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Abstract 

 

A straightforward and reliable method was successfully developed for stainless steel microreactor 

coating. The importance of this coating method lies in using an already pre-prepared Au/Al2O3 

catalyst without incorporation of any binders, addressing the importance of the interplay between 

the catalyst particle size and slurry viscosity in optimization of the uniformity, stability and 

thickness of the coating layers. The catalyst and the coated microplatelets were characterized 

thoroughly using nitrogen adsorption, X-ray Diffraction, Fourier Transform Infrared Spectroscopy, 

Scanning Electron Microscopy, confocal microscopy, laser diffraction, viscosity measurements, 

Transmission Electron Microscopy, Energy-dispersive X-ray, Inductively Coupled Plasma- 

Optical Emission Spectrometry and X-ray Photoelectron Spectroscopy. Moreover, stability of the 

coating layers was assessed in gas phase partial oxidation of ethanol. Initial increase in the catalyst 

activity with time on stream was likely due to changes in the gold oxidation state while minor 

catalyst deactivation could mainly be correlated with coking. 

Keywords: Microreactor coating, binder, catalyst particle size, viscosity, gold catalyst, ethanol 

oxidation  
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1. Introduction 

Application of microreactors is associated with process intensification meaning a reduction in 

equipment size by several orders of magnitude, thus causing a remarkable decrease in capital and 

energy costs and a positive environmental impact [1-3]. The commonly known advantages of 

microscale reactor technology are related to a high surface-area-to-volume ratio (because of thin 

channels), enhanced heat and mass transfer [4-6] and straightforward scale-up, because 

conventional scale-up is replaced by number-up [7]: a sufficient production volume is obtained by 

coupling microscale units in parallel. One of the big advantages of microreaction technology is 

inherent safety [8] giving lower amounts of industrial wastes and allowing production of hazardous 

chemicals [9, 10]. The extreme limits of chemistry can be approached by use of microreactors, and 

operation close to or even within explosion limits is proposed. Moreover, microreactors are 

efficient tools for the rapid extraction of accurate intrinsic kinetic information [11, 12] which is 

necessary for scale-up from the laboratory to pilot and full scale production. This is because only 

small amounts of chemicals and materials are needed and experiments can be performed rapidly in 

parallel screening devices. Several books and review articles have been published discussing the 

advantages and the challenges of using microreactors [1, 13, 14] as well as their practical 

applications [15-20]. Microreactors are extensively used for oxidation reactions, especially 

selective oxidation of primary and secondary alcohols to the corresponding aldehydes, ketones and 

carboxylic acids being thus of relevance in organic synthesis practiced in alimentary and 

pharmaceutical industries [21-23]. Previously, in another work by the authors it was shown that 

Au/Al2O3 catalyst has a high activity and selectivity towards acetaldehyde and ethyl acetate in 

comparison with some other Au supported oxides and zeolites [24]. 

One of the most demanding tasks in using microreactors hindering their widespread application is 

attachment of the catalytically active phase on the walls of the very low volume microchannels [25, 
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26]. There are important considerations to be made when dealing with microreactor coating such 

as the catalyst layer uniformity, stability and thickness [27] which should be optimized 

simultaneously. The uniformity of the layer is the most challenging task because it depends on 

several factors such as the catalyst particle size, size distribution and viscosity of the catalyst slurry. 

Moreover, geometry of a microreactor is very crucial in determining the final shape of the catalyst 

layer as well as providing isothermal conditions within the channels [28]. The layers should also 

be stable in the reaction conditions; the adhesion of the catalyst layer to the microreactor platelets 

is usually improved by e.g., the platelets pretreatment such as thermal [29], chemical [30] and 

anodic oxidation [31]. Additionally, the coating method should be flexible for adjustment of the 

layers thickness. This task is crucial since the catalytic layer thickness strongly influences the heat 

and mass transfer and consequently, the performance of the microreactor [32].  

