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1. Introduction

Since Wilhelm Normann succeeded in taking advantage of
Sabatier and Senderens’s method for the heterogeneous catalytic
hydrogenation of organic compounds in vapor-phase and promptly
performed the catalytic liquid-phase hydrogenation of unsaturated
fatty acids and glycerides [1–3], the hydrogenation of vegetable oils
(VOs) and fatty acid methyl esters (FAMEs) has become an impor-
tant process in edible oil and oleochemical industries [4,5]. The
partial hydrogenation of polyunsaturated VOs has been selectively
performed for purposes of improving the flavor stability and melt-
ing properties of the final products. Its use greatly increased in the
1950s [6]. Trans fatty acids are products thereof and, consequently,
they have been introduced into human foods but until the 1990s
their adverse health implications were overlooked. Since then, the
harmful effects from trans have been a conspicuous topic in the
biomedical and health literatures [7,8]. Consequently, the market
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ion and cis/trans isomerization of methyl oleate on a Ni/�-Al2O3 catalyst
ass-transport limitation, at 398 K ≤ T ≤ 443 K and 370 kPa ≤ PH2 ≤ 650 kPa.
anyi mechanism, involving a � half-hydrogenated surface intermediate, a
he framework provided by the Langmuir–Hinshelwood–Hougen–Watson
concept of semi-competitive adsorption. The classical LHHW rate equa-

competitive adsorption between the hydrogen and large organic species
ses. Statistical results clearly demonstrated the inadequacy of the model
adsorption to describe the experimental data, but the residual sum of
l data and model predictions was insufficient to discriminate between
ompetitive and semi-competitive adsorption. However, the model con-
rption gave additional indication that the adsorbed molecules of cis- and

r up to eleven surface sites, which is in excellent agreement with a rough
lar modeling. This feature seems to be the most fascinating result, since
om the classical LHHW approaches. Results and distinctive features char-
ach are highlighted. Some insights to improve parameter estimation and
n are also pointed out.

© 2008 Elsevier B.V. All rights reserved.

for lower non-conjugated trans contents in partially hydrogenated

VOs has increased. Over the last two decades, there has also been
increasing concern in finding non-edible uses due to the grow-
ing availability and environment compatibility of these renewable
sources. Nowadays, polyunsaturated VOs used as environmentally
friendly lubricants and biodiesel should be improved toward oxida-
tion and NOx emission by selective hydrogenation [9,10]. For these
newer applications, a low content of both trans-isomers and sat-
urated compounds is mandatory for preserving the fluidity of the
hydrogenated products [11]. Hence, there is a renewed motivation
to develop improved catalysts and, necessarily, to achieve a better
understanding of the complex reaction mechanism involved in the
catalytic process [12,13].

Despite the large amount of work done so far in studying the
catalytic reaction kinetics, there is still need for advanced kinetic
models and verification of previously reported mechanistic rate
expressions, largely for trans-isomer formation [14]. Many kinetic
studies based on the LHHW rate equations have been carried out
using polyunsaturated VOs, e.g. cottonseed oil [15,16], soybean oil
[17,18], sunflower seed oil [19], rapeseed oil [20], palm oil [21], and
groundnut oil [22]. Triglyceride molecules having random combi-
nations of unsaturated fatty chains, and simultaneous processes
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Fig. 1. Schematic representation showing: (a) cis-methyl oleat

of adsorption, positional and geometrical isomerization, hydro-
genation, and desorption of the reacting species, sometimes in
the presence of diffusion transport limitations, determine a very
complex reaction system. A convenient research policy to mini-
mize disguised kinetics and to avoid strongly statistically correlated
parameters consists in uncoupling the study as described as fol-
lows [23]: first, use FAMEs as model compounds for the much
more complex triglycerides that are found in VOs. Second, of
course, ensure negligible mass-transport limitations. Third, ana-
lyze reaction systems of increasing complexity successively, e.g.
methyl oleate, methyl linoleate, and methyl linolenate. Regarding
this issue, several kinetic studies have been performed using methyl
oleate [24–27], methyl linoleate [24,28–32], and methyl linolenate
[24,33,34]. Only the contributions by Jonker et al. [24] and Grau et al.
[26,32,34] have reported the kinetic modeling of the liquid-phase
hydrogenation of each one of these three relevant FAMEs. After
claiming the existence of two types of surface sites, most of these
studies have been made in the framework provided by the classical
LHHW non-competitive model for hydrogen (H) and VOs/FAMEs
adsorption. Among other underlying assumptions, the equilib-
rium adsorption constants for the cis- and trans-monounsaturated
FAMEs were invariably assumed to be equal, and the number of
surface sites occupied by an adsorbed molecule of FAME equal to
unity. The validity of these assumptions seems to be controversial
from a physical viewpoint. The case of non-competitive adsorption
is extreme in nature. Moreover, the mandatory distinction of two
types of sites to deal with this adsorption regime would be artifi-
cial if the carbon–carbon double bonds are mainly chemisorbed as
2�-, �- or ��-complexes on the same type of metal surface sites
as that for H adsorption. Concurrently, solving two uncoupled site

