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Summary 
 
An efficient deposition method has been developed for BEA and ZSM-5 zeolitic coatings on a 
molybdenum substrate for use in a microreactor. At first the surface roughness of the substrate 
is increased by an etching procedure. Secondly, an Al2O3 thin film of 170 nm was deposited on 
the molybdenum surface by atomic layer deposition. The Al2O3 film protects the molybdenum 
substrate from oxidation at reaction conditions. On the Al2O3 film a film of TiO2 of 50 nm was 
deposited, which can be made hydrophilic by UV irradiation prior to the zeolite synthesis 
procedure. Testing the stability of the zeolitic layer at 450 oC in an oxidative environment 
showed firmly attached zeolitic crystals on the TiO2-Al2O3-Mo substrate, while pure molybdenum 
oxidizes at these conditions, resulting in coating instability. 
 
Uniform coatings up to 1 single layer for zeolite beta and 10 µm thickness for ZSM-5 are 
obtained. The effect of surface characteristics as roughness and hydrophilicity were investigated 
for the TiO2/Al2O3/Mo substrate. A surface roughness value of 100 nm and a surface 
hydrophilicity of 11o in terms of the contact angle were found to be optimum. Furthermore, the 
effect of reaction temperature and synthesis time as well as the effect of synthesis parameters, 
as H2O/Si, Si/Al, and TPA/Al ratios, on the zeolite coating characteristics, have been 
investigated. The coatings were characterized by XRD, SEM, BET, EDX, XPS and LSCM 
methods. 
 
The screening of zeolitic catalytic coatings in a high throughput microreactor requires the 
synthesis of a multitude of identical ZSM-5 or beta coatings, which can be loaded with a series 
of active species of various contents in separate ion exchange procedures. A scale-up 
procedure has been developed in order to simultaneously coat 72 substrates of 4 × 1 cm2 with a 
thickness of 100 µm. Ratios of Si/Al = 25, H2O/Si = 50, TPA/Al = 2.0 at a temperature of 150 oC 
and a synthesis time of 48 h were found to be suitable conditions for application in the scale-up 
procedure. Subsequently, this recipe was applied in a 3.7 L autoclave, in which a specially 
designed holder was positioned with the 72 TiO2/Al2O3/Mo substrates. A uniform coverage of 
14.5 ± 0.4 g/m2 of ZSM-5 crystals was obtained on all 72 plates. 
 
Co-ZSM-5 coatings (Si/Al = 25, Co/Al = 5) were tested in the ammoxidation reaction of ethane 
to acetonitrile in a dedicated microreactor. Due to the high cobalt loading, predominantly 
attributing to the presence of cobalt oxide species in the coating, the catalyst was more active in 
the oxidation of ammonia, instead of the selective conversion of ethane to acetonitrile. 
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Figure 1.1: Front view of the molybdenum plate-type, high-
throughput microreactor. All sizes are given in millimeters. 
The reactor length is 40 mm. Temperature sensors T1 and 
T2 are positioned 5 mm downstream of the reactor inlet to 
measure the radial temperature gradient. Sensor T3 is 
positioned 35 mm downstream of the reactor to measure the 
axial temperature gradient (by comparison with T2). 
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1 Introduction 
 
1.1 Scope of the research field 
 
In the overall optimal design of the catalytic process, the choice of the catalyst with its operating 
conditions is the critical step. The financial benefits of efficient catalyst are enormous: e.g. lower 
operating cost, higher selectivity resulting in a smaller amount of by-products, less capital 
intensive and higher purity products. To accelerate catalyst discoveries and catalyst 
optimization for new and existing chemical processes, innovative screening tools have to be 
developed.  
 
Microreactors are the natural platforms for parallel screening and high-throughput testing of 
large numbers of new catalysts, catalyst compositions (combinatorial catalysis), and catalyst 
coating techniques, while they provide also efficient tools for generation of intrinsic kinetic data 
needed for process development and design. In the field of rapid catalyst screening, a clear 
trend arises toward the development of micro machined chemical reactors, focusing on the 
secondary catalyst screening stage.  
 
In the ZeMir project at the laboratory of Chemical Reactor Engineering of the Eindhoven 
University of Technology, a high throughput microreactor (HTMR) is designed for the screening 
of catalytic coatings for highly exothermic reactions (e.g. oxidation of ethane, ∆Hr = -1559 
kJ/mol; and the ammoxidation of ethane to acetonitrile, ∆Hr = -506 kJ/mol). The HTMR consists 
of eight identical micro structured compartments with a cross section of 10.18 x 2.26 mm2 and 
40 mm long, in which a total number of 64 plates can be stacked. (see Figure 1.1). So, eight 
plates on which catalytic coatings are deposited can be inserted in each compartment. The 
catalytic layer can be deposited on the substrate by means of various techniques, such as 
anoxic oxidation, sol-gel synthesis, in-situ growth, or sputtering [Mies et al., 2004] 
 
The potential use of zeolitic coatings for heterogeneous catalysis is of growing interest. The 
unique properties of zeolitic coatings make them attractive in a variety of industrial applications. 
The high specific surface area, high thermal stability and the well-defined pore dimensions are 
important features for selective catalyst supports. The zeolitic coatings can be made catalytically 
active by cation exchange. The cation can be chosen to meet the requirements for a specific 
reaction and provides unique catalytic centers, which are usually not achievable by bulk or 
supported metal oxides [Armor, 1995]. The development of a reproducible coating procedure is 
an important issue in micro technology. This includes the preparation of the catalyst carrier (e.g. 
in-situ synthesis of zeolitic coatings) as well as the deposition of the catalyst via e.g. 
impregnation or ion-exchange procedures.  
 
 
 
1.2 Project goals and thesis outline 
 
The contribution of this graduation project is the optimization of in-situ synthesis for BEA and 
ZSM-5 coatings on a molybdenum substrate to obtain an uniform layer of zeolite crystals up to 
10 µm thickness. Molybdenum was chosen as a substrate material for the zeolitic coatings as 
well as a base material for the dedicated, structured, plate-type microreactor (Figure 1.1) for its 
high mechanical stability at high temperatures and because of its high thermal conductivity of 
138 Wm-1K-1, enabling a very fast heat removal from the reaction zone to the environment. 
Crucial parameters that can be varied in the synthesis optimization are: H2O/Si ratio (layer 





Introduction 

 9

thickness tuning) Si/Al ratio (ion exchange capacity), influence of surface properties as 
hydrophilicity and roughness, temperature and time (nucleation and crystallization rate). 
Furthermore, the design of the HTMR requires scale-up of the zeolite synthesis procedure to 
make it possible to synthesize the same zeolitic coatings on at least 64 molybdenum substrates 
simultaneously. For this goal, a 3.7 L autoclave was constructed, in which 72 plates can be 
treated (see Figure 3.8 and 3.9). The design was based to provide the maximum distance 
between the individual plates while keeping the total volume as low as possible. After the 
synthesis step followed by calcination, the zeolitic coatings are made catalytically active through 
ion exchange with a cobalt acetate solution for ethane ammoxidation to acetonitrile.  
 
 
Chapter 2 contains a performed literature study concerning different methods for cobalt loading 
of zeolites. Furthermore a literature review on zeolitic coatings and the ethane ammoxidation 
reaction is performed.  
 
In Chapter 3 the equipment and experimental procedures are described. Furthermore, the 
characterization equipment, which were used for the analysis of the catalysts, are listed in the 
last section.  
 
Chapter 4 provides the results obtained in the in-situ optimization of zeolitic coatings. The 
influence of various parameters on the zeolitic coating synthesis is discussed. Next, the results 
are presented of the scale up step. Finally, the catalytic activation via ion-exchange and 
catalytic testing of zeolitic coatings are briefly discussed.  
 
In Chapter 5, the main conclusions of this study are drawn and recommendations are given for 
future work. 



Table 2.1: Classification of zeolite pore sizes. The pores size is determined according to oxygen atoms packing 
models (8 ring: 8 tetrahedral atoms (Si and/ or Al) and 8 oxygen atoms) 
Classification  Pore size Example(s) 
Small pores 8-ring pores 0.30 – 0.45 nm Zeolite A 
Medium pores 10-ring pores 0.45 – 0.60 nm ZSM-5, ZSM-11 
Large pores 12-ring pores 0.60 – 0.80 nm Zeolite X, zeolite beta 
Extra large pores  14-ring pores > 0.80 nm Zeolite UTD-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1a: 3D image of the medium pore sized MFI type zeolite crystal: ZSM-5 (left) 
2D-projetion of framework structure along [010] (top right) and channel cross-section along [010] and [100] (bottom 
right) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1b: 3D image of the large pore sized BEA type zeolite crystal: zeolite beta (left)  
2D-projetion of framework structure along [010] (top right) and channel cross-section along [010] and [100] (bottom 
right) 
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2 Literature review 
 
2.1 Zeolitic coatings 
 
2.1.1 General 
 
Zeolites are crystalline molecular sieves with uniform pore sizes, build up from silica and 
alumina tetrahedrals. Tetrahedral silica (SiO4) or alumina (AlO4

-) building units, interconnected 
at the corners via oxygen atoms, form the crystalline zeolitic structure [Koegler, 1999]. 
Originating from these tetrahedrals a large variety of different zeolitic crystals can be formed 
depending on synthesis conditions and available reactants. Zeolites can be classified by 
dividing them into different pore-size groups [van Bekkum et al., 1989], as shown in Table 2.1.  
 
The use of zeolites as a catalyst began in the 1960’s, mainly in the petrochemical industry. Over 
the past decades, zeolite catalysis has expanded into areas of the synthesis of toxic and fine 
chemicals. Furthermore, the application of structured zeolitic packings in catalytic reactors 
received attention, mostly with respect to environmental processes where a low-pressure drop 
is required, but also for chemical synthesis processes. The possibilities in catalytic applications 
are further extended by the fact that the cation in zeolites can be exchanged with a catalytically 
active species. In this way a monoatomic dispersion of catalytically active sites can be obtained. 
The advantages are that the cation can be chosen to meet the requirements for the specific 
reaction and that the high dispersion ensures an optimum utilization of the catalytic material 
[Oudhoorn, 1998]. 
 
This study is focused on two specific zeolites, both consisting of 3-dimensional intersecting 
channels: ZSM-5 with straight and zigzag channels with dimensions of 0.53 x 0.56 nm and 0.51 
x 0.55 nm, respectively, and zeolite Beta with straight channels of 0.76 x 0.64 nm and 0.55 x 
0.55 nm, see Figure 2.1a-b.  
 
2.1.2 Substrate 

2.1.2.1 Material choice 
The development of a high throughput micro reactor (HTMR) for high temperature applications 
(T > 400°C) requires a careful choice of material. Table 2.2 presents the physical data of 
various materials from which (micro) reactors are or can be manufactured. It is clear that only a 
limited number of materials can be used at elevated temperatures, because of a relatively low 
melting point, or mechanical stability. A further selection of material is based on the thermal 
conductivity [Mies et al., 2004]. Near-isothermal reactor operation can be realized by the 
effective dissipation of reaction heat (λ > 125 Wm-1K-1). In the design of the HTMR, molybdenum 
(λ = 138 Wm-1K-1; Tmelt = 2620°C; E = 285 Gpa; α = 5 x 10-6 K-1) was chosen as basic reactor 
material as well as the material for parallel plates on which the catalytic coating is deposited.  
 

2.1.2.2 Surface roughness 
The average roughness (Ra) is the most commonly used parameter to characterize the 
roughness of a surface. The average roughness is the area between the roughness profile and 
its mean line, or the integral of the absolute value of the roughness profile height over the 
evaluation length (see Figure 2.2a): 



Table 2.2: Physical properties of reactor or substrate materials  
Tmelt, (°C) λ, (Wm-1K-1) E, (Gpa) α, (10-6 K-1) 
Design criteria  

Material 

> 1200 > 125 > 150 > 10 
Mo 2620 138 285 5 
Quartz 1607 0.22 70 0.4 
AISI 316 1507 50 196 10 
Ni 1452 91 196 12.7 
Si 1420 80-150 100-110 4.2 
Cu 1083 390 128 16.8 
Al 660 220 71 23.2 
 
 
 
 
 
 

 
 

Figure 2.2a: The average roughness, Ra, is an integral 
of the absolute value of the roughness profile. It is the 
shaded area divided by the evaluation length, L.  

