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Selectivity and kinetics of methyl crotonate
hydrogenation over Pt/Al2O3†

Chaoquan Hu,ab Derek Creaser,*b Henrik Grönbeck,ac Houman Ojaghab

and Magnus Skoglundhad

The hydrogenation of gas-phase methyl crotonate (MC) over Pt/Al2O3 was investigated with the aim to

understand CC hydrogenation in unsaturated methyl esters. Three Pt/Al2O3 catalysts with different Pt

dispersions were prepared by varying calcination temperature and evaluated for MC hydrogenation. The

main products were found to be methyl butyrate (MB) and methyl 3-butenoate (M3B), resulting from

hydrogenation and shift of the CC bond in MC, respectively. The measured activity for both hydrogenation

and shift of the CC in MC was found to depend on the Pt dispersion where higher Pt dispersion favors the

CC hydrogenation reaction. The effect of reactant concentrations on the activity and selectivity for MC

hydrogenation over the Pt/Al2O3 catalyst was examined in detail. Under the investigated conditions, the

CC hydrogenation was found to have a negative reaction order with respect to MC concentration but a

positive H2 order. Further understanding of the MC hydrogenation was provided from H2 chemisorption

experiments over the catalyst with and without pre-adsorbed MC and from transient experiments using

alternating MC and H2 feeds. Based on the present experimental results, a reaction pathway was proposed

to describe gas-phase MC hydrogenation over Pt/Al2O3. In order to gain more insight into the reaction, a

kinetic analysis of MC hydrogenation was performed by fitting a power-law model to the kinetic data,

moreover, dissociative H2 adsorption on the catalyst was found to be the rate-determining step by com-

paring the power-law model with the overall rate expressions derived from mechanistic considerations.
1. Introduction

The catalytic hydrogenation of CC bonds is an important
and useful reaction in the pharmaceutical and fine chemical
industry. In most cases, the main purpose of hydrogenation
is to reduce the degree of unsaturation or completely saturate
the CC bonds in organic compounds. For instance, partial
CC hydrogenation is desirable in the field of edible oil,
while cyclohexane production requires saturation of the
benzene ring. CC hydrogenation is also of importance for
improving the stability of biodiesel, which is considered as a
renewable energy carrier. Biodiesel is commonly produced
by hydrogenation of unsaturated vegetable oils (HVOs) or by
transesterification between vegetable oil or animal fats and
methanol.1–3 Partial CC hydrogenation can considerably
improve the stability of biodiesel against oxidation.4

With respect to CC hydrogenation, extensive work has
been performed using various model molecules to under-
stand the corresponding reaction mechanism. The simplest
probe molecule for studying CC hydrogenation is ethylene,
which only contains a CC bond without other functional
groups. From the results of ethylene hydrogenation, the
Horiuti–Polanyi mechanism was proposed to elucidate the
CC hydrogenation.5 In this mechanism, two hydrogen
atoms are assumed to be sequentially incorporated into ethyl-
ene with the formation of an alkyl intermediate. In some cases,
this mechanism can be used to interpret the experimental
observations from various surface analysis techniques.6–8

Besides ethylene, some small molecules, e.g., acrolein and
crotonaldehyde, have been used as probe molecules to investi-
gate selective hydrogenation.9–20 The interest in these mole-
cules with conjugated CC and CO groups has mainly lied
in the issue of selectivity, i.e., controlling hydrogenation of
either the CC or the CO bond, rather than the fundamental
oyal Society of Chemistry 2015
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aspects of CC hydrogenation, such as adsorption mode
and rate-determining step.

Besides the small molecules, studies have thus far also
investigated the hydrogenation of large methyl ester mole-
cules, e.g., methyl oleate and methyl linoleate, over supported
metal catalysts.21–35 Recently, we have reviewed this subject
and summarized the progresses for hydrogenation of CC in
unsaturated fatty acid methyl esters.36 Surprisingly, some
fundamental issues about hydrogenation of CC in methyl
esters are still under debate in spite of intensive work in this
field. For instance, Jonker et al. showed that the rate expres-
sion derived from the Langmuir–Hinshelwood–Hougen–Watson
(LHHW) mechanism based on two types of adsorption sites
could be used to fit the kinetic data for hydrogenation of
methyl oleate and elaidate.37 However, Cabrera and Grau dem-
onstrated that the models based on a competitive or semi-
competitive adsorption mode provided a better fit than the non-
competitive model to the kinetic data of methyl oleate hydroge-
nation over Ni/Al2O3.

38,39 Obviously, more work is required to
understand hydrogenation of unsaturated methyl esters.

Our strategy for understanding CC hydrogenation of
unsaturated methyl esters will be from simple to complicated
molecules. The purpose is not limited to understanding the
underlying mechanisms of CC hydrogenation, but also pro-
vide valuable information for future theoretical modelling to
bridge the gap between hydrogenation of small simple mole-
cules and larger ones with functional groups. To this end, we
have studied hydrogenation of methyl crotonate (MC) in gas-
phase over Pt/Al2O3 catalysts with different Pt dispersions.
Herein, MC is chosen as the starting molecule because of its
simple chemical structure compared to other larger methyl
esters. The combustion characteristics of MC as a typical
methyl ester in air have been investigated in previous stud-
ies.40,41 Furthermore, MC can be produced from the decompo-
sition and oxidation of large methyl esters.42 In addition, it
should be noted that hydrogenation of MC will provide insight
into the special kinetics of a CC bond conjugated with the
CO bond in a methyl ester. In this aspect, a correlation of
the hydrogenation behavior of larger methyl esters and the
above mentioned small conjugated molecules may be built if
the product selectivity and reaction kinetics are similar.

In this study, hydrogenation of methyl crotonate over
Pt/Al2O3 is systematically investigated by varying reactant con-
centrations at steady state and under transient conditions. A
reaction pathway is proposed to understand MC hydrogena-
tion on the catalyst and some characteristics of this catalyzed
reaction are revealed from the reaction kinetics. Moreover,
the hydrogenation behaviors of MC, ethylene, and croton-
aldehyde over Pt catalysts are compared considering product
selectivity and reaction kinetics.

2. Experimental
2.1. Catalyst preparation and characterization

All the neat compounds used in this study, namely, MC
(98% purity), methyl butyrate (MB, ≥98% purity), and methyl
This journal is © The Royal Society of Chemistry 2015
3-butenoate (M3B, 95% purity), were purchased from Sigma-
Aldrich and used as received without further purification.
The catalyst containing 5 wt.% of Pt on Al2O3 was prepared
by wet impregnation. Typically, 0.3230 g of PtĲNO3)2 solution
(Heraeus GmbH 15.46 wt.%) was diluted in distilled water to
form an aqueous solution of 2.70 g. Then 0.95 g of Al2O3

(Puralox SBa-200 Sasol) after thermal treatment at 700 °C for
4 h under a static air atmosphere was added to the above
Pt-containing solution under strong and constant stirring for
1 h at room temperature. The resulting paste-like slurry was
dried at 105 °C for about 12 h. The obtained powder was
divided into three portions and calcined at different tem-
peratures (500, 600, and 700 °C) for 4 h. The heating rate was
2 °C min−1 for the calcination treatment, while in the drying
process a constant temperature of 105 °C was used. The
sample calcined at a defined temperature is denoted as
Pt/Al2O3-T, for instance, Pt/Al2O3-500 means a calcination
temperature of 500 °C. Note that the minimum calcination
temperature chosen was 500 °C because at this temperature
all possible nitrate species could be removed from the plati-
num nitrate. Evidence for this conclusion was obtained by
thermal decomposition of the platinum precursor on the pre-
pared Pt/Al2O3 samples using differential scanning calorime-
try (DSC) technique (ESI†).

