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Low molecular weight-methyl ester (LMW-ME), which was
reported in our previous study [1], was generated by the use
of biodiesel fuel (BDF) with a diesel power generator. In this
article, the detailed chemical kinetics for the thermal decom-
position of LMW-MEs was investigated at atmospheric pres-
sure and a temperature range of 773 to 973 K. Six
standards of LMW-MEs were used for thermal decomposition
in a continuous flow reactor. The kinetic data, such as reac-
tion orders, activation energies, and rate constants, were
then calculated. The reaction orders and activation energies
of the thermal decomposition reactions of C4, C5, C6, C7, C8,

and C9 were 1.13, 0.96, 1.17, 0.80, 0.99, 0.84, and 312.04,
117.37, 87.29, 62.94, 74.80, 75.79 kJ mol21, respectively.
The decomposition of LMW-MEs with higher carbon numbers
was faster than those with smaller carbon numbers, except
for C8. The C4 methyl ester was stable and abundant in the
product of the decomposition as well as in the exhausted gas
from the engine combustion using BDF. This kinetic data
will be applied to modeling study on BDF decomposition and
engine technologies to mitigate toxic emissions from BDF
combustion. VC 2016 American Institute of Chemical Engineers

Environ Prog, 00: 000–000, 2016
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INTRODUCTION

Biodiesel fuels (BDFs) are derived by transesterification
from a variety of bioresources, such as animal fats, catfish
oil, vegetable oils, waste cooking oil, and some types of
seed oils (rape, palm, Jatropha curcas, rubber, Pongamia
pinnata, etc.). BDFs are complex mixtures composed mainly
of five saturated and unsaturated methyl esters: methyl pal-
mitate (C17H34O2), methyl stearate (C19H36O2), methyl oleate
(C19H34O2), methyl linoleate (C19H32O2), and methyl linolen-
ate (C19H30O2).

BDF is a well-known renewable alternative for conven-
tional diesel fuel and can be used without any specific modifi-

cation of diesel engines. Emissions from biodiesel utilization
have been interested and characterized. It was determined
that the combustion of BDF from diesel engines resulted in
lower emission of particulate matter (PM), CO and unburned
hydrocarbons. However, BDF usage was also known to
increase NOx, carbonyl compounds [2,3], ozone [4,5], and
low-molecular weight methyl esters (LMW-MEs) with high
toxicity [1]. LMW-MEs have one carbon-carbon double bond
at the end of the alkyl chain CnH2n 2 2O2 (n 5 4 2 9). The
concentration of this LMW-ME group increases as the BDF
blend ratio increases. In BDF, some components have at
least one double bond at the C10 position, such as methyl
palmitoleate (C17H32O2), methyl oleate (C19H36O2), methyl
linoleate (C19H34O2), and methyl linolenate (C19H32O2).
Under thermal cracking, cleavage will preferentially occur
at the bonds adjacent to the double bond; thus, the C9 and
C11 positions will be cleaved first. A carbon chain with a
methyl ester radical will be produced by the smaller carbon
number methyl ester, which starts at C9 [1]. The structures
and physical properties of LMW-MEs are shown in Table 1
[6]. The carbon chain without the methyl ester radical will
be produced alkanes and alkenes. C4 and C5 in biodiesel
fuel exhausted gas (BFEG) were also detected in the study
by Ratcliff et al. (2010) [7]. Their results show that the peak
area of C4 was higher than that of C5. These results are con-
sistent with the results of our previous study; however,
Ratcliff et al. did not provide a detailed explanation or
report their concentrations. C4 through C10 have been
observed in the thermal decomposition of methyl dec-
anoate (C11H22O2) [8], whereas C4 through C7 have been
detected in the oxidation of methyl decanoate, which has
been proposed as a possible BDF surrogate [9]. Pedersen
et al. [10] conducted the oxidation of rapeseed BDF at 823 K
and observed LMW-MEs, such as C4, C5, C7, and C8, of which
C4 was a significant product.

