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Abstract 
 
In this research a Pd/silicalite-1 catalyst was prepared using different palladium incorporation methods and 
applied in both a batch and microreactor configuration. The optimized Pd/silicalite-1 catalyst was prepared 
by an ion-exchange method using toluene as solvent to result in a well dispersed and small palladium size 
of 2.7 nm. A kinetic study on the selective hydrogenation of 3-methyl-1-pentyn-3-ol reaction was carried 
out using the optimized Pd/silicalite-1 catalyst where the maximum activity obtained was 87.9 mmol/gPd/s. 
In addition, a kinetic model was developed in order to obtain the rate and equilibrium constants and com-
pare to experimental results. Although, a highly dispersed and small palladium particle size was incorpo-
rated into the silicalite-1 support resulting in a high activity, the stability of the Pd/silicalite-1 catalyst was 
poor due to the leaching that was found to be present. The palladium incorporation method was extended 
to the chip-microreactor. It was found that leaching could be reduced by using a palladium impregnation 
method where an alkyne conversion of 19%, alkene selectivity of 71%, and yield of 13% were obtained. 
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Chapter 1 

Introduction 
1.1 Introduction to microreactors 
Today the fine and intermediate chemicals manufacturing industry is mostly dominated by batch process-
es. As manufacturing plants may not be flexible enough to facilitate multi-step processes and a multi-
product plant approach, most stirred tank reactors are operated batchwise.[1] Multiphase reactions for the 
production of these chemicals are therefore mostly carried out in stirred tank reactors. Although only 3-5% 
of all industrial heterogeneous catalysts is used in the production of fine chemicals, approximately 20% of 
profits is attributed to this industrial segment.[2][3] This underlines the economic importance and the need 
of catalysts, not only in the production of bulk chemicals, but also in fine chemical production.[3] Alt-
hough, the manufacturing approach of these chemicals has not changed much over the last decades, there 
are some disadvantageous to the production of fine and intermediate chemicals in stirred tank reactors.[1] 
 
Despite stirred tanks being commonly applied in the fine-chemical industry, there are still some disad-
vantages associated with stirred tank reactors. One of the disadvantageous of applying stirred tanks for 
multiphase reactions is that transport limitations such as gas/liquid mass transfer, liquid/solid mass transfer 
or diffusion through the liquid phase are hard to eliminate. As a result the reactor may be limited by mass 
and/or heat transfer, which can have a direct effect on the productivity, reaction rate and selectivity.[1] Be-
sides heat and/or mass transfer limitations, scale up might also be problematic in stirred tanks. In these 
reactors geometry, bubble size, mixing and kinetic lengths do not scale proportionally[1] making it ex-
tremely difficult to scale up. Difficulties during scale up are well known and expected, because measure-
ments and correlations are mainly developed for lab-scale devices.[4], [5]  
 
Lately, microreactors have received increased attention. Microreactors are expected to be an advantageous 
alternative for stirred tank reactors. Traditionally the term “microreactor” was given to a small tubular re-
actor used to test catalytic performance. Nowadays, this term is generally defined as a miniaturized reactor 
with characteristic dimensions in micrometers and reaction volumes in the nanoliter-to-microliter range.[6] 
While the flow in stirred tank reactors is usually turbulent, microstructures are usually operated in a lami-
nar flow regime. Moreover, the diffusion paths for heat and mass transfer (see Figure 1) are very short al-
lowing the microfluidic system to be operated under more aggressive conditions due to the high heat and 
mass transfer rates that can be achieved. This makes microreactors ideal candidates for heat- or mass-
transfer limited reactions i.e. multiphase reactions.[7] The improved heat- and mass transfer also results in 
an enhanced selectivity and a narrow residence time distribution.[8] As a result of the higher transfer rates, 
higher yields can be obtained.[9], [10] This all contributes to a reduction of the ratio of mass byproduct to 
mass product formed. 
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Figure 1: Schematic representation of the mass-transfer steps in a microcapillary.[11] 

A well-studied example of multiphase reactions are heterogeneous catalytic hydrogenations. These hydro-
genations are highly selective, easy to scale up and atom efficient. A high surface to volume ratio in a re-
actor makes it possible to optimally use the heterogeneous catalyst involved in these reactions. Conse-
quently applications using microreactors might be suitable if the heterogeneous catalyst is coated on the 
microreactor surface. The high surface to volume ratio of the microchannel is then used as an interface 
between a solid phase (catalyst) and the liquid and/or gaseous phase. Since most catalytic processes often 
rely on a metal that is deposited on a high surface area support, it is important to synthesize a catalyst 
where the metal atoms are highly dispersed on an inert and porous support having a high surface area.[12] 
The metals most frequently used in heterogeneous catalytic hydrogenation are palladium, platinum, rhodi-
um, nickel, cobalt and ruthenium. Also, but more rarely, metals like iridium, copper and rhenium find ap-
plications.[13] The effective usage by making use of a metal that is deposited as nanoparticles (1 – 10 nm in 
diameter) on an high surface area support and the superfluous need of filtration of the catalyst make a mi-
croreactors an advantageous alternative for stirred tank batch reactors. 
   
An organic compound commonly used as an intermediate in the fine chemical industry is propyn-3-ol (see 
Figure 2) or propargylic alcohol. This functionalized alkyne is a well-known intermediate in organic syn-
thesis and used as a reagent in the synthesis of valuable terpenes such as vitamin A and vitamin E or d,l,α-
tocopherol and it is used to synthesize 2-aminopyrimidine which is a building block for sulfadiazine.[14], [15] 
Furthermore, the rich chemistry of a propargyl alcohol is used in the synthesis of many other natural and 
medicinally important products such as prostaglandins, steroids, carotenoids,[16] biologically active prosta-
cyclin mimetrics[17]–[19], important molecules such as cytostation[20], [21], vitamin K[22], and fatty acids.[16], 

[23]–[26] Compared to bulk chemicals, the fine chemical industry produces a much higher number of kilo-
grams of byproducts per kilogram of product. The implementation of catalysts which improve the product 
selectivity are therefore advantageous to eliminate the large amount of waste generated.[2] 
 
 
 
 
 

OH

propyn-3-ol
Figure 3: Schematic representation of the organic compound propyn-3-ol or propargylic alcohol. 