The thermal decomposition behavior of the catalyst
precursor, as well as temperature-programmed reduction with
hydrogen (H2-TPR) and CO or H2 chemisorption, was performed
by using a calorimeter (Setaram Sensys DSC) equipped with a
quadrupole mass spectrometer (MS, Hiden Analytic Inc.,
HPR-20). The calorimeter consists of two quartz tubes: one is
used as a reference while the other one contains the sample
which is placed on a sintered quartz bed. For measurement
of the thermal decomposition and H2-TPR, 20 mg of the sam-
ple was loaded into the sample tube and the ramping rate
was set to 10 °C min−1. For the H2-TPR experiment, the sam-
ple was exposed to 2% H2/Ar with a flow rate of 20 ml min−1.
In the case of CO and H2 chemisorption, 50 mg sample was
used and pre-reduced at 400 °C for 1 h. After the sample tem-
perature decreased to 25 °C, 200 ppm CO or 150 ppm H2 in
Ar was introduced to the sample tube until reaching a stable
state of the corresponding outlet gas concentration deter-
mined by the MS analysis. Two CO pulses were performed to
determine the chemisorbed amount of CO on the sample.
The first CO pulse was considered to involve the adsorption
of both strongly and weakly adsorbed CO, while the second
CO pulse only resulted in adsorption and desorption of
the weakly bonded CO. The difference between the two CO
pulses thus represents the amount of chemisorbed CO (nCO)
on the Pt/Al2O3 sample. Taking into account the possible
adsorption sites for CO on Pt, a factor of 0.8 was used in cal-
culation of the Pt dispersion (D), namely, D = 0.8 × nCO/nPt.

43

Assuming the Pt to be in the form of spherical particles, the
average particle size (d) of Pt was estimated according to the
equation: d = 1.13/D.44

As expected, the Pt dispersion decreased with increasing cal-
cination temperature, namely, from 16% for the Pt/Al2O3-500
Catal. Sci. Technol., 2015, 5, 1716–1730 | 1717
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Fig. 1 Possible reaction pathways for MC hydrogenation excluding
hydrodeoxygenation, decarboxylation, and decarbonylation.
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sample to 12% for the Pt/Al2O3-600 and further to 8.8% for
the sample calcined at 700 °C. The average Pt particle size for
the three samples was estimated to be 7.1, 9.4, and 12.8 nm,
respectively. The obtained Pt dispersion for the sample cal-
cined at 500 °C in the present study is considerably lower
than the dispersion reported by Auvray et al.43 but basically
in agreement with the value (16%) for 5 wt.% Pt/Al2O3 cal-
cined at 600 °C for 1 h.45 Besides the calculation method, the
large differences in Pt dispersion on Al2O3 should be related
to the high Pt loading (5 wt.%), which increases the possibility
for sintering of Pt in the calcination process and hence results
in larger Pt particles.

2.2. Hydrogenation activity measurement

The hydrogenation measurements were performed in a tubular
reactor with a catalyst bed diameter of 4 mm under atmo-
spheric pressure. The gas pipelines for transportation of the
organic compounds were heated to about 150 °C using
heating tapes. In each test run, a certain amount (≤20 mg) of
catalyst was placed at the center of the reactor and pretreated
in a stream 5% H2/Ar at 400 °C for 1 h prior to the MC hydro-
genation measurements. Note that the sample before the
activity test was reduced twice: the first reduction after the
calcination of the sample at 500–700 °C was to remove NOx,
as shown in H2-TPR results (ESI†), and the second reduction
was to remove possible oxygen species adsorbed due to expo-
sure to air during storage of the catalyst. The liquid feed was
vaporized and injected into a 100 ml min−1 flow of H2/Ar
prior to feeding to the reactor. The concentration of gas-
phase MC was controlled by adjusting the feeding rate from
a syringe pump (NE-1000, New Era Pump Systems, Inc.). The
temperature of the catalyst bed was measured with a thermo-
couple mounted axially in the reactor tube. The products
were analyzed by a calibrated GC (Scion 456-GC, BRUKER)
equipped with a FID detector for organic species and a TCD
detector for H2 and COx. Three columns (Hayesep Q 80/100
mesh, Molsieve 5A 60/80 mesh, and BR-SWax) and a back
flush mode were used in the GC analysis to separate the com-
ponents in the gas sample. The initial oven temperature in
the GC was 40 °C and increased at 5 °C min−1 to 80 °C and
then increased at 30 °C min−1 to 150 °C where it was held
constant for 1 min.

2.3. Products analysis and calculation method

There are several possible reaction pathways, e.g., thermal
decomposition, hydrogenation of CO or CC, and CC
double bond shift, during MC hydrogenation. A reaction
network is shown in Fig. 1. Also the reactions involving the
removal of oxygen from MC may occur according to
hydrodeoxygenation, decarboxylation and decarbonylation
(not shown in Fig. 1). Under the present experimental condi-
tions, the product detected by the GC analysis contained the
following species: H2, CO, CO2, C3H6, MC, MB, M3B and
several minor unidentified species. A typical GC spectrum of
the FID is included in the ESI.† The characteristics of the GC
1718 | Catal. Sci. Technol., 2015, 5, 1716–1730
peaks of the species depend on the experimental conditions.
Under atmospheric pressure and temperatures between 60
and 200 °C, the predominant components formed from MC
hydrogenation were MB and M3B without detection of alco-
hols except methanol, indicating the absence of CO hydro-
genation. Though it is not possible to precisely quantify the
unidentified species, their concentrations should be lower
than 2 ppm if CH4, or heptane, or MC was used as the refer-
ence. Since the minimum concentration of MC used in this
study is 0.31%, the selectivity for these unknown species was
calculated to be less than 0.5%. In addition, it was found that
the outlet concentrations of CH3OH and C3H6 were enhanced
with increasing the reaction temperature probably due to the
promotion of cracking reactions or decarbonylation or decar-
boxylation at higher temperatures. The concentrations of the
other minor gaseous products, however, did not show any
apparent variation with the experimental conditions. It is
thus possible that some of these minor species were impuri-
ties in the MC feedstock. For instance, the GC peak area of
the species at the retention time of about 3 min remained
constant for the reaction temperatures from 60 to 350 °C.