balances at the surface, one for the adsorbed FAMEs and another
for adsorbed H, would be somewhat ambiguous. The remaining
debatable assumptions arisen from the molecular structure of cis-
and trans-methyl oleate are shown in Fig. 1. It is apparent that
FAME molecules occupy several surface sites. Therefore, they are
not able to completely cover the catalyst surface and the competi-
tion between them is only for a fraction of the total surface sites.
Moreover, the molecular structures of both geometrical isomers are
quite different. The expectation of a rather flat-adsorbed molecule
of cis-methyl oleate and a quasi-vertical adsorbed molecule of
trans-methyl oleate is not inconceivable after viewing the opti-
mized molecular structures. Consequently, there is no convincing
reason to believe that the equilibrium adsorption constants of both
isomers are equal as usually assumed. It is noteworthy that existing
classical LHHW models do not properly consider steric hindrance
effects of adsorbed species.

Based on the advanced concepts of multicentered adsorption
[35–37] and semi-competitive adsorption [36,38–40], we recently
reported the kinetic modeling of the methyl oleate hydrogenation
(without cis/trans distinction) recognizing that large molecules of
FAMEs could occupy several surface sites close to that (or those)
atalysis A: Chemical 287 (2008) 24–32 25

and (b) trans-methyl oleate (T), both �-adsorbed on Ni(1 1 1).

interacting with the double-bond being adsorbed, and that the
true adsorption regime is likely between the above mentioned
extreme adsorption modes [41]. Stimulating results prompted us
to examine the robustness of such approach to analyze reaction
systems of increasing complexity. Accordingly, the present arti-
cle is our second contribution of a series attempting to provide
improved kinetic models for the liquid-phase hydrogenation of
FAMEs. Herein, the intrinsic kinetics of the cis/trans isomerization
and hydrogenation of methyl oleate over a Ni/�-Al2O3 catalyst is
modeled recognizing differences in the molecular size of H and
FAMEs. A semi-competitive kinetic model has been found bet-
ter than those classical competitive and non-competitive ones to
describe the observed kinetic behavior within the range of typical
operating conditions used for industrial hydrogenation in con-
ventional three-phase semi-batch reactors (398 K ≤ T ≤ 443 K, and
370 kPa ≤ PH2 ≤ 650 kPa). Results and distinctive features charac-
terizing this recent approach are highlighted.

2. Experimental

2.1. Catalyst and chemicals

A 25 wt.% Ni/�-Al2O3 catalyst (BET specific surface area
185 m2/g, mean particle diameter 2.5 �m, mean pore diameter
8 nm) was used in all kinetic experiments. A high-vacuum dis-
tilled mixture of cis-methyl oleate (61.76 wt.%), trans-methyl oleate
(26.18 wt.%) and methyl stearate (12.06 wt.%) was used in all hydro-
genation experiments. Nitrogen gas (AgaGas, 99.999% pure) and
hydrogen gas (AgaGas, 99.999% pure) were flowed through a Deoxo
unit and a drying column before use. Methyl heptadecanoate

(Aldrich, 99%) was used as internal standard in GC analyses.

2.2. Apparatus and experimental procedure

All reactions were performed in a mechanically stirred reactor
(Parr Instruments Co. Model 4842). A combined system of electrical
heating and coolant circulation allowed achieving a fast dynamic
control of the reaction temperature, which was controlled within
±0.5 K. The pressure was measured with a strain-gauge pressure
transducer (Ashcroft, Model K2) and maintained within ±5 kPa
with a pressure controller (Cole Parmer, Model 68502-10). Hydro-
gen flow was monitored with a mass flow meter (Matheson 8110)
and recorded with a data recorder (Cole Parmer, 250-mm Flatbed).

The ranges of the operating conditions were chosen to cover
those typically used in industrial processing. The kinetic experi-
ments were performed isothermally at 398, 413, 428, and 443 K,
under isobaric conditions at hydrogen pressures of 370, 510, and
650 kPa. The initial catalyst loading was 0.2 wt.% with respect to the
FAME mixture. The stirring rate was settled at 1000 rpm in order to
guarantee the absence of mass-transfer limitations on the intrinsic
reaction rate [41]. All the experiments were performed with in situ
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Fig. 2. Details of the hydrogenation reactor equipped with the cup-and-cap (CAC)
device.

conditioning of the catalyst and reaction mixture before starting
the hydrogenation reaction. A cup-and-cap (CAC) device was used
for this purpose [42]. The CAC consists of a fixed cap (cover) and
a mobile cup (container) sliding in a helicoidal groove machined
on the stirring shaft. Two horizontal grooves allow setting the cup
either at the upper part of the reaction vessel (gas-phase) or at the
lowest position near the top of the impeller blades (liquid-phase),
as shown in Fig. 2. The solid catalyst contained in the cup is acti-
vated under hydrogen atmosphere at the same temperature and
pressure of reaction while it remains attached to the upper hori-
zontal groove. A sudden stop of the stirring causes the fall of the
cup due to the inertial effects. Then, the catalyst is fast dispersed in
the hydrogen-saturated liquid-phase when the stirring rate is rein-
stated. Zero time was taken just at that moment because the intense
turbulence instantaneously causes the dispersion of the preacti-
vated catalyst. No induction times were observed. The reproducibil-
ity of the experimental data was ±1%. Details of the experimental
setup, hydrogenation procedure and analysis of mass-transfer
effects can be found in our previous contribution [41].

