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Production of diesel fuel from renewable feeds:
Kinetics of ethyl stearate decarboxylation
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bstract

The kinetics of liquid phase ethyl stearate decarboxylation for production of diesel fuel hydrocarbons was studied over a Pd/C catalyst in a

emi-batch reactor. The kinetic behavior was tested in a wide range of temperature. Furthermore a supplementary investigation of the reaction
ntermediate, stearic acid, was performed. The main kinetic regularities were established in both cases. Finally successful kinetic modeling and
arameter estimation was performed based on the proposed reaction route. The predicted results explained the experimental results well.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The extreme increase in energy consumption in the past
ecade and the growing environmental concerns have made
enewable fuels an exceptionally attractive alternative as a
uel for the future. Several methods of producing fuels from
enewable resources are nowadays well established, however,
ew innovative solutions are needed to satisfy the increas-
ng energy demand and the well-being of our ecological
ystem.
∗ Corresponding author. Tel.: +358 2 215 4985; fax: +358 2 215 4479.
E-mail address: dmitry.murzin@abo.fi (D.Yu. Murzin).
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A novel method for production of diesel-like fuel from renew-
ble resources, like vegetable oils and animal fats, is being
nvestigated at our laboratory. It has recently been demon-
trated that renewable feeds over heterogeneous catalysts in
iquid-phase tend to decarboxylate [1,2]. The production of a
eoxygenated biodiesel fuel involves removal of the carboxyl
roup in the fatty acid structure via carbon dioxide and/or carbon
onoxide release, thus producing a linear hydrocarbon origi-

ating from the fatty acid alkyl group (typically C6–C22) [3].
he catalytic decarboxylation of fatty acids, fatty acid esters
nd triglycerides (comprising of three fatty acids and a glycerol
roup) is schematically illustrated below.
Since the method of producing biodiesel from renewable
eedstocks via selective deoxygenation was only recently intro-
uced, no kinetic study in this area has been reported. However,

mailto:dmitry.murzin@abo.fi
dx.doi.org/10.1016/j.cej.2007.03.064
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fins but can also proceed directly from the saturated fatty acid
and/or fatty acid ester feedstock (reaction (5)). Chemically, this
can be explained by initial dehydrogenation of a saturated fatty
acid and/or a fatty acid ester to an unsaturated acid and/or ester
Fig. 1. Schematic and simplified deoxygena

everal kinetic studies on decarboxylation of organic acids can
e found in the literature [4–6].

In the present work the kinetic behavior of ethyl stearate
ecarboxylation over a heterogeneous catalyst was investigated
ith the aim to verify the reaction mechanism and further opti-
ize the chemical process.

. Experimental

The kinetic study was carried out in a semi-batch reactor
300 ml Parr autoclave) over a commercial 5% Pd/C catalyst
Aldrich). The catalyst powder (catalyst mass = 1 g) was placed
nto the reactor and reduced in situ with a flow of hydrogen at
00 ◦C for 2 h. By applying a fine catalyst powder (mean catalyst
article size = 15 �m) and evaluating the potential influence of
nternal diffusion by calculating the catalyst effectiveness fac-
or (ηeff = 0.999) [7], the effect of mass transfer is supposed to
e negligible. The impact of external diffusion was avoided by
onducting experiments at a stirring speed of 1100 rpm, which
as proven to be efficient enough to avoid mass transfer limita-

ions. The reaction temperature and pressure were kept constant
uring the reaction, in the range of 270–360 ◦C and 17–40 bar
the reaction pressure was adjusted according to the vapor pres-
ure of the reaction mixture), respectively. The reaction was
erformed in a solvent (n-dodecane) under inert (helium or
rgon) or argon- (5 vol%) hydrogen atmosphere, the total liquid
olume in the reactor was 100 ml. The carrier gas was bub-
led through the reaction mixture with the volumetric flow of
5 ml/min. The withdrawn liquid phase sample composition was

etermined by gas chromatography (GC) equipped with a Flame
onization detector (FID). The product identification was further
erified by gas chromatography coupled to a mass spectrometer
GC–MS).
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etwork of ethyl stearate to diesel products.

. Results and discussion

The decarboxylation of the fatty acid ester, ethyl stearate
A), proceeds via its corresponding fatty acid (reaction (1),
igs. 1 and 2), stearic acid (B), which is subsequently decarboxy-

ated (reaction (2)) to the desired paraffin n-heptadecane (C). The
roduced paraffin is, however, simultaneously dehydrogenated
8] to unsaturated olefins (D) and aromatics (E) (reactions (4) and
6), respectively). Furthermore, the direct formation of paraffin
rom fatty acid ester has as well been detected (reaction (3)) [9].
he formation of olefins seems to evolve not only from paraf-
ig. 2. Typical concentration profile of ethyle stearate and products in the decar-
oxylation reaction. The reaction conditions: T = 300 ◦C, p = 17 bar (Ar-(5 vol%)

2), cethyl stearate = 1.6 mol/l, and mcatalyst = 1 g.
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F and the Arrhenius dependence for the first order reaction constant. The reaction
c p330 = 27 bar and p360 = 40 bar (Ar-(5 vol%) H2).
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Fig. 4. Effect of reactant concentration in the decarboxylation of stearic acid.
The reaction conditions: c = 0.154 mol/l, c = 0.308 mol/l,
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ig. 3. Effect of reaction temperature in the decarboxylation of ethyl stearate
onditions: cethyl stearate = 1.6 mol/l, mcatalyst = 1 g, T = 300–360 ◦C, p300 = 17 bar,

ntermediate following a fast decarboxylation reaction produc-
ng an olefin. Direct decarboxylation of unsaturated fatty acids
nd fatty acid esters to olefin has recently been reported [10].