 Figure 2.2b: Profiles with the same Ra 
value, but with a different shape. 

 
 
 
 
 

 

 

 
Figure 2.3: Basic ALD process Figure 2.4: Formation of zeolite crystal bonding on substrate 

surface 
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0

1 ( )
L

Ra r x dx
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= ∫           (1) 

However, because Ra is an integral value, it is difficult to conclude about a surface profile. The 
surface profiles depicted in Figure 2.2b all have the same Ra, but different shapes. To 
distinguish between surfaces that differ in shape or spacing, other parameters need to be 
calculated.  
 
The surface roughness of the substrate is important, as the surface texture may influence the 
zeolite formation and its attachment. The more corrugated the surface, the easier zeolite nuclei 
or crystals can attach to the surface, since the number of surface hydroxyl groups is higher 
compared to flat surfaces [Oudshoorn, 1998]. 

2.1.2.3 Atomic layer deposition (ALD) 
A method for depositing very thin films on a substrate (e.g. Mo) is Atomic Layer Deposition 
(ALD). ALD is a unique method for coating substrates because the films generated are 
conformal, reasonably pinhole-free, and can be controlled down to the atomic level. ALD is 
based upon chemical vapour deposition (CVD) methods, except that ALD splits the binary 
reaction into two self-limiting half reactions that occur on the surface of the substrate. In case of 
alumina (Al2O3) using trimethylaluminum (TMA) and water as reactants, the binary reaction is:  
 
2Al(CH3)3 + 3H2O  Al2O3 + 6CH4        (2)  
 
Thus, the two self-limiting half-reactions are: 
 
(a) 2AlOH* + 2Al(CH3)3  2 [Al-O-Al(CH3)2]* + 2 CH4     (2a) 
(b) 2 [Al-O-Al(CH3)2]* + 3H2O  Al2O3 + 2AlOH*

  + 4CH4    (2b) 
 
where the starred species are the surface species. Note that this indicates growth of the film. 
The simplified ALD process is illustrated in Figure 2.3.  
 
Molybdenum protection (ALD of Al2O3) 
Molybdenum readily starts to oxidize in air at 300°C at atmospheric pressure [Gmelin Handbook 
of Inorganic Chemistry]. The formation of molybdenum oxides after in-situ zeolite growth has a 
negative influence on the coating properties and stability [Dictus, 2003]. A protective coating of 
Al2O3 by atomic layer deposition protects the molybdenum from the formation of molybdenum 
oxides below 550°C [Mies et al., 2004; Matero et al., 1999]. 
 
Surface hydrophilicity (ALD of TiO2)  
It is observed that different types of zeolite show a preference to nucleate and grow on a variety 
of solid surfaces present in the synthesis mixture. Although the exact nature of the bonding 
mechanism of the zeolite crystal to the surface is not completely known, it has been shown that 
it is a strong bonding, resisting considerable thermal and mechanical stresses. This suggests 
that the bonding is chemical. Schematically the formation of this bond is illustrated in Figure 2.4. 
It is assumed that during their formation and growth, the zeolite crystals form chemical bonds 
with OH groups present at the substrate surface [Oudshoorn, 1998].  
 
UV radiation increases the hydrophilicity of the surface of a rutile TiO2 wafer [Van den Berg et 
al., 2003]. The mechanism of the formation of surface hydroxyl groups on TiO2 due to UV-
photons is as follow [Wang et al., 1999; Miyauchi, 2000]: 



 

 

 
 
 
 
 
 
 
 
 
 
 
Black = Ti 
Grey  = O (in surface plane) 
White = O (above surface plane) 

Figure 2.5: The formation of hydroxyl groups on rutile TiO2 due to the absorption of UV-photons [Van den Bergh et 
al., 2003] 
 
 
 
 

 
Figure 2.6: Sandwich structure of the substrate applied in this 
study 

Figure 2.7: Crystallization curve of zeolites 

 
 
Table 2.3: Chemical sources for synthesis of zeolites  
Source Function 
SiO4 Primary building unit of the (alumino) silicate framework 
AlO4

- Origin of the framework charge 
OH- Mineralizer 
Alkali cation, template Counter-ion of framework charge, guest molecule (mold) 
H2O Solvent, guest molecule 
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Photon energy  e- + h+    (step 1)    (3a) 
 
O(O)2- + 2h+  V(O) + ½O2    (step 2)    (3b) 
 
Ti4+ + e-  Ti3+     (step 3)    (3c) 
 
Oneighbor

 + V(O) + H2O  2 OH   (step 4)    (3d) 
 
In the first step, photon energy is absorbed by the TiO2 surface where it releases an electron (e-) 
from the atomic grid. By doing so a positive hole (h+) is formed on the spot where the electron is 
missing. Both charges can move inside the TiO2 material. When two holes meet an O(O)2- 
combination (a three-coordinated surface oxygen atom and an neighboring two coordinated O2- 
surface bridging oxygen ion), they merge and form gaseous oxygen and a corresponding 
oxygen vacancy (V(O)) (cf. step 2). To keep all charges in balance, the electrons are absorbed 
by Ti4+ atoms and form Ti3+ atoms (cf. step 3). The oxygen vacancy dissociatively absorbs a 
water molecule; one H-atom binds with a neighboring surface oxygen atom (Oneighobor) and the 
other remains with the O-atom of the water molecule, in the form of a hydroxyl group [Wang et 
al., 1998]. In this way two hydroxyl groups are formed at the surface of the TiO2-support (cf step 
4). Schematically the formation of hydroxyl groups is depicted in Figure 2.5.  
 
Sandwich structure 
Figure 2.6 depicts the so-called sandwich structure of the substrate. The surface roughness of 
the molybdenum substrate of 100 µm thickness is increased by an etching procedure prior to 
ALD deposition. On the molybdenum surface a 170 nm Al2O3 protective film is deposited by 
ALD. On top of the Al2O3 film a 50 nm TiO2 film is deposited, which can be made hydrophilic by 
UV irradiation prior to zeolite synthesis.  
 
2.1.3 In-situ zeolite synthesis procedure 
 
Zeolites are formed via a typical crystallization process at elevated temperature, autogeneous 
pressure and preferably a high pH. Figure 2.7 shows the characteristic S-shaped crystallization 
curve of zeolites, divided into three periods: A, B, and C. Part A is the “induction period”, in 
which only nuclei are formed. During the growth period, B, crystal nuclei grow rapidly in size. 
Besides the growth of nuclei still new nuclei are formed. Finally, during period C the 
crystallization process is finished, and the products may transform into a more stable phase 
requiring a longer reaction time.  
 
The chemical sources for synthesis of zeolites and their function are given in Table 2.3. Through 
an aging process the silica source and alumina source form a silica-alumina anion. Organic 
template molecules are usually added as structure-directing agents, as they act as counter-ions 
of the framework charge during crystal formation (see Figure 2.8). TPAOH 
(tetrapropylammoniumhydroxide) and TEAOH (tetraethylammoniumhydroxide) are commonly 
used in the synthesis of ZSM-5 and zeolite beta, respectively.  
 
Zeolitic coatings or films can be prepared using a synthesis procedure commonly denoted as 
direct crystallization or in-situ synthesis. In this procedure, the pretreated substrate is 
submerged directly in the zeolite synthesis solution. During subsequent hydrothermal treatment 
in a reactor (autoclave); nucleation and crystallization of the zeolite occur simultaneously on the 
substrate surface as well as in the bulk of the synthesis mixture. Figure 2.8 depicts a schematic 
representation of an in-situ synthesis procedure. Important in-situ synthesis parameters are 
discussed below.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Schematic representation of the zeolite formation process. During the aging process a silicate-alumina 
anion, stabilized by the template, is formed. Followed by the cyclic arrangement of the tetrahedral, eventually forming 
the zeolite crystal structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Effect of temperature on zeolite crystallization, showing the change in linear growth rate and induction 
time  
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Temperature and time 
These parameters definitely have a great effect on the synthesis. Temperature influences the 
solubility of the reaction components, inherently affecting the synthesis rate. Figure 2.9 depicts 
the effect of temperature on zeolite crystallization. Koegler (1999) stated that at low 
temperatures nucleation is favored, whereas at high temperature crystal growth is enhanced. 
Unfortunately, many substrates have the tendency to be unstable under the severe zeolite 
synthesis conditions. Therefore, time and temperature should be chosen accordingly to prevent 
dissolution of the substrate. Increasing the temperature above 170°C increases crystallization in 
the mixture rather than on the substrate surface ([Rebrov et al., 2001].  
 
H2O/Si ratio 
The relative supersaturation of the zeolite building blocks is the driving force for the 
crystallization from a solution [Koegler, 1999]. Therefore, the dilution ratio (H2O/Si) is considered 
to be very important. At low supersaturations the crystal can smoothly grow, whereas high 
supersaturations results in roughened growth. Increasing the H2O/Si ratio also reduces the 
crystal size [Rebrov et al., 2001]. In a more diluted solution (H2O/Si > 100), crystals tend to grow 
on crystals already present on the substrate [Rebrov et al., 2001]. In general the layer thickness 
can be tuned by controlling the dilution ratio at similar conditions. 
 
Si/Al ratio 
The Si/Al ratio greatly influences the catalyst properties. The more aluminum present in the 
zeolite, the higher the concentration of acid sites and the more metal cations can be introduced. 
Furthermore, a lower Si/Al ratio results in a more hydrophobic zeolite [Schoeman et al., 2001], a 
decrease of crystal size [Rebrov et al., 2001], and a decrease of the thermal and hydrothermal 
stability of the zeolite. Moreover, the free phase crystallization often gives different Si/Al ratios 
than that of bonded crystals [Koegler, 1999]. Oudshoorn (1998) found considerable variations in 
Si/Al ratios of ZSM-5 on stainless steel foils, the general trend being: the closer to the surface, 
the lower the Si/Al ratio.  
 
Template/Al ratio 
Template molecules act as a mold around which the zeolite structure is build. If the 
template/aluminum-ratio is increased, nucleation enhances, resulting in reduced crystal sizes. 
Furthermore, it was found that the crystal growth rate for ZSM-5 remained rather constant at a 
template/Al ratio of 2 and higher [Koegler, 1999].  
 
pH 
Generally, zeolite synthesis is conducted in a basic environment (pH > 10) using hydroxyl ions 
as mineralizing agent. When the pH is increased, the zeolite growth will be enhanced because 
of the improved dissolution of the species. The average crystal particle size will decrease, as a 
higher pH results in a larger number of nuclei [Oudshoorn, 1998]. Furthermore, extreme pH 
values (>13,5) will also speed up transformation to more stable crystal phases. When working 
with a concentrated reaction mixture, a gel with relatively low pH will readily condense on the 
substrate surface, protecting the support against the higher pH environment of the reaction 
solution. This will result in reduced dissolution of the support. It is generally assumed that in a 
condensed hydrogel environment, the surface dissolution will be negligible, as a consequence 
of the rapid condensation of the gel. Some dissolution however, cannot be avoided [Oudshoorn, 
1998]. 



 
 
Table 2.4: Calcination procedures found in literature 
Literature Ramp rate (°C/min) T (°C) Dwell interval (h) Flow (ml/min) 
Rebrov et al., 2001 4 / 1a 450 10 Oxygen (30) 
Ali et al., 2003b 10 600 3 Air (100) 
Dictus et al., 2003 1 450 12 Air (100) 
Seijger et al., 2000 5 550 12 Not mentioned  
a 4°C/min to 400°C, 1°C/min to 450°C 
b zeolite powder 
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2.1.4 Post treatment 
 
The post-treatment of zeolitic coatings usually consists of three steps: ultrasonication, drying 
and calcination. Ultrasonication is applied for 0.5 – 1 h to remove poorly bonded zeolite from the 
surface. Drying is used to remove most of the water from the micropores. A calcination step is 
applied to remove the template. The decomposition/oxidation of the template is an exothermic 
reaction. The heating ramp rate should be chosen carefully to prevent hot spot generation and 
structural damage associated with overheating. At a lower heating ramp rate, the template 
compounds can be decomposed/oxidized at lower temperatures. Lower 
decomposition/oxidation temperature reduces the possible structural damages [Gao et al., 
2004]. The presence of oxygen significantly facilitates the template decomposition/oxidation. In 
air the template oxidation/decomposition temperature is substantially lower than that of thermal 
decomposition in helium. The airflow rate does not affect the decomposition/oxidation 
temperature [Gao et al., 2004]. 
 
