
Catalysis Today 79–80 (2003) 315–321

Separation of kinetics and mass-transport effects for a fast reaction:
the selective hydrogenation of functionalized alkynes
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Abstract

A kinetic study has been made into the hydrogenation of 3-methyl-1-pentyn-3-ol over palladium on silica catalysts. This
reaction already proceeds at very high rates under mild reaction conditions and, therefore, mass-transfer inside the catalyst
particle inevitably influences the reaction progress, making the determination of the reaction kinetics difficult. To be able to
determine the reaction mechanism and the kinetic parameters, a model has been drawn up in which both mass-transfer and
kinetics are modeled simultaneously. This model is able to accurately describe the reaction progress. The model can also be
used to explain the effect of commonly used reaction modifiers like quinoline on the reaction. Quinoline can be added to
increase the selectivity to the desired alkene intermediate. From the calculations it is shown that the primary function of this
type of modifier is to decrease the reaction rate. The lower reaction rate and thereby relatively smaller mass-transfer resistance
in the catalyst is most likely a primary cause for the increased selectivity when a reaction modifier is used.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrogenation of 3-methyl-1-pentyn-3-ol over pal-
ladium on silica catalysts has been investigated as a
fast model reaction for the hydrogenation of func-
tionalized alkynes[1]. In this reaction (Fig. 1) the
alkene is the desired product and complete hydro-
genation to the alkane should be avoided. Hydro-
genation was performed over a palladium on silica
catalyst.

In selective hydrogenations in fine chemical indus-
try sometimes reaction modifiers are added to the reac-
tion system to increase selectivity[2]. The manner in
which such a modifier functions is commonly thought
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to be by the prevention of adsorption of the interme-
diate product, while the adsorption of the primary re-
actant is not effected. The exact mode of operation of
this type of modifier is still a matter of discussion in
literature, e.g.[3]. The effect of adding such a modi-
fier (quinoline) to this reaction system was also inves-
tigated in this paper. By means of kinetic modeling of
the reaction with and without modifier present a bet-
ter insight in the mode of operation of the modifier is
obtained.

2. Experimental

The palladium on silica catalysts were prepared
using an ion-exchange type method with an palladiu-
macetate solution in dry toluene, followed by a liquid-
phase reduction at room temperature using molecular
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Nomenclature

Ccat catalyst concentration (m3catalyst/m3
liquid)

Ci concentration (mol/m3)
Di diffusion coefficient (m2/s)
ka,i adsorption rate constant (m3/mol/s)
ki reaction rate constant (m3/mol/s)
Ki adsorption constant (m3/mol)
Ns number of adsorption sites (mol/m3)
r radial position in catalyst particle (m)
R catalyst particle diameter (m)
t time (s)

Greek letter
θ surface occupancy (–)

Subscripts
A alkane
bulk in liquid bulk
E alkene
H2 hydrogen
Q quinoline (modifier)
sat saturation concentration

(for hydrogen in liquid)
Y alkyne
1 alkyne–alkene reaction
2 alkene–alkene reaction
∗ vacant sites

hydrogen, washing with pentane and drying in vac-
uum. The catalyst was stored in a nitrogen atmosphere.
The detailed recipe for this preparation can be found
in [4].

Hydrogenation experiments were performed in
glass slurry-reactor at 298 K and 1 bar pressure
with (dry) ethanol as solvent. A gas-inducing stirrer
(1500 rpm) was used to keep a hydrogen saturated
liquid phase. Liquid samples were taken during the
experiment and analyzed by means of gas chromatog-
raphy to follow reaction progress.

Fig. 1. Hydrogenation of 3-methyl-1-pentyn-3-ol. The first partial
hydrogenation step yields the desired product.