Taking into account the concentrations of the minor spe-
cies, only CH3OH, which can also indicate the percentage of
MC cracking, was considered in the calculation of selectivity
and reaction rate. In this study, the conversion of MC and
the selectivity were defined as follows:

Conversion (%)
MC MC

MC
in out

in


  

 


[ ]
100

Selectivity (%)
product

MC conversion fractional
out

in


 

    
1100

where [MC]in, [MC]out, [product]out represent the inlet concen-
tration of MC and the outlet concentrations of MC and prod-
uct, respectively. Assuming a differential operation of the
tubular reactor at MC conversions lower than 20%, the reac-
tion rates for MC hydrogenation and the turnover frequency
(TOF) were calculated according to:
This journal is © The Royal Society of Chemistry 2015
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 r
W FMC

MC

cat MC,in

conversion
/

rMB = (−rMC) × SelMB
rM3B = (−rMC) × SelM3B

TOFMC MC
Pt

   








r D

M
/ %5

TOFMB = TOFMC × SelM3B
TOFM3B = TOFMC × SelM3B

where conversionMC is the MC conversion, Wcat is the weight
of the catalyst used in the reactor, FMC,in the inlet MC molar
flow rate, Mpt is the molecular weight of Pt, and D is the frac-
tional dispersion of Pt.
3. Results and discussion
3.1. Catalyst performance and selectivity in MC
hydrogenation

Fig. 2 shows the MC conversion and the selectivity to MB and
M3B, which were the main species from MC hydrogenation,
over the three Pt/Al2O3 catalysts calcined at different tempera-
tures. The carbon balance, as well as the GC peak areas
of the observed minor species, is included in the ESI.† As
shown in Fig. 2a, over the investigated temperature range,
the Pt/Al2O3-500 sample showed the highest MC conversion
among the three samples investigated. At temperatures below
230 °C, the MC conversion increased with the reaction tem-
perature for all samples. Over the Pt/Al2O3-500 sample, the
MC conversion reached about 95% at 210 °C and further
This journal is © The Royal Society of Chemistry 2015

Fig. 2 (a) MC conversion and (b) selectivity as a function of reaction tem
different temperatures. Experimental conditions: 20 mg catalyst, pMC = 0.63
increase in the reaction temperature to 250 °C only resulted
in a minor change in MC conversion, probably due to mass
transfer limitations at high MC conversion levels. However,
for the samples calcined at 600 and 700 °C, the MC conver-
sion first decreased slightly with increasing reaction tempera-
ture from 220 to 300 °C and then sharply decreased when
further increasing the reaction temperature to 350 °C. For
instance, the MC conversion decreased from 61 to 28% over
the Pt/Al2O3-600 catalyst when increasing the reaction tem-
perature from 300 to 350 °C. This phenomenon might be the
result of catalyst poisoning by carbonaceous deposits at high
reaction temperatures. Direct evidence for this was the obser-
vation of coke on the reactor wall after the activity evaluation
at 350 °C. However, this effect was not observed for reaction
temperatures lower than 200 °C. This appears to be consis-
tent with the previous studies showing that coking is one of
the main reasons for deactivation of metal-based catalysts in
dehydrogenation or hydro-treating processes at high tempera-
tures.46,47 In addition, the presence of Lewis acidic sites on
the Al2O3 surface could also result in coke formation.48 How-
ever, further investigations are required to clarify the nature
of the deactivation. Obviously, high reaction temperature is
one factor that causes side-reactions during methyl ester
hydrogenation and should thus be avoided during selective
CC hydrogenation.

The selectivity as a function of the reaction temperature
for MC hydrogenation over the three samples is displayed in
Fig. 2b. For all samples, the selectivity to MB as a result of
CC hydrogenation in MC, increased as the reaction tem-
perature increased and was always higher than that for
M3B under the present conditions. This is similar to the
selectivity during liquid-phase 1-butene hydrogenation over
Pt/alumina,49 which also showed a higher selectivity towards
CC hydrogenation than the CC shift. Furthermore, the
Pt/Al2O3-500 sample exhibited the highest selectivity to MB
and hence lowest selectivity to M3B among the three sam-
ples. It appears that higher dispersion, i.e. smaller Pt particle
size, is favorable for MC hydrogenation.
Catal. Sci. Technol., 2015, 5, 1716–1730 | 1719

perature for MC hydrogenation over the Pt/Al2O3 catalysts calcined at
%, pH2

= 4.60% and GHSV = ~240000 h−1.
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To gain more insight into the activity of the three samples,
the TOF was calculated and the comparison is displayed in
Fig. 3. Herein the experimental data at 90 and 120 °C were
used for the calculation of TOFs in order to minimize possi-
ble mass transfer limitations and hence more approach
observations of intrinsic activity. As shown in Fig. 3, the over-
all TOFs of MC over the Pt/Al2O3-500 sample at the two reac-
tion temperatures was more than two times higher than
those of the other two samples, which exhibited similar over-
all TOFs. At 90 °C (Fig. 3a), the TOF of MB over the Pt/Al2O3-
500 sample was more than 5 times higher than those for the
other two samples, while the TOF of M3B was about 4 times
higher. When the reaction temperature was increased to
120 °C (Fig. 3b), as expected, both the TOFs of MB and M3B
increased. However, large differences in the TOFs of MB over
the three samples were still observed, while the TOFs of the
selectivity towards M3B were similar. This may indicate that
the Pt/Al2O3-500 sample is more selective for direct hydroge-
nation of MC to MB, however it is also possible that a larger
amount of M3B was hydrogenated to MB in a series process
due to the higher conversion of MC for the Pt/Al2O3-500 sam-
ple at 120 °C since the high conversion (40%) of MC deviates
from differential conditions. From the comparison of the
TOFs, it can be said that the CC hydrogenation contributed
more than the shift of CC bond to the activity of the sam-
ples, moreover, the higher activity of Pt/Al2O3-500 compared
to the other two samples mainly came from the hydrogena-
tion rate.

Note that the samples treated at 600 and 700 °C did not
exhibit any significant difference in the TOFs. This could sug-
gest that the TOF of MC hydrogenation has only a minor
dependence on Pt dispersion for values lower than 12%.
Similar phenomenon has been observed for various chemical
reactions, depending on the type of reaction employed and
the support used. For instance, the total oxidation of alkanes
increased with Pt particle size up to 4 nm and did not change
significantly when further increasing the particle size of Pt.50

Haneda et al. found that the TOFs of propene oxidation over
Pt/Al2O3 remained almost constant for Pt dispersions exceeding
0.2.51 The hydrogenation of crotonaldehyde over Pt catalysts
was also reported to be sensitive to the particle size of Pt.12

However, the invariance of TOF with higher Pt dispersion
1720 | Catal. Sci. Technol., 2015, 5, 1716–1730

Fig. 3 Comparison of TOFs of the three Pt/Al2O3 catalysts towards
MC hydrogenation at (a) 90 and (b) 120 °C.
was not observed in the study probably due to the narrow
range of dispersion used.
3.2. Effect of MC and H2 concentration on performance
of Pt/Al2O3-500

The effect of the concentration of MC on the hydrogenation
of MC was investigated for the Pt/Al2O3-500 catalyst. Note
that the carbon balances for these measurements were
acceptable (ESI†) for the steady state conditions. As shown in
Fig. 4a, when the MC concentration was raised from 0.31 to
0.70%, the conversion of MC decreased at the same reaction
temperature. Correspondingly, the selectivity towards hydro-
genation also decreased (Fig. 4b) when keeping the H2 con-
centration constant. The results herein indicate that MC acts
as a self-inhibiting reactant for the hydrogenation of CC in
MC. The negative effect of MC concentration on hydrogena-
tion also suggests that the adsorption of MC on the catalyst
is strong. To quantify the effect of MC concentration, the
general power-law model was used to fit the reaction rates
based on the MC conversion lower than 20%. As shown in
Fig. 4c, the power-law model provides a good fit to the rates
of MC conversion, hydrogenation (MB), and CC bond shift
(M3B). The estimated reaction orders with respect to MC for
the overall reaction rate and the production rates of MB and
M3B were −0.24, −0.58, and 0.11, respectively. The negative
reaction order with respect to MC indicates that MC is
strongly adsorbed on the catalyst surface and that the num-
ber of vacant adsorption sites decreases with increasing MC
concentration to hinder H2 adsorption. If MC hydrogenation
is assumed to proceed according to the LHHW kinetics with
a surface reaction between H2 and MC both adsorbed, the
negative reaction order of MC suggests that a competitive
adsorption between H2 and MC over a common adsorption
site may be the relevant mechanism. Note however, that the
M3B formation rate had a small positive reaction order with
respect to MC, indicating the possible influence of non-
competitive adsorption between H2 and MC.