2.3. Analytical method

The GC analyses were performed on a gas chromatograph
(Shimadzu GC-17AATF) equipped with a capillary column (SP-
2330, 30 m × 0.25 mm I.D.). Nitrogen was used as carrier gas (at

0.6 mL/min). Split ratio: 100:1. The column temperature was kept
constant at 463 K. The flame ionization detector (FID) and injector
temperatures were 513 and 523 K, respectively. The concentrations
cis-methyl oleate, trans-methyl oleate, and methyl stearate in the
reaction samples were determined using methyl heptadecanoate
as internal standard.

3. Kinetic model formulation

3.1. Observed kinetic behavior

Based on our experimental data, any adequate kinetic model
must be able to account for the following kinetic behavior [26]:

• An overall reaction order with respect to the dissolved hydrogen
concentration higher than 0.5, which increases with increasing
temperature;

• A slow approaching the cis/trans equilibrium during the course
of the hydrogenation, which is attained earlier at increased tem-
perature;
atalysis A: Chemical 287 (2008) 24–32

• A cis/trans equilibrium ratio nearly 3.6, which is hydrogen
pressure independent and slightly decreasing with increasing
temperature;

• Hydrogenation rates of both geometric isomers practically equal
as suggested by the nearly constant ratio of their concentrations
after achieving the equilibrium at high conversion levels (methyl
stearate formed >85%).

The compounds cis-methyl oleate (methyl oleate), trans-methyl
oleate (methyl elaidate), and methyl stearate are hereafter referred
to as C, T, and S, respectively. Molecular and dissociated hydrogen
are denoted as H2 and H, respectively.

3.2. Reaction mechanism and underlying assumptions

A detailed reaction mechanism would have to include the
simultaneous adsorption/desorption, hydrogenation, migration
and geometric isomerization of double bonds. Positional isomer-
ization would be expected to occur in some extension. It has been
experimentally corroborated that the double-bond spread out fast
over the hydrocarbon chain exhibiting a slight preference for the
end of the chain away from the ester group as the C conversion
increases and the double-bond mainly shifts until three positions
around the �9 double-bond [43]. In addition, there is agreement
that �9 and �10 positions appear to be the most favorable ones
for the positional equilibria [43,44]. However, no distinction will be
made herein on positional isomers. Even though we fully recognize
that this conscious shortcoming is an oversimplification, we use it
here for the sake of simplicity in highlighting main features of the
methodological approach. A practical reason for this assumption is
that positional isomers have little influence on the properties that
are of interest for the applications mentioned in the introductory
paragraph.

From a mechanistic viewpoint, the adsorbed carbon–carbon
double bond can undergo either H-insertion or H-abstraction. The
former would be probably easier than the latter under the adopted
operating conditions, thus minimizing double-bond migration.
This expectation is based on the following features. At relatively low
hydrogen surface coverage, a combined H-abstraction/H-addition
mechanism through �-allylic complexes would yield adsorbed
species prompted to undergo double-bond migration. Conversely,
at relatively high hydrogen coverage, the surface reactions likely
proceed through a first H-addition yielding � half-hydrogenated
complexes, ready to undergo either cis/trans isomerization by free

rotation of the carbon–carbon bound followed by H-abstraction, or
a complete hydrogenation by a second H-addition. A positional iso-
merization could also occur if the above mentioned H-abstraction
takes place from an adjacent carbon atom. Estimates from our pre-
vious kinetic model based on the recognition of the large but finite
differences between the molecular sizes of the reacting species [41],
revealed an H surface coverage ranging from 0.40 to 0.50, and an
apparent fractional coverage of the methyl oleate as large as 0.42.
However, the FAME fractional coverage at the catalyst surface level
was less than 0.06 because a FAME molecule could cover up to
seven surface sites. From the predominance of H chemisorbed upon
the adsorbed FAMEs, H-addition would be probably more favorable
than H-abstraction, thus minimizing double-bond migration under
the adopted operating conditions.

Concerning the quantitative determination of the cis/trans equi-
librium constant, values varying from 2 to 4 have been reported
in the temperature range of 323–473 K [19,26,43,45–49]. We have
determined that the equilibrium isomerization constant is practi-
cally independent of hydrogen pressure and slightly decreases with
temperature (−2.52 kJ mol−1), with values ranging from 3.26 to 3.57
under the present operating conditions [26]. Since these estimates
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are in good agreement with available literature data [19,43,46], they
will be hereafter used for the kinetic modeling. On the other hand,
the literature on the C and T equilibrium adsorption constants is
scarce and it has been recurrently assumed that both adsorption
equilibrium constants are equal [19,24,26,27,42,50]. Analogously,
the hydrogenation rates have been ordinarily considered to be
equal for both isomers. As mentioned in the introductory section,
there is no convincing reason to believe a priori that both equilib-
rium adsorption constants have to be equal, and this matter will
be discussed below on the basis of the results from data fitting.
However, although the equality of the C an T hydrogenation rates
isomers is difficult to be proved because they are impossible of
being determined from uncoupled processes, there is direct evi-
dence for this assertion as concluded from the kinetic behavior
observed after achieving the cis/trans equilibrium concentration
ratio at high hydrogenation conversion.

