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A B S T R A C T

Esterification of oleic acid with ethanol was conducted under subcritical and supercritical conditions in a
packed-bed reactor containing γ-Al2O3. The presence of γ-Al2O3 significantly improved the reaction rate such
that the 42% yield achieved at 325 °C, 200 bar, and 1-min residence time without the alumina was increased to
98% at the same conditions when alumina was present. The catalytic capacity was attributed to Lewis acid sites
on the surface of alumina, and non Brønsted acid sites were detected. Experiments to study the kinetics were
executed at a pressure of 200 bar, elevated temperatures (200, 225, 275, 300, and 325 °C), and residence times of
half to 8minutes. Mass transfer limitations were estimated to be negligible via the Mears and Weisz-Prater
criteria. Kinetic analysis based on the one-step model demonstrates that the overall reaction was endothermic,
and an Eley-Rideal (ER) reaction mechanism was proposed to describe each elementary reaction step. The
stability of γ-Al2O3 on product conversion was tested via a 25 h operation under 325 °C, 200 bar, and 1min
residence time, and decrease of the conversion was not observed. However, results of the catalyst analytical
characterization shows a decrease of the acid site density and surface area, supporting the occurrence of catalyst
degradation. The addition of water slightly decreased the yield, while the pressure change from 200 to 100 bar
did not have an obvious effect on the conversion.

1. Introduction

Considerable amounts of wastewater is generated in biodiesel in-
dustry in order to remove the dissolved homogeneous catalysts from the
product [1,2]. Plus, the production cost of biodiesel is expensive, since
current industry uses refined oils including soybean, palm, and rape-
seed oil as the feed stocks considering that the homogeneous catalysts
are sensitive to the presence of free fatty acids and water which are
present in cheap low-quality oils [3]. These problems could be solved
via subcritical and supercritical reaction conditions (SC). The SC con-
ditions are created by increasing the reaction temperature and pressure
to values near or above the critical point of the alcohol. Under such
severe conditions, the properties of alcohol are changed such as density
of hydrogen bonding in alcohols significantly decreases, and alcohols
become nearly non-polar [4,5,6]. These changes contribute to the
mixing of alcohols and oils to have the reactions performed in a
homogeneous reaction phase which minimizes mass transfer resistance
and therefore significantly increases the reaction rate. The high reaction
temperatures also benefit the reaction rate. Due to the fast reaction rate
under SC conditions, it is possible to perform the reactions non-cata-
lytically, which eliminate the contamination problem as mentioned

above. Additionally, the SC method could be more economically com-
petitive compared to current industrial technology [7,8], since it can
directly use low-quality and low-cost oils and hydrous alcohols [9–11].

However, biodiesel fuel will be thermally decomposed when tem-
peratures exceed 350 °C [12,13], which further degrades fuel qualities
[14–16]. In order to complete the SC reactions at temperatures lower
than 350 °C in short reaction times to avoid decomposition reactions,
one can add catalysts into the SC reaction media. Some researchers
showed that a near complete yield was reached at 225 °C, 200 bar and
5minutes by adding trace amount of strong basic homogeneous cata-
lysts [17]. Stable heterogeneous (solid) catalysts are also expected to
provide a similar product yield under SC conditions.

Solid catalysts can be acidic or basic. The popular basic catalysts
include hydroxides, dolomites, hydrotalcites, mixed basic metal oxides,
loaded and supported alkaline elements and oxides, which are com-
monly used under conventional conditions in biodiesel synthesis. In
specific, CaO-based compounds including pure CaO [18] and loaded
CaO [19,20], and potassium-based compounds including loaded KF
[21], KI [22], and KOH [22] have drawn numerous attention due to
their high activity and wide availability. Other alkaline metal oxides
such as MgO [23], ZnO [24] and SrO [24] have also been studied by
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different researchers. Even though high product yields were reached by
applying these basic catalysts, serious leaching problems were found
and the active compounds were detected in biodiesel product with high
concentrations even at mild conditions. The acidic catalysts to synthe-
size biodiesel include acidic metal oxides [25], sulfated/ tungstated
metal oxides [26–30], sulfonic ion-exchange resin, heteropolyacids,
zeolites, and etc. Since the catalytic capacity of the acidic solids is lower
than solid bases, the reactions with the acids were executed under more
severe conditions. Similarly, most of the acidic solids were not stable
under the reaction conditions due to leaching and other issues, despite
high yields were achieved initially.