Calcination procedures found in literature are listed in Table 2.4. 
 
2.1.5 Large Scale Synthesis 
In-situ synthesis optimization experiments are conducted on substrates of 10 x 10 mm2. For 
applications of the zeolitic coatings in the high throughput microreactor a scale-up of the in-situ 
synthesis procedure is required. Such a scale-up step involves several experimental difficulties. 
By increasing the synthesis volume inhomogeneities in the local conditions during the synthesis 
throughout the autoclave could give rise to a non-homogeneous coverage of the substrate 
[Oudshoorn, 1998]. Mixing by means of rotation of the autoclave or magnetic stirring is not an 
option since this disturbs the crystallization process as much as it helps to form an optimum 
distribution of the zeolite coverage [Oudshoorn, 1998]. In general the temperature and 
concentration gradients need to be minimized to ensure uniform coverage of the substrate.  
 
2.2 Ion exchange 
 
2.2.1 General 
The ability of zeolites to undergo ion exchange is one of their most important properties. The 
framework aluminum and silicon are bound to each other through shared oxygen atoms. The 
SiO2 units are neutral: Si4+ / 2O2-, but the AlO2 results in a net negative charge: Al3+ / 2O2-. The 
net negative charge is balanced by cations that are present during the synthesis (NH4

+, H+, Na+ 

template). These cations are highly mobile and can be exchanged for metal cationic species. 
Transition metal ions exchanged in zeolites exhibit a high catalytic activity and selectivity for 
specific reactions. Furthermore, metal ion exchange brings a high stabilization of the zeolite 
framework, and protects the local environment of the aluminum framework against substantial 
rearrangement, leading to the formation of Lewis sites [Bortnovsky et al., 2001; Wang et al., 
2000]. Various methods are available to introduce metals into zeolites. The most widely used 
are: wet ion exchange, solid-state ion exchange, sublimation and impregnation. The metal 
loading methods significantly influences the catalytic activity [Chen et al., 2004]. This literature 
study is focused on the Co2+ loading into ZSM-5 and zeolite beta to catalyze the ammoxidation 
reaction of ethane to acetonitrile.  
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2.2.2 Removal of sodium ions 
 
Sodium ions that are present during the synthesis are positioned at the exchangeable places in 
the zeolite. Direct cobalt ion exchange is not favorable, because of the strong bond of the 
sodium. An ion exchange step is required to remove the sodium from the zeolite. The most 
commonly used method for the removal of the sodium ions is the wet ion exchange with 
NH4NO3. The sodium is replaced with the NH4 cation. The NH4 and NO3 ions can be easily 
removed by the decomposition in a calcination step resulting in a H-zeolitic coating. 
 
2.2.3 Wet ion exchange of cobalt 
Wet ion exchange (WIE) is the most common method to prepare metal-exchanged zeolites. An 
aqueous solution with the desired metal salt is mixed with the zeolite. This approach to ion 
exchange is time consuming, because the degree of exchange is limited by the thermodynamic 
equilibrium. Therefore, repeated exchange is necessary to obtain high metal exchange levels 
[Kinger et al., 2000]. Cobalt containing zeolites are prepared either from cobalt acetate or cobalt 
nitrate solutions. The type of precursor has no affect on the catalyst activity [Chen et al., 2004]. 
Using a diluted precursor for the ion exchange, the exchange of only bare Co2+ is guaranteed till 
a Co/Al ratio of approximately 0.35 - 0.40. Co/Al ratios above this value lead to irregularities 
indicating the formation of some Co oxide-like species [Bortnovsky et al., 2001; Sobalik et al., 
1999]. The single exchanged Co2+ ions are considered as active centers for the ammoxidation 
reaction of ethane to acetonitrile. Co oxidic species do not contribute to this transformation 
[Mhamdi et al., 1998; Sobalik et al., 1999]. WIE is a proven powerful technique for cobalt 
loading, and is most often used to prepare metal exchanged zeolites. An overview of 
experimental conditions and obtained Co/Al ratios from literature is given in Appendix I. 
 
2.2.4 Solid-state ion exchange of cobalt 
 
Solid-state ion exchange (SSI) is a highly efficient procedure. In this method, a mixture of the 
zeolite and a cation precursor, which is often applied as chloride salt, is heated under vacuum 
conditions or in an inert gas atmosphere. SSI offers a number of advantages over WIE of 
zeolites; it avoids handling of large volume of a salt solution, and it is possible to obtain a high 
degree of exchange by a one-step treatment [Jentys et al., 1997; Kinger et al., 2000; Li and 
Armor, 1999]. Furthermore, the degree of ion exchange can be controlled directly by varying the 
amount of chloride salt [Mhamdi et al., 1998; Kinger et al., 2000; Li and Armor, 1999]. The 
cobalt particles deposited during the exchange are well dispersed over the zeolite structure 
[Mhamdi et al., 1998; Jentys et al., 1997]. When a stoichiometric mixture is used at an exchange 
temperature of 500°C no cobalt oxide species are obtained. Above this temperature Co3O4 
clusters are formed, which deteriorate the catalytic activity [Mhamdi et al., 1998]. SSI is a useful 
method for the preparation of large quantities of catalyst. SSI results in the same level of activity 
and selectivity for the ammoxidation reaction of ethane to acetonitrile compared with WIE [Li 
and Armor, 1999].  
 
2.2.5 Sublimation of cobalt 
 
A cobalt salt (e.g. CoCl2, CoBr2) with a low evaporation temperature is evaporated and 
contacted with an H-form zeolite [Pieterse et al., 2004]. Sublimation (SUB) results in over-
exchanged Co zeolites. Besides the bare Co2+ cation also Co3O4 particles and Co oxo-ions are 
formed. Co3O4 particles are inactive for the ammoxidation reaction [Mhamdi et al., 1998]. SUB 
leads to complete disappearance of all the Brønsted acid sites [Wang et al., 2000]. The type of 



 
 
Table 2.5: Ethane ammoxidation over Co-zeolitesa 

Sample Catalyst 
compositionb 

T (°C) Conversion 
of C2H6 (%) 

Selectivity to C2H3N (%) Apparent TOF 
(x 1000 s-1) 

Co-ZSM-5c 11.0; 0.49 450 48.7 48.7 5.3 
Co-betac 12.9; 0.42 450 35.3 50.8 8.5 
Co-ZSM-5d 12.5; 0.23 450 6.3 30.2 2.5 
Co-betad 12.4; 0.25 450 11.1 46.1 4.0 
a Feed: 5 vol% of C2H6, 10 vol% of NH3, 6.5 vol% of O2; Flow = 100 ml/min; 0.2 g catalyst  
b The numbers are Si/Al ratio and Co/Al ratio 
c Li and Armor, 1997 
d Bulánek et al., 2002 
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precursor has no effect on the catalyst activity [Wang et al., 2000]. Using CoBr2 instead of 
CoCl2, higher vapor pressures can be applied resulting in a lower temperature requirement for 
catalyst preparation. As a consequence, the zeolite structure is less affected by the SUB [Wang 
et al., 2000]. But also for CoBr2 the temperature requirement for catalyst preparation is high and 
could lead to deterioration of the zeolite structure, resulting in less than optimal activity and 
stability.  
 
2.2.6 Impregnation of cobalt  
 
Impregnation (IMP) is another widely used technique for metal loading of zeolites. In this 
method the metal precursor is dissolved in aqueous or non-aqueous media using volumes equal 
to the pore volume of the zeolite. IMP leads to a rather weak metal support interaction and large 
metal particles are usually obtained [Kinger et al., 2000]. IMP leads to the formation of Co 
oxides, and is therefore not an attractive method to prepare cobalt zeolitic catalysts.  
 
2.3 Ammoxidation reaction 
 
Acetonitrile is produced by the selective ammoxidation reaction of ethane with an NH3/O2 
mixture.  
 
C2H6 + NH3 + 1.5 O2  CH3CN + 3 H2O  (∆Hr = - 506 kJ/mol)   (5) 
 
Besides the considerable interest that exists in the conversion of light alkanes directly to higher 
value organic chemicals [Li and Armor, 1997], the ammoxidation of ethane to acetonitrile is 
chosen as model reaction, over Co-ZSM-5 or Co-beta zeolites. Because of the high 
exothermicity of this specific reaction, zeolitic coatings supported on a highly conductive 
substrate are believed to be superior over pelletized zeolites.  
 
Conversion of ethane, selectivity to C2H3N and apparent turn over frequency found in literature 
are listed in Table 2.5.  



 
 
Figure 3.1: Flow sheet of the experimental set-up  
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Figure 3.2: A picture of the microreactor compartment front view (left) and of the micro reactor in total (right) 
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3 Procedures and equipment 
 
3.1 Experimental set-up 
 
Figure 3.1 depicts a flow sheet of the experimental set-up used for catalytic testing experiments. 
The set-up can be divided in three modules: the gas preparation module, the reactor module 
and the analysis module. 
 
3.1.1 Gas mixture preparation section 
 
Brooks mass flow controllers were used to set the inlet gas flows. The different gas flows unite 
in dedicated micro static gas mixers. The gas mixture is preheated using electrical tracing to a 
temperature of 110°C. The gas-mixture was fed into one of the reactor modules. Two four-way 
valves allow the switching between pretreatment and process mode. The flow into the reactor 
can be adapted to smaller gas flows a by fine-scale adjustable needle valve, placed before the 
reactor module. 
 
3.1.2 Reactor  
 
The microreactor is shown in Figure 3.2. The plate-type molybdenum microreactor can be 
loaded with 8 catalytic plates, having dimensions of 40.0 x 9.9 x 0.1 mm3. The reactor is a 
cylinder of 24 mm in diameter, and 40 mm in length, in which a microstructured compartment 
was fabricated by electrical discharge machining. The plates can be mounted in the eight 
microstructured slits. The reactor is made of molybdenum, protected by an Al2O3 layer of 200 
nm deposited by atomic layer deposition (ALD) (at firma Nanoscale Oy, Finland). A flow 
distributor plate was placed along the centerline of the microreactor to evenly distribute the flow 
over the compartment. A thermocouple was placed inside the reactor between two plates to 
monitor the reaction temperature. A metal oven was used to control the temperature in the 20 – 
500°C range. The oven was equipped with two 80 W heaters. The heaters were connected to 
temperature controllers (West 6100) to regulate the microreactor temperature. The complete 
unit was insulated by quartz wool.  
 
Pretreatment of the catalytic coatings was conducted in the reactor by heating the Co-ZSM-5 
catalyst to 500°C at a helium flow of 100 ml/min (STP) for 1 hour. After pretreatment the reactor 
was cooled down to the reaction temperature. A reactant flow was set at 15.8 ml/min. The 
needle valve was used to split the flow into the desired inlet flow. Analysis of outlet gas 
concentration was conducted at steady state conditions. The effluent flows were measured 
using an electronic soap film apparatus (Agilent Optiflow 570) at ambient conditions.  
 
3.1.3 GC analysis of effluent gases 
 
The analysis of the effluent gases was performed using an online Varian Micro-Gas 
Chromatograph, (CP-4900). The analysis sample was injected on three separate channels 
simultaneously. The three injectors of the channels were operated at 110°C, and helium was 
used as carrier gas. Channel A consists of a molsieve 5A column (0.25 mm ID, 10mtr) operated 
at 175 oC and 350 kPa and a poraPLOT-Q pre-column (0.25 mm ID, 1mtr) with a TCD detector. 
A backflush unit (backflush time is 4 s) is positioned after the pre-column to prevent heavy 
components from entering the molsieve 5A column. N2, O2, CH4 and CO gases were separated 
and analyzed in channel A. Channel B consists of a PoraPLOT-U column (0.25 mm ID, 10 mtr) 
operated at 65 oC and 200 kPa and a PoraPLOT-U pre-column (0.25 mm ID, 1mtr) with a back 



Table 3.1: Specification zeolite powders obtained from Zeolyst Int.  
Zeolite Si/Al ratio Zeolyst product Nominal cation 

form 
Na2O weight 
(%) 

Surface area 
(m2/g) 

Measured Si/Al 
ratio (ICP) 

Beta 12.5 CP814E Ammonium 0.05 680 11.6 
Beta 75 CP811E-150 Hydrogen 0.05 650 n.d. 
ZSM-5 25 CBV 5524 Ammonium 0.05 425 28.3 
ZSM-5 40 CBV 8014 Ammonium 0.05 425 n.d. 
 
