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from the seeds, followed by physico-chemical properties' determination and transesterification to biodiesel.
The seeds contained 46% oil which had low free fatty acids (FFA) (0.68%). Linoleic acid (65.68%) was the main
composition of the oil. Ultrasonication transesterification with methanol gave the highest yield (95.75%) after
20 min. Yields of methyl esters were higher than respective yields of ethyl esters. Using first order reaction kinetics
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Silybum marianum oil model, the reaction rate constants were 2.3 x 10~“s~ ' and 7.0 x 107> s~ ' for ultrasonication using methanol
Non-edible feedstock and ethanol, respectively. With the exception of oxidative stability (2.1 h) and iodine values (132-methyl and
Biodiesel 133-ethyl esters), properties out of range but can easily be improved, the remaining properties including cetane
Ultrasonication number, flash point and the cold flow ones of both methyl and ethyl esters were similar and comparable to
TF_EHS_ESteriﬁcation Chinese, ASTM and European Union standards. The findings of this study complement with the abundance of
Kinetics model S. marianum oil at cultivation and silymarin industrial production as by-product indicates its potentially new

non-edible feedstock for biodiesel.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction biodegradable [1,2]. The process of producing biodiesel from vegetable
oil or animal fat is summarized in the following general equation:

The world is currently facing dramatic dwindling regarding energy
and fossil fuels. In the face of this, there is growing demand for energy 0
and its security. There are also rising prices of fossil fuels, concerns CH, —OC—R, R,—COO—R' CH,—OH
over global warming, increased in openness to renewable energy | il ‘ Catalyst

. . B . HC——OC—R; + 3ROH —-——» R,—COO—R' + HC——OH

resources and a push for expansion in world trade markets' new oil | o 2
producing crops. These and many are the contributory factors driving HaC— OC—R, R;—COO—R' H,C ——OH
interest in expanding alternatives for bioenergy.

Biodiesel, mono-alkyl esters of long chain fatty acids derived from
vegetable oils or animal fats is the most promising alternative to petro-
leum diesel. It is renewable, non-toxic, environmentally friendly and

Triglyceride Alcohol Esters Glycerol

(1)

Short chain alcohols such as methanol, ethanol, and butanol are
mostly used in biodiesel production. The selection of an alcohol is
based on several factors including cost and performance considerations.
Among the mostly used alcohols, methanol and ethanol are much
preferred [3,4]. While methanol is less expensive with physical and
chemical advantages, ethanol is environmentally friendly since it is
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Fuel qualities of alkyl esters have received varying evaluations in
terms of the alcohol used. Saraf and Thomas [3] observed that higher
or branched alcohols can produce biodiesel with better fuel properties.
Tyson [4] however, holds a contrast view to this as he indicated that
the products of methyl and ethyl esters are similar in heat content,
except that ethyl esters are slightly less in viscosity compared to methyl
esters [5].

The process of transesterification is catalyzed by alkalis, acids or
enzymes. Alkali catalysts have proven to be more practical and industri-
ally applied because of their short reaction times and non-corrosive
nature compared to acid catalysts. They are also less expensive when
compared with enzymes. Glycerol, a valuable by-product of alkali
catalyzed reactions is also used in soaps and cosmetics industries [6].

Various methods such as conventional, non-catalytic supercritical,
microwave and ultrasound-assisted are used in biodiesel production
[7-10]. Among the methods, conventional stirring and ultrasonication
are much preferred and studied with different feedstocks [11]. While
conventional stirring is preferred in most cases because of its easy and
simple nature of application, ultrasonication on the other hand can be
a preference for the fact that it increases the interaction between the
phases due to the collapse of cavitation bubbles and the ultrasonic jet.
This causes impingement of one liquid to another which consequently
enhances the reaction and also offers potentially shorter reaction
times [11].

Both edible and non-edible oils are used for biodiesel production.
But the majority currently used are edible [2,12]. Biodiesels from edible
oils are presently affected by the issue of cost because of the competition
that exists between food and fuel from edible oils; a major factor arousing
interest for more non-edible low-cost alternative feedstocks.

In China, biodiesel is currently produced from oils including rape
seed, soybean, castor oils, etc. Recent studies however, indicate that
there are alternative non-edible oil-yielding crops which can be used
as feedstocks [13,14]. A boost to the search for more of the non-edible
oils is the emergence of Silybum marianum oil [15] which has gained a
lot of prominence in medicinal and pharmaceutical studies [16,17] but
scanty in terms of biodiesel production.