A literature review indicates that several synthesized compounds
were found to be relatively stable even at temperatures higher than
190 °C including Zr-SBA-15 [31], ZnAl2O4 [32], and ZnO–TiO2–Nd2O3/
ZrO2 [33]. Zr-SBA-15 (mixture of zirconia and mesoporous silica) was
tested by Melero et al. [31] in a packed-bed reactor at 210 °C, 70 bar,
and residence time of 30min for which the reaction yield reached 96%
with negligible catalyst leaching. Biodiesel yield of 70% was obtained
at 210 °C and 4 h reaction time in a batch reactor containing ZnAl2O4

reported by Pugnet et al. [32]. Zinc leaching was very low that no more
than 4 ppm by weight was detected in the ester phase after 6 h of
contact time. By conducting the reactions in a packed-bed reactor over
ZnO-TiO2-Nd2O3/ZrO2 at 200 °C and 69min residence time, 95% bio-
diesel yield was reported by Kim et al. [33], and the leaching of ZnO
was determined to be negligible by ICP analysis.

Some simple and largely available metal oxides such as titania,
zirconia and alumina have been commonly used as catalyst supports
due to their thermal and mechanical stability even at SC conditions.
However, they did not show any catalytic ability under conventional
conditions (T= 70 °C, ambient pressure) due to their weak acidic
properties. McNeff et al. [34] reported that under SC conditions, reac-
tions with alumina, zirconia, and titania, reached conversions over 90%
at 360 °C and 200 bar. However, the temperatures proposed were too
severe, which degraded biodiesel. Due to the very limited information,
the optimal SC conditions for biodiesel production over the simple
metal oxides are still unknown.

Generally speaking, information regarding synthesizing biodiesel
fuel under SC conditions with heterogeneous catalysts is very limited.
Besides, kinetics of the alcoholysis with heterogeneous catalysts under
SC conditions are rarely reported in the literature, although kinetic
studies for biodiesel production at conventional conditions with het-
erogeneous catalysts have received much attention over the past few
decades [35–44].

Accordingly, this study aims to (1) explore the possibility of con-
verting free fatty acids, which largely exist in waste cooking oils and
animal tallows, to biodiesel fuel under SC conditions at short residence
times over alumina powder, and (2) to study the kinetics for the cata-
lytic reaction systems, neither of which is well addressed in the litera-
ture. The reactions were performed in a packed-bed reactor containing
γ-Al2O3 under SC conditions (temperature from 200 to 325 °C, and
pressure from 100 to 200 bar). Oleic acid was employed to represent all
free fatty acids that could exist in cheap oils. Although methanol is
preferred in biodiesel industry considering its cheaper cost, in this study
ethanol was chosen as the alcohol instead of methanol, since ethanol
has a better solubility with oleic acid than methanol. The improved
solubility will benefit the mixing of reactants and minimize the mass
transfer resistance. The reactions of methanol-based biodiesel synthesis
should share the same mechanism of ethanol-based biodiesel due to the
similar chemical and physical properties of the two alcohols.

2. Experimental

2.1. Material

Anhydrous ethanol (200 proof, 100 vol%) was purchased from
Pharmco-Aaper. Oleic acid, GC analytical standards for oleic acid and

ethyl linoleate, white quartz (50+70mesh), n-methyl-n-(tri-
methylsilyl) trifluoroacetamide (MSTFA) (GC derivatization synthesis
grade), and pyridine were purchased from Sigma Aldrich. n-Heptane
(HPLC grade) was provided by Thermo Fisher Scientific. Deactivated
glass wool used in reactor packing was purchased from Restek
Corporation. Gases (ultrahigh purity grade) used in GC, FTIR, and TPD
analysis were supplied by Airgas. γ-Al2O3 was provided by Acros in
neutral form.