 
Table 3.2: Specification and properties of molybdenum 
Specification  Value 
Name Molybdenum, shiny gray foil 
Manufacturer  Aldrich 
Size 100 x 100 x 0.1 mm (10.2 g) 
Purity based on trace metal analysis 99.999% 
Impurities Calcium 8.4 ppm; Iron 7.8 ppm 
Properties Value 
Molecular weight 95.94  g/mol 
Density (T = 293 K) 10.2 * 103 kg/m3  
Elasticity modulus (T-293 K) 330 * 109 Pa 
Linear expansion coefficient 5 * 10-6  K-1 
Heat conductivity coefficient 138  W m-1 K-1 
 
 
Table 3.3: Surface properties of the substrate applied in this study 

 Surface roughness  ALD properties   
   Al2O3   TiO2   
No. ∆wte (%) Ra (nm) T (°C) l (nm) T (°C) l (nm) 
S1 0.3a 20 ± 3 250 170.5 500 50.4 
S2 3.5 b 60 ± 3 250 170.5 500 50.4 
S3 7.6 c 99 ± 12 250 170.5 ± 0.9d 500 50.4 ± 2d 
S4 0.3 20 ± 3 250 170.5 350 50.4 
S5 0.3 20 ± 3 250 170.5 500 100 
S6 0.3 20 ± 3 250 170.5 350 100 

a Etching at 50°C for 30 s  
b Etching at 70°C for 60 s 
c Etching at 80°C for 120 s  
d ALD layer thickness determination 
e ∆wt indicates the mass decrease after the etching procedure 
 
 

 
Figure 3.3: ALD reactor (Nanoscale Oy) 

40 mm 
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flush option (backflush time is 8 s) and TCD detector. Channel B is used for the detection of 
C2H6, C2H4, CO2, N2O, NH3 and H2O. Channel C consist of a second poraPLOT-U column 
operated at 175 oC and 150 kPa with TCD detector without a backflush option. Channel C is for 
separation and detection of C2H3N, C2H5N, and other relatively heavy reaction intermediates. A 
complete analysis is performed in approximately 75 s. 
 
3.2 Catalyst preparation  
 
3.2.1 Co-ZSM-5 and Co-beta pelletized catalyst 
 
Zeolite beta and ZSM-5 powders were supplied by Zeolyst Int. (Table 3.1). ICP analysis was 
performed to determine the exact Si/Al ratio. The zeolite powder was made catalytically active 
by wet ion exchange. The zeolite powders were exchanged with a 0.01 M cobalt acetate 
aqueous solution (50 ml/g zeolite, pH ≈ 6). The ion exchange was conducted at 78°C for 16 
hours using a reflux cooler. The zeolite slurry was filtered and washed twice with demi-water for 
45 minutes and filtered again. After two identical exchanges the zeolite was dried overnight at 
110°C. Different cobalt loadings were obtained by varying the cobalt acetate concentration and 
the repetition of the procedure. The Co-exchanged powder was placed vertically into a quartz 
tube with a filter of 90 – 150 nm and calcined in air using a ramp rate of 1°C/min to 500°C for 4 
hours to remove the acetate from the zeolite pores. The powders were pelletized under 1 GPa 
for 5 minutes. The catalyst pellets were crushed and sieved to 250-500 µm particles.  
 
3.2.2 Co-ZSM-5 and Co-Beta coatings on a TiO2-Al2O3-Mo substrate 
 

3.2.2.1 TiO2-Al2O3-Mo substrate 
 
Molybdenum 
Specification and properties of the mechanically polished molybdenum are listed in Table 3.2. 
The molybdenum foils were cut in strips of different lengths. In this research two dimension 
were applied: 

• 11.0 * 9.8 * 0.1 mm3  for the coating optimization experiments 
• 40.0 * 9.8 * 0.1 mm3  for the scale-up procedure and catalytic testing in the 

microreactor 
 

Surface modification of the molybdenum substrate 
Molybdenum substrates were cleaned in boiling xylene at 140°C for 1 hour. After the cleaning 
procedure the molybdenum surfaces were etched in a mixture of H2O2(30%, 
Fluka):NH4OH(25%, Riedel de Haën):H2O (1:1:5 volume parts). LSCM scans were performed to 
determine the surface roughness factor, Ra (Table 3.3).  
 
ALD 
The molybdenum substrates are cleaned in a concentrated HCl solution prior to the ALD 
process. An Al2O3 layer is deposited by ALD with TMA (trimethylaluminium) as the metal 
precursor and H2O as oxidation precursor on molybdenum at 250oC. The growth of the TiO2 thin 
film on the Al2O3 film was performed from TiCl4 (titaniumchloride) and H2O sources in a tubular 
ALD reactor at 500°C (see Figure 3.3). Forty plates are positioned in 5 series of 8 in a holder in 
the reactor. The first two series of plates near the ALD reactor entrance were not applied in this 
study, because of a non-homogeneous deposition in the inlet part. The thickness of the ALD 
films was measured with a Filmetrics F20 optical measurement system for three separate ALD  



 

 
Figure 3.4: Left: PEEK holder for 8 large plates. Right: 
PEEK holder for 4 small plates 

Figure 3.5: Hanovia 679A-36 UV lamp positioned  
in metal box 

 
 
 
Table 3.4: Specification of UV lamp 
Hanovia 679A-36a 

Spectral characteristics  
Far UV (2200 Ǻ  -2800 Ǻ) 27.0 W 
Middle UV (2800 Ǻ - 3200 Ǻ) 28.7 W 
Near UV (3200 Ǻ - 4000 Ǻ) 28.0 W 
Visible (4000 Ǻ - 6000 Ǻ) 75.7 W 
Infra-red (10000 Ǻ - 14000 Ǻ) 16.4 W 
a 450 W; 135V; 3.6 amps. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Pretreatment of substrate prior to in-situ zeolite synthesis 
 
 
 
 
Table 3.5: Chemicals used for preparation of the mixtures 
Full name Name Used for Concentration Manufacturer  
Tetrapropylammoniumhydroxide  TPAOH ZSM-5 40 % Merck 
Tetraethylammoniumhydroxide  TEAOH Beta 35 wt. % Fluka 
Tetraethylorthosilicate TEOS ZSM-5 - Merck 
Ludox HS-40 colloidal silica Ludox Beta 40 wt. % Aldrich 
Sodium aluminate NaAlO2 ZSM-5 + beta - Riedel de Haën 
Potassium chloride KCl Beta - Merck 
Sodium chloride  NaCl Beta - Merck 
Sodium hydroxide NaOH Beta - Merck 
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runs at two positions of all 24 plates (3 series of 8) (Table 3.3). The ALD was carried out at firma 
Nanascale Oy, Finland.  

3.2.2.2 In-situ synthesis of Zeolite Beta and ZSM-5 
 
Pretreatment of the TiO2-Al2O3-Mo substrate 
UV light radiation was performed to increase the hydrophilicity of the TiO2 surface. The 
molybdenum plates were placed in PEEK holders shown in Figure 3.4. These holders were 
positioned for 180 minutes inside a large metal box containing a water-cooled HANOVIA 679A-
36 UV lamp, see Figure 3.5. The specifications of the UV lamp are shown in Table 3.4. Directly 
after the UV radiation procedure the PEEK holders were positioned inside the PEEK inserts 
containing the synthesis mixture. Figure 3.6 depicts the complete pretreatment of the 
molybdenum substrate, prior to the in-situ synthesis of the zeolitic coatings. 
 
In-situ zeolite synthesis 
The zeolite synthesis mixtures for both zeolite beta and ZSM-5 were prepared according to the 
procedures listed below. The chemicals are listed in Table 3.5. 
 
• Zeolite beta 
For the synthesis mixtures of zeolite beta the silica solution and the alumina solution were 
prepared separately. The silica solution was prepared by adding Ludox (silica source) to a 
stirred mixture of water, NaCl, KCl and tetraethylammoniumhydroxide (TEAOH, template). This 
mixture was stirred for 20 minutes till homogenized. The alumina solution was prepared by 
dissolving NaOH and NaAlO2 in water. When both mixtures were homogenized the silica 
solution was slowly added to the stirred alumina solution. This resulted in a gel, which was 
stirred for at least 30 minutes. Zeolite beta was prepared from a solution with the composition 
46SiO2:1Al2O3:22.8TEAOH:1.82KCl:0.9NaCl:0.36NaOH:710H2O 
 
• ZSM-5 
ZSM-5 synthesis mixtures were prepared by adding tetraethyl orthosilicate (TEOS, silica 
source) to a stirred mixture of tetrapropylammoniumhydroxide (TPAOH, template), water and a 
0.11 M NaAlO2-solution (alumina source). The synthesis mixture was hydrolyzed for 23 hours at 
47°C by magnetic stirring (aging). The assumption was made that after the aging period all 
ethanol was vaporized. The extra weight loss was corrected by adding water. ZSM-5 was 
prepared from a solution within the following composition range: (50-100)SiO2:1Al2O3:(4-
11)TPAOH:(625-5000)H2O. 
 
Before the synthesis the PEEK inserts, holders and lids were thoroughly cleaned (see Table 
3.6). All experiments were carried out in 50 ml PEEK inserts, which were placed inside a 
stainless steel autoclave (see Figure 3.7). The PEEK inserts were filled with 35 g of synthesis 
mixture. Immediately after the UV pretreatment the PEEK holders with the substrates were 
placed into the PEEK inserts. Before every experiment, a convection oven was heated to 
reaction temperature. The stainless steel autoclaves were heated to the reaction temperature 
before inserting the filled PEEK holders to reduce the initial heating up period of synthesis 
mixture. The autoclaves were closed and placed inside the oven at reaction temperature.  
 
To stop the experiment, the autoclaves were quenched by immersion in a reservoir of water at 
room temperature. Hereafter, the autoclaves were opened and the inserts with molybdenum 
plates were rinsed with demi-water.  



 
Table 3.6: Cleaning procedure PEEK inserts, holders and lids 

Step Description Solution Conditions 
1 PEEK parts were boiled in sodium hydroxide 

solution 
4 M NaOH Boiling point 

2-3 hours + H2O rinse 
2 PEEK inserts with holders were filled with sodium 

hydroxide solution, closed and heated 
4 M NaOH 150°C 

overnight + H2O rinse 
3 PEEK inserts with holders were filled with water 

solution, closed and heated 
H2O 150°C 

overnight + H2O rinse 
 
 
 
 
 
 
 

 
 

 

Figure 3.7: Stainless steel autoclave 
 
 
 

Figure 3.8: Large scale PEEK holder for 72 plates  
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Figure 3.9. Autoclave for large scale in-situ 
synthesis  

Figure 3.10: Optimized heating up curves for large autoclave 
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3.2.2.3 Large scale in-situ synthesis of ZSM-5 
 
The large-scale in-situ synthesis was carried out in a 3.7-liter PEEK insert. Prior to the in-situ 
synthesis the PEEK insert, holder and lids were intensively cleaned (see Table 3.6). The 
synthesis mixture was prepared in 5 separate flacons of 1.0 liter. The preparation was similar to 
the small-scale experiments. After the aging period the PEEK insert was filled with 3000 g of the 
synthesis mixture with a composition of 50SiO2:1Al2O3:4TPAOH:2500H2O. 
 
The 72 large plates were placed in a PEEK holder as depicted in Figure 3.8. The UV 
pretreatment was similar to the small-scale experiments.  
 
A stainless steel autoclave was used for the large-scale in-situ synthesis (see Figure 3.9). The 
autoclave was provided with a 2000-Watt band heater and controlled by an 8200 West 
controller. The set points for the controller were generated by a labjack. Prior to the scale-up 
synthesis, procedures for heating up 2500 gram of water to 140°C, 150°C and 160°C were 
optimized (see Figure 3.10). The solution was stirred during the initial heating up period of two 
hours to minimize temperature gradients within the autoclave. After the experiment the 
autoclave was cooled with water. The autoclave was opened and the coated molybdenum 
plates were rinsed with demi water.  