3. Results and discussion

3.1. Reaction kinetics

In Fig. 2 a typical graph is shown for a hydro-
genation experiment of 3-methyl-1-pentyn-3-ol. It can
be seen that the reaction proceeds via a sequential
reaction mechanism, with the hydrogenation of the
alkene only becoming significant once all the alkyne
has been converted. This type of reaction behavior
is commonly described by a Langmuir–Hinshelwood
(L–H) kinetic expression. In the first part of the re-
action progress the relatively strong alkyne adsorp-
tion is preventing the complete hydrogenation of the
alkene product. Once most alkyne has been converted,
the hydrogenation of the alkene starts occurring at a
high rate. The corresponding L–H rate expressions are
given inEqs. (1)–(3).

rY = ∂CY

∂t
= − k1CcatKYCYCH2

1 + KYCY + KECE + KACA
(1)

rE = ∂CE

∂t
= k1CcatKYCYCH2

1 + KYCY + KECE + KACA

− k2CcatKECECH2

1 + KYCY + KECE + KACA
(2)

rA = ∂CA

∂t
= k2CcatKECECH2

1 + KYCY + KECE + KACA
(3)

The initial values att = 0 for solving these differential
equations are the starting concentrations in the reactor,
i.e. the concentration of alkyne added forCY and 0
for CE andCA. The hydrogen concentrations used in
the modeling were obtained from the IUPAC solubility
data series[5].

If only one single experiment is modeled, these
equations can be fitted easily to the measurement with-
out any systematic deviations between model and mea-
surement. However, if experiments are performed with
different alkyne concentrations at the start of the exper-
iment, one observes that the maximum relative yield of
alkene decreases with a lower starting concentration.
The kinetic parameters obtained from fitting each ex-
periment individually are different. This type of behav-
ior cannot be explained by just a simple L–H kinetics.

Performing the experiments using different size
catalyst particles results in both different rates and
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Fig. 2. Kinetics model fitted to experiment. Hydrogenation of 3-methyl-1-pentyn-3-ol over 2 wt.% Pd on Davisil 643 catalyst (0.53 kg/m3

catalyst, 298 K, initial alkyne concentration 32 mol/m3). Markers: experiment, (�) alkyne concentration, (�) alkene concentration, (�)
alkane concentration. Lines, results of kinetic fit. First 2 min of experiment not included in fitting.

selectivities. The results of these experiments are
summarized inTable 1. These results indicate that
the reaction is not kinetically controlled and that
mass-transfer might have to be taken into account.

For similar liquid-phase alkyne hydrogenations at
comparable mild conditions, it is reported that mass-
transfer effects on the reaction are small. One such
example is the hydrogenation of phenylacetylene over
palladium [6], for which normal L–H kinetics suf-
fice without having to include mass-transfer into the
modeling. For this same reaction Jackson and Shaw
[7] do not report any mass-transfer effects either.
However, they report an activation energy of only

Table 1
Activities and selectivities (maximum yield of desired alkene)
obtained with different size 2 wt.% Pd on silica catalyst particles
and different reactant concentrationsa

Catalyst
particle
size (�m)

Activity
(mmol/gPd/s)

Maximum alkene
yield (%)

300 mol/m3 30 mol/m3 300 mol/m3 30 mol/m3

4–20 9.33 8.33 90.4 81.5
35–74 7.67 5.50 90.2 68.2
149–250 2.50 2.50 79.7 52.2

a Hydrogenation of 3-methyl-1-pentyn-3-ol, 298 K, 1 bar H2,
0.75 kg/m3 catalyst.

26 kJ/mol, which is very low and unlikely. If internal
mass-transfer limits a reaction, it is commonly known
that the observed activation energy is half the true
activation energy[8]. Comparing the observed activa-
tion energy of 26 kJ/mol by Jackson and Shaw[7] to
that of 52 kJ/mol reported by Chaudhari et al.[6] leads
to the conclusion that the lower value must have been
an internally mass-transfer limited one. In the current
work the experiments similarly point to the conclu-
sion that mass-transfer inside the catalyst particles is
important. Either the hydrogenation of 3-methyl-1-
pentyn-3-ol is intrinsically faster, or the catalyst used
in this study is more active.