Taking into account the features summarized above and other
evidence on FAME hydrogenation, the rate equations are derived
accepting that: (i) H2 dissociates upon adsorption on ⊗-sites
[16,21,24–27,30,33,41]; (ii) C and T adsorb interacting with a sin-
gle ⊗-site (�-adsorption) [6,13,14,41]; (iii) S is weakly adsorbed on
the ⊗-sites; therefore, its surface coverage is assumed to be neg-
ligible in the inventory of fractional surface coverages [17,41]; (iv)
adsorption/desorption rates are presumed to be fast, which implies
quasi-equilibrium adsorption; (v) the adsorption equilibrium con-
stants are not assumed to be a priori equal for both isomers;
(vi) the fractional surface coverage by intermediate adsorbed
species is negligible compared to those of bulk species [10,41–43];
(vii) no distinction is made for double-bond migration products

[16,18,26,27,41]; (viii) the cis/trans isomerization and hydrogena-
tion mechanisms are explained on the basis of the Horiuti–Polanyi
mechanism involving a � half-hydrogenated complex, as shown in
Table 1 [3,10,13,17–19,33–35,39,40]; (ix) the �-complex is in quasi-
steady state; (x) the cis/trans equilibrium ratio is slowly achieved;
(xi) the irreversible second H-addition to the �-complex is assumed
to be the rate-determining step (RDS) for the hydrogenation to deal
with a reaction order greater than 0.5 and a significant simulta-
neous cis/trans isomerization [41,43]; (xii) the hydrogenation rate
constants are assumed to be equal because the �-complex no longer
contains information concerning its previous state; (xiii) there is no
activation/deactivation of ⊗-sites during the kinetic experiments
performed with the preactivated catalyst; (xiv) the mass-transport
rate is not limiting.

3.3. Assumptions for modeling the species competition for the
adsorption on surface sites

Further basic assumptions are made for setting the elementary
rate equations recognizing the differences in the molecular size of
H2 and FAMEs (see Fig. 3) [41]: (xv) there is a unique type of ⊗-sites

Table 1
Reaction steps according to the Horiuti–Polanyi mechanism

Elementary steps Adsorption and reaction constants

1 H2 + 2 ⊗ � 2H̄ KH = kH/k−H
2 C + ⊗ � C̄ KC = kC/k−C
3 T + ⊗ � T̄ KT = kT/k−T
4 S + ⊗ � S̄ KS = kS/k−S
5 C̄ + H̄ � � + ⊗ K

C�
= k

C�
/k−C�

6 T̄ + H̄ � � + ⊗ K
T�

= k
T�

/k−T�
7 � + H̄ � S̄ + ⊗ k�

⊗ denotes surface sites for both hydrogen and FAMEs adsorption. Step 1: dissociative
adsorption of H2. Steps 2–4: �-adsorption of FAMEs. Step 5 and 6: reversible first H-
addition yielding a �-bonded half-hydrogenated intermediate. Step 7: irreversible
second H-addition affording methyl stearate.
Fig. 3. Schematic top view representation of occupied-sites by adsorbed molecules
of hydrogen and FAMEs (shaded regions) and covered-sites by adsorbed molecules
of FAMEs (dashed regions), with uncovered-sites between them.

for the adsorption of reacting species; (xvi) there is no conjecture
a priori on whether the H2 and FAMEs adsorption is competitive
or non-competitive; (xvii) FAMEs molecules are much larger than
both the H2 molecule and the distance between neighboring ⊗-
sites; (xviii) a monounsaturated molecule adsorbs on one ⊗-site
but additionally covers s ⊗-sites closely adjacent to that on which
it is justly adsorbed; (xix) although the molecular structure is quite
different for C and T, the number of additional ⊗-sites covered by
a molecule is practically equal whichever the geometric isomer
and, therefore, it is presumed that sC = sT = s (see Fig. 4); (xx) the
effectively covered ⊗-sites by an adsorbed molecule of C and T is
(1 + s), s being a parameter to be determined; (xxi) the s ⊗-sites are
assumed to be inaccessible for the adsorption of another molecule
of FAME due to steric hindrance, but they might be available for
H2 adsorption; (xxii) the fractional surface coverage of free ⊗-sites
is denoted as �⊗ and the fraction remaining uncovered between
the large molecules of FAMEs as �U⊗; (xxiii) the H2 adsorption rate
is assumed to be proportional to �⊗ while those of C and T pro-
portional to �U⊗; (xxiv) the ratio between the occupied-sites and
covered-sites by the FAMEs, so-called parameter f, does not depend
on the temperature.