Depending on the catalyst, e.g., oxides or zeolites, and the microchannel dimensions, various 

methods for microreactor coating have been developed such as suspension, sol-gel deposition, 

hybrid method, electrophoretic and electrochemical deposition, impregnation, physical and 

chemical vapor deposition, cathodic sputtering, pulsed laser deposition, flame assisted vapor and 

flame spray deposition, powder plasma spraying, etc. [33]. However, for using metal modified 

catalysts usually wash coating is applied [34-38] meaning that first the microplatelets are coated 

with the catalyst support and then the metal nanoparticles are deposited into the meso/micropores 

of the support material. This approach is suitable, for instance, for achieving more stable catalyst 

layers since in the absence of metal nanoparticles the support material can be calcined at higher 

temperatures, while on the other hand, it is not applicable for coating using an already pre-prepared 

metal modified support.  

Moreover, coating is often carried out by using organic binders to improve the adhesion of the 

support layer. It is noteworthy, that binders can change the morphology of the final product as well 
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[39] even if e.g., they are burnt out. Moreover, binders could also block the active phase reducing 

the surface area of the catalyst [40] and application of binders makes the chemistry involved in the 

catalyst slurry preparation more complex.  

Therefore, in the current work a straightforward and reliable method was developed for applying a 

ready-to-use gold modified alumina catalyst not requiring any additional binders, while preserving 

crystallinity of alumina. This was done by taking advantage of the interplay between the catalyst 

particle size and viscosity of the catalyst slurry. Finally, the stability tests of the catalyst layers as 

well as catalyst durability were carried out for gas phase partial oxidation of ethanol.  
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2. Experimental section 

2.1. Catalyst preparation 

In this work, gold was introduced on ɣ-Al2O3 (UOP Versal VGL-25) via deposition-precipitation 

method using hydrogen tetrachloroaurate (ııı) hydrate (99.9 %-Au) (49 % Au) (chloroauric acid) 

(Alfa Aesar and ABCR GmbH) as a precursor. 4.73 g dried ɣ-Al2O3 was mixed with 400 ml distilled 

water and stirred vigorously for three hours, thereafter, the mixture was heated up to 70°C. 170 ml 

of 1.15 g/l gold containing solution was then added to the mixture. The pH at this step was 4.4. The 

pH of the alumina-gold solution mixture was adjusted to 8 by adding 0.5 ml ammonium hydroxide 

(NH4OH) solution 32% (Merck) dropwise as a precipitating agent. The final pH after three hours 

stirring raised to 8.5. The reason for such an increase in the pH could be due to formation of AlOH2
+ 

at 70°C [41]. These hydroxide species can facilitate the loss of water from the support, which 

involves proton consumption and consequently increase the pH. Finally, to remove the chlorine 

species, the catalyst was filtered and washed with 3 l distilled water followed by drying at 100°C 

for few hours and calcination in air at 300°C.  

 

2.2. Catalyst slurry preparation for coating 

The coating of the microchannels was carried out via the suspension method based on which the 

slurry of the ready to use catalyst is directly deposited into the microplatelet channels. 5 wt% (solid 

content) catalyst slurry was prepared by dissolving alumina in distilled water without using any 

additives. The slurry was stirred at around 300 rpm using a magnetic stirrer for 4 h at 40°C and 

afterwards at ambient temperature up to four days.  
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2.3. Microreactor platelet pretreatment, coating and adhesion tests 

The microplatelets were thermally treated at 750°C for 3 h with the heating rate of 3°C/min prior 

to coating. This pretreatment usually leads to the formation of an oxide layer on the stainless steel 

plates acting as anchoring sites for a better adhesion of the catalyst on the channel walls. 

In order to deposit the catalyst slurry into the channels, a 0.5-10 µl Finnpipette was used. 3.5 µl 

slurry was deposited into the channels of each microplatelet and the excess slurry was wiped off. 

The plates were dried both at 6°C and room temperature. Finally, the plates were calcined at 300°C. 

Calcination at higher temperatures was avoided due to probability of the gold nanoparticles 

sintering. The mass of the catalyst deposited into the channels was measured by weighing the 

microplatelets before and after the catalyst coating.  