Experiments performed with different high (>1000
rpm) stirring rates and catalyst concentrations re-
sulted in identical catalyst activities and selectivities.
These experiments make it possible to exclude ex-
ternal mass-transfer limitations. Fitting a model in-
cluding internal mass-transfer to a set of experiments
results in an improved fit, which is satisfactory for
predicting the observed rates. InFig. 3 the observed
catalyst efficiencies calculated fromTable 1are com-
pared to predicted catalyst efficiencies, calculated
by means of a Thiele-moduli[9]. These efficiencies
are calculated on the assumption of an intrinsic rate
of 9.7 mmol/gPd/s, with a reactant concentration of
300 mol/m3 and hydrogen being the mass-transfer
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Fig. 3. Comparison between observed catalyst effectiveness factors (symbols) and theoretical effectiveness factors (line) calculated by
means of a Thiele modulus as a function of the catalyst particle radius. Efficiencies calculated on the assumption of an intrinsic rate of
9.7 mmol/gPd/s, with a reactant concentration of 300 mol/m3 and hydrogen being the mass-transfer limiting component.

limiting component. For the interparticle diffusion co-
efficients the estimation method by Wilke and Chang
[10] was used. It can be seen that the agreement
between measured rates and calculated rates is good.

To model the reaction satisfactory for the selectivity
as well, it is necessary to add a direct alkyne–alkane
hydrogenation step. In practice such a one-step hydro-
genation is unlikely, it is more likely that the alkene
produced on the catalyst surface is hydrogenated fur-
ther to the alkane, before it has a chance to desorb,
i.e. the catalyst surface composition is not in equilib-
rium with the surrounding liquid. Using such a model
makes the unrealistic direct alkyne–alkane hydrogena-
tion step in the model obsolete. Therefore, a model is
used which includes both internal transport in the cat-
alyst particles and a catalyst surface which is not at
equilibrium with the liquid. This model should be able
to match both the observed activities and selectivities.

The differential equations describing the model de-
scribed above are:

Concentrations inside the particles:

∂Ci

∂t
= Di

(
∂2Ci

∂r2
+ 2

r

∂Ci

∂r

)

− ka,iNsCiθ∗ + ka,i

Ki

Nsθi (4)

∂CH2

∂t
= DH2

(
∂2CH2

∂r2
+ 2

r

∂CH2

∂r

)

− k1NsθYCH2 − k2NsθECH2 (5)

Surface compositions in the catalyst particles:

∂θY

∂t
= ka,YCYθ∗ − ka,Y

KY
θY − k1θYCH2 (6)

∂θE

∂t
= ka,ECEθ∗ − ka,E

KE
θE + k1θYCH2 − k2θECH2

(7)

∂θA

∂t
= ka,ACAθ∗ − ka,A

KA
θY + k2θECH2 (8)

θ∗ = 1 −
∑

i

θi (9)

With boundary conditions:

r = 0 :
∂Ci

∂r
= 0 (10)

r = R : Ci = Ci,bulk (11)

For the bulk:

∂Ci,bulk

∂t
= −Di

3

R
Ccat

∂Ci

∂r

∣∣∣∣
r=R

(12)
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CH2,bulk = CH2,sat (13)

The initial value of the alkyne concentration in the
bulk is equal to the initially added concentration. The
alkyne and alkene bulk concentrations are assumed to
be 0. All initial concentrations inside the catalyst par-
ticles are assumed to be 0. Some calculations were
performed starting at a later time thant = 0. For
these calculations the appropriate starting concentra-
tions from the gc-analyses of the experiments were
used for the bulk concentrations.