2.2. Catalyst characterization

The fresh catalyst were tested at 150 °C under vacuum for 10 h, and
it was found negligible mass change. This suggests high purity of the
catalyst, and the moisture and other deposit on the fresh catalyst was
negligible. Accordingly, no further treatment was applied, and the fresh
catalyst was directly used in the esterification reactions.

Powder XRD investigation was performed using a Bruker D8
Advance ECO powder diffractometer with Cu Kα radiation
(λ=0.154 nm) at 40 kV and 25mA with a step size of 0.02 in the 2θ
angle range of 15–70°.

Scanning electron microscope (JEOL) was utilized to physically
observe the morphology of the fresh and spent catalyst.

N2 adsorption-desorption isotherms were conducted by
Micromeritics ASAP 2020 (adsorption of N2 at 77 K). Prior to N2 dosing,
samples were degassed under vacuum (423 K, 8 h). Brunauer-Emmett-
Teller (BET) and t-plot analyses were used to determine total and mi-
cropore surface areas. Barrett-Joyner-Halenda (BJH) analysis of the
adsorption branch of N2 isotherms was used to determine pore size
distributions and average pore diameters. Pore volumes were calculated
from cumulative nitrogen uptake at a relative pressure of 0.99.

Density of Lewis acid sites was determined from temperature pro-
grammed desorption (TPD) of ammonia [45]. Typically, approximately
70mg of sample was inserted into a 1/2 inch quartz tube between two
quartz wool (Grace) end plugs and the whole tube was further placed in
an Omega furnace. The temperature of the furnace was regulated by a
process controller (Love, series 16 A) and monitored by a type K ther-
mocouple (Omega). All samples were calcined (4 h, 723 K, 3 K/min)
under air flow (50 scm3/min) before analysis. After cooling to 423 K,
samples were purged in dry He flow (100 scm3/min) for more than
90min. Catalysts were further dosed with ammonia (1% ammonia and
1% argon, Airgas) flow. After saturation of ammonia on the surface,
physically adsorbed ammonia was removed by applying a high He
flowrate (400 scm3/min) for at least 1 h. The furnace was then ramped
to 973 K (10 K/min) under He including 1% Ar serving as an internal
standard. Chemisorbed ammonia was removed after ramping. During
the whole process, a mass-selective residual gas detector (Stanford In-
struments RGA 100) was used to track MS signals of ammonia (m/
z=16) and Ar (m/z=40) in the effluent.

Brønsted acid sites to Lewis acid sites ratio was determined using
pyridine FTIR (Nicolet 6700 DTGS detector). 15–25mg of catalysts
were pressed into a 13mm pellet through a hydraulic press. The pellet
was loaded on an in-situ cell, designed and built in house. Samples were
calcined as the procedure described before. Subsequently, the cell was
cooled to 423 K, and purged under a flow of 60 scm3/min of He gas. The
He was purified by a liquid nitrogen trap followed by a moisture trap.
The pellet was then dosed with 4 torr of pyridine (Sigma Aldrich, 99%).
After the pellet was fully saturated, the cell was purged under a He flow
of 200 scm3/min at 423 K to remove physically adsorbed pyridine.
Spectra were collected at 423 K. and Brønsted to Lewis ratios were
determined by the ratio of the integrated IR bands at 1545 cm−1

(pyridimium ion) and 1455 cm−1 (pyridine) respectively, by applying
the appropriate molar extinction coefficients [46] However, the prime
quantities of interest in this study are Lewis site densities since no
Brønsted acid sites was detected. The operation procedures for FTIR
and TPD can be also found as described in prior publications, respec-
tively [47,48].
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2.3. Esterification reactions under SC conditions

Esterification reactions of oleic acid with ethanol (Tc= 241 °C,
Pc= 63 bar) were executed in a downflow tubular reactor (316SS, ID
4.57mm*25 cm). The γ-Al2O3 catalyst bed was held in place by two
deactivated quartz wool plugs. The quartz wool was determined to have
no activity, and it was widely used in reactor packing and TPD glass
column packing [49,50]. The tube upstream and downstream of the
catalyst bed was packed with white quartz to minimize dead volume.