Adhesion of the catalyst layer within the plates was tested by subjecting the plates to a rapid 

nitrogen flow for 5 min as well as exposition for 3 h to ultrasound. The stability of the catalyst 

layers within the channels was also tested under the reaction conditions during the catalyst 

durability studies. 

 

2.4. Catalyst powder, catalyst slurry and microplatelet characterization 

The characterizations of the catalyst, catalyst slurry and the microplatelets were carried out using 

nitrogen adsorption, X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), 

Scanning Electron Microscopy (SEM), confocal white light microscopy, laser diffraction, viscosity 

measurements, Transmission Electron Microscopy (TEM), Energy-disperse X-ray (EDX), 

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and X-ray Photoelectron 

Spectroscopy (XPS). 
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In order to determine the specific surface area and the mesopore volume of as received and the 

dried catalyst slurry, nitrogen adsorption was utilized (Sorptometer 1900, Carlo Erba Instruments). 

Prior to the analysis, the catalyst was outgassed for 3 h at 150°C to remove air and moisture from 

the pores. BET equation was used for the surface area calculations while the pore volume was 

calculated using the Dollimore-Heal method [42]. 

The crystallinity structure of the neat γ-alumina, as received gold modified alumina catalyst and 

the dried aged catalyst slurry was studied using XRD (PANalytical Empyrean X-ray powder 

diffractometer). The diffractometer was operated in Bragg-Brentano diffraction mode, and the 

monochromatized Cu-Kα radiation (λ = 1.541874 Å) was generated with a voltage of 45 kV and a 

current of 40 mA. The primary X-ray beam was collimated with a fixed 0.25° divergence slit, a 

fixed 10 mm mask, a fixed 1° anti-scatter slit, and a 0.02 rad soller slit. A 7.5 mm anti-scatter slit 

and a 0.02 rad soller slit was used in the diffracted beam side prior to the proportional counter. The 

measured 2θ angle range was 5.0-70.0°, with a step size of 0.013° and measurement time of 80 s 

per step. The samples were ground gently before the measurements to minimize the preferred 

crystal orientation. The samples were measured on single crystal silicon sample holders. The phase 

detection limit of the X-ray powder diffraction measurement was limited to approximately 5 %. 

The measured diffractograms were analyzed with Philips X'Pert HighScore and MAUD programs. 

HighScore together with MAUD was used for the phase analysis and MAUD for the Rietveld 

refinement. The Powder Diffraction database and Inorganic Crystal Structure Database (ICSD) 

were used as sources of reference [43, 44]. 

Acidity of as received and the dried catalyst slurry was measured using FTIR (ATI Mattson). The 

Brønsted and Lewis acid sites were determined qualitatively and quantitatively using pyridine 

(≥99.5%) as the probe molecule. The samples were pelletized to a thin disc and prior to the 

measurement pretreated at 450°C for 1 h. Thereafter, temperature was decreased to 100°C and 
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pyridine was adsorbed on the catalysts for 30 min and desorbed subsequently by evacuation at 250, 

350 and 450°C, respectively. Desorption of pyridine at 250-350°C corresponds to weak, medium 

and strong sites, 350-450°C is related to medium and strong sites while the desorption at 450°C 

reflects the strong sites only [45]. The intensities of spectral bands, 1545 and 1450 cm-1, correspond 

to Brønsted and Lewis acid sites, respectively. The amount of the Brønsted and Lewis acid sites 

were evaluated with the aid of molar extinction coefficients reported by Emeis [46]. 

Scanning Electron Microscopy (Zeiss Leo Gemini 1530) was used to measure the catalyst particle 

size and to study the homogeneity, thickness and the catalyst layer stability inside the 

microchannels. The cross-section photos of the microplatelets were taken by Jeol JXA-8530F field 

emission electron probe microanalyser. The pictures were made with 5kV acceleration voltage. The 

probe current was 500pA. Beside SEM microphotographs, 2D and 3D microplatelet channel 

profiles were obtained using a confocal white light microscope (NanoFocus µSurf) to study 

homogeneity and thickness of the catalyst layers. The particle size measurements were carried out 

using a Malvern Mastersizer 3000 laser diffractometer. The measured samples were dispersed in 

distilled water using a Hydro EV wet sample dispersion unit. 