S. marianum, a wild annual plant of Compositae family is widely
cultivated in China and naturally grows at mild climatic regions of
different parts of Asia particularly, Iraq [15,18]. In China, some of the
notable provinces into its cultivation include: Guangdong, Hubei,
Shanxi and Qinghai. The medicinal and pharmaceutical aspects of the
plant have been researched over the years [16,17]. The extract from the
seeds for instance is used traditionally for treatment of hepatotoxicity
and acute and chronic liver diseases [16,17]. Morazzoni and Bombardelli
[19] indicated that the pharmacologically active component of the
extract (silymarin) is made of isomeric mixture of flavonolignans,
silychristin, silydianin, diastereoisomers silybin and isosilybin. Current
studies reveal that the seeds of the plant contain a lot of oil [20,21].
While Ghavami and Ramin [20] reported the oil content of the seed to
be more than 28%, Li et al. [21] even indicated it to be more than 45%.
Also in silymarin industrial oil production, the oil is considered a by-
product and not much utilized. For full development and utilization of
S. marianum oil, this study was undertaken to investigate biodiesel pro-
duction from crude S. marianum seed oil using conventional stirring
(600 rpm) and ultrasonication (40 kHz) with methanol and ethanol,
to study the kinetics model of transesterification of the oil, and to
compare the biodiesel properties to international standards.

2. Experimental
2.1. Materials

The seeds of S. marianum oil were obtained from Zhongxing
Pharmaceutical Co., Ltd. (Zhenjiang, Jiangsu, China). All chemicals used

in the experiments including methanol, ethanol, KOH, petroleum ether
(30-60 °C, 60-90 °C), n-hexane and tetradecane (internal standard

for GC) were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) and were all of analytical reagent (AR) grade.

2.2. Extraction of oil

S. marianum seeds were dried at 60 °C for 12 h in an oven to remove
excess moisture prior to the extraction process. The dried seeds were
then weighed and ground into particles of 0.5-10 mm. The oil was
extracted using soxhlet extractor with petroleum ether (60-90 °C) as
the solvent. The duration for each batch of extraction was 10 h. The
volume of solvent per gram of seed was 10 mL. After extraction, the
oil was obtained through rotary evaporator. The amount of the oil in
the seeds was then calculated using Li et al. [21] recommend method.
The fatty acid composition was subsequently determined and identified
using GC-MS (as in Sections 2.4 and 2.5).

2.3. Transesterification of S. marianum biodiesel

30 g of the oil (extracted) with a varied molar ratio (4:1-12:1) of
alcohol (methanol or ethanol) to oil and KOH in various amounts
(0.25%, 0.5%, 1.0%, 1.5%, 2.0% w/w) with reference to the weight of
the oil was refluxed together in a 250 mL three-neck reaction flask
equipped with a condenser and magnetic stirrer (600 rpm) or an ultra-
sound processor (KQ-250B, Q/320583GSFY008-2006, 250W) of 40 kHz
at different temperatures (30-80 °C) and time (5-70 min). After the
completion of each reaction, alcohol was removed with rotary evapora-
tor. Each mixture was then transferred to a separatory funnel and
allowed to stand for phase separation. The upper layers comprised
alkyl esters and the lower layer was made of slight glycerol. After the
phase separation, the biodiesel were washed with water for three
times before drying and analyzing.

2.4. Analyses of biodiesel yields

The analyses of the biodiesel samples were carried out by 7890A
gas chromatograph (Agilent Technology Inc. USA), equipped with a
flame-ionization detector (FID) and a HP-5 capillary column (30 m x
0.32 mm x 0.25 um). Helium was used as the carrier gas. The oven
temperature ramp program was held at 160 °C for 1 min, increased to
210 °C at 20 °C/min for 2 min, then increased from 210 °C to 213 °C at
0.3 °C/min for 3 min, and finally increased from 213 °C to 250 °C at
30 °C/min for 1 min. The flow rate of hydrogen was 40 mL/min and
that of air was 400 mL/min. The temperature of the injector and detec-
tor were 250 °C each with injection pressure of 100 kPa. The injection
was performed in split mode with a split ratio of 50:1. Specific analysis
of each sample was done by dissolving 1 mL of sample with 5 mL of
petroleum ether (30-60 °C) in the presence of tetradecane (an internal
standard) and 0.5 pL of the solution injected into GC. The yield of each
sample was then determined from the content of esters using the
following equation:

Wretradecane X AB X f tetradecane
X W

Biodiesel yield = x 100% (2)

tetradecane

where Weetradecane 1S the weight of the internal standard, Ag is the peak
area of alkyl esters, fietradecane 1S the response factor, Aietradecane 1S the
peak area of the internal standard, and wy is the weight of the sample.
All data in this study are presented as mean (values) of triplicate of
experimental and GC determinations.