Paraffinic hydrocarbons are very suitable diesel fuel compo-
ents, with high cetane number (cetane number of hexadecane,
16H34 = 100) and chemical stability, while unsaturated prod-
cts have a significantly lower cetane number and chemical
tability [11,12]. Furthermore the environmental drawbacks of
sing aromatic fuel compounds in diesel engines substantiates,
hat the production of unsaturated hydrocarbon should be

inimized.
The effect of reaction temperature in ethyl stearate decar-

oxylation was reported recently [13]. As expected, the reaction
ate increased with temperature when decarboxylation was con-
ucted in the temperature range of 300–360 ◦C. Analysis of the
emperature dependency (Fig. 3) results in the value of apparent
ctivation energy equal to 57.3 kJ/mol based on the Arrhenius
quation and first order kinetics in respect to ethyl stearate.

In addition kinetic decarboxylation experiments with the
ntermediate product, stearic acid, were performed. This study
emonstrated that the reaction order of stearic acid is close
o zero and the apparent reaction constant is approximately
.0065 mol/l min. However, with high initial concentrations
1.54 mol/l) of stearic acid, catalyst deactivation is observed

Fig. 4), which is reflected in a lower value of the corresponding
ate constant. An earlier study of decarboxylation in a tubular
eactor showed that the catalyst is indeed deactivated with a fatty
cid feedstock [14].
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ig. 5. Ratio of C17-product concentration as a function of (a) ethyl stearate and (b
17-products) and (�) C/D (n-heptadecane/olefinic C17-products). The reaction con
stearic acid, 1 stearic acid, 2

stearic acid, 3 = 0.77 mol/l, cstearic acid, 4 = 1.54 mol/l, mcatalyst = 1 g, T = 300 ◦C and
= 17 bar (inert atmosphere).

A comparison of product ratios as a function of ethyl
tearate (A) and the reaction intermediate, stearic acid (B)
concentration 1.6 mol/l) conversion at 300 ◦C under Ar + H2
tmosphere, indicated that the parallel route, proposed in the
eaction network (Fig. 1) was indeed in conjunction with
mpirically observed. Hence, the ratio of n-heptadecane/olefinic

17-products (C/D) seems to be rather constant. Nevertheless,

he ratio between olefinic C17-products/aromatics C17-products
D/E) are decreasing, implying that it is a consecutive reaction
Fig. 5a and b).

) stearic acid conversion. Symbols: (×) D/E (olefinic C17-products/aromatics
ditions: cfeed = 1.6 mol/l, mcatalyst = 1 g, T = 300 ◦C and p = 17 bar (Ar + H2).
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. Kinetic modeling

The kinetic modeling was based on the proposed reaction net-
ork in Fig. 1 assuming a Langmuir–Hinshelwood type mecha-
ism. A reasonable simplification is that adsorption constants for
aseous products (i.e., CO2, ethylene, etc.) can be disregarded in
he denominator. The surface reactions were assumed to be rate
imiting, while the adsorption steps were assumed to be rapid
ompared to surface reactions. In the equation below Ki, kj, and
i denote the equilibrium adsorption constant, reaction constant,
nd the concentration for the arbitrary compounds, respectively.
he equilibrium adsorption constant, Ki, and reaction constant kj

ere lumped together as an apparent reaction constant denoted
s k′

i giving the rate expression

r1 = k′
1cA

1 + KAcA + KBcB + KCcC + KDcD + KEcE
,

where k′
1 = k1KA (1)

r2 = k′
2cB

1 + KAcA + KBcB + KCcC + KDcD + KEcE
,

where k′
2 = k2KB (2)

r3 = k′
3cA

1 + KAcA + KBcB + KCcC + KDcD + KEcE
,

where k′
3 = k3KA (3)

r4 = k′
4cC

1 + KAcA + KBcB + KCcC + KDcD + KEcE
,

where k′
4 = k4KC (4)

r5 = k′
5cB

1 + KAcA + KBcB + KCcC + KDcD + KEcE
,

where k′
5 = k5KB (5)
r6 = k′
6cD

1 + KAcA + KBcB + KCcC + KDcD + KEcE
,

where k′
6 = k6KD (6)