3.2.2.4 Post treatment  
 
The inserts containing the substrates were positioned into a beaker with demi-water and placed 
for 45 minutes into an ultrasound bath (50-60 Hz) to remove poorly bonded zeolitic particles. 
Afterwards the samples were dried overnight at 110°C.  
 
The coatings were calcined to remove the template from the zeolite micropores. The plates 
were position onto a quartz bar with grooves of 150 µm and placed into a tubular oven. The 
plates were calcined in air at a flow of 50 ml/min. The ramp rate was set at 1°C/min to 500°C, 
followed by a dwelling interval of 10 hours.  

3.2.2.5 Ion exchange 
 
The coated molybdenum plates were placed into a quartz holder. To remove sodium from the 
zeolite, different ion exchange procedures were examined, typically in 150 ml of a 1.0 M 
NH4NO3 solution for 2 hours at 78°C. The exchanged coatings were washed twice with demi 
water at 78°C for 45 minutes and dried overnight. 
 
When a NH4NO3 solution was used for the removal of sodium ions, the coatings were calcined 
in airflow of 50 ml/min using a ramp rate of 5°C/min to 500°C followed by a dwell interval of 4 
hours.  
 
8 ZSM-5 coated large plates (Si/Al=25; TPA/Al=2.8; H2O/Si=50) were made catalytically active 
for the ammoxidation of ethane by a wet ion exchange procedure. The zeolitic coatings were 
exchanged with 150 ml 0.01 M cobalt acetate aqueous solution (pH ≈ 6). The ion exchange was 
conducted at 78°C for 16 hours using a reflux cooler. The zeolitic coatings were washed twice 
with demi water for 45 minutes. After two identical exchanges the zeolitic coatings were dried 
overnight at 110°C. The Co-exchanged coatings were calcined in air using a ramp of 1°C/min to 
500°C for 4 hours to remove the acetate from the zeolite pores. 
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3.3 Characterization 
 
3.3.1 Inductively coupled plasma (ICP) 
 
The determination of aluminum, silicon, sodium and cobalt contents in zeolite powders were 
carried out using inductively coupled plasma (ICP) method. Typically 100 mg zeolite sample 
was dissolved in a mixture of 5 ml HF:HNO3:H2O (1:1:1) and filled up till 100 ml with demi 
water. Before analysis the samples were diluted 10 times. Calibration samples, containing Al, 
Na and Co, were prepared with similar amounts of acid solution. Silicon could not be 
determined by this procedure because the HF solution will dissolve the quartz torch, which 
increases the amounts of silicon. The samples for determining silicon contents were prepared 
by fusing the zeolite with Li2B4O7 at 1000°C in Pt crucibles. After 30 minutes the crucibles were 
quenched in water and the melt of the zeolite and Li2B4O7 was dissolved in 100ml HNO3:H2O 
(1:9). The calibration samples were prepared with the same amounts of Li2B4O7 and HNO3. By 
means of this fusing procedure, the Al, Na and Co could also be determined.  
 
3.3.2 X-ray diffraction (XRD) 
 
The synthesized coatings and powders were examined by X-ray diffraction for phase 
identification and to determine the crystallinity. XRD data were collected on a Rigaku geigerflex 
diffractometer using Cu Kα radiation (1.5405Å). XRD patterns of zeolitic coatings were recorded 
for phase identification in the range of 5 - 50° 2θ using step scanning at 0.02° 2θ per step and a 
counting time of 4 seconds for each step. XRD patterns of zeolite powders were recorded for 
XRD crystallinity in the range of 20 - 27° 2θ, using step scanning at 0.02° 2θ per  step and a 
counting time of 2 seconds for each step.  
 
3.3.3 Energy-dispersive X-ray spectroscopy (EDX) 
 
The Co/Si and Na/Si ratio was determined by means of energy-dispersive X-ray spectroscopy 
with an accelerating voltage of 15 kV (penetrating depth approximately 10 µm). Prior to EDX, 
samples were placed on a brass holder with carbon tape and sputtered with gold for 30 
seconds. Co and Si have different mass absorption coefficients. A correction factor was 
introduced, by measuring standard pellets with known amounts of Co and Si.  
 
3.3.4 Scanning electron microscopy (SEM) 
 
A close up image of the zeolitic coating was obtained by scanning electron microscopy (SEM). 
Prior to SEM, samples were placed in a brass holder with carbon tape and sputtered with gold 
for 2 minutes. Accelerating voltages of 10-20 kV in combination with a probe current of 1 * 10-8 
for the JEOL JSM-840A scanning microscope were used. SEM images (2500x magnification) 
were used to determine the average particle size and coverage. The dimensions of 
approximately 50 randomly picked crystals were determined and divided by the number of 
crystals. The coverage was determined by counting the number of crystals on 25% of the image 
and multiplied by the area of one crystal (determined from average particle size).  
 
3.3.5 BET measurement 
 
Surface area, pore size distribution and pore volume were measured using ASAP-2000 
Micromeritics equipment. A known quantity of zeolitic coating was pretreated at 300°C for 30 
hours up to a residual pressure below 0.1 Pa. The surface area of the catalyst was measured by  
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the BET method at -196°C in the range of relative pressures within 0.005 – 0.20, with N2 as the 
absorbent. The pore size distribution was obtained with the Horvath-Kawazoe method. The full 
pore volume was calculated from the maximum adsorption value obtained from the N2 
adsorption isotherm.  
 
3.3.6 XPS measurements 
 
The XPS measurements were carried out with a VG Escalab MKII spectrometer, equipped with 
a dual Al/Mg Kα X-ray source and a hemispherical analyzer with a five-channeltron detector. 
Spectra were obtained using the aluminum anode (Al Kα = 1486.6eV) operating at 250W and a 
constant pass energy of 20eV with a background pressure of 2 x 10-9 mbar. 
 
3.3.7 Gravimetrical measurements  
 
The molybdenum plates were weighted before the UV pretreatment with an analytical mass 
balance. After the in-situ synthesis the plates were weighted again. The increase of weight is a 
indication for the coverage of the plates. Before and after the calcination procedures the plates 
were weighted as well. 
 
3.3.8 Contact angle measurement 
 
Mo-Al2O3 plates with various TiO2 films were UV radiated. The plates were analyzed with a 
contact angle meter in order to determine the water contact angle. Contact angle measurements 
were carried out with a DataPhysics OCA 30, equipped with a digital camera. A Hamiltonian 500 
µl precision syringe dropped a water droplet of 1.0 µl on the surface. The contact angle was 
determined with SCA 20 software.  
 
3.3.9 Laser Scanning Confocol Microscopy (LSCM) 
 
LSCM was used to measure the surface roughness of the substrate prior to in-situ synthesis. 
Following settings were applied: Filter = GAUSS DIN4777, LC (CutOff) = 0.080 mm, 
NeedleFilter = 0.000 mm. The average surface roughness Ra was determined with metrology 
software.  
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3.4 Calculations 
 
3.4.1 Zeolite synthesis 
 
The coverage, Si conversion and pH were determined using the following equations. 
 

weightCoverage
A

∆
=           (6) 

 
weight∆   increase of weight of as synthesized coating  [g] 

A  surface area of substrate (for the small plates it is assumed 10% is not 
covered because of the post of holder)   [m2] 

 

100%mixture
Si

zeolite

SiX
Si

= ×           (7) 

 

SiX i  Si conversion       [%] 

mixtureSi   mol SiO2 present in synthesis mixture   [mol] 

zeoliteSi   mol SiO2 present in zeolite (bulk + coating)   [mol] 
 

14 log[ ]pH OH
−
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Figure 4.1: LSCM height profile images of a) S1 b) S2 c) S3. Scan area: 304 x 320 µm. Arrow indicates direction of 
2D profile LSCM scan  
 
 
Table 4.1: In-situ synthesis conditionsa for preparations of zeolite beta coatings and properties of product obtained 
Run no Surface 

no. 
Synthesis condition  Surface properties   Product properties 

  T (°C) Time (h) UV 
radiation 

Ra (nm) Average particle  
Size (µm) 

Coverage (% 
of single layer) 

A1 S1 140 30 Yes 20 1.22 25 
A2 S2 140 30 Yes 60 1.24 40 
A3 S2 140 30 No 60 0.72. 10 
B1 S2 130 30 Yes 60 n.d. 0 
B2 S2 140 48 Yes 60 n.d. 75 
B3 S2 150 24 Yes 60 n.d. 60 
B4 S2 150 30 Yes 60 n.d. 85 
B5 S2 150 48 Yes 60 n.d. 90 
B6 S2 140 2x48 Yes 60 n.d. >100 
a Si/Al=23; H2O/Si=15.4; TEA/Al=11.4; (Na+K)/Al=2.47 
 
 

  
Figure 4.2a: SEM image of 
experiment A1. 

Figure 4.2b: SEM image of 
experiment A2. 

Figure 4.2c: SEM image of 
experiment A3. 
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4 Result and Discussion 
 
4.1 In-situ Synthesis of zeolite beta 
 
4.1.1 Effect of surface roughness (Ra) of the substrate 
 
Figure 4.1 shows the LSCM images from which the Ra values of 20, 60 and 99 nm are 
determined for substrates S1, S2 and S3, respectively. Details of the treatment of the substrates 
are listed in Table 3.3. The effect of the surface roughness on the formation of zeolite beta was 
examined on substrates S1 and S2 (experiment A1 & A2 in Table 4.1). SEM images (see Figure 
4.2a-b) of A1 and A2 show that the increase of surface roughness substantially improved the 
coverage. The more corrugated surface of substrate S2 contains more surface hydroxyl groups 
compared to substrate S1, providing more opportunities to start nucleation on the surface of the 
substrate [Oudshoorn, 1998]. Furthermore, beta particles are more easily accommodated at 
positions of the corrugated surface of S2 in comparison to the relatively flat surface of S1. The 
average beta particle size on substrate S1 and S2 are similar. This implies that the crystal 
growth rate was similar on both surfaces. No in-situ beta experiments were performed on 
substrate S3.  
 
4.1.2 Effect of surface hydrophilicity 
 
The UV light induced hydrophilicity of the TiO2 film was investigated by contact angle 
measurements. The contact angle of a water droplet on the TiO2 surface is an indication of the 
wettibility of the substrate. The effect of the TiO2 film thickness and the TiO2 phase, anatase or 
rutile, were examined on substrates S1, S4, S5 and S6 (see Table 4.2). Figure 4.3 illustrates 
that the hydrophilicity is improved on the UV-irradiated TiO2 surface. The UV radiation treatment 
was sufficient to create the surface defects needed to increase the hydrophilicity [van den Berg 
et al., 2003]. Furthermore, the hydrophilicity of a film of 50 nm is significantly higher than for a 
film of 100 nm. Comparing substrate S1 and S5 with S4 and S6, it can be concluded that the 
rutile TiO2 is more hydrophilic than anatase TiO2. The contact angle measurement on 50 nm 
rutile TiO2 film corresponds with measurement on a rutile TiO2 wafer [van den Berg et al., 2003]. 
 
In-situ beta synthesis experiments were carried out to investigate the effect of the UV light 
induced hydrophilicity of the substrate on coating properties (experiment A2 and A3 in Table 
4.1). Comparing SEM images of Figure 4-2b-c, it is shown that the UV light induced 
hydrophilicity resulted in an increase of beta particle coverage from 10 to 40%. The increase of 
hydrophilicity is caused by the increase of surface hydroxyl groups. The increase of surface 
hydroxyl groups results in a higher nucleation rate and a higher beta particle density. The 
increase of hydroxyl groups provides more opportunities for the zeolite to form chemical bonds 
with the substrate. Furthermore, the average particle size obtained for experiment A2 is 
significantly higher than for experiment A3, indicating higher nucleation rate of beta particles 
after UV irradiation.  
  
4.1.3 Effect of temperature, time and repeated synthesis 
 
The effect of time and temperature was investigated in series B (Table 4.1). The zeolite beta 
coverage after a synthesis time of 30 hours of experiment A1, B1 and B4 shows an increase at 
higher reaction temperature. A higher reaction temperature increases the solubility of the 
reaction components in the synthesis mixture, which has a positive effect on the nucleation and 
crystallization rates at the surface. Higher coverages of zeolite beta were obtained after longer  
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Figure 4.3a: Water droplet on 
S5 prior to UV radiation. Contact 
angle > 90° 

Figure 4.3b: Water droplet 
on S5 after UV radiation. 
Contact angle = 67° 

Figure 4.3c: Water droplet on S1 after UV 
radiation.  Contact angle = 11° 

 

 

Table 4.2: Contact angle measurement 
Substrate 
no.  