OH

3-methylpentan-3-ol
(alkane)

H2

OH

3-methyl-1-penten-3-ol
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OH

H2
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(alkyne)

[Pd][Pd]

Figure 2: Schematic representation of the selective hydrogenation of 3-methyl-1-pentyn-3-ol using a palladium catalyst. 
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In literature, the hydrogenation of 3-methyl-1-pentyn-3-ol over a palladium catalyst (see Figure 3) has 
been used as a model reaction for a hydrogenation of a functionalized alkyne.[11], [27]–[40] Nijhuis et al. in-
vestigated the hydrogenation over palladium deposited on a silica support in a batch and monolith (based 
on an alumina support) reactor.[28] It was demonstrated that it was possible to model a complex reaction 
system, controlled by both kinetics and mass transfer, to obtain the relevant kinetic parameters. Further-
more it was shown that for the selective hydrogenation of 3-methyl-1-pentyn-3-ol mass transfer effects 
strongly influence the maximum yield of the desired product.[28] In order to improve the mass transfer, var-
ious other reactor configurations have been applied. De Loos et al. investigated the hydrogenation over 
palladium deposited on a carbon nanofiber support in a microreactor.[35] The effect of different catalyst 
structures on the hydrogenation reaction rate and selectivity towards the intermediate product, as well as 
the flow regime hydrodynamics were investigated. It was showed that the Taylor/slug flow regime results 
in a higher hydrogen reaction rate and higher selectivity towards the intermediate product in comparison 
with the slug/ring flow. The improvements in reaction yield were attributed to the better gas/liquid mass 
transfer rates and the good mixing in the liquid slugs formed during Taylor flow. The larger surface area 
of the Pd/carbon nanofiber layer increased the overall reaction rate 3.5 – 4 times in comparison with a flat 
and unsupported catalyst with a selectivity towards the intermediate product larger than 95%.[35] Finally 
Leon Matheus et al. investigated a palladium/alumina coated foam in a rotating foam stirrer reactor.[37] It 
was concluded that a high specific surface area of the foam support and a thin coating layer are important 
for obtaining high productivity and selectivity. The high specific area shortens the diffusion paths improv-
ing the selectivity and the thin coating layer will reduce the internal mass transfer limitations.[37] The 
achieved activities of the alkyne hydrogenation found in the earlier mentioned research were; 8.33 
mmol/gPd/s for the Pd on silica catalyst particles; 14 mmol/gPd/s for Pd deposited on carbon nanofibers; 
and the highest activity of 39.1 mmol/gPd/s was reported by Leon Matheus et al. when a palladi-
um/alumina coated foam was used in a rotating foam stirrer reactor.[28], [35], [37] 
 
A high specific surface area of the inert support as well as the thin coating layer are important design pa-
rameters required in order to achieve a high productivity and selectivity. The incorporation of other high 
surface area supports, such as zeolites, in microreactors is another approach to improving the mass-
transfer properties. 
 
Zeolites are crystalline aluminosilicates of various structures that consist of a uniform microporous net-
work and a large surface area. Due to the porous network, zeolites are used as a shape-selective adsorbent 
and as a catalyst in a wide range of industrial applications.[41], [42] An example of an industrial application 
of zeolites in the refinery markets are in the fluid catalytic cracking (FCC) and hydrocracking (HDC) 
units. In this instance, the introduction of zeolites has been advantageous as it resulted in a ~30% increase 
in gasoline yield and thus more efficient utilization of the petroleum feedstocks.[43] Other examples where 
zeolites have been used as a catalyst are in the hydroxylation of phenol, alkylation of ethylbenzene, epoxi-
dation of propylene oxide and hydrogenation reactions.[43], [44] While the International Zeolites Association 
(IZA) has 224 registered different zeolite structures, only 18[45] are reported to be used in commercial op-
eration.[46]  
 
One of the commercially used zeolites is silicalite-1 (structure type is MFI). Silicalite-1 is a siliceous zeo-
lite that is well studied and consists of a silica framework.[47]–[51] The MFI framework model is built up by 
connecting pentasil silicate chains and thus forms a network of 10-membered-rings and 5-membered rings. 
Figure 4 shows a schematic representation of the channel system having an average pore size in of 5.5 
Angstrom.[47] The maximum dimensions of a molecule that diffuses through the MFI are 4.70 x 4.46 x 
4.46 Angstrom.[46] Furthermore it is possible to use this zeolite in the microreactor by coating it upon the 
microchannel surface using hydrothermal synthesis.[52], [53] 
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Figure 4: schematic representation from two different side views of the MFI framework (adapted from [47]), MFI frame-
work is built up by connecting pentasil silicate chains, 10-membered-rings and 5-membered-rings can be seen in the left 

figure 

In this study, a Pd/silicalite-1 catalyst will be prepared and applied in both a batch and microreactor con-
figuration. A method for the incorporation of palladium onto the silicalite-1 support will be investigated in 
order to obtain a well dispersed palladium catalyst with high catalytic activity. A kinetic study using the 
selective hydrogenation of 3-methyl-1-pentyn-3-ol will be carried out on the optimized Pd/silicalite-1 
catalyst in order to estimate the catalytic activity. Finally, the palladium incorporation method will be ex-
tended to the chip-based microreactor.  
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Chapter 2 

Experimental 
2.1 Catalyst preparation 
2.1.1 Silicalite-1 preparation 
Precursor solutions were prepared by adding tetraethyl orthosilicalite (TEOS, [Merck]) to tetraprop-
ylammonium hydroxide (TPAOH, 40% in water, [Merck]) dropwise under continuous stirring in an ice 
bath. Subsequently, a solution containing sodium hydroxide (≥ 98.5%, microprills, [Sigma-Aldrich]) and 
water was added dropwise and left for 5 hours until the mixture became totally clear. Molar ratios of 1 : 
0.22 : 65.5 : 0.033 for SiO2, TPAOH, H2O and NaOH were used, respectively. The precursor solution was 
then filtered to remove any impurities present and inserted into 100 mL stainless steel autoclaves. Hydro-
thermal synthesis was carried out at 175°C for 48 hours. After hydrothermal synthesis was completed, the 
excess solution in the autoclave was removed and the zeolite (silicalite-1) powder was washed and centri-
fuged with distilled water three times before it was dried in an oven at 70°C for 4 hours. Calcination was 
carried out to remove the TPAOH template at 500°C for 2 hours.  
 