The rheology measurements were performed using Physica MCR 300 Rheometer (Anton Paar) 

with a concentric cylinder CC27. The viscosity measured was a ramp viscosity in a shear rate from 

0.01 to 1000 rpm and back. The samples were first sheared at 0.01 rpm, and then the shear was 

increased to 1000 rpm and reduced again to 0.01 rpm. All the measurements were conducted at 

room temperature. 

Electron microphotographs of the as received and the spent catalyst were obtained with a JEM 1400 

Plus Transmission Electron Microscope with 120 kV acceleration voltage and resolution of 0.38 

nm equipped with OSIS Quemesa 11 Mpix bottom mounted digital camera. The average particle 

size distribution was obtained by counting at least 100 particles. 
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The gold content of the as received catalyst, aged catalyst slurry, spent catalyst, as well as the 

elemental analysis of the stainless steel microplatelets before and after the thermal treatment was 

evaluated by EDX (LEO Gemini 1530 with a Thermo Scientific UltraDry Silicon Drift Detector). 

Magnification of the images corresponded to a Polaroid 545 print with the image size of 8.9 x 11.4 

cm. Furthermore, ICP analysis of the as received catalyst was also performed to compare with the 

measured value using EDX. For ICP-OES, argon plasma was used to excite optical emission of the 

elements to be analyzed. 

XPS was conducted to reveal the oxidation state of Au. The spectra were collected with a Kratos 

Axis Ultra DLD electron spectrometer using monochromatized Al-Kα source operated at 120 W. 

The analyser pass energy of 160 eV for acquiring wide spectra and a pass energy of 20 eV for 

individual photoelectron lines were used. The surface potential was stabilized by the spectrometer 

charge neutralization system. The binding energy (BE) scale was referenced to the C 1s line of 

aliphatic carbon, set at 285.0 eV. Processing of the spectra was accomplished with the Kratos 

software. Powder sample for the analysis was gently hand-pressed into a pellet directly on a sample 

holder using a clean Ni spatula. 

 

2.5. Experimental setup and catalytic test 

The microreactor was purchased from Institute für Mikrotechnik Mainz GmbH (IMM) containing 

10 etched stainless steel microplatelets (size 9.5 × 9.5 mm). Each microplatelet had 9 

microchannels as shown in Figure 1. The microreactor consisted of 10 stack mixing plates (size 

7.4 × 7.4 mm) having 9 curved channels with different radii in order to keep the volume in the 

channels constant. The gases are mixed in the diffusion chamber before entering the catalyst zone. 

Two cylindrical cartridges were used to heat up the microreactor. Temperature was controlled by 



10 

 

a PID controller (CalControls 9500P) with a thermocouple in the housing of the microreactor (with 

± 1°C accuracy). More details about the microreactor used in this work are presented in Table 1 

[40]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. a) Microreactor body, b) mixing, diffusion and catalytic zone, c) cross section of a 

microplatelet and d) a mixing and a micro plate 

a 

d c 

b 
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Table 1. Technical data of the microreactor used in this work  

  

Property Value 

Model GPMR-MIX 

Size (L x B x H) (mm) 45 × 45 × 32 

Connectors (inlet/outlet) 1/4” 

Standard material Inconell 600 (2.4816) for housing and top plate; 1.4571 for 

mixing and catalyst plates 

Number of mixing plates 10 

size of mixing plates (mm) 7.5 × 7.5 

 Channel geometry of mixing plates 

(width × depth; μm) 
180−490 × ∼100 

Number of catalyst plates 10 

Size of catalyst plate (mm) 9.5 × 9.5 

Channel geometry of the catalyst 

plates (width × depth; μm) 

460 × 90 

Number of channels per plate 9 

 

The catalytic tests were conducted at atmospheric pressure. A schematic view of the experimental 

setup is illustrated in Figure 2. The gas mixture contained ethanol, oxygen and helium. Liquid 

ethanol was fed at room temperature by a HPLC pump (Shimadzu, LC-20AD) to a preheater. The 

oxygen and helium flows were controlled by Bronkhorst (HIGH-TECH) mass flow controllers. 