The effect of H2 concentration on MC conversion and
selectivity over the Pt/Al2O3-500 catalyst was also studied.
Contrary to the above observed effect of MC concentration,
the MC conversion (Fig. 5a) as well as the selectivity towards
hydrogenation (Fig. 5b) increased with increasing the H2

concentration from 2.78 to 33.5%. For instance, at the MC
conversion of about 20%, the selectivity towards the hydroge-
nation product (MB) was about 71 and 80% for the H2 con-
centration of 2.78 and 9.00%, respectively. Thus, it can be
concluded that high H2 feed favors the CC hydrogenation
and the formation of MB even at constant MC conversion.
Without H2, MC did not show any detectable conversion to
neither MB nor M3B (Fig. 5a), indicating that the formation
of both MB and M3B are related to H2. It allows us to con-
clude that the intermediate in MC hydrogenation should
involve the activation of CC in MC by a hydrogen atom,
which can be further hydrogenated to MB or lose a hydrogen
atom to form M3B. Obviously, the formation of M3B and MB
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) MC conversion and (b) selectivity of MC hydrogenation over the Pt/Al2O3-500 catalyst at various MC concentrations. (c) Experimental
reaction rates of MC hydrogenation on the catalyst versus the calculated values by using the power-law model. Experimental conditions: 20 mg,
pH2

= 2.58% and GHSV = ~240000 h−1.

Fig. 5 (a) MC conversion, (b) selectivity and (c) carbon balance of MC hydrogenation on the Pt/Al2O3-500 catalyst at different H2 concentrations.
Experimental conditions: 20 mg catalyst, PMC = 0.60% and GHSV = ~240000 h−1.
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can occur as parallel reactions originating from a common
adsorbed intermediate species. A consecutive path involving
This journal is © The Royal Society of Chemistry 2015
re-adsorption of M3B and its hydrogenation to MB also likely
occurs, but should be more important at higher MC
Catal. Sci. Technol., 2015, 5, 1716–1730 | 1721
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conversions. However, the carbon balance (Fig. 5c) in this
case became unacceptable for steady state measurements
when the H2 concentration exceeded 4.60% at higher temper-
atures. Further, the obtained carbon in the product was
always higher than the nominal value, suggesting that some
carbon-containing adsorbed species as intermediates or reac-
tant or product species were stored on the catalyst and sub-
sequently released at higher temperatures. Note that, as a
result, the fitting of the reaction rates at varying H2 concen-
trations using the power-law model was not performed and
the reaction order with respect to H2 was instead determined
from dedicated kinetic data in section 3.6.2 below.

3.3. Transient experiments

The excess of carbon at high H2 concentrations motivated us
to investigate the MC hydrogenation using transient response
experiments, intended to gain more insights into MC hydro-
genation on the Pt surface. The procedure was conducted as
follows. First, MC with a partial pressure of 0.46% in the
absence of H2 passed through the catalyst bed in the reactor.
After reaching a stable state, the MC feed was stopped and
H2/Ar was introduced to the reactor. The concentrations of
different products were measured by the GC. The outlet gas
concentrations from several successive cycles each with
increasing H2 partial pressures are shown in Fig. 6. At reac-
tion time 0 the starting feed was MC in the absence of H2.
Without H2 in the feed, no formation of MB or M3B was
observed. This is in agreement with the above conclusion
that H2 is required to activate MC to form an intermediate
which can produce MB and M3B. When hydrogen concentra-
tion was increased to 2.58%, MC and MB were detected while
M3B was almost negligible, indicating that MC was stored on
the surface of the catalyst. The introduction of H2 competed
with the MC for adsorption on the catalyst and hence
resulted in the release of MC as well as the hydrogenation of
1722 | Catal. Sci. Technol., 2015, 5, 1716–1730

Fig. 6 Transient experiments over the Pt/Al2O3-500 catalyst under isother
and different H2 partial pressures.
CC in MC. The absence of M3B in this case could be due
to the limited initial amount produced or its further hydroge-
nation to MB under a H2 atmosphere without MC. When the
feed was switched back to 0.46% MC in Ar, M3B was detected
while MB was negligible under the specific conditions. The
formation of M3B may result from the activation of MC by
the diminishing quantity of hydrogen atoms left on the Pt
surface from the previous cycle. At this stage the absence of
MB suggests a weaker adsorption of MB than MC on the Pt
surface. In the following successive cycles at H2 partial pres-
sures ranging from 9.2 to 26.3%, similar phenomena to the
case with H2 partial pressure of 2.58% were observed. As
expected, larger amounts of MC were released and more MB
was formed in presence of higher H2 concentrations. These
results indicate that an H2-rich environment is favorable for
CC hydrogenation, while H-lean conditions on the Pt sur-
face likely promote the formation of M3B. This is consistent
with the above effect of H2 concentration at steady state con-
ditions (Fig. 5b), namely, more H2 results in higher selectivity
to CC hydrogenation.

3.4. H2 adsorption behavior

From the results of the transient experiments, it was appar-
ent that MC can be stored on the catalyst and H2 competes
for adsorption. Thus, the adsorption of H2 on the Pt/Al2O3-
500 catalyst without and with pre-adsorbed MC was further
investigated. Without MC on the catalyst, there was a com-
plete uptake of H2 ca. 400 s after the feed of H2 was started
(Fig. 7). After this period, a breakthrough of H2 was observed
and then the concentration of H2 reached a stable value in a
short time. In the corresponding heat flow profile, there is a
clear exotherm with constant heat flow observed which sub-
sequently drops upon the H2 breakthrough. Based on the sta-
ble H2 uptake during the initial period, the adsorption energy of
H2 on the catalyst was calculated to be 97.4 kJ mol−1, which is
This journal is © The Royal Society of Chemistry 2015

mal conditions at 190 °C by switching the gas feed between 0.46% MC
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Fig. 7 H2 chemisorption on the Pt/Al2O3-500 catalyst without and with MC at 25 °C.
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comparable to a previously reported value (116 kJ mol−1).52

For comparison of the H2 adsorption behavior on the catalyst
with pre-adsorbed MC, the catalyst was first exposed to
0.46% MC in Ar at 100 °C for about 1 h until saturation as
confirmed by determination of the MC concentration in the
outlet gas analyzed by the GC. As shown in Fig. 7, after satura-
tion with MC the catalyst exhibited significantly different
adsorption behavior towards H2. Both the adsorption of H2

on the catalyst and the corresponding heat flow decreased
considerably, indicating a notable decrease in hydrogen
adsorption on the Pt surface. This could be related to the
high coverage of strongly pre-adsorbed MC on the Pt surface
and hence the available sites for H2 dissociation were lim-
ited. It is also possible that the MC on the Pt surface may
modify the electronic structure of Pt and thus decrease the
adsorption strength between H2 and the Pt surface.