3.4. Elementary rate equations
Thus, the rate equation for each elementary step of the proposed
mechanism can be written as

r1 = kHCH2 (�⊗)2 − k−H(� H)2 (1)

r2 = kCCC�U
⊗ − k−C�C (2)

r3 = kTCT�U
⊗ − k−C�T (3)

r4 = kSCS�U
⊗ − k−S�S (4)

r5 = kC�
�H�C − k−C�

���⊗ (5)

r6 = kT�
�H�T − k−T�

���⊗ (6)

r7 = k��H�� (7)

where r is the reaction rate of the corresponding step per unit mass
of the catalyst.

3.5. Overall rate equations

The overall consumption/generation rate equations of bulk
species per unit mass of the catalyst can be described, after some
algebra, by the following set of coupled equations
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Fig. 4. Artist’s view of: (a) cis-methyl oleate (C) and (b) trans-methyl oleate (T) adso

rC = r6 − r7 (8)

rT = r5 − r7 (9)

rS = r7 (10)

which fulfill the principle of mass conservation because
r5 + r6 − r7 = 0 as follows from the steady-state approximation
for the � half-hydrogenated intermediate.

Solving Eqs. (5)–(10) for second H-addition as RDS yields the
following rate equations

rC=k̂−CT

√
KHCH2 �⊗�T − k̂CT

√
KHCH2 �⊗�C − k̂KHCH2 �⊗�C (11)

rT=−k̂−CT

√
KHCH2 �⊗�T+k̂CT

√
KHCH2 �⊗�C−k̂KHCH2 �⊗�T (12)

rS = k̂KHCH2 �⊗[�C + �T] (13)

with k̂CT, k̂−CT, and k̂ being pseudo-reaction constants defined
as

k̂CT =
k−T�

KC�

1 + k−T�
/k−C�

(14)

k̂−CT =
k−C�

KT�

1 + k−C�
/k−T�

(15)

k̂ = k� KC�

1 + k−C�
/k−T�

(16)
3.6. Adsorption model

Under the quasi-equilibrium approximation for the adsorption
of reactants (r1 = r2 = r3 = 0), the fractional surface coverages can be
written as

�H =
√

KHCH2 �⊗ (17)

�C = KCCC�U
⊗ (18)

�T = KTCT�U
⊗ (19)

To complete the model formulation, the adsorption model based
on the concept of semi-competitive adsorption is now worked out.

3.6.1. Semi-competitive adsorption
The fractional coverages �⊗ and �U⊗ must fulfill the following

coupled equations

�C + �T + f (1 +
√

KHCH2 )�U
⊗ = f (20)

1 + f (1 +
√

KHCH2 )�U
⊗ = f + (1 +

√
KHCH2 )�⊗ (21)
atalysis A: Chemical 287 (2008) 24–32

on Ni(1 1 1). The C9,10 double bond has been arbitrarily placed on top of Ni atoms.

where

f = �C + �T

(1 + sC)�C + (1 + sT)�T

(22)

which can be rigorously derived from the surface site balance
equation by admitting the distinction between occupied-sites and
covered-sites, as demonstrated in our previous contribution [41]. It
should be noted that the coverage factor f becomes a constant since
it is assumed that sC = sT = s, i.e.

f = 1
1 + s

(23)

where s is the number of ⊗-sites additionally covered by C and T,
and its value remains to be estimated.

Eqs. (17)–(23) provide a workable way to survey the semi-
competitive adsorption regime, which links as asymptotic cases the
kinetic models for the competitive and non-competitive regimes as
follows.

3.6.2. Competitive adsorption
Solving Eqs. (20) and (21) for f = 1 (i.e., s = 0) gives

�⊗ = �U
⊗ (24)

[1 +
√

KHCH2 + KCCC + KTCT]�⊗ = 1 (25)

which can be recognized as the classical surface site balance

equation for the competitive adsorption model, with H2 being in
dissociative form and with C and T species �-adsorbed.

3.6.3. Non-competitive adsorption
Solving Eqs. (20) and (21) for f → 0 (i.e., s > 100) gives the follow-

ing uncoupled surface site balance equations

[1 +
√

KHCH2 ]�⊗ = 1 (26)

[KCCC + KTCT]�U
⊗ = f (27)

which are in agreement with those site balances characterizing the
non-competitive adsorption model. It should be noted that Eqs.
(26) and (27) were derived without having to draw the common
distinction between two types of surface sites.

4. Results and discussion

4.1. Parameter estimation

Non-linear regression analysis using a modified Levenberg–
Marquard algorithm combined with a procedure for solving non-
linear least squares problems was performed by minimizing the
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residual sum of squares (SSQ) between experimental data and
model predictions [41]. The numerical integration of the hydro-
genation rate equations was carried out using a Runge–Kutta (2,3)
pair method. A first optimization of the kinetic parameters was
achieved fitting the experimental data for all three pressures at the
reference temperature of 413 K, followed by the estimation of the
activation energies and adsorption heats according to the Arrhenius
and Van’t Hoff laws, respectively, in the 398–443 K range. The esti-
mation of the eight unknown kinetic parameters was performed
by data fitting of T, C, and S concentration profiles from 279 obser-
vations in both time and temperature domains. Parameter f was
stepwise changed for going from competitive to non-competitive
adsorption regimes, passing throughout the semi-competitive one.
Estimates are within 95.5% confidence intervals. The adequacy of
the fitting was checked examining the SSQ values and the residual
plots.