The gas mixture was heated at 100°C prior to the reactor inlet. The total flow rate, the molar ratios 

and the space velocity (defined as the total flow divided by the overall volume of channels) at the 

reactor inlet were 100 ml/min, EtOH/O2/He: 1/3/5.5, and 170,000 h-1, respectively. For the 

structure sensitivity studies in a fixed bed tubular reactor, a mixture of EtOH/O2/He with the molar 

ratio of 1/3/10.2 was fed to the heater at 100°C upstream the reactor with the total flow of 150 

ml/min. The reaction was conducted in the temperature range of 100-250°C. The reaction 

temperature was varied from 100 to 250°C stepwise with 25°C intervals. The heating rate was 

3°C/min and the dwelling time at each temperature was 2.5 h. The gas mixture at the reactor outlet 
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was heated at 130°C to prevent condensation and finally analyzed by an on-line gas chromatograph 

(Agilent Technologies, 7820A) equipped with both thermal conductivity (TCD) and flame 

ionization (FID) detectors. The capillary column (HP-PLOT/Q) dimensions were 30 m length, 0.53 

mm diameter and 40 µm film thickness. In order to reach the steady state, prior to each experiment, 

the reactive gas mixture was switched for 30 min.  

 

 

Figure 2. Process flow diagram of the experimental setup where MFC: Mass Flow Controller, HPLC: High 

Performance Liquid Chromatography, PI: Pressure Indicator, TI: Temperature Indicator, TIC: Temperature 

Indicator and Controller and PC: Personal Computer 

 

Ethanol conversion (𝑋𝐸𝑡𝑂𝐻), the yield (S) and the product selectivity (Y) were calculated according 

to the following equations: 

𝑋𝐸𝑡𝑂𝐻 =
𝐶𝐴𝑐 + 𝐶𝐴𝐴 + 2𝐶𝐸𝑇𝐴𝐶 + 2𝐶𝐷𝐸𝐸

𝐶𝐸𝑡𝑂𝐻0
                                                                                                   (1) 
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𝑌𝐸𝑇𝐴𝐶 =
2𝐶𝐸𝑇𝐴𝐶
𝐶𝐸𝑡𝑂𝐻0

                                                                                                                                             (2) 

𝑆𝐸𝑇𝐴𝐶 = 
𝑌𝐸𝑇𝐴𝐶
𝑋𝐸𝑡𝑂𝐻

                                                                                                                                              (3) 

 

where 𝐶𝐸𝑡𝑂𝐻,   𝐶𝐴𝑐,   𝐶𝐴𝐴,   𝐶𝐸𝑇𝐴𝐶  𝑎𝑛𝑑 𝐶𝐷𝐸𝐸 stand for the concentration of ethanol, acetaldehyde, 

acetic acid, ethyl acetate and diethyl ether, respectively, while 𝐶𝐸𝑡𝑂𝐻0is the concentration of ethanol 

at the reactor inlet.  

The turnover frequency was calculated based on the following equation: 

𝑇𝑂𝐹 =
𝑋𝐸𝑡𝑂𝐻. 𝑛 𝐸𝑡𝑂𝐻,𝑖𝑛
𝑛𝐴𝑢,𝑡𝑜𝑡 . 𝐷𝐴𝑢

                                                                                                                               (4) 

where  XEtOH is the ethanol conversion, ṅEtOH,in is the molar flow of ethanol at reactor inlet, nAu,tot is 

the total moles of Au and DAu is the Au dispersion calculated based on the following equation [47]:   

𝐷𝐴𝑢 =
6𝑀𝐴𝑢

𝑎𝐴𝑢𝜌𝑁𝐴𝑑𝑣𝑠
                                                                                                                                         (5) 

where MAu is the molar mass of gold (0.197 kg mol-1), 𝑎Au is the average effective area of a Au atom 

on the support surface (8.7×10-20 m2), 𝜌 is the density of gold (1.932×104 kg m-3), NA is the 

Avogadro number and dvs is the volume-surface diameter calculated according to the equation 

below: 

𝑑𝑣𝑠 =
∑𝑑𝑖

3

∑𝑑𝑖
2                                                                                                                                                     (6) 

where di is the measured diameter of a gold cluster by TEM. 