TiO2  Contact angle 
(°) 

 l (nm) T 
(°C) 

Crystal 
phase 

No 
UV 

After 
UV 

S1 50 500 rutile 52 11 
S4 50 350 anatase n.d. 34 
S5 100 500 rutile >90 67 
S6 100 350 anatase n.d. 72  

Figure 4.4: SEM image of experiment B6  

2 theta, (o)

**

c

a

b

10 20 30 40 50

 
Figure 4.5: XRD pattern of (a) coating obtained in experiment B5 (b) reference for BEA [Newsam et al. 1988] (c) 
TiO2-Al2O3-Mo substrate Asterisks denotes reflections of the substrate  
 
Table 4-3: Effect of substrate surface properties on ZSM-5 in-situ synthesisa 

Synthesis 
condition 

 Surface 
properties  

 Product properties Run no Surface 
no  

TPA/Al  UV 
radiation 

Ra 
(µm) 

Coverage (g/m2) 

C1 S2 2.8 Yes 60 8.3 
C2 S2 2.8 No 60 5.5 
C3 S1 2.8 Yes 20 4.5 
C4 S1 2.8 No 20 4.0 
C5 S2 2.0 Yes 60 6.2 
C6 S3 2.0 Yes 90 6.0 
a Si/Al=25; H2O/Si=50; T=150°C; t=48 h 
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synthesis times at 140°C and 150°C. To increase the layer thickness of zeolite beta coatings, 
repeated in-situ synthesis was applied (B6). A recorded SEM image (Figure 4.4) shows 
complete coverage of beta particles at the TiO2-Al2O3-Mo substrate.  
 
4.1.4 Characterization 
 
Figure 4.5 shows the XRD pattern of the zeolite beta coating obtained in experiment B5. The 
XRD pattern of the zeolitic coating is consistent with the BEA structure [Newsam et al., 1988]. 
The substrate was not completely covered with zeolite beta, and therefore peaks of the 
substrate are still visible in the recorded XRD.  
 
4.2 In-situ Synthesis of ZSM-5 coatings 
 
4.2.1 Effect of surface roughness (Ra) and hydrophilicity of the substrate 
 
The effect of the surface roughness and hydrophilicity on ZSM-5 coating properties was 
investigated in series C on substrates S1, S2 and S3 (see Table 4.3). The same trends can be 
observed as in the beta experiments (series A). The UV light induced hydrophilicity of the TiO2 
film resulted in increased ZSM-5 coverage from 5.5 to 8.3 g/m2

 and 4.0 to 4.5 g/m2 for substrate 
S2 and S1, respectively. With respect to the influence of surface roughness a significant higher 
ZSM-5 coverage is obtained on S2 (Ra = 60 nm) compared with S1 (Ra = 20 nm). Comparing 
the ZSM-5 coverages obtained on substrate S2 (Ra = 60 nm; C5) and S3 (Ra = 99 nm; C6), it 
can be concluded that there is no significant difference in coverage. This implies that the ZSM-5 
coverage is not further enhanced by increasing the surface roughness above 60 nm.  
 
4.2.2 Effect of Si/Al, TPA/Al and H2O/Si ratios 
 
The effect of the Si/Al ratio was investigated in series D (Table 4.4). For experiment D1 (Si/Al = 
50) a ZSM-5 coverage was obtained. However, recorded XRD patterns and SEM images 
indicated that no crystals were present at the substrate surface for experiment D2-D4 (Si/Al = 
25). The high TPA+ concentration resulted in relatively high nucleation and crystallization rates 
in the synthesis mixture. However, nucleation on the substrate was inhibited by dissolution of 
the TiO2 film as a result of the high pH.  
 
The effect of the TPA/Al ratio was investigated in series E and F for various dilution ratios (Table 
4.4). All the experiments of series E and F resulted in coverage of ZSM-5 crystals on the TiO2-
Al2O3-Mo substrate. The ZSM-5 coverage at the same dilution ratio of E2 and F1 shows an 
increase at a higher TPA/Al ratio. SEM images of experiment E2 and F1, depicted in Figure 4.6, 
show large differences in crystal size and coating uniformity. The TPA/Al ratio has a 
substantially effect on the nucleation rate. Figure 4.6a shows a roughened growth of relatively 
small ZSM-5 crystals. A lower TPA/Al ratio decreases the nucleation rate at the surface, which 
results in more uniform ZSM-5 coatings. Comparable results for the crystal size dependence of 
the TPA/Al ratio were found for dilution ratios of 80 and 100 (experiment E3, F4 and E4, F5).  
 
The effect of the dilution ratio (H2O/Si) was investigated at TPA/Al values of 2.8 and 2.0 in 
series E and F respectively (see Table 4.4). Both series show a clear decrease in coverage 
when the dilution ratio is increased (see Figure 4.7). Figure 4.8 shows SEM images of coatings 
obtained in series F. Uniform multi-layer coverage is obtained at a H2O/Si value of 50, while the 
coverage is decreased to a single layer of ZSM-5 crystals at a H2O/Si value of 80. The ZSM-5 
crystal size for series F is similar for all dilution ratios applied (H2O/Si = 50 – 100).  



 
Table 4.4: In-situ synthesis conditionsa for preparation of ZSM-5 coatings and properties of product obtained 
 synthesis conditions  product properties 
 Si/Al TPA/Al H2O/Si pH coverage (g/m2)  average crystal size (µm) 
      a b c 
D1 50 5.5 50 13.1 3 3.4 3.0 1.6 
D2 25 5.5 25 13.6 0 - - - 
D3 25 5.5 50 13.4 0 - - - 
D4 25 5.5 100 13.1 0 - - - 
         
E1 25 2.8 25 13.3 13 n.d. n.d. n.d. 
E2 25 2.8 50 13.1 8.3  1.5 1.1 0.7 
E3 25 2.8 80 12.9 1 2.4 1.9 1.1 
E4 25 2.8 100 12.8 1 2.0 1.8 1.1 
         
F1 25 2.0 50 12.9 6.2  4.0 3.6 1.9 
F2 25 2.0 55 12.9 4.5 n.d. n.d. n.d. 
F3 25 2.0 65 12.8 2.4  4 3.6 1.7 
F4 25 2.0 80 12.7 1.4  4.2 3.8 1.9 
F5 25 2.0 100 12.6 < 0.5 3.6 3.4 1.7 
a T=150°C; t=48 hours; Substrate S2 
 
 

  
Figure 4.6a: SEM image of experiment E2 (TPA/Al=2.8) Figure 4.6b: SEM image of experiment J4 (TPA/Al=2.0) 
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Figure 4.7: Coverage vs H2O/Si ratio (o) denotes series F  (■) denotes series E 
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4.2.3 Effect of reaction temperature and synthesis time, and coating reproducibility  
 
The effect of reaction temperature was investigated in series G and J (see Table 4.5). Both 
series show a clear increase in coverage when a higher reaction temperature is applied (see 
Figure 4.9 for series J). A higher reaction temperature increases the solubility of the reaction 
components in the synthesis mixture, which has a positive effect on the nucleation and 
crystallization rates of at the surface. However, a reaction temperature of 160°C resulted in a 
relatively roughened growth, while at 150°C uniform ZSM-5 coatings were obtained.  
 
The effect of synthesis time was examined in series G-L (see Table 4.5). Figure 4.10 shows the 
same trend for all time series. A maximum coverage is obtained after approximately 48 hours, 
after which a gradual decrease can be observed. SEM images of experiment J3 (24 hours) and 
J4 (48 hours) (see Figure 4.11) show that the amount of small crystals after 24 hours (J3) is 
substantially larger. The gain in coverage is therefore contributed to the growth of the size of the 
crystals already present and the nucleation of new crystals on already existing ones. Figure 
4.10 shows that longer synthesis times (> 48 hours) has a negative effect on the ZSM-5 
coverage. A reason for the negative effect could be that quasi-equilibrium conditions have been 
established between the formation and dissolution of zeolite crystals on the surface [Oudshoorn, 
1998]. The decrease of coverage after 48 hours can be attributed to formation of large crystals 
in the bulk phase, which are energetically favored above the relatively small crystals of the 
coatings.  
  
The reproducibility of the in-situ synthesis was investigated for experiment J4. A series of 10 
separate ZSM-5 in-situ syntheses were performed at the same synthesis conditions as in 
experiment J4 containing in total 26 small substrates. The average coverage obtained was 6.2 ± 
0.64 g/m2. The reproducibility of experiment H1 and L1 were determined, resulting in an 
average coverage of 2.4 ± 0.8 and 8.3 ± 0.6 g/m2, respectively. The deviation of the obtained 
coverage (J4, H1) is approximately 10% of the total average coverage. The increase of weight 
for each plate is typically between 0.2 – 2.0 mg. To determine the coverage, the substrate is 
weighted before and after the in-situ synthesis. A weight error of 0.1 mg decreases or increases 
the coverage by 0.5 g/m2.  
 
4.2.4 Scale up of ZSM-5 synthesis procedure 
 
The screening of zeolitic catalytic coatings in a high throughput microreactor requires the 
synthesis of a multitude of identical ZSM-5 or beta coatings, which can be loaded with a series 
of active species of various contents in separate ion exchange procedures. A scale-up 
procedure has been developed in order to simultaneously coat 72 substrates of 40 × 9.8 mm2 
with a thickness of 100 µm. The synthesis mixture and reaction conditions for ZSM-5 in-situ 
growth were optimized using the substrates of 11 × 9.8 mm2 with a thickness of 100 µm in order 
to obtain a homogeneous coverage between 5-10 g/m2 as explained in previous sections. 
Ratios of Si/Al = 25, H2O/Si = 50, TPA/Al = 2.0 at a temperature of 150 oC and a synthesis time 
of 48 h were found to be suitable conditions for application in the scale-up procedure. 
Subsequently, this recipe was applied in a 3.7 l autoclave, in which a specially designed holder 
was positioned with the 72 substrates (see Figure 3.8).  
 
The feed to surface ratio (mol Si/m2 surface) was investigated in series M (see Table 4.6). The 
coverage remains constant at relatively high feed to surface ratios (> 25). This implies that the 
coverage is independent of the available surface area at high Si/m2 ratios [Oudshoorn, 1998].  



 
 

 
Figure 4.8: SEM images of (a) J4 (H2O/Si=50) (b) J5 (H2O/Si=65) and (c) (H2O/Si=80) 

 
 
 
 
 
 

Table 4.5: In-situ synthesis conditionsd for preparation of ZSM-5 coatings and properties of product obtained 
run no. synthesis conditions  product properties 
 Si/Al TPA/Al H2O/Si T (°C) time (h) Coverage (g/m2) 
G1 50 5.5 50 150 48 3 
G2    150 96 4.5 
G3    160 24 2 
G4    160 48 6 
       
H1 25 2.8 50 150 48 8.3 ± 0.6a 
H2    150 72 8 
       
I1 25 2.8 80 150 24 <0.5 
I2    150 48 1 
I3    150 96 1 
       
J1 25 2.0 50 140 48 3.2 
J2    145 48 5.7 
J3    150 24 4.5 
J4    150 48 6.2 ± 0.6b 
J5    150 72 4.5 
J6    155 48 5.5 
J7    160 48 6.8 
       
K1 25 2.0 55 150 24 2.5 
K2    150 48 4.5 
K3    150 72 3.5 
K4    150 96 2.5 
       
L1 25 2.0 65 150 48 2.4 ± 0.8c 
L2    150 96 2 
a deviation determined on 6 small plates (3 syntheses) 
b deviation determined on 26 small plates (10 syntheses) 
c deviation determined on 4 small plates (2 syntheses) 
d substrate S2 

a b c 
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For lower feed to surface values the ZSM-5 coverage decreased (M4, M5), which indicates a 
limiting amount of reactants.  
 