Temperature (200–325 °C), pressure of 200 bar, and ethanol-to-oleic
acid molar ratio of 18:1 were employed to perform experiments for the
kinetics study. For temperature at 325 °C, pressures ranging from 100 to
200 bar were applied to investigate the pressure effect. The reaction
residence time ranged from half to ten minutes. During experiments,
oleic acid and ethanol were pressurized and transported using high
pressure syringe pumps (Teledyne ISCO 260 D), preheated by heating
tapes, mixed by passing through a mixing tee, and flowed into the re-
actor which was heated by an electrical furnace (Briskheat). The entire
experimental set-up for conducting the reactions was similar as em-
ployed in our previous study, except for the reactor, including high-
pressure syringe pumps, furnace, temperature controllers, thermo-
couples, back-pressure regulator, and data acquisition system [51]. The
experimental errors were determined within 5% by performing dupli-
cated runs, which demonstrates a stable reaction system. Collected
samples were washed with distilled water before GC analysis to remove
the dissolved ethanol.

Desired residence time was reached by precisely controlling pump
flow rates, and it was defined as

=
⋅

⋅ + ⋅

VB ε
FE FO

τ
(ρE/ρ'E) (ρO/ρ'O) (1)

where VB is volume of the empty-bed reactor, ε is the fraction of void to
bed volume and it was experimentally determined by immersing the
catalytic bed in ethanol. F is volumetric flow rate provided by the
pumps, ρ is density of the oleic acid and ethanol (pump temperature,
pump pressure), ρ’ is density of the oleic acid and ethanol at reaction
conditions, whose values are determined from the literature [52]. E and
O represent ethanol and oleic acid, respectively.

The mixing of ethanol-oleic acid streams before reaching the
packed-bed was physically observed through a view-cell system which
consists of high pressure pumps (Teledyne ISCO 260 D), high pressure
view-cell, a charge-coupled-device (CCD) camera with a micro-lens
(Photron, model# FASTCAM-512PCI), light source, and data acquisi-
tion system. This experimental setup was also used in our previous
study [51].

2.4. Biodiesel sample analysis

For the analysis of the FAEE profile, biodiesel samples were pre-
pared by diluting 4 μl biodiesel into 1ml heptane, making a total bio-
diesel concentration of 4000 ppm by volume. The samples were deri-
vatized using MSTFA based on procedures provided in ASTM D6584
[53]. Quantitative analysis to measure the concentration of FAEE and
oleic acid was conducted via a GC FID (HP 5890 Series II) equipped
with an autosampler (HP 5890 Series II) and a DB-WAX column
(30m×0.32mmID×0.50 μm, Restek) at splitless mode. Calibration
curves for each compound were prepared by diluting the GC standards.
The temperature program was as follows: held at 60 °C for 2min, ramp
at 6 °C/min from 60 °C to 240 °C, and held at 240 °C for 30min. Con-
centrations of ethanol and water were determined from mass balance
calculations since the initial concentration of ethanol and oleic acid
were known (MR of 18:1) and the concentration of oleic acid and FAEE
in the collected samples were measured from GC FID analyses. The
yield of biodiesel is defined as the ratio of the true biodiesel content in a
sample to the maximum biodiesel content assuming all oleic acid was
converted to biodiesel.

ICP Mass 6100 Spectrometer was employed to test aluminum con-
centration in some biodiesel samples. It was found that the aluminum
concentration was in ppb level which was very comparable to the
blank.

3. Results and discussion

3.1. Mixing of ethanol-oleic acid streams

Mixing phenomena of ethanol-oil streams was studied during the
heating and pressurizing process via a view-cell experimental setup in
order to determine the significance of mass transfer resistance on
conversion. Selected results are reported in Fig. 1. It is known that at
ambient conditions, ethanol is only partially miscible with oleic acid.
Elevating the temperatures (175–325 °C) and pressure (80–200 bar),
the ethanol-oleic acid mixtures formed a homogeneous state, which
indicates that at the selected reaction conditions (T: 200-325 °C, P:
100–200 bar) the reaction streams formed a homogeneous phase before
contacting with the packed-bed, and accordingly mass transfer re-
sistance between ethanol and oleic acid boundaries could not be sig-
nificant.