Catalyst powder was prepared using the silicalite-1 powder on which palladium was deposited in three 
different ways: (1) impregnation using a PdCl2/acetonitrile mixture, (2) impregnation with a 
Pd(acac)2/DCM mixture, and (3) ion-exchange using a Pd(OAc)2/toluene mixture.[54] In order to compare 
the supports palladium was also incorporated onto a silica powder support [Sigma-Aldrich] via ion-
exchange using a Pd(OAc)2/toluene mixture. 

Impregnation 
Zeolite impregnation was carried out using 33.3 mg of PdCl2 [Sigma-Aldrich] dissolved in 1.5 mL ace-
tonitrile [Sigma-Aldrich] or 57.3 mg of Pd(acac)2 [Sigma-Aldrich] dissolved in 2.4 mL DCM [Sigma-
Aldrich] per gram of zeolite (corresponding to a palladium target loading on silicalite-1 of 2 wt.%). The 
palladium solution was added dropwise to the zeolite and stirred during the evaporation of the solvent. The 
white zeolite colored yellow after the palladium incorporation. 

Ion-exchange 
The ion-exchange procedure is used to deposit palladium on the silicalite-1 and silica using toluene as sol-
vent according to the method described by Nijhuis et al.[54] For this purpose 1 g of zeolite (or silica) was 
suspended in 20 mL of toluene [Sigma-Aldrich] by stirring (500 rpm), after which 425 mg palladi-
umacetate [Sigma-Aldrich] (corresponding to a palladium target loading on silicalite-1 of 2 wt.%) dis-
solved in 10 mL of toluene was slowly added (30 min). This orange solution was stirred for 6 days, during 
which the solution slowly discolored and the silicalite-1 particles gained a dark brown color. The toluene 
solvent was separated from the catalyst by decanting the toluene after the catalyst has settled. The catalyst 
was cleaned by washing and centrifuging three times using toluene. The catalyst then was dried in an oven 
at 70°C for 4 hours. 
  
After palladium was incorporated via either impregnation of ion-exchange, the catalyst particles were cal-
cined in the oven at 250°C for 2 hours and sieved into particles with a diameter of 0-32 µm and 32-50 µm. 
In the final stage of the catalyst preparation a reduction is performed at 200°C for 2 hours. 
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hydrogen (0.8 mL/min) and a liquid alkyne/ethanol solution (5.12 mL/h) with an initial alkyne concentra-
tion of 30 mol/m3. The microchip was placed in an oven and operated at a temperature of 25°C and a pres-
sure of 1.5 bar H2 that was controlled via a back pressure regulator. The outflowing liquid solution was 
collected – via a condenser – in a collection vessel and reaction aliquots were taken at regular time inter-
vals and analyzed by a gas chromatograph (Varian CP-3800) with a CP-Sil-5 column and FID detector to 
determine the microchip reactor’s performance. 
 

Back 
Pressure 
regulator

Collection 
vessel

P-16

H2

alkyne & ethanol

OFFLINE 
LIQUID 

SAMPLING

Oven

CHIP 
MICROREACTOR

N2

Condenser

Vent

 
Figure 6: schematic representation of the microreactor set-up containing the oven with the chip microreactor, a condenser, 

a back pressure regulator and a collection vessel 

Solutions of 3-methyl-1-pentyl-3-ol (98% in water, [Aldrich]), ethanol (absolute, [VWR Chemicals]), and 
isopropanol (extra pure, [Merck]) as internal standard were freshly prepared before use. 
 
The conversion (%) is calculated as the amount of alkyne converted into the hydrogenated products (see 
Equation{1}) and selectivity (%) is calculated as the fraction of alkyne converted into alkene (see Equa-
tion {2}), where CE is the concentration of the desired product alkene, CE0 is the initial concentration of 
alkene, CY is the concentration of alkyne and CY0 the initial concentration of the reactant alkyne.  

0

100%Y

Y

CX
C

= ⋅   {1} 

0

0

100%E E

Y

C CS
C
−

= ⋅   {2} 

The initial reaction rates (ri in mmol/min) were calculated from the slope of the tangent to the initial points 
of the concentration versus time plot (see Equation {3}) where CY is the concentration of the reactant al-
kyne (mol/m3), t is the time (min), and Vliq is the volume of solution (m3). 
 

100%Y
i liq

dCr V
dt

= ⋅   {3} 
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2.4 Kinetic model 
An example of a typical 3-methyl-1-pentyn-3-ol experiment is shown in Figure 7. It can be seen that the 
reaction proceeds via a sequential reaction mechanism. In the first part of the reaction process the relative-
ly strong alkyne adsorption is preventing the complete hydrogenation of the alkene product, with the hy-
drogenation of alkene only becoming significant once most of the alkyne has been converted. The hydro-
genation of alkene then starts occurring at a high rate. After the ethanol is being saturated with hydrogen 
during the induction period, the reaction proceeds via a 0th order reaction in alkyne as can be seen in Fig-
ure 7. When complete conversion of the alkyne is being approached the reaction order changes into a 1st 
order. This type of behavior indicates a Langmuir-Hinshelwood kinetic expression.[11], [28], [57], [58]  
 

 

Figure 7: hydrogenation of 3-methyl-1-pentyn-3-ol performed in a batch reactor (150 mL, 1.5 bar H2, 1300 rpm, 298K, 0-
32 µm, 2 wt.% Pd/silicalite-1, 0.07 g/L catalyst, initial alkyne concentration 30 mol/m3), markers experiment, (●) alkyne 

concentration, (▲) alkene concentration, ( ◆) alkane concentration 

As the rates of heterogeneous catalytic reactions depend on the amounts of chemisorbed molecules, it is 
required to relate the fluid phase concentrations of the reactants to their respective coverages on the solid 
catalyst surface. For chemisorption it is assumed that (1) all reactants are present in a single liquid phase, 
(2) all surface sites have the same energies for adsorption, and (3) the adsorbed molecules do not interact 
with each other.[58] Using the steady state assumption, the fractional coverages for the organic molecules 
alkyne, alkene and alkane are determined to be as in Equation {4} – {6} which are also known as the 
Langmuir adsorption isotherm. Here the equilibrium constants are associated with competitive adsorp-
tion/desorption of either alkyne, alkene, or alkane. 
 