2.5. Identification of the ester content

The contents of esters were identified by GC-MS. This was done
using Agilent HP-6890 gas chromatograph (Agilent Technologies, Palo
Alto, CA, USA) with a HP-5MS 5% phenylmethylsiloxane capillary
column (30 m x 0.25 mm i.d., film thickness 0.25 um; Restek, Bellefonte,
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PA). Helium was used as the carrier gas at the flow rate of 1.0 mL/min.
Each sample (1 pL) of methyl and ethyl esters was injected into the
column at a split ratio of 50:1. The oven temperature ramp program
was carried out using the same method as GC (Section 2.4). The identi-
fication of fatty acid alkyl esters was performed by comparing the
obtained mass spectra with NISTO5.LIB and NISTO5s.LIB (National
Institute of Standards and Technology) library data using AMDIS-
Chromatogram (GC-MS system) software.

2.6. Kinetics model of transesterification of S. marianum oil

Using the stoichiometric relationship of the reactants and the
products (Eq. (1)), the general equation of reaction rate is presented
below [22]:

— % =kl 3)
where the consumption of triglycerides (T) per unit time (t) is reaction
rate constant (k), concentrations of triglycerides (Cr) and alcohol (A)
after time interval (t). The reaction order of triglycerides is o, while
that of alcohol is 3. The concentration changes of reactants are conse-
quently, described below:

Cr=Cr(1-X) @

Ca = Cro(04=3X) ©)
C

o= ©)

where Cr, and Cy, are initial concentrations of triglycerides and alcohol
respectively, 0 is the ratio of C4, to Cr,, and X is the conversion of triglyc-
erides to esters. In this study, some assumptions for the determination
of the reaction kinetics were made: (i) because of the low acid value
of the oil (Table 1), saponification reaction was insignificant and the
reactions were carried out at optimal reaction temperature with
minimal yield losses, (ii) the reaction was the rate-limiting step (RLS),
(iii) transesterification of the oils is assumed as a three-single-step reac-
tion and (iv) the real reaction order did not change with the excess
amount of methanol. With these assumptions, Eq. (3) could be simplified
as follows:

dX _
T KCSP T (1=X)%(6,—3X)". (7)
Table 1
Physico-chemical properties of crude Silybum marianum oil.
Property Method Crude Silybum
marianum oil
Fatty acid composition® (%) AOAC (2005),
(i) (€C16:0) palmitic acid 963.22, 969.33 15.04
(ii) (C18:0) stearic acid 2.78
(iii) (C18:1) oleic acid 8.79
(iv) (C18:2) LINOLEIC acid 65.68
(v) (€C20:0) arachidic acid 5.93
Density (kg/m?) at 15 °C ASTMD4052-96 9214
Saponification no. 191.54
Kinematic viscosity at 40 °C, mm?/s ASTMD 445-06 375
Average molecular weight (g) 8879
Water content (%) w/w AOAC 984.20-90 0.089
Free fatty acid content (%) w/w AOAC 940.28 0.68

@ Other fatty acids (palmitoleic, 10-nonadecenoic, myristic, nonadecanoic, heneicosanoic,
and heptadecanoic acid) were present in amounts of <1%.

Definite integrals of Eq. (7) were calculated from a conversion of X = 0 to
a conversion of X = X in the time span of t = 0 to t = t. Using Eq. (7), two
cases were however, applied for pseudo-first order (Eq. (8)) and second
order (Eq. (9)) for rate constant (k) determination [22,23].

casel : (a¢=1,4=0)

In {ﬁ} —kt 8)
case2 : (a=2,5=0)