3.2. Preliminary investigation on esterification of oleic acid over γ-Al2O3

Preliminary experiments using γ-Al2O3 were executed and com-
pared with non-catalytic reactions in order to determine if the weak

Fig. 1. Mixtures of ethanol-oleic acid (EtOH/OA molar ratio of 18) flowing through a view cell (V ∼1ml) at various conditions (T= 175–325 °C, P= 80–200 bar). The flow rates of the
mixture were the same as which created one min residence time in the reactor in the reaction experiments.
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solid acid would perform well in this reaction system. As shown in
Fig. 2, at temperature of 200 °C, pressure of 200 bar, and residence time
of 8min, the yield for non-catalytic reactions was only 17%, while the
yield was increased to 49% when γ-Al2O3 was employed. Similarly, at
temperature of 225 °C and residence time of 5min, the yield was in-
creased from 24% to 62% when switching from non-catalytic to γ-
Al2O3. Due to the weak acid property of alumina, the yields of the es-
terification reaction were not satisfying under the subcritical conditions
in short residence times. The performance of the alumina was sig-
nificantly enhanced under supercritical conditions. At 275 °C and
200 bar, the reaction with alumina reached a yield of 95% in 3min
compared to a non-catalytic yield of 40% at same condition. At 300 °C
and 2min, the yield of alumina-catalyzed reaction was 98% compared
to a yield of 48% for the non-catalytic reaction. Similarly, at 325 °C and
1min, near complete yield was obtained with alumina while only 42%
was reached by the non-catalytic reaction. The results above demon-
strate a high catalytic capacity of γ-Al2O3 for the esterification reaction
under supercritical conditions. No by-product was observed.

3.3. Kinetics of esterification of oleic acid over γ-Al2O3

The reaction mechanism of esterification over heterogeneous Lewis
acid was well described in the literature [54]. Similarly, in this study
the mechanism, Eley-Rideal (ER), of the esterification reaction taking
place between oleic acid and ethanol over γ-Al2O3 is proposed here as
shown in Fig. 3. The carbonyl group in oleic acid molecule is adsorbed
on acidic site of the alumina surface which has positive formal charge.
The interaction of the carbonyl oxygen of oleic acid with acidic site of
the catalyst forms carbocation, which makes the adjoining carbon atom
susceptible to nucleophilic attack. Then the oxygen atom in ethanol
molecule attacks the carbocation to form a tetrahedral intermediate.
Then the tetrahedral intermediate eliminates the water molecule via the
esterification reaction to form one molecule of ethyl oleate. In the last
step, the catalyst is regenerated by desorbing ethyl oleate from the
Lewis acid site.

Data points in Fig. 4 illustrate the concentration profile of each
compound including the original reactants, oleic acid (OA) and ethanol,

and final products ethyl oleate (FAEE) and water produced at
275–325 °C with γ-Al2O3. As expected, concentration of OA and ethanol
were decreasing along with reaction time, whereas that of FAEE and
water increased over time. At the last stage of conducted reactions, the
amount of OA was reduced to a negligible level under supercritical
conditions, however significant amounts still remained under the sub-
critical reactions. Specifically, at 275 °C and 5min, 300 °C and 3min,
and 325 °C and 1min, most of OA was reacted providing yields over
98% as shown in Fig. 4. However, trace amount of OA was still detected
at these temperatures even if the residence time was extended, which
implies the esterification reaction was reversible and had reached
equilibrium. Also, the temperature changing from 275 to 325 °C did not
influence the final equilibrium significantly which indicates the reac-
tion could be thermally neutral. Lower temperatures make the reactions
perform with slower reaction rate. At 200 and 225 °C with a 8min re-
sidence time, a yield of only about 49% and 79% was reached, re-
spectively, as calculated from data in Fig. 5.

Theoretical analysis of transport limitations in the packed-bed re-
actor are discussed in supplementary material in details. Mears, as
shown in Eq. (2), and Weisz–Prater, as shown in Eq. (3), criteria were
employed to estimate the interphase mass transfer limitations and in-
traparticle diffusion limitations, respectively, both of which were de-
termined to be negligible. For example, at conditions of temperature of
325 °C, pressure of 200 bar, and residence time of 1min, the term on the
left hand side of Eq. (2) was calculated as 7.75*10−5 satisfying the
Mears criterion, and the term on the left hand side of Eq. (3) was de-
termined as 2.72*10−3 satisfying the Weisz-Prater criterion.