1
Y Y

Y
Y Y E E A A

K C
K C K C K C

θ =
+ + +

  {4} 

1
E E

E
Y Y E E A A

K C
K C K C K C

θ =
+ + +

  {5} 

1
A A

A
Y Y E E A A

K C
K C K C K C

θ =
+ + +

  {6} 
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The Langmuir adsorption isotherm is used to find the final corresponding Langmuir-Hinshelwood rate 
expressions given in Equation {7} and {8}. 
 

2

2

1
1 1 1

cat cat
H cat Y Ycat

H cat Y cat cat cat
Y Y E E A A

k C C K C
rate k C C

K C K C K C
θ= =

+ + +
  {7} 

2

2

2
2 2 1

cat cat
H cat E Ecat

H cat E cat cat cat
Y Y E E A A

k C C K C
rate k C C

K C K C K C
θ= =

+ + +
  {8} 

 
In these kinetic expressions the hydrogen concentration is placed in a separate term from the Langmuir-
Hinshelwood term for the organic components, which implies that hydrogen adsorption is possibly inde-
pendent of the organic molecules at different adsorption sites. The first order in hydrogen indicates that the 
hydrogen occupancy remains low. Also it is assumed that the hydrogen occupancy is in equilibrium with 
the surrounding liquid and therefore the hydrogen occupancies are not modeled separately.[28]  
 
The hydrogen solubility in ethanol has been found to be linearly depended on the temperature within a 
range of 5 – 60°C. From literature[59]–[61], measurements points (see Figure 8) have been taken and linear-
ized to fit an Equation {9} that describes the linear relation between the temperature and the hydrogen sol-
ubility in ethanol. This equation is used in the kinetic model to describe the saturation concentration of 
hydrogen in the liquid. 

2
0.0131 2.9013sat

HC T= ⋅ +   {9} 

 

Figure 8: measurements from literature have been linearized to describe the temperature dependence on the solubility of 
hydrogen in ethanol, adapted from Young et al. [59] 
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Chapter 3 

Results and discussion 
3.1 Palladium/silicalite-1 catalyst 
In order to produce a highly active Pd-silicalite-1 catalyst, the palladium incorporation method was inves-
tigated and optimized in terms of palladium particle size, distribution and palladium loading. The palladi-
um incorporation methods and catalyst properties are provided in Table 1. Palladium was incorporated by 
an impregnation method using acetonitrile (Entry 1 and Entry 5, Pd-silicalite-1-IMP-ACE and Pd-
silicalite-1-IMP-ACE*) and DCM (Entry 2, Pd-silicalite-1-IMP-DCM) as solvents and ion-exchange using 
toluene (Entry 3, Pd-silicalite-1-ION-TOL) as a solvent. To compare the supports Pd/silica (Entry 4, Pd-
silica-ION-TOL) was also prepared using the ion-exchange method. In order to determine the dispersion 
of the palladium particles incorporated onto the silicalite-1 surface, transmission electron microscopy was 
used. TEM images of the prepared catalysts show the dispersion and particle size of the palladium depos-
ited on the silicalite-1 (or silica) surface (Figure 9 and Figure 10). The palladium particle sizes were meas-
ured using ImageJ resulting in particle size distributions (see Figure 11) and an average palladium particle 
size (see Table 1).  
 

Table 1: the properties and the palladium incorporation methods of the different catalysts prepared, all results are ob-
tained using a pressure of 1.5 bar H2, initial concentration 30 mol/m3, 298 K, 0.7 g/L catalyst, catalyst particle size 0-32 µm 

Entry Catalyst type Palladium  
incorporation method 

Average particle 
diameter (nm)  
(ImageJ) 

Palladium  
loading in 
wt.% (ICP) 

Activity  
(mmol/gPd/s) 

1 Pd-silicalite-1-IMP-ACE Impregnation, acetonitrile 4.0 ± 1.8 1.7 Not determined 
2 Pd-silicalite-1-IMP-DCM Impregnation, DCM 8.6 ± 3.1 1.8 Not determined  
3 Pd-silicalite-1-ION-TOL Ion-exchange, toluene 2.7 ± 1.7 1.7 87.9 
4 Pd-silica-ION-TOL Ion-exchange, toluene 1.9 ± 0.5 1.6 86.0 
5 Pd-silicalite-1-IMP-ACE* Impregnation, acetonitrile Not determined 0.41 12.5 

 
As can be seen in Table 1, the palladium loading measured by ICP showed a similar deposition with a 
loading that varied from 1.6 wt.% - 1.8 wt.%. The palladium loading is also comparable with the 1.7 – 2.0 
wt.% that was reported in literature[54]. 
 

     
Figure 9: TEM images of palladium on Pd-silicalite-1 catalysts, palladium is deposited via impregnation using acetonitrile 

(left, Pd-silicalite-1-IMP-ACE) and DCM (right, Pd-silicalite-1-IMP-DCM) as solvent. 
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Figure 10: TEM images of palladium on silicalite-1 (left, Pd-silicalite-1-ION-TOL) and silica (right, Pd-silica-ION-TOL) 

catalysts, palladium is deposited via ion-exchange using toluene as solvent. 

 
Figure 11: particle size distribution of the deposited palladium particles onto the silicalite-1 and silica surface for the dif-

ferent incorporation methods, particle diameters are grouped per 0.5 nm and counted in the percentage of particles meas-
ured per deposition method. 

The largest palladium particles on silicalite-1 were determined to be 8.6 ± 3.1 nm (Pd-silicalite-1-IMP-
DCM) using the impregnation method with DCM as the solvent. Pd-silicalite-1-IMP-ACE, which was also 
prepared using the impregnation method with acetonitrile as solvent, has palladium particles (4.0 ± 1.8 
nm) almost twice as small as Pd-silicalite-1-IMP-DCM. The smallest palladium particles on silicalite-1 
(2.7 ± 1.7 nm) were obtained on the Pd-silicalite-1-ION-TOL. Interestingly, the silica catalyst, Pd-silica-
ION-TOL, gives even smaller palladium particles of 1.9 ± 0.5 nm in comparison to the similarly prepared 
Pd-silicalite-1-ION-TOL. When the silica catalyst properties are compared with the benchmark properties 
obtained in literature, it is noted that palladium particle size distribution (0.5 – 4 nm) of Pd-silica-ION-
TOL was narrower than 1 – 15 nm which was reported by Nijhuis et al.[54] This might be due to the modi-
fied synthesis procedure which was downscaled from 5 gram batch size to 1 gram batch size of silica. As 
can be seen in Figure 11, the majority of the ion-exchanged incorporated palladium particles’ size are 
smaller than 3 nm. 
 