In this model hydrogen adsorbs at different sites
than the organic molecules and that the occupancy is
very low. The hydrogen occupancy is assumed to be
in equilibrium with the surrounding liquid. Therefore,
the hydrogen occupancies are not modeled separately.
In Formulas 4 and 6–8, equilibrium constants for ad-
sorption (i.e. the ratio between the rate constant for
desorption and the rate constant for adsorption) were
used instead of the separate rate constants for desorp-
tion since this proved to result in a more stable fitting
procedure. For the organic molecules the rate con-
stants for adsorption were first fitted with a different
parameter for each of the three components. In the fit-
ting process the values obtained for alkyne, alkene and
alkane were very similar (less than 20% difference)
and had overlapping confidence intervals. Therefore,
it was decided to use one single adsorption rate con-
stant for these components. This is physically reason-
able since the adsorption rate constant represents the
collision rate of a molecule with an adsorption site. As
the three components are similar the diffusion rate and
thus collision rate should be similar. This simplifica-
tion reduces the number of parameters to be fitted and
thus the accuracy of the values obtained. For the rate
constants for the alkyne–alkene hydrogenation and the
alkene–alkane hydrogenation also rate constants with

Table 2
Values of parameters fitted to experiments, together with their 95% confidence intervals

Parameter Value Confidence interval Units

Minimum Maximum

KY 0.31 0 0.72 m3/mol
KE 0.0071 0.0063 0.0079 m3/mol
KA 0.011 0.0075 0.015 m3/mol
k1 = k2 478000 443000 512000 m3/mol/s
ka,i 197000 0 587000 m3/mol/s

similar values and largely overlapping confidence in-
tervals were obtained. Therefore, it was decided to
also use only one parameter for these rate constants.
This can be physically justified by the assumptions that
both reactions have a similar rate-determining step.

The kinetic model was fitted simultaneously to a
collection of eight different experiments, each con-
sisting of 15–20 experimental data points. These ex-
periments had different initial reactant concentrations
and catalyst particle sizes. The parameters obtained
were able to describe the experiments well. An exam-
ple of one of the experimental sets, together with the
calculated model fit is shown inFig. 2. The parame-
ters obtained, together with their confidence intervals
are given inTable 2. It can be seen that the adsorption
of the alkyne is very strong compared to the alkene
and alkane adsorption, which adsorb approximately
equally strong. This strong alkyne adsorption explains
the high intrinsic selectivity possible for this reaction,
since in the presence of alkyne the surface coverage on
the catalyst of the alkene remains low. The observed
selectivity dependence on the particle size (Table 1)
is easily explained from the concentration profiles
of the reactants in the catalyst particles (Fig. 4). As
a result of an insufficiently fast mass-transfer the
alkene concentration inside the larger particles is
higher (and the alkyne concentration lower), caus-
ing more overhydrogenation to occur. These figures
also explain the differences in observed activity for
the different catalyst particles sizes, as inside the
bigger catalyst particles there clearly is a hydrogen
shortage.

3.2. Effect of reaction modifier

In selective hydrogenations in fine chemical in-
dustry sometimes reaction modifiers are added to the
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Fig. 4. Concentration profiles inside the three different catalyst par-
ticle sizes used for the hydrogenation of 3-methyl-1-pentyn-3-ol
over 2 wt.% Pd on silica catalysts (298 K, 0.5 kg/m3 catalyst, initial
alkyne concentration 30 mol/m3). Calculated using kinetic param-
eters fromTable 2. All figures show the intraparticle concentra-
tion profiles at an identical conversion of 75%. Particle diameters:
(A) 10�m, (B) 50�m and (C) 200�m. (�) Hydrogen concentra-
tion, (�) alkyne concentration, (�) alkene concentration and (�)
alkane concentration.

Table 3
Effect of the addition of different levels of quinoline (reaction
modifier) on the activity and selectivity (maximum yield of desired
alkene) for the hydrogenation of 3-methyl-1-pentyn-3-ola

Quinoline
(mol/m3)

Activity
(mmol/gPd/s)

Maximum alkene
yield (%)

0 7.67 90.2
23 6.50 95.8
220 4.17 97.4

a 2 wt.% Pd on silica catalyst (35–74�m), 298 K, 1 bar H2,
0.75 kg/m3 catalyst, 300 mol/m3 reactant.

reaction system to increase selectivity[2]. The effect
of adding such a modifier (quinoline) to this reaction
system was investigated. The effect of adding differ-
ent amounts of quinoline to the reaction mixture is
given inTable 3.