Experiments with Si/Al = 25, H2O/Si = 50 and TPA/Al = 2.0 gave a reproducible, uniform 
coating. The average coverage obtained was 6.2 g/m2, which meets the requirement for 
application in the HTMR. The optimized in-situ synthesis was carried out on 72 large plates in a 
3.7 liter autoclave. This large-scale synthesis had a feed to surface ratio similar to the small-
scale experiment. The obtained average coverage was 14.5 ± 0.4 g/m2 on all 72 plates. The Si 
conversion was similar as for the small-scale experiments. The coverage was uniform and 
independent of the position in the autoclave. This implies that the concentration gradient in the 
autoclave was negligible. Remarkably the coverage obtained was two times higher than 
expected from the small-scale experiments with the same feed to surface ratio. Since the Si 
conversion was similar in both synthesis procedures, the observed differences in coverage are 
not likely to be attributed to large differences in synthesis conditions, but to a possible influence 
of the effective positioning of the substrates in the holder as well as the large synthesis volume 
 
4.2.5 Post treatment of zeolitic coatings and substrate stability 
 
The TPA+ template removal from the coating during calcination was investigated. EDX analysis 
on the ZSM-5 coatings after calcination showed no traces of carbon. The applied calcination 
procedure (1°C/min; 10 hours at 500°C; air flow) caused the complete oxidation/decomposition 
of the TPA+ template ions. The average relative decrease of weight after calcination was 8.2 ± 
0.5% for the ZSM-5 coatings, which corresponds with Ali et al. (2003). 
 
The stability of the zeolitic coating on the TiO2-Al2O3-Mo substrate was examined. The as 
synthesized coatings were calcined in air at 500°C for 10 hours. XRD patterns were recorded 
before and after the calcination step (see Figure 4.12). No peaks of molybdenum oxides were 
found. The zeolitic coating remained intact. This implies that the Al2O3 film prevented the 
formation of molybdenum oxides, which would result in coating instability. 
 
The stability of the ALD films on the Mo substrate was investigated at typical reaction 
conditions. Series of molybdenum substrates were tested in air and water vapor at elevated 
temperature (see Figure 4-13). Molybdenum substrates without an Al2O3 film were easily 
oxidized, resulting in a steady weight increase already after 2 oxidation sequences. The 150 nm 
Al2O3 and 50 nm TiO2 film protects the surface from the formation of molybdenum oxides. Only 
after the seventh oxidation sequence a small weight increase was obtained. Above 550°C the 
TiO2-Al2O3 film was easily detached from the molybdenum substrate.  
 
4.2.6 Characterization  
 
XRD/Orientation 
Figure 4.14 shows the XRD patterns obtained in experiment J4 and the scale-up step. The XRD 
analysis show characteristic peaks at 8.0, 8.9 and 23.1° 2 theta corresponding to the {0 1 1}, {2 
0 0} and {0 5 1} absorption of ZSM-5 crystals (space group: Pnma), but with different relative 
peak intensities. The difference in relative peak intensity indicates a degree of orientation of 
ZSM-5 crystals on the substrate. The degree of preferred orientation along the c-axis of 
hexagonal crystals was measured. For ease of comparison, the degree of preferred orientation 
perpendicular to the c-axis of the obtained ZSM-5 coating on a TiO2-Al2O3-Mo substrate is 
defined as Dp2 = (sums of intensities of (2 0 0) and (0 2 0) XRD peaks)/(intensities of (0 0 2) 
XRD peak) [Rebrov et al., 2001]. Larger values of Dp2 reveal a more effective alignment 
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Figure 4.9: Coverage vs. temperature for series J Figure 4.10: Coverage vs. time for series I-L 
 
 
 
 
 

 
 
 
 
Table 4.6: Feed to surface ratioa 

Run no. Surface area 
(cm2) 

Amounts of 
synthesis mixture 

(g) 

Feed to surface 
ratio 

(mol Si/m2 
substrate) 

Coverage 
(g/m2) 

Si-conversion 
(%) 

M1b 4 35 78.5  6.2 40% 
M2b 6 35 52.3  6.2 40% 
M3b 8 35 39.3  6.2 40% 
M4 31.5 40 11.4  4.5 35% 
M5 63 40 5.7  4.7 35% 
M6c 63 40 5.7  3.2 60% 
M7d 564.5 3000 47.2 14.5 35% 
a Synthesis condition: Si/Al=25; TPA/Al=2.0; H2O/Si=50; 150°C; 48 hours 
b performed on small plates 
c TPA/Al=2.8 
d Large autoclave 

 
 

 

Figure 4-11:SEM images of (a) J3 (24h) and (b) J4 (48h) 
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perpendicular to the c-axis (axial orientation). Table 4.7 shows the Dp2 values of series of ZSM-5 
coatings. A single layer of ZSM-5 crystals results in large values of Dp2., indicated a preferred 
axial orientation. The axial orientation is even larger for a single layer of ZSM-5 crystals on 
relatively flat surfaces. The degree of preferred axial orientation decreases for increasing layer 
thickness (see Figure 4.15). This implies the first layer of ZSM-5 crystals on the substrate shows 
a preferred axial orientated growth. Multilayer coverage results in randomly orientation of ZSM-5 
crystals.  
 
XPS analysis / Si/Al ratio determination 
The Si/Al ratio determined by XPS analysis of experiment J4 was 30. The average penetration 
depth of the XPS analysis is 10 nm. Oudshoorn (1998) reported considerable variations in Si/Al 
ratio of ZSM-5 coatings with lower values of Si/Al closer to the substrate. Therefore the XPS 
analysis determined the maximum value of Si/Al in the zeolitic layer. This implies the Si/Al ratio 
is in the same order as the chosen Si/Al ratio in the synthesis mixture.  
 
BET analysis  
The result of the mesopore analysis of experiment M5 is given in Figure 4.16. The characteristic 
micropore distribution of ZSM-5 is found [Oudshoorn, 1998]. The measured BET surface for 
experiment was 409 m2/g. The layer thickness (l) was estimated based on the measured BET 
area (S) assuming BET surface (Sbet) to be 435 m2/g, ZSM-5 crystal density (d) of 1.79 g/cm3 
[Olson et al., 1980], and a plate geometrical area of 63 cm2: l=S/(63*Sbet*d). The total measured 
BET surface was 9.90 m2, from which a layer thickness of 2.0 µm can be calculated. This 
probably underestimates the thickness of the zeolitic layer due to the porosity of the zeolitic 
coating. The as synthesized average coverage of the substrate was 4.7 g/m2. The layer 
thickness can also be estimated from the SEM image depicted in Figure 4.17. The determined 
layer thickness is 4.5 µm and the coverage obtained in experiment J4 was 6.2 g/m2. Assuming a 
porosity between 40 –50 % for the zeolitic coating, the layer thickness corresponds with the 
layer thickness based on the measured surface area.  
 
4.3 Catalyst Testing 
 
4.3.1 Cobalt Loading 
 
ZSM-5 and beta powders 
The effect of the concentration of the cobalt precursors and the repetition of the ion exchange 
has been investigated on zeolite powders. ICP measurements of the cobalt-exchanged powders 
are shown in Table 4.8. The Co/Al ratios are similar as ratios found in literature [Dĕdeček et al., 
2000, appendix I]. It is shown that the repeated wet ion exchange results in a substantial 
increase of the Co loading. The wet ion exchange is limited by cation equilibrium in the solution. 
Therefore, repeated exchange is necessary to obtain high Co2+ exchange levels. The 
concentration of the cobalt precursors influences the Co loadings significantly. Decreasing the 
cobalt acetate concentration resulted in a lower Co/Al ratio [Dĕdeček et al., 2000]. The 
reproducibility of the wet ion exchange procedure was examined on two separated zeolites, 
which showed that Co/Al ratios are obtained within 5% deviation. After two identical cobalt 
exchanges, the Co/Al ratio was approximately 0.4. A higher Co/Al ratio is not desirable, because 
this would lead to the formation of some Co oxide-like species. [Dĕdeček et al., 2000]. Cobalt 
oxides are not selective centers in the ammoxidation reaction to form acetonitrile [Chen et al., 
2004]. 
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Figure 4.13 Series of molybdenum substrates tested in air and water vapour 
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Figure 4.12: XRD pattern of (a) before and after calcination (b) substrate (c) MoO3 (d) MFI reference 
[Koningsveld et al., 1987] 

Figure 4.14: XRD pattern of (a) ZSM-5 coating obtained from 
scale up procedure  (b) ZSM-5 coating obtained in 
experiment J4 (c) reference of MFI [Koningsveld et al., 1987]

Figure 4.15: Degree of preferred axial orientation 
vs. coverage  
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ZSM-5 coatings 
 
A wet ion exchange procedure of cobalt on a ZSM-5 coating was applied according to the 
procedure developed on the ZSM-5 powders. A diluted NH4OH solution (pH=9) was used for the 
sodium removal. Two identical exchanges were carried out with a 0.01 M cobalt acetate solution 
(pH=6) for 16 hours at 78°C. EDX analysis resulted in a cobalt content 12 times higher than 
expected, i.e. Co/Al ≈ 5 assuming a Si/Al value of 25. This high cobalt content implies the 
presence of cobalt oxide clusters. A reason for this high Co/Al ratio could be the relative high 
amount of cobalt present in the mixture in comparison to the amount of zeolitic coating. The 
ratio (cobalt solution/gram zeolite) is 125 times higher for the ion exchange of the zeolitic 
coatings than the zeolite powders, due to the minimum amount of solution necessary for 
complete immersion of the substrates. Figure 4.18 depicts the SEM image of the Co-ZSM-5 
coating, which clearly shows that the crystals are partly dissolved. The relatively high pH of 
NH4OH causes the dissolution of the zeolitic coating. 
 
To overcome the dissolution of the coating during sodium removal the NH4OH precursor was 
substituted by a NH4NO3 precursor. The effect of repetition of the sodium removal with NH4NO3 
was investigated on ZSM-5 coatings (Table 4.9). EDX analyses presented in Table 4.9 shows 
clearly that after one exchange the sodium content decreases dramatically. The second and 
third exchange shows only a small decrease of the sodium content. The weight percentage of 
sodium compared to other atoms is very small. Small deviation in the measured amounts of 
sodium resulted in relative large error. The sodium content after the three identical ion 
exchanges were found to be in the range of 3 x 10-2 wt %. This is in the same order as found in 
literature [Ali et al., 2003]. NH4NO3 is a more suitable precursor for the sodium removal. The 
zeolitic coating exchanged with NH4NO3 remained intact after three exchanges. 
 
4.3.2 Testing of zeolitic coating in ethane ammoxidation reaction 
 
The catalytic performance of the Co-ZSM-5 coating (Si/Al = 25; Co/Al = 5, see Table 4.8) was 
tested in a dedicated microreactor. Figure 4.19a shows results of activity measurements at 
different temperatures. In the presence of the Co-ZSM-5 catalyst both the C2H6 and NH3 
conversions increases with temperature. However, the conversion of NH3 is much higher than 
the C2H6 conversion, which mainly resulted in the formation of nitrogen. The carbon selectivities 
to CO2, C2H4 and C2H3N at different temperatures are depicted in Figure 4.19b. A maximum 
selectivity to acetonitrile can be expected between 400 oC and 450 oC.  
 
The high degree of ammonia oxidation and low yield of acetonitrile can be attributed to the 
properties of the Co-ZSM-5 coatings. Because of the high Co/Al value, the zeolitic coating 
mainly consists of cobalt oxides, which are very active in the ammonia oxidation reaction, and 
also to a minor extent in the ethane oxidation reaction. The active centers for the ammoxidation 
reaction, the Co2+

 sites, are hardly present considering the low yield of acetonitrile. The number 
of Co2+

 sites can be increased by decreasing the Si/Al ratio of the zeolitic coating.  