−
<

r ρ Rn
k C

0.15A b

c Ab (2)

where −r( ) is the rate of the reaction per bed volume (kmol/kg cat/s),
ρb is the bulk density of catalyst bed (kg/m3), R is the average radius of
catalyst particles (m), n is the order of the reaction; CAb is the bulk
concentration of the reactant oleic acid (kmol/m3), and kc is the mass
transfer coefficient (m/s). Also,

Fig. 2. Comparison of biodiesel yield of the reaction catalyzed by alumina ( ) with the one without any catalysts ( ). The reaction pressure was fixed at 200 bar.
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−
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rρ R
D C

1c

e AS

2

(3)

where ρc is solid density of catalyst bed (kg/m3), CAS is the reactant
concentration on alumina surface (kmol/m3), and De is the effective

diffusivity of oleic acid in methanol.
By neglecting the external and internal mass transfer resistances and

assuming isothermal conditions and a steady state and 1D scenario, the
pack-bed reactor model was simplified from Eq. (4) to Eq. (5).

Fig. 3. Mechanism of esterification of oleic acid with ethanol over γ-alumina catalyst.

Fig. 4. Data fitting by the one-step classic model under supercritical conditions (T: 275–325 °C, P: 200 bar). Key: (◊) 275 °C, (Δ) 300 °C, (○) 325 °C.
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In order to perform the macroscopic kinetic analysis of the ester-
ification reaction, an one-step second-order reversible reaction model,
as shown Eq. (6), was used to predict the global kinetic parameters and
simulate the experimental data. Accordingly, the reaction rate can be
expressed as Eq. (7).

+ ⇄ +
−

OA C H OH FAEE H O
k

k
2 5 2

1

1

(6)

= ⋅ − ⋅r k C C
K
C C( 1 )OA EtOH FAEE water1 (7)

The simulation results for the supercritical reactions (T: 275–325 °C,
P; 200 bar) are plotted in Fig. 4 as solid curves which show a good data
fitting. The estimated k values are reported in Table 1 with the corre-
sponding standard deviations. Then data of the subcritical reactions (T:
200 and 225 °C, P; 200 bar) are compared with ones predicted by the
model where the k values were estimated by using the Arrhenius
Equation which was determined by data of the supercritical reactions.
The result is shown in Fig. 5, and it demonstrates a good predictability
of the model.

The regressed values of K, the equilibrium constants, were plotted
by the Van’t Hoff equation, and the result shows a reasonable linearity
with a R2 of 0.98. Accordingly, the macroscopic reaction was experi-
mentally found to be moderately endothermic (ΔH°= 15.9 kJmol−1)
and entropically favorable (ΔS° = 39.3 Jmol−1 K−1). Qualitatively,
these values are consistent with-albeit higher than analogous thermo-
chemistry estimated from a simulated equilibrium

(ΔH°≈ 11 kJmol−1) [37]. The activation energy for the forward
and reverse step is determined by applying the Arrhenius Equation as

74.9 and 58.9 kJmol−1, respectively.
Based on the Eley-Rideal (ER) reaction mechanism discussed above

in Fig. 3, the elementary steps can be described as below. In this case,
we consider that all adsorption and reaction steps involve a single type
of active site, which is designated here as ‘*’. In this sequence, a mo-
lecule of oleic acid (OA) adsorbs at a Lewis site (*) on the surface as
expressed in Eq. (8), then an ethanol molecule attacks the oleic acid to
form one mole of ethyl oleate via esterification as written in Eq. (9).
Finally, the catalyst is regenerated after desorbing ethyl oleate from the
Lewis acid site as shown in Eq. (10). Accordingly, the equation of re-
action rate can be expressed as in Eq. (11) if assuming the rate con-
trolling step is the adsorption of oleic acid.

