Ca 2e-84), acid
alue (AOCS Te 1a-64), heating value (ASTM D240-92), den-
ity (ASTM D5002-94), viscosity (ASTM D2500), and fatty
cid compositions (AOCS Ce 1-62).

Thermal analysis of biodiesel esters was performed by a dif-
erential scanning calorimeter (DSC) from Perkin-Elmer, Inc.,
T, USA equipped with Pyris software thermal analysis and a
ryofill filled with liquid nitrogen as a cooling device. The rate
f cooling and heating can cause major differences in calori-
etric peaks and traces in a DSC thermogram. This is because

ifferent shape of biodiesel crystal, thus different peak position
an be formed as a result of different cooling rate. In the present
ork, a standard cooling rate of 5 ◦C/min [4,10] was used. The
rogram used for thermal analysis was set as follows: (1) hold
t 30 ◦C for 5 min; (2) cool from 30 ◦C to −80 ◦C at 5 ◦C/min;
3) hold at −80 ◦C for 5 min; and (4) heat from −80 ◦C to 30 ◦C
t 5 ◦C/min.

. Results and discussion
.1. Analysis of feedstock

The saponification value of CO and UCO was 193.0 and
78.4, respectively. Based on saponification value, molec-
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lar weight of feedstock with 100:0, 80:20, 60:40, 40:60,
0:80, and 0:100 UCO to CO ratio were 943, 929, 915,
00, 886, and 872 g/mol, respectively. It is believed that
he higher molecular weight value of UCO was due to the
ormation of polymerized compounds such as polymerized
riglycerides during the frying process [11]. The frying process
ontributed to the formation of FFA, which can be demon-
trated in terms of acid value (AV). The acid value of UCO
as 2.5 mg KOH/g while that of CO was significantly lower

0.4 mg KOH/g). Fig. 1a and b show HPLC chromatograms
f CO and UCO, respectively. It can be seen that CO com-
osed mainly of triglyceride (16.2 min) and trace amounts
f diglyceride (16.9 min) while UCO composed of triglyc-
ride, diglyceride, and monoglyceride (18.4 min). Diglyceride
nd monoglyceride were probably products of triglyceride
ecomposition during the frying process. In addition, a small
eak at 14.7 min in UCO chromatogram indicates existence of
olecules with higher molecular weight than that of triglyc-

ride. Such compounds might be polymerized compounds.
hese compounds affect overall properties of UCO such as
olecular weight and viscosity. The higher molecular weight,

V, viscosity, and the presence of polymerized compounds
uggest that the quality of UCO is lower compared to fresh
O.

w

s

Fig. 1. HPLC chromatograms: (a) canola oil; (b) used cooking oil;
ering Journal 140 (2008) 77–85 79

.2. Analysis of the transesterification products

Feedstock for this study were various mixtures of UCO and
O with UCO to CO weight ratio of 100:0, 80:20, 60:40, 40:60,
0:80, 0:100. All feedstock were transesterified with methanol
nd ethanol. Fig. 1c and d show HPLC chromatograms of CME
nd UME, respectively. The chromatogram of CME (Fig. 1c)
oes not show a peak of triglyceride at 16.1 min. The disappear-
nce of triglyceride peak in chromatogram of CME indicates
he complete conversion of triglyceride to an ester. However, a
eak of triglyceride is present in UME chromatogram (Fig. 1d)
ndicating incomplete transesterification due to interference of
aponification. The saponification occurred due to the reaction
f free fatty acid present in feedstock with base catalyst produc-
ng soaps. These soaps interfere with the separation of glycerol
nd also induce emulsion afterward. Glycerol is not detected in
iodiesel indicating complete glycerol separation from esters.
ster percentages in the biodiesel as analyzed by the HPLC are
hown in Fig. 2. The ester percentage in both methyl and ethyl
ster tend to increase with CO percentage in feedstock mixture.
hese results strengthen our hypothesis that the addition of CO

ould help to improve biodiesel yield.
The amounts of ester collected from each experiment are

hown in Fig. 3a. Reproducibility of the recovery of esters is

(c) canola oil methyl ester; (d) used cooking oil methyl ester.
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ig. 2. Ester percentage as analyzed by HPLC analysis: (�) methyl ester; (�)
thyl ester (reaction condition: alcohol to oil ratio 6:1, reaction temperature
0 ◦C).