 

3. Results and Discussion 
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3.1. Characterization of the catalyst powder and catalyst coating slurry  

3.1.1. Specific surface area and pore volume of the catalyst 

The characterization data of the catalyst powder and the catalyst slurry are summarized in Table 2. 

The specific surface area and the pore specific volume of the pristine and gold modified Al2O3 were 

measured by nitrogen adsorption and calculated based on BET method for the mesopores. The 

results showed a decrease in surface area and pore volume of γ-Al2O3 after gold deposition. The 

probability of the Al2O3 structure distortion in the presence of ammonia (here at pH 8-8.5) during 

the catalyst preparation is low. In our previous work XRD analysis did not reveal any amorphocity 

in the structure of the crystalline γ-Al2O3 modified with Au at pH 10.5 [24]. Therefore, a decrease 

in the specific surface area and the pore volume could be due to the presence of Au nanoparticles 

inside mesopores of alumina. There was no clear difference in the surface area of the catalyst before 

and after four days of ageing in water. However, a reduction in the pore specific volume was 

observed. One reason might be due to formation of new phases of alumina such as bayerite 

precipitating inside the alumina pores known as pore filling [48]. As a result, the surface area 

reduction could be compensated by the precipitated new phase while decreasing the pore volume.  

 

3.1.2. Au nanoparticle size, dispersion and loading 

Characterization of Au including particle size, size distribution and dispersion were done using 

TEM while the Au loading was measured using both EDX and ICP (Table 2). Figure 3 illustrates 

the presence of Au nanoparticles on Al2O3 exhibiting a very narrow size distribution with an 

average size of 1.9 nm.  

The average Au loading of the as received and the aged catalyst was almost the same implying that 

the Au nanoparticles were stable on the alumina surface during ageing. Moreover, there was almost 
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no difference between the loading values measured by EDX and ICP confirming that the average 

Au loading of the catalyst is about 1 wt%.  

 

Table 2. Characterization data of the catalyst at different steps 

 

Catalyst 

Specific 

surface area 

(m2g-1) 

Pore specific 

volume 

(cm3g-1) 

Average 

Au particle 

size (nm) 

Au 

dispersion 

(%) 

Average 

Au loading 

by EDX  

(wt%) 

Average 

Au loading 

by ICP  

(wt%) 

γ-Al2O3 326 1 — — — 

 

— 

Au/Al2O3 

(as received) 

308 0.9 1.9 42 0.8 1.2 

Au/Al2O3  

(4 day aged) 

314 0.7 — — 0.9 — 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. TEM image of Au/Al2O3 catalyst showing Au nanoparticles and the particle size distribution 

3.1.3. Catalyst particle size  

Importance of a small average catalyst particle size and a narrow size distribution for achieving a 

uniform and stable catalyst layer inside the microchannels is well known [49-52]. Furthermore, 

small catalyst particle size suppresses the internal diffusion resistance in the catalyst pores. Thus, 
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the first approach to optimize the coating uniformity is to diminish the catalyst particle size. There 

are several methods to achieve this goal by for instance, introducing different additives to 

deagglomerate the particles and overcome attractive forces between the particles. However, 

additives either for particles deagglomeration or viscosity adjustment such as organic binders could 

change morphology of the final product [39] or block the pores and diminish the surface area of 

alumina even if they are e.g., burnt out [40]. Mechanical methods such as milling were also avoided 

in this work due to their detrimental effects on alumina crystallinity which consequently decrease 

the surface area of the catalyst. It should be noted that the surface area might even increase after 

milling [52]; however, changing the physicochemical properties of the catalyst affects the 

reproducibility of the method. Ultrasonication did not reduce the particle size noticeably either. 