X
2=kt 9

3. Results and discussion
3.1. Extraction of oil

The S. marianum oil extracted was a yellowish liquid. The amount
of the oil from the seeds was determined to be 46%. This value was
comparable to Li et al. [21] findings. The physico-chemical and fatty
acid composition of the oil is presented in Table 1. Given that the free
fatty acid and water content of the oil were 0.68(%) w/w and 0.089
(%) w/w respectively (figures below 1.0%), alkaline transesterification
(KOH) was chosen for the study. This is because high free fatty acid
and water content in oils are known to produce large amounts of soap
lowering the yields of esters and making the separation of ester and
glycerol difficult [24]. The FFA and water content in this study correlated
with Nakpong and Wootthikanokkhan [25] for crude roselle oil (FFA
0.67% w/w, water 0.087% w/w) which indicate saponification reaction
to be less in the process [24]. The fatty acid composition of the oil is
also an important key factor for biodiesel in diesel engines [26]. Saturated
fatty acid esters are known to have higher cetane numbers and oxidation
stability but poor cold flow properties [27]. The crude S. marianum oil
contains high proportion of unsaturated fatty acids primarily, linoleic
acid (65.68%) and a lower amount of saturated ones, typically palmitic
(15.04%) and arachidic acid (5.93%) (Table 1).

3.2. Comparison and trend of transesterification reaction conditions on
yields of conventional stirring (600 rpm) and ultrasonication (40 kHz)

3.2.1. Effect of alcohol to oil molar ratio

Transesterification reaction consists of a sequence of three consecu-
tive reversible reactions where triglyceride is successively converted to
diglyceride, monoglyceride, and to fatty acid alkyl esters (FAAE) and
glycerin. The molar ratio of alcohol to S. marianum oil can be one of
the important factors that can affect the conversion to esters. Stoichio-
metrically, 3 mol of alcohol is required for each mole of triglyceride,
but practically, higher molar ratio is employed to drive the reaction
towards completion for higher yields. The yields of alkyl esters of
conventional stirring and ultrasonication with varying alcohol to oil
molar ratio (temperature 60 °C, time 50 min-conventional stirring,
15 min-ultrasonication, catalyst amount 1%) are indicated in Fig. 1a.
As shown in Fig. (1a), the biodiesel yields for the two methods with
the two alcohols increased as the alcohol to oil molar ratio increased.
The yields increased from 71.26% to 82.35% and 73.85% to 82.46% for
conventional stirring and ultrasonication with methanol respectively,
with the increase in molar ratio from 4:1 to 8:1. The maximum yield
of methyl esters (82.35%-conventional and 82.46%-ultrasonication)
were obtained at the molar ratio of 8:1. Similar trend was observed
for ethanolysis of the two methods but with low yields. Specifically,
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Fig. 1. a. Effect of alcohol to oil molar ratio on FAAE yields of conventional stirring
(600 rpm) and ultrasonication (40 kHz). Conventional stirring (600 rpm): reaction
temperature 60 °C, reaction time 50 min, catalyst amount 1%. Ultrasonication (40 kHz):
reaction temperature 60 °C, reaction time 15 min, catalyst amount 1%. The standard
error range is +0.02-1.57. The figure shows the change in biodiesel yields with increase
inalcohol to oil molar ratio. b. Effect of catalyst amount on FAAE yields of conventional stir-
ring (600 rpm) and ultrasonication (40 kHz). Conventional stirring (600 rpm): reaction
temperature 60 °C, reaction time 50 min, alcohol to oil molar ratio 8:1. Ultrasonication
(40 kHz): reaction temperature 60 °C, reaction time 15 min, alcohol to oil molar ratio
8:1. The standard error range is #+0.05-0.65. This figure shows the trend of biodiesel
yield with increase in catalyst amount from 0.25 to 2.0% w/w.

the yields of ethyl esters increased from 66.82% to 73.89% and 69.84% to
77.59% for conventional and ultrasonication respectively, when the
molar ratio of ethanol to oil was increased from 4:1 to 8:1. In general,
higher yields were obtained at 8:1 molar ratio. Beyond this, the exces-
sively added alcohol had no positive effect on the production yields.
Practically, reaction occurred at ratio of 4:1, but higher ratio was
required to obtain higher yields. Though, ratios of 10:1 and 12:1 also
provided relatively higher yields (close to 8:1), these molar ratios
should be avoided for cost minimization purposes. Observations in
this study agree with Meher et al. [28]. It could be deduced from the
study that to increase the yield of S. marianum biodiesel, the excess
amount of alcohol (above stoichiometrical requirement of 3:1) needed
was 5:1 to increase the ester yields to maximum and beyond this limit
(maximum yield), the excess alcohol slightly decreased the yields and
this could be due to the dilution of the oil with the alcohol. Molar ratio
of 8:1 was selected as the optimum.