5%. In comparison with methyl ester yield obtained from pure
CO feedstock, the higher methyl ester yield was obtained with

he addition of CO to the feedstock mixture. In case of ethyl
ster, a higher amount of CO (at least 60 wt.%) was required
o improve ethyl ester yield. Considering UCO, the lower ester
ield was observed due to the fact that UCO was a compila-
ion of various compounds such as triglyceride, diglyceride, and

onoglyceride. Therefore, a 100 g of UCO contains less moles
f triglyceride when compared to a 100 g of CO. Diglyceride
nd monoglyceride contained in UCO have higher glycerol to
cyl-group molar ratio than triglyceride (glycerol to acyl-group
olar ratio of triglyceride, diglyceride, and monoglyceride are

.33, 0.5, and 1, respectively). As a result, the same amount
f feedstock containing mainly triglyceride (CO) would have
ore moles of acyl-group than that containing a mixture of

riglyceride, diglyceride and monoglyceride (UCO). Theoret-
cally, one mole of acyl-group gives one mole of biodiesel ester,
herefore the higher yield of esters was observed at a lower
CO to CO ratio. Dmytryshyn et al. [2] also reported a low

ster yield (approximately 50–60%) when UCO was used as a

eedstock.

Fig. 3b displays the amount of glycerol collected at different
CO to CO ratios. Although less ester yield was obtained at
igher UCO to CO ratio, the glycerol recovery was opposite

U
a
f
(

able 1
riglyceride, diglyceride, and monoglyceride percentage in esters

ype of ester Triglyceride (wt.%) Diglyceride (wt.%

ME 1.6 3.4
0UME 1.3 3.1
0UME 0.3 2.5
0UME 0.0 2.5
0UME 0.0 2.1
ME 0.0 1.7
EE 8.5 11.3
0UEE 3.9 7.1
0UEE 2.5 5.4
0UEE 1.3 3.9
0UEE 0.6 2.9
EE 0.0 2.3
00 g of feedstock: (a) ester recovery; (b) glycerol recovery; (�) methanolysis;
�) ethanolysis (reaction condition: alcohol to oil ratio 6:1, reaction temperature
0 ◦C).

o this trend. Based on the concept of glycerol to acyl-group
olar ratio in feedstock, a 100 g of UCO would have more moles

f glycerol group than a 100 g of CO. Therefore, glycerol was
ollected at a larger amount when a higher UCO to CO ratio was
sed as a feedstock.

The percentage of triglyceride, diglyceride, and monoglyc-
ride in each ester are presented in Table 1. The percentage
f these acylglycerols in ester phase increased as amount of

CO in feedstock increased. This observation is predictable

s Table 2 shows that UCO has higher acid value thus higher
ree fatty acid content compared to CO. Alkali catalyst
KOH) was consumed by reacting with free fatty acid to

) Monoglyceride (wt.%) Total glycerin (wt.%)

1.3 1.0
1.2 0.9
1.1 0.7
1.1 0.7
1.1 0.6
0.9 0.5
9.3 5.0
6.5 3.1
5.5 2.5
4.6 1.9
3.6 1.4
3.1 1.2
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Table 2
Characteristics of esters

Type of ester Water content (ppm) Heating value (MJ/kg) Density (g/cm3) Viscosity @40 ◦C (mm2/s) Acid value (mg KOH/g)