Numerous kinetic studies of BDFs, including oxidations
of BDF blend surrogates [8,9,11], small methyl esters [12],
soybean and rapeseed BDF [13], and thermal decomposi-
tions of soybean BDF [14] and methyl decanoate [8,15],
have been conducted either experimentally or theoretically
by using computational modeling. To investigate these
kinetic studies, the following laboratory experimental

Additional Supporting Information may be found in the online
version of this article.
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systems were used; (1) A jet-stirred reactor, which is a type
of ideal continuously stirred tank reactor, is mainly used to
study the oxidation and pyrolysis of hydrocarbons and
oxygenated fuels [16]. This method was applied in the
kinetic studies of BDF [13,17–19]; (2) a flow reactor
method was applied to investigate the detailed chemical
kinetics of thermal cracking [20,21]; (3) finally, a shock
tube method was used to study pyrolysis and oxidation
[22–24]. In order to calculate the kinetics studies of methyl
esters, thermogravimetric analysis (TGA) is commonly
applied, which is based on weight loss data at different
heating rates [25–27].

As described in our previous study, LMW-MEs which were
generated from power engine combustion using waste cook-
ing oil BDF were toxic compounds. In order to understand
the hazardous compound emission as LMW-ME, we should
identify the kinetic and mechanism of LMW-ME formation
resulting from thermal cracking processes. However, the
studies of the kinetics and mechanisms of the LMW-MEs are
not available. This study presents experimental results of the

thermal decomposition of LMW-MEs. The weight loss of
LMW-MEs could be observed and the rate constants, reaction
orders and activation energies were then calculated from the
experimental data.

EXPERIMENT AND METHODOLOGY

Continuous Flow Reactor System
The method of continuous flow reactor systems has been

described in several studies [20,28,29], and the thermal decom-
positions were performed in an isothermal flow quartz reactor
at atmospheric pressure. Figure 1 shows the schematic dia-
gram of the experimental system. The quartz tube had an inner
diameter of 2.5 cm and a tubular reactor of 35 cm. Both sides
of the quartz tube were sealed by silicon rubber caps. The
tubular reactor corresponding to a volume of 171.8 cm3 was
placed in a tube in an electric furnace (purchased from As One
Co., Ltd., model TMF-300N). The middle portion of the quartz
tube was heated in the furnace; therefore, to disperse the tem-
perature around the quartz reaction tube, copper foil was used
to wrap the outside of the quartz reaction tube. The tempera-
ture distribution of the tube under each reaction temperature
was measured by a thermometer (TM-947SD, LT Lutron Co.
Ltd.) and the results are shown in Figure 2. The maximum tem-
perature was found in the middle of the tube. Ambient air was
treated with silica gel and activated carbon, and then divided
into two lines. The first line passed through a reactant solution,
which was placed in a glass vaporizer to generate a reactant
gas. The concentration of the reactant gas depended on the
flow rate and temperature of the thermostat. Table 2 shows
the experimental conditions and the concentration of each
reactant. The initial concentration of each LMW-ME was deter-
mined by the same flow rate without heating. These concen-
trations did not change in all experiments for the individual
LMW-ME. The second line in Figure 1 was a dilution gas which
was introduced directly into the quartz tube reactor. The resi-
dence time in the tubular reactor was altered by changing the
flow rate of this line. Every flow stream was controlled by a
mass flow controller which was calibrated by a soap bubble
flow meter. After thermal decomposition, sample gas was
passed through a stainless steel coil to decrease the tempera-
ture before introducing to an absorbent (Carbopack B). The
absorbent was then eluted by 1 cm3 of CS2 for 1 h. Finally,
1 mm3 of eluent was injected into a gas chromatograph-mass

Table 1. Structures and physical properties of the LMW-ME group.