The difference in palladium particle size for the impregnated silicalite-1 supports (Pd-silicalite-1-IMP-
ACE and Pd-silicalite-1-IMP-DCM, see also Figure 11) might be caused by the polarity of the solvents 
and/or the difference in boiling point of these solvents. The low boiling point (40 °C) and/or the polarity 
(Polarity Index = 5.8[62]) of DCM could negatively affect the palladium distribution over the silicalite-1 
support causing the palladium particles to agglomerate. Furthermore, although a different palladium 
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source was used for the impregnation, it is expected to have no influence on the palladium particle size. 
No further experiments have been done using Pd-silicalite-1-IMP-DCM. 
 
It was believed that the dispersion and particle size of the palladium particles had a positive effect on the 
activity. Although there is still some agglomeration visible in the TEM image of the Pd-silicalite-1-ION-
TOL, it is concluded that the ion-exchange method results in a smaller palladium particle size and a better 
distribution most likely leading to a higher activity.  
 
The average particle size of the ion-exchanged catalysts Pd-silicalite-1-ION-TOL and Pd-silica-ION-TOL 
with the smaller palladium particle size resulted in higher activities of 87.9 and 86.0 mmol/gPd/s. These 
activities are a factor 6.5 – 7 higher than the activity of 12.5 mmol/gPd/s obtained by the Pd-silicalite-1-
IMP-ACE*. A possible explanation for this large difference in activity can be explained by leaching. It is 
expected that the Pd-silicalite-1-IMP-ACE* palladium particles have the same size as the Pd-silicalite-1-
IMP-ACE due to the same incorporation method used. The larger particles that were obtained via the im-
pregnation using acetonitrile might lead to less leaching and therefore a lower activity is obtained in com-
parison with the ion-exchanged incorporated palladium. Leaching is further explained in Section 3.5.  
 
Noteworthy is the big difference between the ion-exchanged silica catalyst Pd-silica-ION-TOL and a simi-
larly prepared Pd/silica catalyst with an activity of 8.33 mmol/gPd/s from literature[54]. The factor 10 differ-
ence could be explained by the modified synthesis procedure resulting in slightly smaller palladium parti-
cles. These smaller palladium particles account for a higher surface area causing the rise in activity. The 
large difference in activity could be also explained by leaching which is further explained in Section 3.5.  

3.2 Kinetic study 

3.2.1 Effect of stirring rate and catalyst loading 
In order to study the kinetics of this reaction, first the effect of external mass transfer was studied as a 
function of stirring speed and catalyst loading to ensure that the kinetic study is done in the kinetically 
controlled region. Experiments have been performed at different stirring rates to determine the speed at 
which external mass transfer effects are negligible. Experiments are done with stirring rates between 1000 
– 2000 rpm. As can be seen in Figure 12, a similar reaction rate for the alkyne hydrogenation is obtained 
for different stirring rates, which indicates that hydrogen dissolution is not limiting the reaction. Some 
small fluctuations of the reaction rate with stirring rate, is assumed to be caused by a combination the stir-
ring rate and temperature fluctuation at the beginning of the experiment. As the reagent is fully converted 
within the first 4-5 minutes of the experiment, it is expected that stirring and temperature fluctuations 
might have a minor effect on the hydrogenation rate of the alkyne. All further experiments are therefore 
performed with a stirring rate of 1300 rpm. 

 
Figure 12: 3-methyl-1-pentyn-3-ol hydrogenation performed at different hydrogen pressures, shown are the initial alkyne-
alkene hydrogenation rates at 298K, 1.5 bar H2, alkyne concentration 30 mol/m3, 2 wt.% Pd/silicalite-1, 0.7 g/L, 0-32 µm. 
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Furthermore, multiple experiments have been carried out using different amounts of catalyst. In Figure 13 
the catalyst loading is plotted against the alkyne hydrogenation rate. Vertical error bars are only given if 
more than three experiments have been carried using the same amount of catalyst.  
 
A first order behavior of catalyst loading can be observed in the catalyst loading regime from 0 – 0.05 g/L 
(see dotted line, Figure 13), this is not the case for experiments with a catalyst loading above 0.05 g/L, 
which show a zero order dependency. The rates of all experiments using a catalyst loading higher than 
0.05 g/L fluctuate around an average value of 1.05 mmol/min (see dotted line, Figure 13). These experi-
ments indicate that there are gas/liquid mass transfer limitations present. This gas/liquid mass transfer ef-
fect is also explained by the possible effect of leaching. The high catalyst activity that might be caused by 
leaching results in the mass transfer limited regime. This effect is described in Section 3.5. 

 
Figure 13: 3-methyl-1-pentyn-3-ol hydrogenation performed at different catalyst loadings and particle sizes of 0-32 µm 
and 32-50 µm. shown are the initial alkyne hydrogenation rates at 298K, 1.5 bar H2, 1300 rpm, alkyne concentration 30 
mol/m3, 2 wt.% Pd/silicalite: (●) 0-32 µm, (◆) 32-50 µm and 2 wt.% Pd/silica: (▲) 0-32 µm, vertical error bars are only 

given if more than three experiments have been carried out using the same catalyst loading. 

In order to operate in the kinetically controlled regime the catalyst loading has to be lower than 0.05 g/L. 
Although only a relatively small number of experiments was done with catalyst loadings below 0.05 g/L, 
it seems that there is no mass transfer limitation present that can affect the hydrogenation rate. For these 
experiments only a few milligrams of catalyst were used which made it very difficult to carry out experi-
ments that were reproducible. The variation in the alkyne hydrogenation rate in the kinetic regime is there-
fore possibly explained by the relatively large error being encountered during the weighing of the catalyst 
particles. Alternatively, if a larger reactor would be used, a larger amount of catalyst could be used (keep-
ing the same catalyst concentration with larger liquid volume) within the kinetically controlled regime 
which enables reproducible experiments to be carried out. Another reason for the deviations in the alkyne 
hydrogenation rate might be clarified by leaching (Section 3.5). Furthermore, it could be questioned if the 
experiments that were done using 0.04 g/L of catalyst did encounter any mass transfer limitations. As it 
was impossible to perform experiments with a catalyst loading below 0.03 g/L to determine the actual 
boundaries of the kinetic regime, it is assumed that all experiments using a catalyst loading lower than 
0.05 g/L where carried out in the kinetic regime. In addition, some experiments have been carried out us-
ing the Pd/silica catalyst (Figure 13). The alkyne hydrogenation rate obtained was similar to the rate for 
the Pd/silicalite-1 catalyst. 
 