UME 290 39.1 0.86 4.9 0.5
80UME 338 39.2 0.86 4.9 0.4
60UME 212 39.6 0.86 4.8 0.4
40UME 329 39.5 0.86 4.6 0.4
20UME 350 40.0 0.86 4.6 0.4
CME 480 39.1 0.86 4.4 0.5
UEE 720 39.3 0.87 8.8 1.5
80UEE 437 39.6 0.86 6.4 1.2
60UEE 327 39.8 0.86 5.8 1.0
40UEE 341 39.7 0.86 5.5 0.5
20UEE 357 40.2 0.86 5.1 0.4
CEE 420 40.3 0.86 4.9 0.5
Canola oil – 39.7 0.90 38.2 0.4
Used cooking oil 200 – 0.90 44.7 2.5
S –
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ummer diesel fuel – 45.5
STM 0.05 max (% volume) –

orm soap resulting in the higher level of acylglycerols. The
igher amount of these glycerides in ethyl esters compared
o methyl esters indicates lower glyceride conversions in case
f ethanolysis than that of methanolysis. This is due to the
igher reactivity of methanol as compared to ethanol towards
ransesterification [12]. Total glycerin content (GLT) is defined
s GLT = GL + 0.26(MG) + 0.15(DG) + 0.1(TG) [13]. GLT of
he prepared esters are above the ASTM limit (0.24% max)
uggesting that purification of these esters is required. The
urification process will be discussed in Section 3.4.

.3. Characterizations of the esters

The esters obtained from transesterification were character-
zed and their properties are presented in Table 2. Water content
f all esters met ASTM standard except for ethyl ester prepared

rom UCO. The densities of all esters were considerably lower
han those of their parent oils and were not highly related
o UCO to CO ratio. Acid value of all methyl esters met the
STM standard. In contrast, acid value of UEE was very high

a
w
p
a

able 3
oiling point distribution (◦C) of esters

off 10 20 30 40

CO 610.3 617.5 625.2 635.3
O 599.7 606.3 608.8 611.8
ME 355.7 358.2 359.9 361.2
0UME 357.5 361.2 363.6 365.5
0UME 357 360.7 363.2 365.1
0UME 355.5 358 359.5 360.7
0UME 355 357.6 359.2 360.5
ME 354 355.7 356.7 357.6
EE 363.9 365.3 366.4 367.3
0UEE 363.8 365.6 366.8 367.8
0UEE 363.3 364.9 365.9 366.8
0UEE 364.8 367.3 368.9 370.2
0UEE 364.4 366.6 368.1 369.3
EE 364.3 366.3 367.7 368.8
iesel fuel 175 185 195 218
– 0.002
1.9–6.0 0.5 max

t 1.5 mg KOH/g and did not meet the ASTM standard. This
ight be due to the unreacted FFA in UCO. However, with

he addition of CO up to 60% in the feedstock, the acid value
f ethyl ester was reduced to 0.5 mg KOH/g, which meets the
STM standard. The viscosities of both CO and UCO were very
igh at 38.2 and 44.7 mm2/s, respectively. Viscosities of esters
ere significantly lower when compared to their parent oils and
et the ASTM standard (with an exception of some esters).
iscosity of esters decreased with a decrease in UCO to CO ratio
s UCO itself was more viscous than CO. The viscosity of UEE
as very high and did not meet the standard. This is due to lower

eactivity of ethanol as compared to methanol [12] resulting in
he presence of unconverted acylglycerols, thereby increasing
iscosity. Low ester percentage in UEE as shown in Fig. 2 helps
o strengthen this concept. The ester content can be improved by
he addition of CO in the feedstock. By adding CO up to 40%,

n ethyl ester with a satisfiable level of viscosity at 5.8 mm2/s
as obtained. The further reduction of viscosity can be accom-
lished if more CO was used in the feedstock. Heating values of
ll esters were approximately the same value, which are roughly

50 60 70 80 90

648.1 664.3 683.6 704 726.9
615 619 624.8 635.2 654.2
362.3 363.2 364.2 365.9 409.3
367.1 368.6 369.8 370.9 372.1
366.8 368.2 369.5 370.6 371.8
361.7 362.6 363.5 364.3 365.6
361.6 362.6 363.5 364.3 365.2
358.4 359 359.6 360.2 365.3
370.8 515.7 600.6 611 639.4
368.6 369.3 370 389 542.7
367.5 368.1 368.7 369.6 426.1
371.3 372.2 373.1 374.6 416.9
370.2 371.1 371.9 372.6 373.6
369.7 370.5 371.2 371.9 372.8
242 260 285 320 365
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0% lower than that of the reference diesel fuel. These results
re in substantial agreement with those reported in the literature
3].