+ ⇄OA OA* *
K1

(8)

+ ⇄ +OA C H OH FAEE H O* *
K

2 5
2

2 (9)

⇄ +FAEE FAEE* *
K3

(10)

=

⋅ −

+ +
r

k Ct C( )

1

OA
C C
K K K C

C C
K K C

C
K

1
FAEE WATER

EtOH
FAEE WATER

EtOH
FAEE

1 2 3

2 3 3 (11)

The data were fitted to calculate the reaction rate and equilibrium
constants at each step via least-squares regression. The results indicate
a good fit in terms of R2 values over 0.995. Unfortunately, considering
that the total number of data points were relatively limited, wide
confidence intervals for the regressed kinetic parameters including K1,
K2, and K3 were found when employing this complicated model, so we
currently are not able to regress all set of the kinetic parameters from
the experimental data to provide meaningful values. By conservative
analysis using the Van’t Hoff equation, the adsorption of oleic acid on
the surface of alumina was estimated to be exothermic, the esterifica-
tion and desorption of ethyl oleate from alumia were endothermic re-
actions. And the overall process in terms of a combination of the three
elementary steps is endothermic based on the analysis from the one-
step model.

3.4. Stability of the alumina catalyst under supercritical conditions

In order to determine the stability of the alumina catalyst under
supercritical conditions, the pack-bed was utilized to carry out the es-
terification reaction at 325 °C, 200 bar, and 1min reaction time con-
tinuously for 25 h. Multiple biodiesel samples were collected and
measured along with the process, and a decrease of the yield was not
observed during this 25 h test. However, this does not prove the sta-
bility of the alumina catalyst, and it is very possible that there was more
than enough catalyst in the reactor so the deactivation was not mea-
surable even if it were occuring. Instead, the catalyst was taken out

Fig. 5. Data fitting by the one-step classic model under subcritical conditions (T: 200–225 °C, P: 200 bar). Key: (▲) 200 °C, (●) 225 °C.

Table 1
Estimated reaction rate constants for the one-step model.

k1 ± S.D.a k−1 ± S.D.a

200 °C 0.089b 0.046b

225 °C 0.230b 0.093b

275 °C 1.015 ± 0.056 0.328 ± 0.237
300 °C 2.078 ± 0.035 0.526 ± 0.212
325 °C 5.554 ± 0.069 1.160 ± 0.109

a standard deviation.
b The values for 200 and 225 °C were estimated by using the Arrhenius Equation which

was determined by the k values for 275–325 °C.
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from the reactor, and analyzed by different characterization tools as
below.

The XRD analysis, as shown in Fig. 6A, tells that the fresh alumina
was in gamma phase, and the spent alumina still remained in gamma
phase, which demonstrates a stable crystal structure. In Fig. 6B and C,
the morphology of the catalyst did not change obviously from ob-
servation by SEM analysis at different magnification.

However, data from BJH adsorption curve in Fig. 7A clearly show a
decrease of pore distribution between 3 and 7 nm pore-diameter after
being treated under the supercritical reaction. The BET surface area
decreased from 126.7 to 99.2 m2/g, and BJH pore volume changed
from 0.24 to 0.19 cm3/g after the continuous reaction, as shown in
Table 2. By conducting the TPD analysis, the Lewis acid site density of
the fresh alumina catalyst was estimated as 28.35 μmol/g which is
comparable to the values shown in the literature [55]. The Lewis acid
site density dropped from 28.35 to 17.15 μmol/g after the 25 h reac-
tion, as also shown in Fig. 7B. Since the samples were calcined before
TPD analysis as mentioned in the experimental section, the detected
change of the active sites clearly demonstrates the deactivation of the
catalyst. The cause could be carbon deposition, since we do observe the
color of the alumina catalyst turned from white to gray. Similar thermal
degradation of the alumina under sub/supercritical conditions were
also observed in the literature [56]. The mechanism and kinetics of the

alumina degradation will be included in future work by utilizing a
differential reactor instead of a fully packed reactor.

3.5. Effect of water and pressure on the reactions

More than half cost of biodiesel fuel comes from refined oil and
anhydrous alcohol costs which are required by the conventional bio-
diesel industry, since common impurities in the feedstocks of water and
free fatty acids (FFA) deactivate the homogeneous catalysts as FFA
react with base catalysts via saponification reactions, and water poisons
both base and acid catalysts under conventional biodiesel synthesis
conditions. However, it is not clear how these impurities would influ-
ence the supercritical reactions over the γ-Al2O3 catalyst. Usually water

Fig. 6. (A) XRD analysis of the spent alumina catalyst before and after the stability test. Comparison of SEM analysis between fresh and spend alumina catalyst at magnification of (B)
5000 and (C) 2000.