Structure Name Formula
Molar weight

(g mol21)
Boiling

point (K)
Vapor pressure

at 298 K

Methyl 2-propenoate
(Methyl acrylate)

C4H6O2 (C2H3COOCH3) 86 353 65

Methyl 3-butenoate C5H8O2 (C3H5COOCH3) 100 363 57.29

Methyl 4-pentenoate C6H10O2 (C4H7COOCH3) 114 398-400 44

Methyl 5-hexenoate C7H12O2 (C5H9COOCH3) 128 430 4.62

Methyl 6-heptenoate C8H14O2 (C6H11COOCH3) 142 439.9 1.75

Methyl 7-octenoate C9H16O2 (C7H13COOCH3) 156 462.2 0.58

Figure 1. Schematic of the continuous flow reactor system.
1� Mass flow controller (MFC) to control reactant flow into
the reaction tube. 2� MFC to control clean air into the reac-
tion tube for dilution and changing residence time. 3� Ther-
mostat solution is kept at constant temperature. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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spectrometer (GC-MS, Agilent 5975) to analyze the LMW-ME
species. Further information on LMW-ME detection and re-
used absorbent were described in the Supporting Information
of our previous work [1].

Reagents
LMW-ME standard solutions, C4, C5, C6, and C8, were pur-

chased from Sigma-Aldrich. C7 was purchased from Tokyo
Chemical Industry Co., Ltd. A reagent-grade CS2 solvent was
purchased from Wako Co., Ltd. C9 was synthesized by the
method described by Yun et al. [30]. Briefly, a solution of octe-
noic acid (1 cm3) in methanol (24 cm3) was added to sulfuric
acid (0.3 cm3, 5.7 mmol) at room temperature, and the mixture
was refluxed for 24 h by Soxhlet extraction. The mixture was
then concentrated using an evaporator, and the residual solution

Table 2. Temperature, flow rate, and corresponding concen-
tration of each LMW-ME.

Compound
Temperature

(K)
Reactant flow
(mL min21)

Generated
reactants rate

(mg min21)

C4 253 5 157.18
C5 258 5 4.93
C6 268 10 2.04
C7 278 50 3.88
C8 285 50 4.85
C9 293 50 6.74

Figure 2. Temperature profile of the tubular reactor in the
flow reactor system. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Percentage of residual reactants during the time of thermal decomposition. The percentage of weight loss expressed
as the residual reactant in % compared with initial concentration. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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(approximate 1 cm3) was dissolved in ethyl ether (5 cm3). The
solution was washed with saturated aqueous NaHCO3 solution
(3 cm3 3 three times), and the remaining water was removed
by activated Na2SO4. The solution was concentrated by an N2

stream to vaporize ethyl ether and methanol. Finally, the solu-
tion of methyl-7-octenoate was produced in 95% yield.

RESULTS AND DISCUSSIONS

Determination of Reaction Orders, Rate Constants,

and Activation Energies
The continuous flow reactor method was applied in this

study because LMW-ME groups are easy to vaporize at room

Figure 4. An example for the determination of the reaction order of C7 decomposition. The reaction order is detected when
R2 reached a maximum (R2 value was determined by plotting the concentration of the residual reactant versus the residence
time). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 3. Kinetic data of LMW-ME thermal decomposition.

LMW-ME N
Reaction

order (n 6 SD)
Ea 6 SD

(kJ/mole) lnA 6 SD

C4 5 1.13 6 0.47 312.04 6 47.60 42.64 6 6.77
C5 5 0.96 6 0.24 117.37 6 15.13 16.32 6 2.15
C6 5 1.17 6 0.31 87.29 6 23.69 12.08 6 3.37
C7 5 0.80 6 0.13 62.94 6 12.55 9.53 6 1.78
C8 5 0.99 6 0.18 74.80 6 10.09 10.88 6 1.44
C9 4 0.84 6 0.21 75.79 6 11.92 11.77 6 1.74