4.2. Some insights to improve parameter estimation and
adsorption model discrimination

It should be stressed that the parameter estimation is rather dif-
ficult in the framework provided by the semi-competitive model
when using the resulting rate equations directly. A high correlation
between parameter f and the kinetic parameters determines a small
sensitivity of the objective function SSQ to f. However, it was found

that some minor adaptations of both the original mathematical
model and the applied numerical strategy are decidedly important
to avoid this difficulty. Successful adaptations are as follows:

(1) A reduction of the number of the parameters to be estimated
was made since

k̂−CT = k̂CT KC

KCT KT
(28)

where the value of the cis/trans apparent equilibrium con-
stant KCT was obtained from a previous work: KCT = 3.45 ± 0.01
at 413 K, with −�HCT = 2.52 ± 0.15 kJ mol−1 [26]. In addi-
tion, the value of equilibrium constant KH was taken
from a previous contribution: KH = 19.17 ± 0.31 at 413 K, and
−�HH = 77.70 ± 0.73 kJ mol−1 (values are for 95.5% confidence
limits) [41]. Thus, the number of parameters to be estimated
was reduced from 12 to 8. The unknown kinetic parameters are
k̂, k̂CT, KC, and KT at 413 K, the activation energies E and ECT, and
the adsorption enthalpies, −�HC, and −�HT.

(2) The estimation of the activation energies and adsorption heats
was performed according to the Arrhenius and Van’t Hoff laws,
respectively, using the well-known reparameterization

Table 2
Estimated parameters for the competitive, semi-competitive, and non-competitive kinetic
at T = 413 K and 370 kPa ≤ PH2 ≤ 650 kPaa

Parameters Units Adsorption m

Competitive

f – 1
Covered ⊗-sites – 0
k̂1 × 102 s−1 (g cat.)−1 0.76 ± 0.09
k̂

CT
× 102 s−1 (g cat.)−1 0.66 ± 0.05

K̂C mol−1 L 69.39 ± 5.31
K̂T mol−1 L 76.53 ± 6.03
SSQ × 106 0.1937

a Values correspond to 95.5% confidence limits.
b Minimum value.
c Maximum value.
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k(T) = k(T0)exp
[ −E

RT∗
]

(29)

K(T) = K(T0) exp
[−�H

RT∗
]

(30)

where T* is given by
1

T∗ = 1
T

− 1
T0

(31)

with T0 being the reference temperature (413 K).
(3) The parameter optimization was performed parametrically

with respect to f, i.e., parameter f was stepwise varied from 0.01
to 1.00 in order to analyze the behavior of the objective function
SSQ used in data fitting. Otherwise, without making the repa-
rameterization described in the following point, optimizing f
like any parameter has the risk of finding spurious conclusions
about its value since it was found that SSQ could be insensitive
to f values within an ample subinterval yielding SSQ minimum
and, therefore, the resulting optimized value could likely result
in a casual value comprised in that subinterval.

(4) A reparameterization of the adsorption constants as follows

K̂C = fKC (32)

K̂T = fKT (33)

where K̂C and K̂T can be understood as effective adsorption con-
stants, allowed estimates much more insensitive to the set of
initial parameters used for data fitting and less correlated esti-
mates; consequently, a better model discrimination was possible

when varying the value of parameter f. A simple inspection of
the functional forms defining �C and �T reveals the encoun-
tered difficulty in the numerical solution. Indeed, from Eqs. (18)–
(20) both surface coverages are given by

�C = fKCCC

KCCC + KTCT + f (1 +
√

KHCH2 )
(34)

�T = fKTCT

KCCC + KTCT + f (1 +
√

KHCH2 )
(35)

where f is in both the numerator and denominator This fact
introduces difficulties in model discrimination since estimates are
strongly correlated and, therefore, the resulting values of SSQ
become little sensitive to varying f. On the contrary, after reparam-
eterization according to Eqs. (32)–(35) can be rewritten as

�C = K̂CCC

(1/f )(K̂CCC + K̂TCT) + f (1 +
√

KHCH2 )
(36)

�T = K̂TCT

(1/f )(K̂CCC + K̂TCT) + f (1 +
√

KHCH2 )
(37)

models describing the cis–trans isomerization and hydrogenation of methyl oleate,

odel

Semi-competitive Non-competitive

0.09b 0.01
11c 100
3.02 ± 0.31 3.61 ± 1.02
2.84 ± 0.16 1.13 ± 0.53

1.49 ± 0.08 14.22 ± 3.31
1.65 ± 0.15 5.13 ± 2.43
0.1952 4.8230
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ls bet
ogen
Fig. 5. Experimental and predicted composition profiles (upper figure) and residua
domains, respectively, at 413 K and 370 kPa (�), 510 kPa (�), and 650 kPa (�) of hydr
covered-sites = 11. (c) Competitive model: f = 1.00, covered-sites = 1.

which are more sensitive to f than those original ones due to the fact
this parameter has opposing effects on the two bracket terms in the
denominator, which are associated with the competition between
FAMEs and H2 for the surface sites. The lower the value of f, the
greater is the predominance of the first term describing the FAMEs
adsorption, and the lower that of the second one which is associ-
ated with the H2 adsorption, and viceversa. These opposing effects
allowed a significant improvement in analyzing model discrimi-
nation when varying the f parameter, avoiding the risk mentioned
above.