Fig. 7. Comparison of (A) BJH adsorption, and (B) Lewis acid sites density between fresh and spent catalyst.

Table 2
Comparison of physical properties of the alumina catalyst before and after the stability
test.

Lewis acid
site density
(μmol/g)

Brønsted acid
site density
(μmol/g)

BET surface
area (m2/g)

BJH adsorption
pore volume
(cm3/g)

Fresh catalyst 28.35 0 126.72 0.24
Spent catalyst 17.15 0 99.16 0.19
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content in cheap feedstocks as waste cooking oil and hydrous ethanol
before pretreatment exceeds 3 wt%. Accordingly, in this study, ethanol
solution which contains 10 vol% water was used to study water effect
on the reactions. As shown in Fig. 8A, when conducting reactions at
temperature of 325 and 300 °C, pressure of 200 bar, and residence time
of 1minute, increasing water content in the ethanol from zero to 10 wt
% results in the yield decrease from 99% to 90%, and from 84% to 72%,
respectively. The decreasing yield could be due to the large presence of
water which shifted the equilibrium to the left via hydrolyzing the
FAEE to oleic acid, since water is one of the product besides FAEE, or
that it turned the reaction phase less homogeneous which increased the
mass transfer resistance of the reaction system. Also as reported in the
literature, the alumina will be turned into a hydrated boehmite
(AlOOH) phase, and the acidity and surface area will be decreased
under treatment of sub/supercritical water conditions, which could also
decrease the product yield [56]. Accordingly, water should be elimi-
nated from the feedstock by pretreatment in order to prevent the yield
from decreasing either from equilibrium shifting or alumina degrada-
tion by water.

High pressures of 200–300 bar are commonly used in studies related
to sub/supercritical biodiesel synthesis in order to pressurize the reac-
tion system into a homogeneous state. These required high pressures
would bring potential safety issues and increase the cost of equipment.
Adding co-solvent can improve solubilization of the alcohol-oil stream,
but this also increases the product purification burden. In this study,
pressure effect on reaction yield at supercritical conditions were in-
vestigated. As shown in Fig. 8B, at the stated conditions (T: 325 °C, t:
1 min, EtOH-Oil molar ratio: 18), the effect of pressure ranging from
100 to 200 bar on product yield was evaluated. The yield was mon-
itored as nearly constant as 98%. The mixing of ethanol-oil stream was
observed by the view-cell set-up, and it was found that in this pressure
range the reaction mixture remained in a homogeneous state before
contacting the packed-bed. This result demonstrates that the reaction
yield will not be effected by pressure change as long as such change
does not influence the reaction phase behavior. Experimental set-up
such as a view-cell system and suitable equation of states can be em-
ployed to find minimum pressures experimentally and theoretically for
specific conditions including temperature, alcohol-to-oil molar ratio,
and flow rate, which can create a homogeneous reaction state.

4. Conclusions

The esterification of oleic acid with ethanol was carried out in a

packed-bed reactor containing γ-Al2O3 catalyst under subcritical and
supercritical conditions (T: 200–325 °C, P: 100–200 bar). The catalytic
capacity of the alumina at supercritical conditions was considerably
higher than at subcritical conditions, for example at pressure of 200 bar
and one-minute residence time, about 99% yield was obtained at
temperature of 325 °C and while only 27% yield was found at 225 °C.
An one-step reaction model was used to well describe the data for the
supercritical reactions, and it was capable of predicting the data for the
subcritical reactions. The analysis demonstrates that the overall reac-
tion including adsorption of oleic acid on the surface, the esterification
reaction on the surface, and desorption of biodiesel from the surface is
endothermic. Slowly deactivation of the catalyst was observed as a
decreased acid site density and surface area, but the loss of product
yield was not observed by the deactivation considering the large
amount of catalysts employed. Large presence of water decreased the
yield by around 10%, and dropping the pressure from 200 bar to
100 bar at 325 °C did not show obvious influence on the yield.
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