3.2.2. Effect of catalyst amount
Fig. 1b indicates the influence of catalyst amount. Generally, when
catalyst amount is less, maximum yield cannot be reached. However,

excessive catalyst amount can also result in saponification reaction.
The influence of the catalyst amounts was studied at 50 min for conven-
tional stirring, 15 min for ultrasonication, 8:1 alcohol to oil molar ratio
and 60 °C of temperature. The catalyst amount was varied in the range
of 0.25%-2.0%. These percentages were weight fractions of the oil used
for the study. When the catalyst amount was increased from 0.25% to
1.5%, the yields also increased (for the two methods) with the two alco-
hols accordingly. However, further increase in the catalyst amount (be-
yond 1.5%) slightly lowered the yields. According to Meher et al. [28]
and Encinar et al. [29], high concentrations of alkaline catalyst form
soaps in the presence of high free fatty acids which results in
emulsion formation between soaps and water molecules that leads to
low yields. In this study, this phenomenon slightly occurred at 2.0%
catalyst amount; probably due to the fact that the S. marianum seed
oil used was crude with little FFA amount (0.68%). Ataya et al. [23]
also observed an increase in triglyceride conversion with increase in
NaOH concentration between 1.0 and 3.0% w/w, but beyond 3.0%, the
yield decreased (using canola oil). The maximum yields in this study
(i.e. 91.15%-conventional and 91.71-ultrasonication) are slightly higher
than those reported by Freedman et al. [31] for sunflower seed oil
(i.e. 90%) after 60 min of reaction time using molar ratio of 6:1 and
0.5% of sodium methoxide as catalyst and yields (80%) of Ahmad et al.
[15] using similar oil within 75 min at 60 °C of 5:1 methanol to oil
ratio but lower than yields (99.4%) of Nakpong and Wootthikanokkhan
[25] for roselle biodiesel after 60 min at 8:1 methanol to oil molar
ratio, 1.5% catalyst amount and 60 °C temperature. For the ethanolysis,
the maximum yields were 81.59% for conventional stirring and
83.40% for ultrasonication. The study indicated that the yields of
esters isolated with ultrasonication were slightly higher than those
with conventional stirring, probably due to better mixing using ultra-
sonication [11]. The catalyst amount of 1.5% was selected as the
optimum.

3.2.3. Effect of reaction temperature

The influence of temperature on yields of the two methods with the
two alcohols was studied at varying temperatures (30 to 80 °C) at 50
min for conventional stirring, 15 min for ultrasonication, 8:1 alcohol to
oil molar ratio and 1.5% catalyst amount. As shown in Fig. 2a, the
increase in temperature from 30 °C to 60 °Cresulted in increase in yields
of methyl esters to the optimum at 60 °C (91.15%-conventional stirring
and 91.71%-ultrasonication). For ethyl esters, the optimum yields
(84.53% and 85.64% for conventional and ultrasonication, respectively)
were obtained at 80 °C, indicating relatively high temperature require-
ment for alcoholyses [3,4]. Ideally, a more rapid reaction could be ob-
tained at high temperatures [30]. However, in this study, at the higher
temperature/s (beyond 60 °C-methanolysis), methanol vaporized and
formed bubbles, which might inhibit the reaction on the interface.
These findings agree with the results of other studies [28,29,31]. It was
noted that reaction occurred at room temperature (30 °C); but could
not be completed even after 50 min. This phenomenon could be attribut-
ed to the high viscosity of the oil at low temperature, resulting in poor
mixing between the oil and potassium hydroxide-alcohol phases [32].
The findings of this study however, differ from those of Stavarache
etal. [33] who reported that conversion of vegetable oil to methyl esters
was highest (i.e. 95% after 10 min at room temperature using
ultrasonication (28 kHz) and 91% after 10 min using mechanical stirring
(1800 rpm) for 1.0% (w/w) KOH. But in line with the study (for
ethanolysis) is the one by Lifka and Ondruschka [34] who reported
the effect of ultrasonication versus mechanical stirring on alkaline
transesterification of rapeseed oil at a temperature of 45 °C. A conver-
sion of 80-85% was obtained for both ultrasonication and mechanical
stirring after 30 min. The results of methanolysis agree with Siatis
et al. [35]. The optimum reaction temperature of 60 °C for methanolysis
and 80 °C for ethanolysis was selected in combination with other condi-
tions to determine the optimum time.
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Fig. 2. a. Effect of reaction temperature on FAAE yields of conventional stirring (600 rpm)
and ultrasonication (40 kHz). Conventional stirring (600 rpm): catalyst amount 1.5%,
reaction time 50 min, alcohol to oil molar ratio 8:1. Ultrasonication (40 kHz): catalyst
amount 1.5%, reaction time 15 min, alcohol to oil molar ratio 8:1. The standard error
range is 4-0.04-0.60. The figure indicates that reaction temperature has significant influ-
ence on biodiesel yield using both conventional stirring and ultrasonication. b. Effect of
reaction time on FAAE yields of conventional stirring (600 rpm) and ultrasonication
(40 kHz). Conventional stirring (600 rpm): catalyst amount 1.5%, reaction temperature
60 °C, alcohol to oil molar ratio 8:1. Ultrasonication (40 kHz): catalyst amount 1.5%,
reaction temperature 80 °C, alcohol to oil molar ratio 8:1. The standard error range is
+0.03-0.81. The figure indicates the reaction time as a function of biodiesel yield using
both conventional stirring and ultrasonication with methanol and ethanol for each.