Also the significant decrease in H2 adsorption on the cata-
lyst with MC suggests that a high partial pressure of H2 is
required for hydrogenation of CC in MC. This is consistent
with the results in the previous section 3.2 where higher H2

partial pressure was more favorable for CC hydrogenation.
Actually, the dependence of CC hydrogenation on H2

partial pressure was observed in some previous studies about
methyl ester hydrogenation over noble metals.21–23,53 The pos-
itive effect of H2 on hydrogenation of CC in these liquid-
phase systems was attributed to the increased H2 availability
on catalyst surface from the viewpoint of mass transfer rather
than H2 dissociation since H2 is believed to readily dissociate
on most noble metals due to the high adsorption energies.
However, the present study clearly shows that the high H2

partial pressures benefits H2 dissociation on Pt/Al2O3 with
pre-adsorbed MC. Thus, it can be claimed that besides the H2

availability on the catalyst surface the adsorption and dissoci-
ation of H2 on metals should be another important factor for
methyl ester hydrogenation under liquid-phase conditions.
This journal is © The Royal Society of Chemistry 2015
3.5. Proposed reaction pathway

Before deriving the reaction pathway for MC hydrogenation,
a brief summary of the above experimental results is necessary.

• Under the present reaction conditions, no fatty alcohols
were observed as reaction products and thus hydrogenation
of CO did not occur over the Pt/Al2O3 catalyst. It can be fur-
ther concluded that MC is adsorbed on the Pt surface via the
CC bond rather than the other groups in the molecule. If
the other groups, e.g., CO, were significantly chemisorbed
on the surface, the CC bond would be away from the catalyst
surface and the products should include aldehydes or alcohols.

• The negative reaction order with respect to MC for the
production rate of MB indicates a competitive adsorption
between MC and H2 on Pt. This could be further confirmed
by the transient experiments where the introduction of H2

led to the release of MC from the catalyst.
• H2 is necessary to activate MC since neither MB nor

M3B were formed in the absence of H2. It can be considered
that the formation of M3B and MB can be parallel reactions
that originate from a common adsorbed intermediate species.

• In the transient experiments, the absence of MB when
switching gas feed from H2 to MC indicates that MB is more
weakly adsorbed than MC on Pt.

With these points in mind, we propose the reaction path-
way for MC hydrogenation on Pt/Al2O3 as shown in Fig. 8.
Gas-phase MC and H2 molecules approach and compete for
adsorption sites on the Pt surface. Due to the stronger adsorp-
tion of MC on Pt, MC is more preferably adsorbed. The adsorbed
MC and H from H2 dissociation form a semi-hydrogenated inter-
mediate which can be further hydrogenated into MB or lose
one proton to produce M3B. It is also likely that the gener-
ated M3B can be re-adsorbed and hydrogenated to form MB
according to the semi-hydrogenated intermediate pathway.
From the above reaction pathway, it can be said that the
MC hydrogenation over Pt/Al2O3 follows the Horiuti–Polanyi
Catal. Sci. Technol., 2015, 5, 1716–1730 | 1723
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Fig. 8 Proposed reaction pathway for MC hydrogenation to form MB
and M3B over the Pt/Al2O3 catalyst.

Fig. 9 MC conversions over the (a) Pt/Al2O3-500 and (b) Pt/Al2O3-700
catalysts at different MC and H2 partial pressures and reaction
temperatures.
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mechanism despite the presence of conjugated multi-
functional groups in MC compared to olefins.

3.6. Reaction kinetics

Besides determination of the reaction pathway for MC hydro-
genation, another additional objective is the identification of
the rate-determining step of the reaction. This can aid in
understanding the activity difference among metals but also
provide possible means to modify or design catalysts towards
improved hydrogenation. Despite the fact that the reaction
pathway may be largely explained by the Horiuti–Polanyi
mechanism, the rate-determining step in the reaction path-
way is still not clear. To better understand MC hydrogenation
over the Pt/Al2O3 catalyst, we performed catalytic kinetics
over two catalysts with different Pt dispersions.

3.6.1. Kinetic data. In the present kinetic study, the MC
conversion was obtained when steady state was reached and
the corresponding carbon balances in all cases were within
±10% (ESI†). A series of MC conversions were obtained in
this way by varying the inlet MC and H2 partial pressure
and the reaction temperature. Fig. 9 depicts the experimental
steady-state MC conversions (symbols) over the Pt/Al2O3 cata-
lysts treated at 500 and 700 °C versus inlet MC and H2 partial
pressure at different reaction temperatures. As expected, both
the catalysts displayed an increase in MC conversion with
increasing reaction temperature but exhibited an opposite
trend towards MC concentration, though several points did
not follow this trend over the Pt/Al2O3-500 catalyst.

3.6.2. Power-law model. To obtain a general understand-
ing of the kinetic behavior of the catalyst towards MC hydro-
genation, the power-law model was initially used to describe
the reaction rates of MC conversion and the production rates
of MB and M3B. By using nonlinear regression, the kinetic
parameters in the power-law model were estimated and are
shown in Table 1. Fig. 10(a) and (b) present the experimental
reaction rate for MC conversion and production rates of MB
and M3B versus the calculated values by expressing the rate
as a function of rate constant and the reactant concentra-
tions. It can be seen that the calculated reaction rates showed
a good agreement with the experimental values for the two
catalysts. This can be further confirmed by the correlation
1724 | Catal. Sci. Technol., 2015, 5, 1716–1730
coefficients, as shown in Table 1. Obviously, the power-law
model is sufficient to fit the kinetic data for MC hydrogena-
tion over the two Pt/Al2O3 catalysts.

The obtained apparent kinetic parameters for the two
samples had similarities but also clear differences. As shown
in Table 1, all reaction rates showed positive reaction orders
with respect to H2 but negative MC reaction orders except
that of M3B production rate over the Pt/Al2O3-500 catalyst.
For the two samples, the H2 reaction orders for hydrogena-
tion and shift of CC in MC are about 1 and 0.3, respec-
tively. This further confirms that both the hydrogenation and
the shift of CC bond in MC over Pt/Al2O3 are related to the
availability of adsorbed hydrogen on the catalyst.