Fig. 7. Parameter sensitivity ana
ig. 6. Kinetic modeling of stearic acid decarboxylation at 300 ◦C. Stearic
cid = B, n-heptadecane = C, olefinic C17-products = D and aromatic C17-
roducts = E (calculations = smooth lines and experimental results = symbols).

r7 = k′
7cA

1 + KAcA + KBcB + KCcC + KDcD + KEcE
,

where k′
7 = k7KA (7)

By implementing the kinetic rate expressions into the mass
alances of components and taking into account the reaction sto-
chiometry (Fig. 1), a system of ordinary differential equations
ODE) is obtained,

1

ρB

dcA

dt
= −r1 − r3 − r7 (8)

1

ρB

dcB

dt
= r1 − r2 − r5 (9)

1

ρB

dcC

dt
= r2 + r3 − r4 (10)

1 dc
ρB

D

dt
= r4 + r5 − r6 + r7 (11)

1

ρB

dcE

dt
= r6 (12)

lysis for (a) k′
3 and (b) k′

7.
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eters from the stearic acid case into the modeling of ethyl stearate
decarboxylation, an excellent fit (99.85) was attained. Further-
more, the rate constants for reaction number 3 and 7 at 300 ◦C
could be reliably determined (Table 1).
M. Snåre et al. / Chemical Eng

here ρB denotes the catalyst mass-to-liquid ratio, i.e., the cat-
lyst bulk density.

The evaluation of the proposed model was based on the results
btained from a parameter estimation program, ModEst 6.1 [15]
ntegrated with an ODE solver (Odessa). The modeling was per-
ormed at all temperatures together by minimizing the residual
um of squares (Q) between experimental and calculated results
ith the simplex method.

= ||cexp − cest||2 =
∑

t

∑
i

(cexp,it − cest,it)
2 (13)

here the subscript t and i denote time and compound, respec-
ively.

The goodness of the model is described by the residual of
xperimental and estimated results in square and the residual of
xperimental and mean experimental values in square given the
egree of explanation, R2.

2 = 100% ×
[

1 − (cexp − cest)2

(cexp − c̄exp)2

]
(14)

The apparent kinetic parameters, consisting of rate and
quilibrium constants, in the derived expressions follow an
rrhenius temperature dependency and the law of van’t Hoff,

espectively. Hence an apparent activation energy and apparent
re-exponential factor were estimated. The apparent parameters,
′
act, and k′

o, are defined as

′
act = Eact − �Had (15)

nd

′
o = koKo (16)

here Eact, �Had, ko and Ko denote activation energy, heat of
dsorption, pre-exponential factors for the rate and equilibrium
onstant, respectively.

Preliminary results showed that the equilibrium constants
ould be neglected, thus the denominator in equation (1)–(7) is
qual to 1. Since the model depicted by Fig. 1 is rather complex,
he mathematical treatment becomes challenging. Therefore,
eparate modeling of the intermediate product, stearic acid,

ecarboxylation was performed. By simplifying the system to
omprise only of stearic acid reactions the calculations con-
erged giving an excellent fit (degree of explanation 99.86) to the
roposed reaction scheme (Fig. 6). However, the system was still

able 1
stimated rate constants for ethyl stearate decarboxylation at 300 ◦C

arameter Rate constant at 300 ◦C (min−1)

′
1 6.27 × 10−12

′
2 1.31* × 10−3

′
3 1.01 × 10−3

′
4 1.45* × 10−12

′
5 2.47* × 10−3

′
6 2.31* × 10−4

′
7 4.55 × 10−4

* Fixed values based on modeling of stearic acid.
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verparametrized, thus giving no physico-chemical relevance of
he information obtained.

Nonetheless, by implementing and fixing the obtained param-
ig. 8. Kinetic modeling of ethyl stearate deoxygenation at different temper-
tures (300–360 ◦C). Ethyl stearate = A, stearic acid = B, n-heptadecane = C,
lefinic C17-products = D and aromatic C17-products = E (calculation = smooth
ines and experimental results = symbols).
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Parameter sensitivity analysis was performed by investi-
ating the behavior of objective function as a function of the
inetic parameters k′

3 and k′
7. The sensitivity analysis for the

ate constants is illustrated in Fig. 7. As can be seen from
he figures, the kinetic parameters exhibit evident minima’s.
onclusively the physico-chemical significance of the obtained

esults is important.
Modeling of temperature dependence (300–360 ◦C) of ethyl

tearate decarboxylation demonstrated an excellent fit to experi-
ental data (Fig. 8), 99.28% degree of explanation. The standard

rror of estimate was 0.039. The experimental and predicted
oncentration profiles of reactants and products at different tem-
eratures are illustrated in Fig. 8.

. Conclusions

The kinetics of ethyl stearate decarboxylation was studied
n a broad range of temperatures and pressures over a Pd/C
atalyst. Additionally decarboxylation of the intermediate prod-
ct, stearic acid, was investigated. The main kinetic regularities
ere established. The kinetic modeling based on the proposed

eaction mechanism of stearic acid and ethyl stearate decarboxy-
ation was performed successfully.
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