Table 3 shows boiling points of each biodiesel esters, their
orresponding feedstock, and a reference diesel fuel. The boil-
ng points at 90% off of feedstock were very high (654.2 ◦C
or CO and 726.9 ◦C for UCO). The boiling points of UCO
ere higher than that of CO due to its high molecular weight

onstituent such as polymerized acylglycerols. When transes-
erification was carried out, it is possible for these polymerized
ompounds to give rise to polymerized esters which have a
igher molecular weight and boiling point than a monomer
ster. Table 3 also showed that esters derived from UCO have
igher boiling point than those derived from CO. The boiling
oints of esters have a tendency to decrease when more CO
as used in the feedstock. As expected, boiling points of ethyl

sters were obtained at higher value when compared to the cor-
esponding methyl ester. For example, boiling point at 90% off
f CME was 365.3 ◦C while the corresponding boiling point for
EE was observed at higher level of 372.8 ◦C. This is because
thyl ester generally has higher molecular weight and boiling
oint as compared to methyl ester. The unusual high boiling
oint of UEE is due to presence of unconverted acylglycerols
s a result of incomplete transesterification as discussed ear-
ier.

.4. Ester purification

The ester percentages in ethyl esters are less than those of
ethyl esters as shown in Fig. 2. The ethyl esters were purified

y means of column chromatography as described by Meher et
l. [14]. After purification, ethyl esters showed improvement in
ster percentage with decrease in total glycerin content (GLT) as
resented in Table 4. The acid values and viscosities of the puri-
ed esters reduced significantly. This is due to the improvement
f the purity of ethyl esters after purification of the esters.

.5. Thermal analysis by differential scanning calorimetry
DSC)

The low-temperature flow property of biodiesel is very impor-
ant for its use in a cold-climate country. This is because when
blended diesel fuel is used at a low temperature, the biodiesel
ortion of the blend crystallizes and separates out from diesel

uel. This crystal can create problems to engine flow system,
ndermine engine operation, and eventually cause engine to
top running. Therefore, a satisfactory attribute of biodiesel
ow-temperature properties should be warranted prior to its com-

t
n
a
a

able 4
haracteristics of purified ethyl esters

ype of ester Ester content (wt.%) Total glycerin (wt.%)

EE 89.4 1.18
0UEE 95.7 0.54
0UEE 97.7 0.35
EE 96.5 0.47
Fig. 4. Typical DSC thermogram of canola oil methyl ester.

ercial use. Such property is conventionally characterized by
loud point (CP) and pour point (PP).

More recently, DSC have been used to determine the low-
emperature property of biodiesel [4]. Each fatty acid ester such
s palmitic methyl ester, stearic methyl ester, oleic methyl ester,
tc. is miscible with each other at room temperature and there-
ore shows no heat change when mixed. However, crystallization
r polymorphic transition (a change in structural geometry when
olid) of a given ester could exhibit heat change, which is pos-
ible to monitor using a DSC. It is reported in the literature
hat enthalpy of crystallization of triglycerides can be measured
sing a DSC [15]. In addition, it has been also reported that
olymorphic transition of triglyceride usually occurs after a
elting of the first habit (a shape of crystal). Lee et al. [10]

eported that branched-chain esters have lower crystallization
emperature than that of conventional straight-chain esters. They
eported a good correlation between crystallization temperature
easured by a DSC and CP and PP of the biodiesel samples.
In this study, a typical DSC thermogram of CME is shown

n Fig. 4 and fatty acid compositions of CME and UME are
resented in Table 5. The top and bottom curves in Fig. 4 are
eating and cooling curves, respectively. The initial concen-
ration of a given fatty acid methyl ester (palmitoleic methyl
ster, oleic methyl ester, linoleic methyl ester, etc.) in CME was
ower than its saturated concentration at 30 ◦C, thus crystalliza-
ion is not possible. When the sample temperature was reduced,
he saturated concentration and solubility of each component
as also reduced. At certain point, the saturated concentra-

ion reduced to the point lower than its actual concentration,

hereby making crystallization of the corresponding compo-
ent possible [16]. The major peak at −35.3 ◦C appeared as
result of exothermic crystallization of monounsaturated fatty

cid methyl esters. These esters were a major portion of CME

Acid value (mg KOH/g) Viscosity @40 ◦C (mm2/s)