Internal mass-transfer limitations have been investigated by performing experiments with different catalyst 
particle sizes. As can be seen in Figure 13, there is no clear difference between the rates observed using 
large (32-50 µm) or small (0-32 µm) Pd/silicalite-1 catalyst particles. Based on these experiments, the in-
ternal mass-transfer limitations are not included in the kinetic model. Leaching could be a possible reason 
for the absence of internal mass-transfer limitations (Section 3.5). 
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3.2.2 Effect of temperature 
The apparent activation energy for the hydrogenation reaction has been determined by varying the temper-
ature at a total pressure of 1.5 bar. The Arrhenius-plot is given in Figure 14. As can be seen in Figure 14, 
an Arrhenius-plot has been constructed assuming a first order relation between the logarithmic alkyne hy-
drogenation rate and the temperature. Vertical error bars are given to show the deviation encountered for 
the different experiments carried out. It should be noted that the experiments have been performed using a 
catalyst loading of 0.07 g/L and thus external mass transfer limitations were present. 

 
Figure 14: Arrhenius-plot for the alkyne hydrogenation in ethanol using a Pd/silicalite-1 catalyst, shown are the logarith-
mic initial alkyne hydrogenation rates (mmol/min) at 1.5 bar H2, alkyne concentration 30 mol/m3, 2 wt.% Pd/silicalite, 0.7 

g/L, 0-32 µm, vertical error bars are given to show the deviation encountered during the experiments. 

The apparent activation energy amounts to 32 kJ/mol. For the alkyne hydrogenation over Pd catalysts ac-
tivation energies have been reported of 54 kJ/mol by Nijhuis et al. (2003) and 55 kJ/mol by Chaudhari et 
al. (1986). The value calculated from Figure 14 is most likely influenced by external mass-transfer effects 
and these experiments should therefore have been done in the kinetically controlled regime where a lower 
catalyst loading is used.   
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3.3 Kinetic modelling 

3.3.1 Kinetic regime 
The experimental data has been fitted to the rate equations based on Langmuir-Hinshelwood kinetics for 
the hydrogenation of the functionalized alkyne. In order to estimate the values for the equilibrium con-
stants of the organic components, as well as the reaction constants, a set of partial differential equations 
(as shown in Equations{7} – {12}) was fitted to the experimental data from the kinetic regime.  

1rate
liq
YdC

dt
= −   {10} 

1 2rate rate
liq
EdC

dt
= + −   {11} 

2rate
liq
AdC

dt
= +   {12} 

In Table 2 the values are given for the estimated parameters in the kinetic regime. It can be seen that the 
adsorption of alkyne is very strong compared to the alkene adsorption and the alkene adsorption is subse-
quently much stronger than the alkane adsorption. The strong alkyne adsorption is responsible for the high 
selectivity possible for this hydrogenation, since the alkene and alkane coverage on the surface will remain 
low if respectively alkyne and alkene are present. 
 

Table 2: estimated values for the parameters in the kinetic regime, estimation was done by Athena Visual v14.0, no mass 
transfer is incorporated in this model, no confidence interval was obtained for KA possibly due to its small value. 

Parameter Value 95% confidence Dimension 
KY 9.49E-02 +- 3.28E-02 m3/mol 
KE 1.23E-05 +- 8.46E-07 m3/mol 
KA 2.36E-08 +- Not obtained m3/mol 
k1 1.67E+05 +- 2.56E+04 1/s 
k2 1.78E+08 +- 8.76E+06 1/s 

 

 
Figure 15: the kinetic model for the hydrogenation of 3-methyl-1-pentyn-3-ol in a batch reactor developed using the esti-
mated values from Table 2 and Equations {10} - {12}, this model is valid in the kinetic regime, solid lines are the result of 
the kinetic fit, markers: experiment, (●) alkyne concentration, (▲) alkene concentration, ( ◆) alkane concentration for an 

experiment using 0.02 g/L of catalyst. 
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In Figure 15 the kinetic model developed using the kinetic parameters from Table 2 is given. The parame-
ters are estimated based on five experiments with a catalyst loading below 0.05 g/L as discussed in Section 
3.2. The data used for the parameter estimation did not include the induction time in which the ethanol 
was getting saturated with hydrogen. The kinetic model fit (solid line) to the experimental data (markers) 
shows some deviation possibly attributed to leaching (see Section 3.5). 

3.3.2 Mass transfer limited regime 
As there are no mass transfer limitations included in the model described by Equations {10} - {12}, it is 
not possible to predict the concentration profiles of the experiments that were carried out using catalyst 
loadings that are larger than 0.05 g/L. Therefore a new model is developed to now describe the experi-
ments that were limited by mass transfer effects possibly caused by the increased catalyst activity as a re-
sult of leaching. The set of equations is therefore expanded to a set of differential equations (see Equation 
{13} - {20}) including gas to liquid mass transfer and liquid to solid mass transfer. The mass transfer co-
efficients of hydrogen and the organic compounds have been separately fitted. All estimated parameters 
are given in Table 3. 

, ( )
liq

liq catY
liq ls org ls cat Y Y

dCV k a V C C
dt

= − −   {13} 

, 1( ) rate
cat

liq catY
cat ls org ls cat Y Y cat

dCV k a V C C V
dt

= − −   {14} 

, ( )
liq

liq catE
liq ls org ls cat E E

dCV k a V C C
dt

= − −   {15} 

, 1 2( ) rate rate
cat

liq catE
cat ls org ls cat E E cat cat

dCV k a V C C V V
dt

= − + −   {16} 

, ( )
liq

liq catA
liq ls org ls cat A A

dCV k a V C C
dt

= − −   {17} 

, 2( ) rate
cat

liq catA
cat ls org ls cat A A cat

dCV k a V C C V
dt

= − +   {18} 

2, ( ) ( )
liq

liq cat sat liqH
liq ls H ls cat H H gl gl liq H H

dCV k a V C C k a V C C
dt

= − − + −   {19} 

2, 1 2( ) rate rate
cat

liq catH
cat ls H ls cat H H cat cat

dCV k a V C C V V
dt

= − − +   {20} 

 
In Figure 16 the kinetic model developed using the kinetic parameters from Table 3 is given. The parame-
ters are estimated based on nine experiments with a catalyst loading above 0.05 g/L as discussed in Sec-
tion 3.2. The data used for the parameter estimation did not include the induction time in which the etha-
nol was getting saturated with hydrogen, but now also liquid/solid and gas/liquid mass transfer limitations 
were included in the model. The model fit (solid line) to the experimental data (markers) shows some de-
viation which could be attributed to leaching (see Section 3.5). 
  