Another approach is preparation of the catalyst (Au/Al2O3) starting from submicronic γ-alumina 

(20 nm) finally giving a very small catalyst particle size. This approach was also not successful 

due to formation of larger aggregations (> 50µm) which could not be easily broken. However, 

unlike other methods, stirring even without using any additive or adjusting pH was a successful 

approach to deagglomerate the particles. Figure 4 demonstrates that the average catalyst particle 

size was diminished from 20 to 2 µm after 4 days of stirring in agreement with the scanning 

electron micrographs (Figure 5).  
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Figure 4. Particle size distribution of the as received and four-day aged catalyst measured by laser 

diffraction  

 

 

 

 

 

 

This method was more efficient in terms of the particle size reduction than other reported methods 

in the literature. For instance, in a work conducted by Meille et al. [53] grinding the slurry of 

alumina-water-nitric acid for one month reduced the average catalyst particle size from 16 to 7 μm. 

In another study, ageing of alumina slurry with acetic acid and acrylic acid up to 8 days decreased 

the average particle size noticeably even if the size distribution was still very broad containing very 

large particles [54]. It should be noted that a bimodal distribution of large and small particles might 

lead to a higher packing density [39]. 

 

3.1.4. pH measurements 

Figure 6 illustrates changes in pH over ageing time (Figure 6-a) while temperature of the slurry 

was adjusted at 45°C for 4 h at the beginning and afterwards at room temperature (Figure 6-b). As 

it can be seen from Figure 6-a, after 4 h ageing at 45°C there was a steady and slow increase of pH 

which might be to some extent explained by dissolution of alumina. Zeta potential measurements 

(not shown here) did not show a clear difference between the surface charge of the catalyst particles 

a b 

Figure 5. Scanning electron micrographs of the a) as received and b) four-day aged catalyst 
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before and after ageing. It should be taken into account that hydration of γ-alumina often occurs 

via the transformation of alumina surface into aluminum hydroxide which is more prone at pH > 

5 when the contact time between alumina and water exceeds 10 h [55]. Thermodynamic 

calculations have shown that even at neutral pH the alumina is not stable upon contact with water 

[56]. The calculated free energy of hydration reactions of γ-alumina in water leads to the formation 

of bayerite (∆𝐺298 𝑘 = -1149 kJ/mol) [57], gibbsite (∆𝐺298 𝑘= -1154 kJ/mol) [57] and boehmite 

(∆𝐺298 𝑘= -917 kJ/mol) [57]. No new phases of alumina were detected by using nitric acid at pH 

below 3.5 [53]. In the same studies, the particle size reduction even after one month of grinding 

was about 50 % of the original particle size which is considerably less efficient compared to 90 % 

reduction in the current work. In a report of Cristiani et al. [58], a large part of the nitric acid 

consumption below pH 3.5 was attributed to the dissolution of alumina even if only 1 % of the 

total alumina was dissolved.  
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Figure 6. a) Influence of stirring time on catalyst slurry pH and b) temperature monitoring during a 

four-day stirring process 
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3.1.5. Acidity measurements 

Dissolution of γ-alumina was also investigated by the acidity measurement of the catalyst using 

FTIR with pyridine as a probe molecule (Table 3). Acidity of the medium and strong sites was too 

low and could not be measured due to poor resolution of the peaks. The concentration of weak 

Lewis acid sites of alumina diminished in the presence of water after four days, which might be 

indicative of Al dissolution. Generally, alteration of ɣ-Al2O3 can be explained by either surface 

hydration through hydrolysis of 𝐴𝑙 − 𝑂 bonds or dissolution of alumina and subsequent 

precipitation [55, 59].  

Table 3. Measurement of Brønsted and Lewis acid sites of the as received and four-day aged Au/Al2O3 

catalyst slurry using FTIR with pyridine 

3.1.6. Structural analysis 

In order to examine crystallinity of the catalyst, XRD analysis of the neat γ-alumina, Au modified 

alumina and the aged catalyst slurry was performed. The diffractograms are demonstrated in Figure 

7 together with the reference peaks. The diffraction peaks originating from γ-Al2O3 as the reference 

[60] were observed in the neat γ-Al2O3. The peaks were broad, indicating that the crystals are small 

(Table 4).  