0.5 3.1
0.5 2.0
0.6 2.7
0.5 2.5
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Table 5
Fatty acid compositions of canola oil methyl ester and used cooking oil methyl ester

Structure Compound name Percentage in canola oil methyl ester Percentage in used cooking oil methyl ester

C14:0 Myristic methyl ester 0.05 0.08
C16:0 Palmitic methyl ester 4.23 5.31
C16:1 z7 Hexadecenoic methyl ester 0.03 0.04
C16:1 z9 Palmitoleic methyl ester 0.23 0.36
C16:2 Hexadecadienoic methyl ester 0.07 0.06
C16:3 Hexadecatrienoic methyl ester 0.11 0.10
C18:0 Stearic methyl ester 1.89 2.76
C18:1 z9 Oleic methyl ester 57.75 56.94
C18:1 z11 Vaccenic methyl ester 3.58 2.17
C18:2 Linoleic methyl ester 19.09 19.03
C18:3 Linolenic methyl ester 8.71 6.54
C20:0 Arachidic methyl ester 0.67 0.67
C20:1 z5 Eicosenoic methyl ester 0.04 0.10
C20:1 z11 Eicosenoic methyl ester 1.37 1.42
C20:2 Eicosadienoic methyl ester 0.14 0.16
C22:0 Behenic methyl ester 0.36 0.36
C24:0 Lignoceric methyl ester 0.04 0.14
C24:1 z15 Tetracosenoic methyl ester 0.18 0.17
C26:0 Hesacosanoic methyl ester 0.04 0

Total saturated fatty acid 7.27 9.32
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lar interactions. A detailed study is required to acquire a better
understanding on this phenomenon. The major peak tempera-
ture of 40UME fell between those of UME and CME. This is
because 40UME was produced from a mixture of UCO and CO.
Total monounsaturated fatty acid 63.17
Total polyunsaturated fatty acid 19.41

s GC analysis showed a result of 63.2%. The small peak right
fter exothermic crystallization of monounsaturated fatty acid
ethyl ester at −40.7 ◦C was probably due to its polymorphic

ransition. It is well known that unsaturated ester crystallized
t lower temperature than saturated ester. This is because they
ave different three-dimensional conformations. Saturated ester
olecules are in its minimum energy when fully extended and

re well stacked, thereby strengthening intermolecular attrac-
ion force [17]. Unlike saturated ester, especially cis-formation,
nsaturated ester molecules have weaker intermolecular inter-
ctions and therefore crystallize at a lower temperature. This
xplains exothermic crystallization of polyunsaturated fatty acid
ethyl esters at lower temperature of −58.6 ◦C. These observa-

ions are consistent with those reported in the literature in which
rystallization temperature of saturated compounds were higher
hat that of unsaturated compounds [4]. Endothermic peaks on
he heating curve at −47.0 and −24.6 ◦C represent melting
oint of polyunsaturated and monounsaturated fatty acid methyl
ster crystals, respectively. These crystals melted at temperature
bove their corresponding crystallization temperature. This find-
ng confirm with those found in the literature indicating that the

elting temperature is higher than crystallization temperature
f the same component [4,15]. After the melting of monounsat-
rated fatty acid methyl ester crystal, a different crystal shape
f the same component can be formed. This behavior is shown
y exothermic crystallization peak at −22.6 ◦C on the heating
urve. Another endothermic peak at −17.8 ◦C is due to melting
f the recently formed crystal of methyl ester. A similar behavior
as been reported in the literature [15].
Fig. 5 displays comparative cooling DSC thermograms of
ME, 40UME, and CME, respectively. The major crystalliza-

ion temperature of UME (−43 ◦C) is lower than that of CME
−35.3 ◦C). As discussed earlier, these peaks represent monoun-