Although the H2 reaction order was similar over the two
samples, the reaction orders with respect to MC showed
larger differences. Note that the reaction temperature used to
measure the kinetics for the Pt/Al2O3-500 sample is in the
range of 60–110 °C, while that of the other sample is between
60–150 °C. It may be argued that a direct comparison cannot
This journal is © The Royal Society of Chemistry 2015
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Table 1 Estimated kinetic parameters of the power-law model for MC hydrogenation over the Pt/Al2O3-500 and the Pt/Al2O3-700 catalysta

Sample Species ln(A/mol g−1 s−1) Ea (kJ mol−1) nĲMC) nĲH2) R2

Pt/Al2O3-500 MC 4.27 50.4 −0.17 0.72 0.96
MB 6.35 61.1 −0.53 1.02 0.98
M3B 1.02 40.9 0.30 0.30 0.94

Pt/Al2O3-700 MC −7.44 36.0 −1.28 0.81 0.96
MB −6.91 44.3 −1.75 1.10 0.98
M3B −9.96 28.4 −0.76 0.31 0.93

a The power-law model used for the fitting is as follows: ln ln ln           r A E
RT

n y n ya
MC MC H ln

H2 2
, where yi is the mole fraction of the

reactant (i). The method used for the fitting is a combination of the standard Levenberge Marquardt (LM) and the Universal-Global-
Optimization (UGO) method.

Fig. 10 Experimental reaction rates versus calculated values by using different models: (a and b) the power-law model over the Pt/Al2O3-500 and
the Pt/Al2O3-700 sample, respectively. (c and d) LHHW model with step (ii) and step (iv) as rate determining for MB formation, respectively.
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be made between the two samples due to the different tem-
perature ranges over which the kinetic data were gathered. If
only the reaction temperature should explain the different
kinetic parameters for the two samples, it would be expected
that the reaction orders for MC at higher temperature should
be less negative, since at higher temperature less MC should
be adsorbed and it thus would have less of an inhibiting
effect. However, as discussed below, the reaction order with
respect to MC is more negative for the Pt/Al2O3-700 sample
for which the temperature range was wider and higher. Thus,
the differences observed in the following kinetic parameters
should be more related to the nature of the catalyst rather
than the temperature range used.

As shown in Table 1, the MC reaction orders over
Pt/Al2O3-700 are more negative than those for the Pt/Al2O3-500
This journal is © The Royal Society of Chemistry 2015
sample, indicating a more negative dependence on MC sur-
face coverage on larger Pt particles. Furthermore, over the
Pt/Al2O3-500 sample the reaction rate of M3B had a positive
MC reaction order of 0.3, while the other sample showed a
negative reaction order for M3B formation. If a completely
competitive adsorption between MC and H2 is assumed, the
formation of M3B is more likely to display near zero or a neg-
ative reaction order with respect to MC. This indicates the
existence of non-competitive sites that are available for H2

but not for MC adsorption. However, these sites should be
quite limited and hence the H coverage from these sites was
low. This would cause an H-lean condition on the Pt surface
and be favorable for M3B formation, according to the tran-
sient experiments. The amount of non-competitive sites for
H2 adsorption may be related to the Pt particle size and the
Catal. Sci. Technol., 2015, 5, 1716–1730 | 1725
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MC orientation on the surface. According to the above prod-
uct analysis, it is proposed that MC adsorbs on Pt via the
CC group while the CO group is not in direct contact
with the surface of the catalyst. It is imaginable there are
some adsorption sites, especially those that are located verti-
cal to the CO group, which cannot further adsorb MC due
to space repulsive MC–MC interactions. However, repulsive
interactions between MC and H2 may be alleviated since H2

is considerably smaller than MC. Thus, it is understandable
that there are a limited number of non-competitive adsorp-
tion sites accessible for H2, resulting in a positive MC reaction
order for the formation of M3B. Based on the above analysis,
we propose that the adsorption of MC and H2 on
Pt/Al2O3 is partially competitive, though the number of non-
competitive sites are likely quite limited.

Contrary to the approximately equal reaction order with
respect to H2, significant differences in the pre-exponential
factors for the two Pt/Al2O3 samples were obtained. It sug-
gests that the number of collisions that result in reaction
were higher for Pt/Al2O3-500 than for the Pt/Al2O3-700 cata-
lyst. One possible reason is that the former catalyst had a
smaller particle size of Pt and hence more unsaturated coor-
dination Pt sites were available for the reaction. However,
this can be ruled out from the comparison of TOFs, as shown
in Fig. 3. Another possibility is a higher coverage of MC on
the Pt/Al2O3-700 sample since it had a more negative order
with respect to MC than the Pt/Al2O3-500 sample (Table 1).
This would lower the H coverage on the Pt/Al2O3-700 catalyst
and hence reduce the possibility for reaction collisions. It is
also possible that the non-competitive sites for H2 adsorption
on Pt/Al2O3-700 were relatively less than that on the Pt/Al2O3-500
sample. This can lead to a significant decrease in the number
of collisions.

Besides the higher rate constants, the activation energies
towards the reactions were higher over Pt/Al2O3-500 than for
the other sample. This may also be related to the smaller Pt
particle size, which leads to different relative amounts of
adsorption sites, e.g., facets, edges, and corners. The combi-
nation of reactions on these sites could lead to a higher
apparent activation energy for a catalytic reaction since these
sites may have different reactivities towards a reaction.

3.6.3. LHHW model and rate-determining step. A first
order dependence on the pressure H2 for the hydrogenation
reaction may indicate that H2 dissociation is the rate-
determining step. However, the surface reaction as the deter-
mining step can also lead to a first order dependence on
hydrogen.54 Considerations from the reaction pathway may
provide more insight into the observed kinetic parameters.
According to the above proposed reaction pathway (Fig. 8),
we initially suggest that MC hydrogenation on the Pt/Al2O3

catalyst proceeds according to the following elementary steps
(Table 2) without considering non-competitive sites for H2

adsorption. The corresponding rate expression for each ele-
mentary step is also included along with the step. Briefly,
reaction step (i) is the adsorption of MC on the Pt surface
and the step (ii) is the dissociative adsorption of H2 on Pt,
1726 | Catal. Sci. Technol., 2015, 5, 1716–1730
yielding atomic hydrogen adsorbed on the Pt surface. Step
(iii) involves the surface reaction between the adsorbed MC
and atomic H to form an intermediate, which can be further
hydrogenated into MB (step (iv)) or de-protonated to produce
M3B (step (v)). The final step (vi) is the desorption of M3B
resulting in vacant adsorption sites. Note in the above reac-
tion scheme, MC and M3B containing CC double bond are
assumed to occupy two vacant sites though the exact number
is not known. In addition, the negative reaction order with
respect to MC suggests that the adsorption of MC on Pt should
be stronger than H2 and cannot be the rate-determining step.
Hence, the adsorption of MC (step (i)) is assumed to be quasi-
equilibrated.