3.2.4. Effect of reaction time

The dependence of biodiesel yield on the reaction time of the two
methods with the alcohols was investigated. The reaction time was
varied in the range of 5-70 min. Fig. 2b reveals that the transester-
ification reaction was much dependent on the reaction time. At the
beginning (<10 min), the reaction was slow for methanolysis of
conventional stirring due to mixing and the dispersion of methanol
onto the oil. For ultrasonication, within 20-30 min, the maximum yields
(95.75%-methanol and 92.32%-ethanol) were achieved. The excess
reaction time (after optimum) resulted in little reduction in the product
yields due to backward reaction, resulting in slight loss of esters [36].
The optimum reaction time was 60 and 70 min for conventional stirring
with methanol and ethanol respectively, and 20 and 30 min for
ultrasonication with methanol and ethanol respectively.

Comparing the results of Figs. 1a-2b, it can be observed that the
general yields of ethyl esters were lower than the corresponding yields
of methyl esters using the two methods. This could possibly be due to
the increase in miscibility between ethanol, esters and glycerine
which led to difficulty in separation and purification of the ethyl esters
from the mixture [34]. The relatively high yields of methyl esters on

the other hand could possibly be due to the fact that methanol is
immiscible in hydrocarbons and easily to be separated in the presence
of less amount of water with low temperature [37]. On the basis of
this, methanol is seen to be more suitable for this study since it sped
up the reaction with substantial increase in yields [37]. The high yields
of ultrasonication with reduced time as compared to conventional
stirring could be assigned to the fact that ultrasonication increased the
interaction between the phases due to the collapse of cavitation bubbles
and the ultrasonic jet which consequently enhanced the reaction [11].
(Sample chromatograms of the optimum reaction conditions of the
maximum methyl and ethyl ester yields are shown in Fig. 3a and b
respectively.)

3.3. Kinetics model of transesterification of S. marianum oil

Kinetics model of transesterification of S. marianum oil was studied
using the theoretical equations developed (Eqs. (8) and (9)). The
equations were applied on yields of the effect of reaction time with
the optimum combination of the other parameters. Table 2 shows
the reaction rate constants (k) at 60 °C for methanolysis and 80 °C for
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Fig. 3. a. Chromatogram of Silybum marianum methyl esters: (a) petroleum ether (solvent);
(b) tetradecane (used as internal standard); (c) methyl palmitate; (d) methyl linoleate;
(e) methyl oleate; (f) methyl stearate and (g) methyl arachidoate. This indicates the fatty
acid methyl esters of Silybum marianum biodiesel evoluted at the optimum reaction condi-
tions. b. Chromatogram of Silybum marianum ethyl esters: (a) petroleum ether (solvent);
(b) tetradecane (used as internal standard); (c) ethyl palmitate; (d) ethyl linoleate;
(e) ethyl oleate; (f) ethyl stearate and (g) ethyl arachidoate. The figure shows the fatty
acid ethyl esters of Silybum marianum biodiesel evoluted at the optimum reaction
conditions.
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Table 2
Reaction rate constants (k) of conventional stirring (600 rpm) and ultrasonication
(40 kHz).