 
 19  
 

 
Table 3: estimated values for the parameters in the mass transfer limited regime, estimation was done by Athena Visual 
v14.0, gas/liquid and liquid/solid (for both the organic and inorganic components) mass transfer is incorporated in this 

model. 

Parameter Value 95% confidence Dimension 
KY 4.57E-02 +- 7.56E-02 m3/mol 
KE 6.18E-04 +- 6.44E-04 m3/mol 
KA 6.20E-03 +- 2.11E-02 m3/mol 
k1 5.04E+10 +- 1.01E+10 1/s 
k2 4.42E+11 +- 4.80E+09 1/s 
kls,org 4.33E-02 +- 3.08E-02 m/s 
kls,H2 1.61E-01 +- 3.27E-02 m/s 
kglagl 5.28E+00 +- 8.17E-01 1/s 

 

 

Figure 16: the kinetic model for the hydrogenation of 3-methyl-1-pentyn-3-ol in a batch reactor developed 
using the estimated values from Table 3 and Equations {13} - {20}, this model is valid in the mass-
transfer limited regime, solid lines are the result of the kinetic fit, markers: experiment, (●) alkyne concen-
tration, (▲) alkene concentration, ( ◆) alkane concentration for an experiment using 0.19 g/L of catalyst. 

3.4 Microchip experiments 
After the palladium was incorporated either via the ion-exchange or via the impregnation method into the 
silicalite-1 coating in the microchip, a test experiment has been carried out to determine the reactor per-
formance. The selective hydrogenation of 3-methyl-1-pentyn-3-ol was carried out at a pressure of 2.5 bar 
H2 and a temperature of 25°C. The liquid and gas flow in the microchip experiment were set to a value of 
5.12 ml/h and 0.8 ml/min, respectively. As can be seen in Figure 17, the conversion decreases from 100% 
till about 20% within 21 hours where is stabilizes for the impregnated Pd/silicalite-1. Controversy, the for 
the ion-exchanged Pd/silicalite-1 the conversion seems to drop from 100% till 5% within 14 hours and a 
0% conversion is being approached. Although more experiments have to be Although more experiments 
have to be carried out, the difference in the conversion drop seems be dependent on the palladium incorpo-
ration method. However selectivity of about 60 – 70 % would be acceptable for the selective hydrogena-
tion, the yield obtained for both chip microreactor experiments is very low. The noteworthy decrease in 
conversion and thus in yield might be caused by leaching of the catalyst. When the palladium particles are 
not well attached to the zeolite surface, these particles might coordinate to the liquid reagent that flows 
through the microreactor and leach out the catalyst support. In order to determine the cause of the sharp 
decrease in conversion, further experiments are carried out and described in Section 3.5. 
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Figure 17: hydrogenation of 3-methyl-1-pentyn-3-ol performed in a microreactor (1.5 bar H2, 1300 rpm, 298K, 0-32 µm, 2 
wt.% Pd/Silicalite-1, 5 µm catalyst coating, initial alkyne concentration 30 mol/m3), markers experiment, (●) conversion 

[%], (■) selectivity [%], (▲) yield [%], two different palladium incorporation methods were used: ion-exchange using tolu-
ene as solvent (left), impregnation using acetonitrile as solvent (right). 

3.5 Leaching experiments 
According to Huang et al., catalyst leaching is one of the major forms of deactivation in this catalytic reac-
tions.[63] When leaching occurs, it is highly possible that the reaction is actually catalyzed by the leached 
active species in the solution instead of the heterogeneous catalyst particles.  
 
Leaching experiments have been carried out to determine whether the prepared palladium catalysts 
leached. Therefore a 200 mg of the palladium catalyst was dissolved a typical reagent solution (30 mol/m3, 
3-methyl-1-pentyn-3-ol in ethanol) and stirred for half an hour, the time period for a typical reaction. Then 
the catalyst was washed and centrifuged three times using ethanol and finally dried and calcined at 250 °C 
to remove any remaining adsorbed alkyne. The palladium loading in the catalyst powder was quantified by 
ICP (Table 4). 
 
Table 4: ICP results for leaching experiments of palladium incorporated in silicalite-1 via impregnation using acetonitrile 

and ion-exchange using toluene as solvent. 

Catalyst type Palladium  
incorporation method 

Palladium loading 
(wt.%) (ICP) 
Before experiment 

Palladium loading  
(wt.%) (ICP) 
After experiment 

Palladium 
loss (%) 

Pd-silicalite-1-IMP-ACE Impregnation, acetonitrile 1.64 1.33 19 
Pd-silicalite-1-ION-TOL Ion-exchange, toluene 1.50 1.11 26 
 
As can be seen in Table 4, both palladium catalysts showed leaching in a 30 mol/m3 alkyne solution of 3-
methyl-1-pentyn-3-ol in ethanol. Although more experiments have to be carried out, it could be concluded 
that the palladium leaching seems to be dependent on the palladium incorporation method and the ob-
tained average particle diameter of 4.0 ± 1.8 nm and 2.7 ± 1.7 nm for palladium incorporation via impreg-
nation and ion-exchange, respectively. This is possibly explained by the easier leaching of smaller palladi-
um particles where it is thought that the alkyne coordinates with the palladium, resulting in the palladium 
being removed from the silicalite-1 support. These small palladium particles present in the reagent solu-
tion result in a homogeneous catalytic hydrogenation of the alkyne instead of a heterogeneous catalytic 
hydrogenation.  
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The small palladium particles obtained might cause a homogeneous catalytic hydrogenation, and thus be 
responsible for the high activities achieved as mentioned in Table 1. This is also confirmed when compar-
ing the synthesized palladium particle sizes with the sizes reported in literature. Nijhuis et al. obtains larg-
er palladium particles (average size of 7.5 nm) where no leaching is reported. Furthermore, the activity of 
8.33 mol/gPd/s reported by Nijhuis et al. is much lower than the activities obtained in this research. This 
attributes to the theory that small palladium particles might leach out the catalyst, causing the catalyst to 
be more active, which then increases the mass-transfer limited region.  
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Chapter 4 