Table 4.7: XRD data and properties of product of zeolitic coatings 
Sample Roughness I (2,0,0) & 

(0,2,0) 
I (0,0,2) Dp2  Coverage 

(g/m2) 
Number of 

layersa 
E1 0.060 728 132 5.52 1 13 9 
E2 0.060 968 54 17.9 3.25 8.3 6 
F1 0.060 3702 135 27.4 4.97 6.2 4 
F3 0.060 2553 56 45.6 8.27 1.5 1 
E4 0.060 1286 28 45.9 8.33 0.5 0.3 
F4 0.060 2878 56 51.4 9.32 1.4 1 
F5 0.060 1707 24 71.1 12.9 0.5 0.3 

        
E2 0.020 3347 104 32.2 5.84 4.0 3 
F1 0.020 8789 194 45.3 8.21 4.5 3 
E4 0.020 2891 10 289.1 52.4 < 0.5 - 

a single layer obtained in experiment F4 (see Figure 4.7c) (coverage 1.4 g/m2) 
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Figure 4.16: Horvath-Kawazoe mesopore analysis of 
experiment M5 

Figure 4.17: SEM image of experiment J4. (tilting 
angle is 75°) Layer thickness can be estimated at the 
position of the arrow 

 

 

Table 4.8: Co/Al ratio of WIEa zeolite products 

Zeolitea Concentration Repetition Co/Alb 
ZSM-5 (25) 0.01  2 0.41 ± 0.01 
ZSM-5 (25) 0.0085 2 0.36 ± 0.01 
ZSM-5 (25) 0.01 1 0.27 ± 0.01 
BEA (12,5) 0.01 2 0.42 ± 0.01 
ZSM-5 (40) 0.01 2 0.44 ± 0.01 
ZSM-5 coating 
(25) 

0.01 2 5c 

 
Figure 4.18: NH4OH exchanged 
zeolitic coating 

a conditions 16 hours, 78°C 
b specification of zeolite powders are listed in Table 3.2 
c determined by ICP 
d determined by EDX 

 
 

 

Table 4.9: Sodium content after ion exchangea 
Repetition Na wt%  

0 0.32 ± 0.07 
1 0.05 ± 0.03 
2 0.04 ± 0.03 
3 0.03 ± 0.03 

a 1 M NH4NO3 for 2 hours at 78°C 
b Na wt% is determined by EDX 

Mo ZSM-5 coating 
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Figure 4.18: Activity of Co-ZSM-5 coating in the ethane ammoxidation reaction in a plate-type microreactor. 
(a) C2H6 and NH3  conversion, and (b) C2H3N, CO2, and C2H4 selectivity. Conditions: 4.5 vol% C2H6, 11.3 vol% 

NH3 and 6.1 vol% O2, Helium balance, flow rate = 15.8 cm3/min, catalys mass = 0.02 g. 
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5 Conclusion and outlook 
 
5.1 Conclusions 
ZSM-5 and BEA zeolitic coatings have been successfully deposited on a molybdenum substrate 
by the in-situ synthesis method. A single layer of beta particles (1 g/m2) and layers of ZSM-5 
crystals with a maximum thickness of approximately 10 µm (14 g/m2) are obtained.  
 
Prior to the hydrothermal synthesis of zeolites, the molybdenum surface was modified for 
various reasons: (1) the surface roughness (Ra) was increased to improve zeolite nucleation 
and crystallization on the substrate, (2) a 170 nm film of Al2O3 was deposited by ALD on the 
surface to prevent the molybdenum from oxidation, which would negatively influence coating 
stability and coating properties, (3) a 50 nm TiO2 film was deposited on top of the Al2O3 film, 
which can be made hydrophilic by UV irradiation. In this study we proved that an increased 
surface roughness (Ra = 60 – 99 nm) and high hydrophilicity (11o in terms of contact angle) has 
a positive influence on zeolite coverage. 
 
Furthermore, the effect of reaction temperature and synthesis time as well as the effect of 
synthesis parameters, as H2O/Si, Si/Al, and TPA/Al ratios, on the ZSM-5 coating characteristics, 
have been investigated. Generally, a higher temperature and TPA/Al ratio, and a lower H2O/Si 
ratio results in an increased coverage and faster growth at the surface. Especially a lower 
TPA/Al ratio of 2.0 results in more uniform coatings, which can be tuned in thickness by 
variation of the H2O/Si ratio. The coatings were characterized by XRD, SEM, BET, EDX, XPS 
and LSCM methods. 
 
For the application of zeolitic coatings in a high-throughput microreactor, a multitude of coatings 
with similar properties is required. The coatings can be made catalytically active by ion 
exchange procedures. For this reason a scale-up up step of the synthesis procedure was 
developed in order to treat 72 substrates of 4 × 1 cm2 with a thickness of 100 µm 
simultaneously. Ratios of Si/Al=25, H2O/Si=50, TPA/Al=2.0 at a temperature of 150°C and a 
synthesis time of 48 hours were found to be suitable conditions for large scale in-situ synthesis 
of ZSM-5 coatings. Subsequently, this recipe was applied in a 3.7 L autoclave, in which 72 TiO2-
Al2O3-Mo substrates were placed. A uniform and reproducible coverage of 14.5 ± 0,4 g/m2 of 
ZSM-5 crystals was obtained on all the 72 plates.  
 
Co-ZSM-5 coatings (Si/Al = 25, Co/Al = 5) were tested in the ammoxidation reaction of ethane 
to acetonitrile in a dedicated microreactor. Due to the high cobalt loading, predominantly 
attributing to the presence of cobalt oxide species in the coating, the catalyst was more active in 
the oxidation of ammonia, instead of the selective conversion of ethane to acetonitrile. 
 
5.2 Outlook 
The systematically performed series of experiments for the optimization of ZSM-5 coatings 
resulted in a well-documented overview of coating properties at various conditions, which can 
be applied for our specific demands. For zeolite beta only a study has been performed to 
optimize surface characteristics of the substrate, while the reaction time and temperature were 
taken as parameters to improve the coverage. For the application of beta zeolitic coatings in the 
high throughput microreactor a higher coverage of approximately 3-5 g/m2 is required. A 
substantial increase of coverage can be expected when a similar optimization study, as for 
ZSM-5 coatings, is performed. 
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Furthermore, some synthesis experiments have to be performed to understand the discrepancy 
between the small-scale and the large-scale ZSM-5 synthesis procedure. Since the Si 
conversion was similar in both synthesis procedures, the observed differences in coverage are 
not likely to be attributed to large differences in synthesis conditions, but to a possible influence 
of the effective positioning of the substrates in the holder as well as the large synthesis volume. 
 
A further focus of the project should include the investigation of the cobalt ion exchange 
procedure. In order to obtain selective ZSM-5 and beta catalysts for the ethane ammoxidation 
reaction, Co/Al values in the coating of approximately 0.5 have to be obtained. The relatively 
high concentration of the cobalt acetate solution (0.01 M) applied in this study has to be 
decreased drastically in order to prevent high cobalt loadings. Furthermore, the number of 
selective Co2+ centers can be increased by lowering the Si/Al value in the coating. 
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7 Nomenclature 
 
A  surface area of substrate       [m2] 

2pD  the degree of preferred orientation perpendicular to the c-axis [-] 
E  tension modulus       [Gpa] 
L  length         [m]  

2 6C Hn  number of carbon atoms of C2H6      [-] 

pn  number of carbon atoms of product p    [-] 
r  area between roughness profiles     [m2]  
Ra  roughness average       [m] 

mixtureSi  mol SiO2 present in synthesis mixture    [mol] 

zeoliteSi  mol SiO2 present in zeolite (bulk + coating)     [mol 
T  temperature        [°C] 

meltT  melting temperature of material     [°C]  

2 6

in
C Hx  mole fraction of C2H6 in inlet stream     [-] 
in
px  mole fraction of product p in inlet stream    [-] 
out
px  mole fraction of product p in outlet stream    [-] 

SiX  Silica conversion       [%] 
 
 
α linear extension coefficient      [K-1]  

rH∆  heat of formation at 25°C      [kJ/mol] 

weight∆  increase of weight of as synthesized coating    [g] 
λ  heat conductivity coefficient       [Wm-1K-1] 
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Appendix I 
 
Table I.1: Overview of relevant wet ion exchange procedures for ZSM-5 and zeolite beta 
Type  
Zeolite 

Si/Al 
Ratio 

Co/Al 
Ratio 

Precursor M / amounts 
(mol/l)/(ml/g) 

Time (h) / 
repetition 

T (°C) 

NH4-ZSM5 12 0.49 Acetate 0,01/100 24 x 2 70 – 80  
NH4-ZSM5 16.9 0.38 Acetate 0.01/50 24 x 2 70 – 80 
H-ZSM5 12.5 0.23 Acetate 0.05/16 7 x 2  70 
H-ZSM5 12.5 0.42 Acetate 0.05/16 12 x 2 70 
H-ZSM5 14.1 0.33 Acetate 0.05/42 4 x 2 60 
Na-ZSM5 14.1 0.27 Acetate 0.05/42 4 x 2  60 
NH4-beta 13.8 0.34 NO3 0.05/30 - 25 
NH4-beta 17.2 0.45 NO3 (0.05/0.1)/30 - 25 
NH4-beta 2.7 0.4 NO3 0.005/135 - 25 
Na-ZSM5 14.1 0.07 NO3 0.05/50 6 25 
Na-ZSM5 14.1 0.09 Acetate 0.01/150 6 25 
Na-ZSM5 14.1 0.1 NO3 0.05/150 6 25 
Na-ZSM5 14.1 0.15 NO3 0.075/100 6 25 
Na-ZSM5 14.1 0.22 Acetate 0.005/150 6 x 3 40 
Na-ZSM5 14.1 0.23 NO3 0.005/150 14 x 3  60 
Na-ZSM5 14.1 0.4 NO3 0.05/100 6 x 3 60 
Na-ZSM5 14.1 0.41 NO3 0.05/150 6 x 3 70 
Na-ZSM5 22.5 0.02 Acetate 0.01/150 6 25 
Na-ZSM5 22.5 0.025 NO3 0.075/100 6 x 3 25 
Na-ZSM5 22.5 0.035 Acetate 0.005/150 6 x 3 40 
Na-ZSM5 22.5 0.116 NO3 0.05/150 6 x 3 70 
Na-ZSM5 22.5 0.118 NO3 0.04/150 6 60 
NH4ZSM5 12.5 0.13 Acetate 0.05/8 7 70 
NH4ZSM5 12.5 0.15 Acetate 0.01/25 6 70 
NH4ZSM5 12.5 0.23 Acetate 0.05/16 7 70 
NH4ZSM5 12.5 0.27 Acetate 0.05/19 8 70 
NH4ZSM5 12.5 0.42 Acetate 0.05/16 12 x 2 70 
NH4ZSM5 12.5 0.46 Acetate 0.05/16.5 12 x 3 70 
H-ZSM5 17.3 0.03 NO3 0.0002/125 5 60 
H-ZSM5 17.3 0.1 NO3 0.05/90 14 25 
H-ZSM5 17.3 0.12 NO3 0.05/125 5 60 
H-ZSM5 17.3 0.36 Acetate 0.005/120 15 70 
H-ZSM5 17.3 0.39 NO3 0.05/90 5 x 3 60 
NH4ZSM5 25 0.55 Acetate 0.02 24 80 
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Appendix II 
 
Table II.1: weight increase obtained after large-scale 
in-situ synthesisa of ZSM-5 coatings 
Bottom part of holder  Top part of holder 
substrate ∆wt (g)  substrate ∆wt (g) 

1 0.0118  37 0.0116 
2 0.0113  38 0.0112 
3 0.0114  39 0.0113 
4 0.0113  40 0.0116 
5 0.0119  41 0.0112 
6 0.0115  42 0.0113 
7 0.0120  43 0.0115 
8 0.0116  44 0.0116 
9 0.0116  45 0.0115 

10 0.0121  46 0.0112 
11 0.0113  47 0.0112 
12 0.0121  48 0.0116 
13 0.0120  49 0.0116 
14 0.0115  50 0.0116 
15 0.0115  51 0.0114 
16 0.0114  52 0.0119 
17 0.0115  53 0.0116 
18 0.0116  54 0.0114 
19 0.0116  55 0.0117 
20 0.0118  56 0.0121 
21 0.0118  57 0.0113 
22 0.0115  58 0.0109 
23 0.0113  59 0.0112 
24 0.0119  60 0.0112 
25 0.0120  61 0.0117 
26 0.0117  62 0.0118 
27 0.0114  63 0.0116 
28 0.0115  64 0.0115 
29 0.0116  65 0.0116 
30 0.0118  66 0.0116 
31 0.0123  67 0.0120 
32 0.0121  68 0.0119 
33 0.0123  69 0.0116 
34 0.0119  70 0.0114 
35 0.0120  71 0.0112 
36 0.0120  72 0.0113 

a Conditions: Si/Al=25; TPA/Al=2.0; H2O/Si=50 
  synthesis time 48 h at 150°C 
 