Method Reaction rate constant (k s~ ')
Methanol Ethanol

Mechanical stirring (600 rpm) 52x 1073 22x1073

Ultrasonication (40 kHz) 23x 1072 70 x 1073

Conventional stirring (600 rpm): catalyst amount 1.5%, reaction temperature 60 °C,
alcohol to oil molar ratio 8:1, reaction time 5-70 min. Ultrasonication (40 kHz): catalyst
amount 1.5%, reaction temperature 80 °C, alcohol to oil molar ratio 8:1, reaction time
5-70 min.

ethanolysis. For first order reaction, the plot of In [{1¢] = kt— (Eq. (8))
(where X is the conversion of triglycerides at time t) as a function of
time is linear with the slope equal to the reaction rate constant (k)
[23]. For the second order reaction, plot of %5 = kCrt (Eq. (9)) as a
function of time is a straight line [32]. Imputation of data in Fig. 2b to
the above two models indicated a slightly better fit (for a straight line)
for first order reaction than for second order reaction. R? values for the
first order reaction ranged between 0.9829 and 0.9271 (Fig. 4). For the
second order reaction, R? value was highest (0.9844) in ultrasonication
with ethanol and minimum (0.8857) in conventional stirring using
methanol (Fig. 5). On the basis of the findings, the reaction in this
study can be said to be rather of pseudo-first order than true first order.

The reaction rate constants (k) for the first order reaction (shown in
Table 2) values of ultrasonication with methanol (2.3 x 1072 s~ 1) and
ethanol (7.0 x 1073 s7 1) were 1.95 x 1072 s~ ' and 6.0 x 1073 s~!
times, respectively higher than those reported in literature by
Georgogianni et al. [10] using NaOH at 2% ultrasonication (24 kHz) but
lower than the values of Dang et al. [38] conventional transesterification
of soybean and palm oils. The differences could possibly be due to the
type of oil, catalyst used and the reaction conditions. The slightly low
values of k (methanol) in this study compared to other previous studies
[32,38] might also be due to the high content of unsaturated fatty acids,
linoleic (65.68%) in S. marianum oil since soybean and palm oils [32,38]
have higher saturated fatty acids. Furthermore, fatty acids with high
unsaturated bonds are more prone to thermo-chemical damages than

70
@ Conv. St-r. (E-SOO rpm)-Methanol R2 = 0.9271
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Fig. 4. —In (1 — X) versus time of conventional stirring (600 rpm) and ultrasonication
(40 kHz) using methanol and ethanol (first order). The figure indicates model fit (straight
line) for first order reaction for transesterification of Silybum marianum oil using
ultrasonication (methanol and ethanol) and conventional stirring (methanol and ethanol)
with R! values in which the reaction rate constants (k) which were the slopes were
obtained.
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Fig. 5. 1/(1 — X) versus time of conventional stirring (600 rpm) and ultrasonication
(40 kHz) using methanol and ethanol (second order). This figure exhibits the second
order reaction, plot of {25 = kCr,t as a function of time indicating R? values of ultra-
sonication (methanol and ethanol) and conventional stirring (methanol and ethanol).

saturated fatty acids. That is, because of the high unsaturated fatty
acids in S. marianum oil, it will be less chemically and thermally stable.
Hence, transesterification reaction of S. marianum oil would require
relatively less rate of reaction to proceed as compared to those of soy-
bean and palm oil. The variations in k in this study with respect to the
method and alcohol indicate that the reaction rates (k) were influenced
by the method of stirring, the reaction time, temperature and the type of
alcohol. The rate constants of conventional stirring in the study were
slightly lower than those of the ultrasonication (Table 2).

3.4. Comparison of fuel properties of methanol and ethanol to PRC, ASTM
and European Union Standards

For any proposed biodiesel fuel to be acceptable for use in a diesel
engine, the essential quality parameters must undergo testing with
standard methods for the performance and emission characteristics of
diesel engines. By this S. marianum biodiesel produce at the optimum
reaction conditions using methanol and ethanol were tested for their
quality standards and the properties compared with those of PRC-GB/T
20828 (2007), European Union-EN 14214 (2008) and American ASTM
D 6751 (07b) standards (Table 3). The properties including cetane
numbers, kinematic viscosities, flash points, acid values, copper strip
corrosions and water content among others, for the methyl and ethyl
esters were comparable to the international standards. Clearly, the
alkali-catalyzed transesterification reduced the viscosity of the crude
S. marianum oil from 37.5 mm?/s to 4.46 mm?/s (methanolysis) and
4.73 mm?/s (ethanolysis), and these values were closer to that of diesel
(3.068 mm?/s). The pour point, cloud point and cold filter plugging point
of biodiesel reflect its cold weather performance [1]. The test results in
Table 3 indicate that the methyl and ethyl esters of S. marianum oil can
be used as fuels in relatively cold-weather conditions without much
problem. The flash points of the biodiesels (153 °C-methanol and
154 °C-ethanol) were however, higher than that of diesel (67.5 °C). By
blending the biodiesels with small amount of fossil diesel, the flash
points can be improved (closer to diesel) [2]. The tests also showed
that no traces of free glycerol were detected in the biodiesels. However,
low contents of total glycerol (<0.11% w/w-methanol and <0.13% w/w-
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Table 3