Conclusions 
 
In the present work, different Pd/silicalite-1 catalysts have been prepared in order to determine the best 
method for incorporating palladium onto a silicalite-1 support in order to achieve a well dispersed palladi-
um catalyst and a high catalytic activity. Pd/silicalite-1 impregnated with a palladium solution in acetoni-
trile resulted in the deposition of relatively small particles (4.0 ± 1.8 nm) showing a good dispersion over 
the catalyst support. In order to obtain a palladium catalyst with a higher catalytic activity, an ion-
exchange method is used to incorporate even smaller palladium particles onto the silicalite-1 support. The 
ion-exchange deposition method resulted in 2.7 ± 1.7 nm palladium particles. The activity of the ion-
exchange Pd/silicalite-1 catalyst was 87.9 mol/gPd/s which was much higher than the literature reported 
activity of 8.33 mol/gPd/s on a Pd/silica catalyst with an average palladium particle size of 7.5 nm. For 
comparison the Pd/silica catalyst was also prepared using the ion-exchange method and this resulted in 
palladium particles of 1.9 ± 0.5 nm and an activity of 86.0 mol/gPd/s. It was therefore concluded that the 
smaller size of the palladium particles and leaching effects resulted in a higher catalyst activity. Yet, the 
effects of leaching were thought to also result in a higher activity.  
 
In order to study the kinetics of the hydrogenation of 3-methyl-1-pentyn-3-ol, first the kinetically con-
trolled regime was determined. Experiments performed using different stirring rates indicated hydrogen 
dissolution to not be limiting the reaction. In addition, no internal mass-transfer limitations were observed 
when experiments were performed using different catalyst particle sizes. Furthermore, multiple experi-
ments have been carried out using different amounts of catalyst and it was concluded that the catalyst 
loading region from 0 – 0.05 g/L represents the kinetically controlled regime. When a catalyst loading of 
above 0.05 g/L was used a zero order dependency in the rate was observed indicating gas/liquid mass 
transfer to limit the reaction caused by a more active catalyst as a result of leaching. Since the relatively 
large error being encountered during the weighing small amounts of catalyst needed to operate in the ki-
netically controlled regime, it was decided to further study the kinetics of this reaction under mass-transfer 
limitations. 
 
The experimental data obtained was fitted to the rate equations based on Langmuir-Hinshelwood kinetics 
for the hydrogenation of the functionalized alkyne. Two different models were applied for either the kinet-
ically controlled regime or the mass-transfer limited regime. As a result of leaching the catalyst showed a 
much higher activity and thus the estimated reaction rate constants k1 and k2 were determined to be much 
higher than in literature. Although gas/liquid and liquid/solid mass transfer limitations were taken into ac-
count in the kinetic model, it showed some deviation, which could be attributed to leaching. 
 
Finally, the ion-exchanged Pd/silicalite-1 catalyst was extended to the chip-based microreactor and a test 
experiment carried out to determine the reactor performance. As a result of the continuously decreasing 
conversion and leaching experiments performed, it was concluded that the palladium particles were not 
well attached to the zeolite, causing them to coordinate with the liquid reagent 3-methyl-1-pentyn-3-ol and 
leach from the catalyst support. Since the leaching experiments showed less leaching with a larger average 
palladium particle size, and in literature no leaching was reported for particles with an average diameter of 
7.5 nm, it is expected that larger palladium particles will result in less leaching of the catalyst and thus less 
deactivation in the chip microreactor. 
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Chapter 5 

Recommendations 
 
In order to synthesize a well dispersed Pd/silicalite-1 catalyst with a high catalytic activity that could be 
applied in a chip microreactor, it is recommended to study the leaching of the catalyst encountered in this 
research. While these experiments show that leaching is present, more quantifiable experiments should be 
conducted in order to fully understand the relation between the palladium particle size, the palladium in-
corporation method and the leaching rate. 
 
It is expected that when the palladium particle size are further increased, leaching can be limited or even 
eliminated. Nijhuis et al. prepared Pd/silica via the ion-exchange method using toluene as solvent and ob-
tained an average palladium particle size of 7.5 nm. Leaching was not reported and therefore it is assumed 
that a particle size of 7.5 nm was enough to limit the leaching. 
 
Consequently, when leaching is eliminated, the optimized catalyst can then be used to perform a kinetic 
study. The kinetic data obtained from the batch experiments can then be used to develop a computational 
model to simulate the hydrogenation reaction in the chip-based microreactor. Finally, a comparison be-
tween the batch reactor and microreactor performance can be performed and the microreactor performance 
could be optimized by varying the pressure and temperature as well as the flow rates in order to achieve 
the highest selectivity of the alkene.  
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Chapter 6 

List of symbols 
 
Symbol Meaning Dimension 
agl Gas/liquid mass transfer surface area m2 m-3 
als Liquid/solid mass transfer surface area m2 m-3 
cat Catalyst - 
Ci Concentration of component i mol m-3 
Ci0 Concentration of component i at t = 0 mol m-3 
Csat Concentration of saturated phase mol m-3 
k1 Reaction rate constant of reaction 1 (alkyne-alkene) s-1 
k2 Reaction rate constant of reaction 2 (alkene-alkane) s-1 
kgl Gas/liquid mass transfer coefficient m s-1 
Ki Equilibrium constant of component i m3 mol-1 
kls,H2 Liquid/solid mass transfer coefficient for hydrogen m s-1 
kls,org Liquid/solid mass transfer coefficient for organic compounds m s-1 
liq Liquid phase - 
rate1 Rate of reaction 1 (alkyne-alkene) mol m-3 s-1 
rate2 Rate of reaction 2 (alkene-alkane) mol m-3 s-1 
ri Initial reaction rate mmol min-1 
S Selectivity - 
t Time min 
T Temperature °C 
Vi Volume  m3 
X Conversion - 
ϴi Fraction of absorbed component i - 
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