Since a good fit to the kinetic data was given by the power-
law model, we focus on comparison between possible LHHW
rate expressions derived from the reaction pathway and the
power-law model. As shown in the proposed reaction pathway
(Table 2), the formation of MB involves the steps (i), (ii), (iii),
and (iv), while the selectivity to M3B is related to the steps (i),
(ii), (iii), (v), and (vi). The formation of MB and M3B share
the first three elementary steps (i–iii). The possible H2 reac-
tion orders for each of the elementary steps are also included
in Table 2. Since the reaction order with respect to H2 was
about 1 for MB and 0.3 for M3B for both catalysts, the rate-
determining step for MB could be step (ii) or (iv), while that
for M3B could be (ii), or (iii), or (v). If the shared elementary
step (ii) is the rate determining step for the formation of MB,
the observed activation energy for M3B should be similar to
that of MB. This is against the results obtained using the
power-law model, from which the apparent activation energy
of M3B is always lower than that of MB over the two catalysts.
Thus, it can be concluded that the rate-determining step for
the formation of MB should be the step (iv), namely, the sur-
face reaction between the intermediate and one proton. In
this case, the proceeding steps (i), (ii), and (iii), involving the
formation of MB can be assumed at equilibrium:

k p
Kii H

H

ii
2

2
2

0











  (7)
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Kiii MC H

MCH

iii

 
 










 

2

0 (8)

By combining the eqn (1), (7), and (8) and assuming that
the adsorption of MB on the catalyst surface was negligible
according to the transient experiments, the rate expression of
MB can be obtained.

rMB = riv = kivθMCHθH = kivKiKiiKiiipH2
pMCθ

2 (9)

The fraction of vacant sites, θ, can usually be expressed as
a function of the partial pressures of reactants with an
inverse dependence on reactant pressure. If the reaction
order of H2 is 1, the fractional coverage θ in the rate expres-
sion (eqn (9)) should be independent of the hydrogen partial
This journal is © The Royal Society of Chemistry 2015
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Table 2 Proposed elementary steps and the corresponding rate expression.

Elementary stepa Rate expressionb H2 reaction order

i MC + 2* ↔ *MC* θMC = KipMCθ
2 (1) —

ii H2 + 2* ↔ 2H*

r k p
Kii ii H

H

ii

 








2

2
2




(2)

≤ 1

iii *MC* + H* ↔ MCH* + 2*

r k
Kiii iii MC H

MCH

iii

 








 

  2

(3)

≤ 0.5

iv MCH* + H* ↔ MB + 2*

r k p
Kiv iv MCH H
MB

iv

 ( ) 
 2

(4)

≤ 1

v MCH* + 2* ↔ *M3B* + H*

r k
Kv v MCH

M3B H

v

 








 

 2 (5)

≤ 0.5

vi *M3B* ↔ M3B + 2*

r k p
Kvi vi M3B

M3B

vi

 










 2

(6)

≤ 0

a * represents a free surface site and X* is an adsorbed X species. b Ki, ki and θ are the equilibrium constants, the forward rate constant
parameters, and the coverage, respectively.

Catalysis Science & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
D

ec
em

be
r 

20
14

. D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

7:
05

:5
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
pressure. It indicates that the adsorption of H2 on the cata-
lyst surface should be negligible compared to the adsorption
of MC. The site balance gives

θ = 1 − θMC − θH − θMCH − θM3B (10)

Since M3B had a low partial pressure in the product for
the experiments considered here, θM3B could be assumed to
be negligible. Then eqn (10) can be further simplified:

θ = 1 − θMC − θMCH (11)

Using the eqn (1), (7), and (8) to give θMC and θMCH in
terms of θ, we obtain

    1 2
2

K p K K K p pi MC i iii ii MC H (12)

Solving for θ gives

 
     1 1 4

2
2 2

2K K K p p K K K p p K p

K p
i iii ii MC H i iii ii MC H i MC

i MC

( )

(13)

After substituting θ in the rate expression for MB, we find
This journal is © The Royal Society of Chemistry 2015

r k K K K p p
K K K p p

MB iv i ii iii H MC
i iii ii MC


 

2

1





From the above MB rate expression, it can be found
that the reaction order with respect to MC is not negative,
but instead near zero order. This conflicts with the results
obtained using the power-law model where the MB reaction
rate had a negative MC reaction order. This inconsistency
between the rate expression derived from the above assump-
tions and the experimental results indicates that the fully
competitive Horiuti–Polanyi mechanism does not capture all
of the characteristics of MC hydrogenation over Pt/Al2O3.

Therefore, the initial proposed reaction pathway needs to
be modified to be fully consistent with the kinetics. Another
possibility is that the existence of partially competitive adsorp-
tion between MC and H2 on Pt/Al2O3, as mentioned above. In
this case, the hydrogenation and the CC bond shift could
come from partially different H sources. For the partially com-
petitive adsorption mode, it is still desirable to answer which
step could possibly be the rate-determining step. Revisiting
all the data may be helpful to understand this. As evidenced
by the H2 adsorption behavior discussed in section 3.6 above,
the coverage of H should be quite limited when MC is pre-
adsorbed on the catalyst surface even considering a non-
competitive pathway for H2 and MC. Hence, the coverages of
the main species involved in the reaction pathway would still
follow eqn (11). If the surface reaction is assumed to be the
rate-determining step, the relationship between the MB
Catal. Sci. Technol., 2015, 5, 1716–1730 | 1727

K K K pH i iii ii MC  
2

1( pp K p

K p
H i MC

i MC

2

2
2

4

2

)  






(14)
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formation rate and the MC partial pressure should remain
similar to eqn (14) even in the presence of non-competitive
sites for H2 adsorption. Hence, the elementary step (iv)
cannot be considered to be the rate-determining step.
Considering the fact that the hydrogenation rate displayed a
first-order dependence on the H2 partial pressure, the only
possible rate-determining step is thus the H2 dissociation
(step (ii)).

To further confirm the suitability of these steps as
rate determining, LHHW rate expressions based on steps (ii)
or (iv) were fitted to the reaction rates of MB formation. In
this case only the kinetic data for the Pt/Al2O3-700 catalyst
was included since the reaction with respect to MC was of
higher negative order and thus less likely influenced by a
possible non-competitive reaction pathway. To derive the
LHHW rate expressions, the MB, H2, and M3B coverages were
again assumed to be negligible compared to that of MC on
the Pt surface. Note that the rate expression and site balance
for step (iv) as rate determining in Table 3 are identical to
eqn (9) and (12), respectively, except that the parameters are
lumped. Table 3 shows the rate expressions and the resulting
kinetic parameter values obtained by a nonlinear regression.
Parity plots for the fitted overall rate expressions are shown
in Fig. 10(c) and (d). From the values of the correlation coeffi-
cients in Table 3 and the parity plots, it is evident that the
rate expression based on step (ii) as the rate-determining step
provides a better fit to the kinetic hydrogenation data. The
apparent orders with respect to H2 and MC from the model
with step (ii) as the rate-determining step are 1.0 and −1.0
respectively, while those of the model derived from step (vi)
are 0.9 and −0.1. The former model with step (ii) as the rate-
determining step is basically consistent with the power-law
model. This is because its rate expression depends directly
on H2 but not on the partial pressure of MC, whereas the
fraction of vacant sites was inversely dependent on the MC
partial pressure. This leads to a negative order dependence
on the partial pressure of MC. Furthermore, for the experi-
mental conditions the ranges of coverages for MC and MCH
were estimated to be 0.92–0.93 and 0.001–0.026, respectively.
As a result the coverages for the other species were negligible
compared to that of MC. This is consistent with the previous
assumption which is used to derive the overall LHHW rate
1728 | Catal. Sci. Technol., 2015, 5, 1716–1730

Table 3 Estimated kinetic parameters for LHHW models of MB reaction rates

Rate determining step Rate expression

ii rMB = kPH2
θ2

with site balance: θ = 1 − θMC + θMCH

    1 1
2

2K P K P PMC MC MB

iv rMB = kPMCPH2
θ2

with site balance: θMC + θMCH + θ = 1

    1 1
2

2 2
K P K P PMC MC H
expression. As for the LHHW rate expression based on step
(iv) as rate determining, a near zero order dependence on
MC partial pressure is obtained, as predicted above and thus
it shows a poorer fit to the kinetic data.