Comparison of methyl and ethyl esters of Silybum marianum oil to international standards.
Fuel property Method Silybum marianum biodiesel China 20828-07 ASTM D6751 EN 14214

Methanol Ethanol

Cetane number ASTM D6890 51 52 >49 >47 >51
Kinematic viscosity (mm?/s; 40 °C) ASTM D445 4.46 473 - 1.9-6.0 3.5-5.0
Oxidative stability 110 °C (h) EN 14112 2.1 2.1 - >3 >6
Cloud point (°C) GB/T510 -1 —2 - - -
Pour point (°C) GB/T3535 —1 —3 - - -
Cold filter plugging point (°C) GB/T 2540 —2 -3 - - -
Flash point (°C) ASTM D93 153 154 >130 >93 >120
Sulfur content (%, w/w) ASTM D4294 0.003 0.003 <0.05 <0.05 -
Ash content (%, w/w) GB/T508 0.007 0.009 <0.05 <0.02 <0.02
Acid value (KOH mg/g) ASTM D664-01 0.44 0.45 <0.8 <05 <05
Water content (mg/kg) ASTM D6304 451 454 <500 - <500
Density (20 °C) SH/T0248 863 868 820-900 - 860-900
Free glycerol (%, w/w) EN 14105 0 0 - - <0.020
Total glycerol (%, w/w) EN 14105 <0.11 <0.13 <0.024 - <0.25
lodine value g/100 EN 14111 132 133 - <120 <120
Group Il metals (Ca + Mg) ppm ASTM D5185-02 None None <5 - -
Group I metals (Na + K) ppm ASTM D5185-02 2.0 2.1 <5 - -
Alcohol content % w/w EN 14110 0.01 0.02 - - <0.2
FAAE content % w/w - 95.75 9232 - - >96.5
Triglyceride content % w/w EN 14105 0 0 - - <0.2
Diglyceride content % w/w EN 14105 0.017 0.019 - - <0.2
Monoglyceride content % w/w EN 14105 0.554 0.672 - - <038
Sulfated ash content % w/w ASTM D 874-00 0.006 0.006 - <0.020 -
Copper strip corrosion (50 °C; 3 h) ASTMD 130-94 1a la - <No. 3a <No. 1a

ethanol) were detected in the biodiesels. The properties of S. marianum Conflict of interest

biodiesel, along with the relatively high content of the esters especially,
methyl esters and 0% free glycerols and triglycerides, indicated the
completeness of the alkali-catalyzed transesterification of the crude oil
at the optimum conditions. With the exception of the oxidative stabili-
ties and iodine values which were out of range but can be improved
by using antioxidants and other commercial additives, the properties
of methyl and ethyl esters were comparable to international standards.

4. Conclusion

In this study, conventional stirring and ultrasonication transester-
ification using S. marianum oil with methanol and ethanol in the presence
of KOH was investigated. Ultrasonication in most instances resulted in
similar ester yields as conventional stirring. But slightly higher yields
with reduced time were recorded for ultrasonication. Given similar
conditions, ultrasonication proved to be substantially more efficient in
the triglycerides' conversion than conventional stirring. The optimum
conditions for transesterification with ultrasonication (methanol) was
methanol to oil molar ratio of 8:1, catalyst amount of 1.5% w/w, reaction
temperature of 60 °C, and 20 min of reaction time. For ethanol, the same
conditions apply, except increase in time and temperature to 30 min
and 80 °C respectively. The maximum yields with these conditions
were 95.75% for methanol and 92.32% for ethanol. The reaction rate
constants of ultrasonication were also slightly higher than conventional
stirring. Ultrasonication with methanol in this study proved more suit-
able for producing biodiesel from S. marianum oil. With the exception of
the oxidative stability (2.1 h) and iodine values (132-methyl and 133-
ethyl esters), which can easily be improved using commercial additives,
the remaining properties including cetane number, flash point and the
three key cold flow properties of methyl and ethyl esters were similar
and also comparable to the Chinese, ASTM and European Union stan-
dards. Considering the encouraging yields and the fuel properties as
comparable to international standards, complement with the abun-
dance of S. marianum oil at cultivation and silymarin industrial produc-
tion as by-product, the oil could be recommended as a new non-edible
feedstock for biodiesel in China and other Asian countries in which it is
grown particularly, Iraq.
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