4.3. Modeling results
The results from the parameter optimization at 413 K and 370,
510, and 650 kPa, ranging f from 0.01 (non-competitive adsorp-
tion) to 1.00 (competitive adsorption) are summarized in Table 2.
An inspection of the SSQ estimates reveals that a minimum con-
stant value is obtained within the 0.09 < f < 1.00 interval, with a
steep increase of SSQ within the 0.00 < f < 0.09 interval. This pecu-
liarity reveals that the non-competitive model provides the worst
quality of the kinetic description, while the semi-competitive and
competitive models have an equivalent data-fitting capability. The
corresponding experimental and predicted composition profiles as
well as the residuals between the model predictions and exper-
imental data in the conversion domain are displayed in Fig. 5.
The non-uniform and broad bands of residuals certainly confirm
the inadequacy of the non-competitive model (Fig. 5a), but semi-
competitive and competitive models are not decidedly different
from each other because they exhibit more uniform and narrow
bands (Fig. 5b and c). Nevertheless, some differences between com-
petitive and non-competitive models could be pointed out.

The kinetic constants k̂ and k̂CT are higher for the semi-
competitive model, whereas the equilibrium adsorption constants
ween predictions and experimental data (lower figure), in the time and conversion
pressure. (a) Non-competitive model: f = 0.01. (b) Semi-competitive model: f = 0.09,

K̂C (or KC) and K̂T (or KT) are lower than those of the competitive
model. Not unexpectedly, an unrestricted access of the C and T
molecules to all the ⊗-sites, as assumed in the classical competi-
tive model, certainly yields over-estimated equilibrium adsorption
constants. As a consequence, when using this model, counterbal-
anced lower kinetic constant values are naturally obtained by data
fitting. However, the adsorption constants KC and KT were found to
be nearly equal, ascertaining the usual assumption. This result was
certainly unexpected for us due to the expectation arising from too
different molecular structures as aforementioned in the introduc-
tory paragraph. A possible reason for the equality between both
equilibrium adsorption constants is that even though the block-

ing of access to the ⊗-sites could be greater for T than for C, the
propensity of the flat-adsorbed molecule of C to remain adsorbed
on catalytic surface could be greater than that of the quasi-vertical
adsorbed molecule of T.

Unfortunately, with the information summarized so far it is
not possible to discriminate between the competitive and semi-
competitive models. An attempt to discriminate between them
was made on the basis of the physical meaning of parameter f.
An inspection of the plot of SSQ vs. f provides interesting advice.
As can be seen from Fig. 6, within the 0.01 ≤ f ≤ 1 range, the SSQ
dependence with f is well-defined (i.e., clear and precise). The SSQ
values do not change in the 0.09 ≤ f ≤ 1 range, and they are nearly
1.95 × 10−7, which is the minimum value of SSQ in the f domain.
This means that the same data fitting quality could be obtained
admitting ambiguously that a molecule of C or T could effectively
cover from 1 to 11 surface sites. However, a rough estimate from
primary molecular modeling suggests that a molecule of C or T on
Ni(1 1 1) could cover up to 11 surface sites, as can be inferred from
Fig. 4. Since these geometric restrictions can be more satisfactorily
explained by the semi-competitive models than by the competitive
one, the former is slightly favored. From a statistical viewpoint,
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Fig. 6. Values of the residual sum of squares (SSQ) as a function of the occupied-

sites/covered-sites ratio by a molecule of cis-methyl oleate (C) or trans-methyl oleate
(T).

the semi-competitive model is also preferred as results from the
correlation matrices for the estimated parameters. The obtained
lower correlation between parameters of the semi-competitive
model was certainly unexpected because it has been reported
to be greater for this model as compared with the competitive
model [40,41]. This successful result is mainly a consequence of
the reparameterization expressed by Eqs. (32) and (33).

Correlation between parameters of the competitive model
(f = 1.00)

k̂ k̂
CT

K̂C K̂T

k̂ 1.000 −0.046 0.637 0.971
k̂

CT
−0.046 1.000 0.727 −0.217

K̂C 0.637 0.727 1.000 0.466
K̂T 0.971 −0.217 0.466 1.000

With the data summarized above, we decidedly inclined our
preference for the semi-competitive model with f = 0.09. A sec-

Table 3
Fitted parameter values for the semi-competitive kinetic model describing the
cis–trans isomerization and hydrogenation of methyl oleate, in the range of
398 K ≤ T ≤ 443 K and 370 kPa ≤ PH2 ≤ 650 kPa