3.7. Comparison to related catalytic hydrogenations

Hydrogenation of CC is an important reaction in heteroge-
neous catalysis and has been widely studied. Considering the
absence of fatty alcohol in the products, it is believed that
the functional group on the catalyst surface should be the
CC rather than the CO in MC. In this sense, it is of inter-
est to make a comparison of hydrogenation between MC and
ethylene, which is a probe molecule in the field of CC
hydrogenation. Actually the Horiuti–Polanyi mechanism was
originally proposed for ethylene hydrogenation.5 However,
the adsorption mode of ethylene and H2 on the catalyst was
not identified in the study since the hydrogenation rate was
not observed to decrease with increasing ethylene partial
pressure. Microkinetic studies of ethylene hydrogenation on
supported Pt catalysts showed that a non-competitive adsorp-
tion mode was dominant at low temperatures while a com-
petitive pathway was proposed at relatively higher tempera-
tures.55 This is different from the present MC hydrogenation
which has negative orders at the studied temperature range.
Another kinetic study found that the ethylene hydrogenation
was structure insensitive over Pt supported on silica and on
Pt wire.56 This is also different from the MC hydrogenation
which is sensitive to Pt dispersion. It appears to be difficult
to build a direct relationship between MC and ethylene
hydrogenation on the Pt surface probably due to the nature
of the differences of the two molecules. However, from the
viewpoint of kinetics, there are still similar hydrogenation
characteristics between MC and ethylene. A direct common
characteristic for ethylene and MC hydrogenation on Pt is the
observation of first order dependence on H2. This indicates
that both ethylene and MC hydrogenation on a Pt surface is
affected by the availability of adsorbed hydrogen. Another
similar characteristic is that the combination of competitive
and non-competitive Horiuti–Polanyi mechanism is required
to interpret the hydrogenation kinetics on Pt.

One can also consider how MC and crotonaldehyde
(CH3CHCHCHO) hydrogenation compare over supported
This journal is © The Royal Society of Chemistry 2015

over the Pt/Al2O3-700 catalyst

Parameter values R2

k A 1.13 × 1012 mol g−1 s−1 Pa−1 0.96
E 36.3 kJ mol−1

K1 A 5.02 × 108 Pa−1

E −6.3 kJ mol−1

K2 A 3.91 × 10−6 Pa−1

E −49.2 kJ mol−1

k A 6.25 × 1013 mol g−1 s−1 Pa−2 0.85
E 27.6 kJ mol−1

K1 A 4.76 × 108 Pa−1

E −10.5 kJ mol−1

K2 A 6.97 × 109 Pa−1.5

E −10.2 kJ mol−1
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Pt catalysts. The two molecules have two same bonds, i.e.,
CC and CO, but different group (methoxy vs. H) attached
to the CO group. Englisch et al. showed that hydrogenation
of crotonaldehyde was sensitive to the particle size of Pt
supported on SiO2 and TiO2.

12 In this respect, it appears that
the two molecules could have similar hydrogenation
behaviors over the Pt surface. However, the selectivity and
the main reaction pathways of the hydrogenation of the two
molecules over Pt are different. In the case of crotonaldehyde
hydrogenation, at comparable reaction conditions, the reac-
tion pathways mainly involve the hydrogenation of CC,
CO, decarbonylation, and complete saturation of double
bonds. The corresponding products are butyraldehyde from
CC hydrogenation, crotylalcohol via CO hydrogenation,
propylene, and saturated alcohol (butanol), respectively.
Vannice and Sen reported 100% selectivity to the hydro-
genation of the CC bond of crotonaldehyde over the Pt
supported on Al2O3 or SiO2 at around 45 °C.57 Recent kinetic
studies from Kliewer et al. demonstrated that the selectivity
of crotonaldehyde hydrogenation over Pt(111) was related to
the reaction temperature.58 In the temperature range between
30 and 120 °C, the selectivity to CC hydrogenation increased
and that to CO hydrogenation decreased with increasing
reaction temperature. At the same time, the selectivity to
decarbonylation remained almost constant. From these results,
the dominant reaction pathways of crotonaldehyde hydrogena-
tion over Pt surface are the hydrogenation of the CC and the
CO group. However, in the present study MC hydrogenation
involves hydrogenation and shift of the CC bond without the
CO hydrogenation. More importantly, the two reaction path-
ways in this study share a common adsorbed intermediate
species, while those in crotonaldehyde hydrogenation over Pt
surface are parallel with different adsorbed intermediate
species. Obviously, the correlation between MC and croton-
aldehyde hydrogenation cannot be built. The difference could
be related to the steric hindrance due to the presence of
methoxy group on the side of the CO group.

4. Conclusions

In summary, this study has investigated gas-phase MC hydro-
genation over Pt/Al2O3 as a probe reaction to understand
CC hydrogenation of a methyl ester. The hydrogenation
and the shift of the CC bond in MC were identified as the
main reactions during the MC hydrogenation over the cata-
lyst. It is revealed that the formation of MB and M3B from
MC hydrogenation are parallel reactions originating from a
common semi-hydrogenated surface intermediate species.
The activity for both hydrogenation and shift of CC bond
in MC was found to decrease with decreasing Pt dispersion.
The availability of hydrogen on the catalyst determines the
selectivity of the MC hydrogenation over the catalyst, namely,
a hydrogen-rich environment is favorable for CC hydroge-
nation, while hydrogen-lean conditions promote the CC
bond shift. The hydrogenation of the CC bond in MC over
Pt/Al2O3 appears to proceed via the Horiuti–Polanyi
This journal is © The Royal Society of Chemistry 2015
mechanism with a more preferable adsorption of MC than
H2. Furthermore, the strongly adsorbed MC on the Pt surface
impedes adsorption and dissociation of H2 on the catalyst
since in this case the H2 adsorption decreased significantly
compared to that on the clean Pt/Al2O3 catalyst. However, the
kinetic analysis indicates that the overall LHHW rate expres-
sions derived from the fully competitive Horiuti–Polanyi
mechanism are inconsistent with the results obtained using
a power-law model which provided a good fit to the kinetic
data. This is particularly the case for the catalyst with rela-
tively higher Pt dispersion, whereas a fully-competitive mech-
anism is more appropriate for the catalyst with low Pt disper-
sion. A combination of competitive and non-competitive
adsorption between H2 and MC is more reasonable to explain
the reaction kinetics over the two samples, though no other
direct evidence except the kinetic analysis supports the exis-
tence of a non-competitive adsorption mechanism. If the
partially competitive adsorption between MC and H2 is con-
sidered, the rate-determining step for MC hydrogenation
would be the dissociation of H2 on the Pt/Al2O3 catalyst. The
information in this study contributes to a deepened under-
standing of hydrogenation of unsaturated methyl esters and
application of the Horiuti–Polanyi mechanism.
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