SD, standard deviation; N, number of data.
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temperature and atmospheric pressure. The temperature
ranged from 773 to 973 K in this kinetic study. Archambault
and Billaud [31] also studied the pyrolysis of rapeseed oil
BDF in the same temperature range using a flow reactor
method. This temperature range is suitable because of the
incomplete thermal decomposition of LMW-MEs. Under each
temperature condition, the residence times were varied by
changing the flow rate of the dilution gas. The reactants,
dilution flow, total flow rate, and residence time of the
decomposition are shown in Table S1 of the Supporting
Information. The initial concentrations of individual LMW-
MEs were also different at different residence times because
of the changing flow rate in the tubular reactor. The initial
concentration of individual LMW-ME depending on total
flow is shown in Table S2 of the Supporting Information.
Figure 3 shows that the concentrations of the reactants were
decreased by thermal decomposition, depending on the tem-
perature and residence time. The weight loss concentrations
were expressed in % for consistency and ease of compari-
son, thus each value was normalized to its initial concentra-
tion. Basically, the higher carbon number methyl esters
decomposed faster than the lower carbon number methyl
esters. That means the decomposition reaction preferentially

occurred with the long chain methyl esters. Thus, C9 was
quickly cleaved even at 723 K within 0.29 min and decom-
posed completely at 973 K with a residence time of 2.91 min.

The reaction orders cannot be determined from Figure 3,
except in the case where n equals 1. Because the initial con-
centration for each residence time was different, the reaction
order was determined by fitting the n value from 0.1 to 2 in
Eq. (1). The left side of Eq. (1) was calculated from the initial
concentration, the concentration at each residence time, and
each n value. Then, by plotting the left side of Eq. (1) versus
the residence time (t), the reaction order was determined
from the graph with the highest R2 value, where the slope of
this graph was equal to the rate constant (k). Finally, the activa-
tion energy, Ea, was determined by the Arrhenius equation.

1

n21ð Þ C½ �n21 2
1

n21ð Þ C0½ �n21 5 kt (1)

where t is the residence time, k is the rate constant, n is
the reaction order, C is the concentration at (t), and C0 is the
initial concentration.

An example of reaction order determination for C7 is shown
in Figure 4. The reaction order was calculated from the average
of reaction orders at five different temperatures at the highest
R2 value. Table 3 shows the reaction order of each studied
LMW-ME and its standard deviation. Using the obtained reac-
tion orders, rate constants (k) were determined from Eq. (1).
Based on the dependence of k with temperature, the activation
energies (Ea) were obtained by plotting lnk versus 1/T as
shown in Figure 5. The rate constant of C9 at 973 K was not
determined because C9 was completely decomposed at this
temperature. The temperature dependence of the rate constant
of C4 was significant, and the rate constants of C4 to C9 gradu-
ally increased with increasing carbon number.

The standard deviations of the slopes of the regression
lines and the pre-exponential factors were also calculated.
Table 3 summarizes the obtained kinetic data, including
reaction order (n 6 SD), activation energy (Ea 6 SD), and
pre-exponential factor (lnA 6 SD) for each LMW-ME. The
reaction orders are not integer, which indicate that the
decomposition of LMW-ME is complex not only involved the
thermal reaction but also free radical reactions. The decom-
position kinetic of soybean BDF using TGA in one-stage
pyrolysis was reported by Chien et al. [32]. The activation

Figure 5. Arrhenius plots. The rate constant of C4 was
extremely large and gradually decreased with increasing car-
bon number. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 6. Correlation between LMW-ME decomposition rate
and temperature. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 7. Concentration of individual LW-MEs in the
exhausted gas from an engine power generator using BDF.
Experimental conditions: 0% load (idling mode) and varia-
tion of blended fuel ratio from B0 (0% BDF in volume) to
B100 (100% BDF in volume). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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energy and reaction order of the pyrolysis of BDF sample
were 67.75 kJ mol21 and 0.52, respectively. In addition,
kinetic study of sunflower oil and its biodiesel were investi-
gated. The activation energy was 50 to 75 kJ mol21 and 170
to 210 kJ mol21 for biodiesel and sunflower oil, respectively.
With various kinetic calculation methods and fuels, the reac-
tion order was ranged from 0.69 to 1.89 [33]. Their data are
consistent with our result.