F
(

61.20
19.34

aturated fatty acid methyl ester of each UME and CME. The
iterature suggests that crystallization temperature of linear,
ong-chain esters decrease with increase in the carbon chain
ength if number of double bond is the same [4]. The comparison
as been made for samples with different fatty acid composi-
ions (esters from canola oil and rapeseed oil) and the difference
f the peak temperature was obvious (>20 ◦C). In this study,
he chain length difference between monounsaturated fatty acid
ethyl ester of UME and CME is trivial and so does the peak

emperature difference. Polymerized methyl ester in UME is
nother possible reason contributed to this difference. It is pos-
ible for a polymerized methyl ester to form a crystal shape such
hat is having a poor molecular stacking and poor intermolecu-
ig. 5. Cooling curves of DSC thermogram: (a) used cooking oil methyl ester;
b) 40:60 UCO:CO methyl ester; (c) canola oil methyl ester.
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Table 6
Major peak temperature and heat associated to crystallization and melting of esters

Ester Major crystallization
peak temperature (◦C)

Major melting peak
temperature (◦C)

Total heat associated with
crystallization of ester (kJ/kg)

Total heat associated with
melting of ester (kJ/kg)

UME −43.0 −27.8 49.6 55.0
80UME −41.1 −27.4 70.4 74.4
40UME −37.4 −26.4 71.4 77.4
20UME −36.8 −26.2 76.1 78.9
CME −35.3 −24.6 84.0 88.8
UEE −54.4 −30.0 38.1 30.6
80UEE −51.3 −25.8 48.1 44.6
40UEE −45.6 −19.5 51.3 49.0
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Table 6 summarizes major peak temperature and total
eat associated with melting and crystallization of esters. As
xpected, ethyl esters have lower major peak temperature than
ethyl esters. This is a typical observation as ethyl esters are

nown to have a lower cloud point than methyl ester [3]. The heat
ssociated with crystallization of esters prepared from UCO was
ower than that of esters prepared from CO. This might be due to
olymerized esters prepared from UCO, which cause an increase
n average molecular size of the ester, thereby affecting its total
eat of crystallization. The heat associated with crystallization
s approximately equivalent to the heat associated with crystal

elting. The difference between heat associated with melting
nd crystallization might be because some polymorphs crystal-
ized or melted during the period of time outside DSC scan.
owever, those polymorphs are habits of minor components as

he calorimetric peaks of major components are presented within
he range of DSC scan and the total heat differences were trivial.
hese findings show that DSC provided an accurate means of
onitoring crystallization of biodiesel esters.

. Conclusions

Used cooking oil is an economical feedstock for the produc-
ion of biodiesel. However, the production process using this
eedstock is usually more complicated than that using fresh oil
eedstock. Nevertheless, the utilization of used cooking oil for
single step KOH-catalyzed transesterification is possible with
ddition of a certain amount of canola oil. Methyl and ethyl esters
ere prepared at different used cooking oil to canola oil ratio and
ere characterized extensively for their properties. Methanoly-

is products showed satisfactory properties. In contrast, canola
il of at least 60% was required to achieve a high quality ethyl
ster (UCO:CO ratio of 40:60). Based on the feedstock cost dis-
ussed in the earlier part, if the feedstock consists of 40% UCO
nstead of pure canola oil, the feedstock cost will be reduced
y ∼20%. Due to the reduction of feedstock cost and economi-
al operating cost of a single step transesterification, production
f biodiesel from mixture of canola and used cooking oil is a

romising alternative.

Although ethanolysis was proved to be more challenging,
thyl ester showed a better low-temperature property. The low-
emperature property difference between esters derived from

[

[

58.5 56.1
60.2 58.1

sed cooking oil, canola oil and mixtures of both oils were trivial
s fatty acid compositions of both oils were similar.
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