Commonly, the effect of a quinoline or similar type
of modifier is explained from its competitive adsorp-
tion, adsorbing less strongly than the component to be
hydrogenated and stronger than the desired product, in
this way preventing product adsorption and thus over-
hydrogenation. In the model, however, simply adding a
moderately strong adsorbing non-reactive component
in a L–H kinetics does not result in an increased yield
of the desired product. If mass-transfer plays a role
in the reaction the modifier does show an influence
in the calculations. The effect of the modifier, how-
ever, is nothing more than simply reducing the over-
all reaction rate and thus the effect of mass-transfer
on the reaction. The slower reaction rate in the cata-
lyst particles allows for the alkene being produced to
have more time to diffuse out of the particles before
re-adsorbing and being hydrogenated further. In this
way the lower catalyst activity results in the higher
selectivity.

When adding quinoline adsorption in the reac-
tion model used for the hydrogenation of 3-methyl-
1-pentyn-3-ol, the selectivity enhancing effect can be
modeled. For quinoline as reaction modifierEq. (14)
for the occupancy is added

∂θQ

∂t
= ka,QCQθ∗ − ka,Q

KQ
θQ (14)

Boundary conditions 10–12 also apply for quinoline.
Fitting the model containing these equations to a num-
ber of experiments with quinoline present resulted in
a value for the equilibrium constant for adsorption of
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quinoline of 1.63 m3/mol (1.47–1.79 confidence inter-
val). Quinoline apparently adsorbs even more strongly
than the alkyne, which is the explanation of the reduc-
tion in the overall reaction rate. Although quinoline
incorporated in the model in this manner does result
in a higher selectivity in the calculations, this predicts
only about 50% of the observed increase in selectiv-
ity. The entire selectivity enhancing effect apparently
is more complex and requires further investigation.
In literature, commonly electronic effects are used to
explain selectivity enhancing effects of reaction mod-
ifiers [2], i.e. the reaction modifier donates/accepts
electrons from the catalyst surface to explain the ef-
fect. This would imply that the adsorption constants
for the different reactants and products would be dif-
ferent due to the different electronic properties of the
catalyst surface. In the current modeling work the ad-
sorption and reaction constants were assumed to be
constant. To confirm an electronic effect and deter-
mine new adsorption and reaction parameters, how-
ever, a larger amount of experiments with reaction
modifiers would be required. This is because of the
large number of kinetic parameters in the model pre-
sented in this paper requiring many experiments to
determine the relevant parameters with an acceptable
accuracy.

From the above interpretation it follows that a sim-
ple manner to increase the yield of the desired product
is to reduce the reaction rate by other means. This can
be done in several ways, e.g., by reducing the temper-
ature or by reducing the metal loading on the catalyst.
In order to check this assumption, experiments have
been performed at lower temperatures with the same
catalyst. For the 35–74�m catalyst lowering the reac-
tion temperature to 363 K (which reduced the reaction
rate by close to a factor of 10), the selectivity increased
but only slightly (maximum yield of 91.5%). In the
interpretation of this experiment it should be kept in
mind that also the mass-transfer rate is slowed down
by lowering the temperature (higher liquid viscosity
and lower diffusivity), having a selectivity lowering
effect.

4. Conclusions

It has been demonstrated that it is possible to satis-
factorily model a complex reaction system, controlled
by both kinetics and mass-transfer, and to obtain the
relevant kinetic parameters. For the selective hydro-
genation of 3-methyl-1-pentyn-3-ol, it was shown that
mass-transfer effects strongly influence the maximum
yield of the desired product. The selectivity enhancing
effect of the addition of a reaction modifier, such as
quinoline, is for a large part the result of mass-transfer
effects.
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