Parameters Units Valuesa

f – 0.09b

Covered ⊗-sites – 11c

k̂1 × 102 s−1 (g cat.)−1 3.02 ± 0.31d

k̂
CT

× 102 s−1 (g cat.)−1 2.84 ± 0.16d

KC/T – 3.45 ± 0.01e

K̂C mol−1 L 1.49 ± 0.08d

K̂T mol−1 L 1.65 ± 0.15d

KC mol−1 L 16.55 ± 0.88d

KT
b mol−1 L 18.33 ± 1.67d

KH mol−1 L 19.17 ± 0.31f

E1 kJ mol−1 68.49 ± 1.23
Eisom kJ mol−1 58.09 ± 1.87
−�HC kJ mol−1 −5.14 ± 0.27
−�HT kJ mol−1 −5.92 ± 0.31
−�HH kJ mol−1 77.70 ± 0.73
−�Hisom kJ mol−1 2.52 ± 0.15e

a Values correspond to 95.5% confidence limits.
b Minimum value.
c Maximum value.
d Value at the reference temperature of 413 K.
e Value from the reference [26].
f Value from the reference [49].
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Correlation between parameters of the semi-competitive
model (f = 0.09)

k̂ k̂
CT

K̂C K̂T

1.000 −0.053 0.012 0.009
−0.053 1.000 −0.020 0.045

0.012 −0.020 1.000 0.009
0.009 0.045 0.009 1.000

ond parameter optimization was made in the temperature domain
to estimate the activation energies and adsorption heats. The
results are summarized in Table 3. The estimated value for
the activation energy of hydrogenation reaction E was found
to be 68.49 ± 1.23 kJ mol−1 Although values for E ranging from
17.7 kJ mol−1 [21] to 75 kJ mol−1 [51] have been reported in the
literature, the estimated value is in excellent agreement with
that of 68 kJ mol−1 reported in a careful kinetic study detect-
ing mass-transport effects on double-bond migration during the
methyl oleate hydrogenation using Ni on silica catalysts [52].
The estimated activation energy for the isomerization reaction
of 58.09 ± 1.87 kJ mol−1 is nearly 1.2 times larger than that found
in a previous kinetic study based on non-competitive models
[27]. A value of 33 kJ mol−1 has also been reported [19]. The
adsorption heats for C and T were found to be −5.14 ± 0.27 and
−5.92 ± 0.31 kJ mol−1, respectively. We have reported a value of
nearly −10 kJ mol−1 in the previous study on methyl oleate without
cis/trans distinction [41]. These small values are in good agreement
with other previous studies considering negligible temperature
effects on the adsorption constants of unsaturated triglycerides
[17,20].

5. Conclusions

Based on the pioneering concepts of multicentered adsorption
and semi-competitive adsorption proposed by Salmi and Murzin’s
research group, and some related refinements further advanced
by our research group for formulating and solving kinetic models

within this framework, the kinetic modeling of the cis/trans iso-
merization and hydrogenation of methyl oleate on a Ni/�-Al2O3
catalyst in liquid-phase was successfully accomplished. The kinetic
study was carried out within the range of typical operating
conditions used for industrial hydrogenation in conventional three-
phase semi-batch reactors (398 K ≤ T ≤ 443 K, and 370 kPa ≤ PH2 ≤

650 kPa). On the basis of the Horiuti–Polanyi mechanism, a kinetic
model was derived following our recent mathematical approach for
deriving LHHW models based on semi-competitive adsorption. The
classical LHHW rate equations for competitive and non-competitive
adsorption between the hydrogen and large organic species were
matched as asymptotic cases. Statistical results clearly demon-
strated the inadequacy of the model approaching non-competitive
adsorption to describe the experimental data, but the residual sum
of squares between experimental data and model predictions was
insufficient to discriminate between the kinetic models based on
competitive and semi-competitive adsorption. However, the model
considering semi-competitive adsorption gave additional indica-
tion that the adsorbed molecules of cis- and trans-methyl oleate
could cover up to eleven surface sites, which is in excellent agree-
ment with a rough estimate from primary molecular modeling. This
feature seems to be the most fascinating result, since it is factual
and unattainable from the classical LHHW approaches.

Some breakthroughs and methodological regularities have to
be highlighted. Minor adaptations of both the original mathemat-
ical model and the applied numerical strategy were decidedly
important to improve the parameter estimation and model
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discrimination using the semi-competitive model. These adapta-
tions were the proposed reparameterizations and the analysis of the
parameter optimization results in terms of f as prefixed parameter
stepwise varied within the 0 < f ≤ 1 range. Furthermore, the esti-
mated equilibrium adsorption constants were lower than those of
the competitive model and the kinetic constants were higher for the
semi-competitive model. Clearly, when there are large differences
in the molecular size of hydrogen and organic species, the classical
competitive model yields over-estimated equilibrium adsorption
constants since the unrestricted access of the large molecules to
all the ⊗-sites is a mistaken assumption. As a consequence, when
using this model, counterbalanced lower kinetic constant values
are naturally obtained by data fitting. We believe that the lower
values of the adsorption constants and the higher values of the reac-
tion constants predicted by the semi-competitive model are more
accurate to represent the intrinsic kinetics. The additional informa-
tion provided by the semi-competitive model about the probable
number of surface sites covered by the organic species appears to
be a fascinating result as mentioned above, but there are still too
few contributions to arrive at definite conclusions. The stimulating
results obtained so far would encourage further studies based on
the semi-competitive model, especially on the examination of the
usefulness of this advanced approach for analyzing different het-
erogeneous catalytic hydrogenation systems for organic synthesis.
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