The Ea of C4 was extremely high. Ea decreased with
increasing carbon number but increased above C8. These
values may be important in further simulation studies, BDF
productions and diesel engine technologies to mitigate LMW-
ME emissions during biodiesel usage. Using kinetic data, the
temperature-dependent decomposition rate of each LMW-ME
was calculated and shown in Figure 6. Assuming the same
initial concentrations, Figure 6 indicates that the decomposi-
tion of large carbon number methyl esters was faster than
that of small carbon number methyl esters in the temperature
range of 400 to 900 K, with the exception of C8. The greater
concentration of C8 compared with C7 and C9 was due to the

lower decomposition rate of C8 compared with those of C7 and
C9 (Figure 6). The kinetic data are consistent with previous
study, where Figure 7 shows the LMW-MEs in the exhausted
gas from an engine power generator using the waste cooking
oil—BDF [1]. Based on the kinetic data, that explain why the
concentration of C8 in exhaust gas was higher than that of C7

and C9. The decomposition of C4 was much slower than those
of other MEs; therefore, C4 was a dominant product among
LMW-MEs. However, this phenomenon may be different at
higher temperature because the decomposition of C4 would
be faster if the temperature reached above 1000 K. The study
of the thermal decomposition of LMW-MEs at higher tempera-
tures and shorter residence times is needed to confirm this
speculation in future works.

Products of Thermal Decomposition
In the thermal decomposition of LMW-MEs, high carbon

number methyl esters were cleaved into lower carbon number
methyl esters. To verify the pathways of LMW-ME decomposi-
tion, LMW-MEs generated from the thermal decomposition of

Figure 8. Decomposition of C9 and its product formation. The left vertical-axis is the concentration of products and the right
vertical-axis is the concentration of C9. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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each LMW-ME were determined. C9 has the highest carbon
number in the LMW-ME group. Therefore, the decomposition
of individual C9 can be observed to hypothesize the products
formation. In order to investigate the reaction pathway we
need more experimental data and simulation, which will be
elucidated and discussed in future works. The residual reactant
and by-products from the decomposition of C9 are shown in
Figure 8 while those from the decomposition of C5 to C8 are
shows in Figures S1 to S4 in the Supporting Information,
respectively. The concentration of C4 indicated that it was an
abundant product in all experiments. At both high and low
temperatures, C4 was formed immediately at a residence time
of 0.29 min, before being gradually decomposed at 773 K and
completely decomposed at 973 K. The concentration of C8 was
slightly greater than those of C5, C6, and C7, but smaller than
that of C4. The time profile of the byproducts could not be
simulated by a simple decomposition mechanism of the high
carbon number methyl ester to the low carbon number methyl
ester. The thermal decomposition reactions are complex,
involving not only thermal reactions but also free radical reac-
tions. To solve this problem, more experiments are needed,
including many free radical reactions.

CONCLUSION

In this study, we successfully determined the detailed
chemical kinetics for the thermal decomposition of LMW-
MEs, which were generated by the engine combustion of
BDF. The kinetic data were obtained using a continuous
flow reactor system at atmospheric pressure. The significant
data presented herein, including reaction orders, rate con-
stants, and activation energies, can be widely used to predict
BDF combustion in engines. Moreover, LMW-MEs are haz-
ardous compounds that can severely affect human health
and the environment. Therefore, the results of this work will
be helpful in future diesel engine technologies to mitigate
toxic emissions from BDF combustion. Among the LMW-
MEs, the decomposition of higher carbon number esters was
faster than that of smaller carbon number esters, except for
C8. C4 was stable and abundant in the decomposition prod-
ucts and the rate constant increased with increasing tempera-
ture. The pathways and by-products of decomposition were
hypothesized; however, further simulation is needed to clar-
ify the mechanism of LMW-ME decomposition.
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