Catalyst Brønsted acid sites  Lewis acid sites 

250°C 350°C 450°C  250°C 350°C 450°C 

As received  0 0 0  46.8 17.5 0 

4 day aged  0 0 0  37.1 not clear not clear 
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Figure 7. XRD diffractograms of the neat γ-Al2O3, as received Au/Al2O3 and the four-day aged 

Au/Al2O3 together with gamma alumina, bayerite and gibbsite reference peaks  

In diffractogram of the as received Au/Al2O3 diffraction peaks originating from γ-Al2O3 were 

observed implying that the diffractogram was practically identical to the previously measured γ-

Al2O3. These peaks were broad indicating that the crystal size was small.  

However, the XRD analysis of the four-day aged catalyst showed that besides the diffraction peaks 

originating from γ-Al2O3, Al(OH)3 bayerite (monoclinic) [61] and Al(OH)3 gibbsite (monoclinic) 

were also present as the new phases [62] which are usually formed according to the following 

reaction [56]: 

𝐴𝑙2𝑂3 + 3𝐻2𝑂 → 2𝐴𝑙(𝑂𝐻)3                                                                                                                    (7) 
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The corresponding γ-Al2O3 peaks were also broad implying that the crystal size was small while 

the bayerite and gibbsite peaks were narrow and of high intensity. The transformation of γ-Al2O3 

to the crystalline bayerite after four days of ageing has been also reported in the literature [56]. 

The Rietveld refinement method was used to estimate the phase weight proportions wi/Σw and 

crystal sizes dc. The quality of the Rietveld refinement fit was described by the parameter Rexp, 

where a smaller Rexp indicates a better fit to the measured data. The observed phases, the 

determined phase weight proportions and crystal sizes are presented in Table 4. 

 

Table 4. The obtained phase weight proportions wi/Σw and estimated average crystal sizes dc based on 

the Rietveld refinements  

Sample Observed phase 

(framework) 
wi/Σw [%] 𝑑𝑐  [nm] Rexp [%] 

γ-Al2O3 Al2O3 (gamma) 100 3 ± 1 3.28 

Au/Al2O3 (as received) Al2O3 (gamma) 100 3 ± 1 3.38 

Au/Al2O3 (4 day aged) Al2O3 (gamma) 82 ± 8 5 ± 2 3.45 

 Al(OH)3 (bayerite) 13 ± 4 160 ± 30 3.45 

 Al(OH)3 (gibbsite) 5 ± 4 50 ± 20 3.45 

 

 

As it was discussed before, γ-alumina is thermodynamically an unstable phase and has a high 

tendency to transform to the other phases in aqueous solutions This was also confirmed here; 13 

wt% of the γ-alumina was transformed into bayerite while gibbsite was the minor observed phase, 

however, the crystallinity of the γ-alumina was preserved.  

 

3.1.7. Viscosity measurements 
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Besides the particle size distribution, the viscosity of the catalyst slurry plays a crucial role in 

uniformity of the catalyst layers. Low viscosity causes the slurry to slip down the channel walls 

leading to formation of much thicker catalyst layer at the bottom than on the walls, whereas high 

viscosity does not allow the slurry to move along the channels. Therefore, viscosity of the catalyst 

slurry should be optimized. The viscosity adjustment is usually done for instance by using 

thickeners, however, in this work, the viscosity was only adjusted by changing the catalyst particle 

size due to the interplay between the particles size (as well as size distribution) and viscosity [53, 

63, 64]. 

Accordingly, the viscosity of the slurry was measured during ageing (Figure 8). The viscosity 

measurements were performed with a loop test, in which the shear rate was  

increased to a certain level and then decreased back to zero. The loop of the four-day aged slurry 

is demonstrated in Figure 8-a showing that the flow is time-dependent since the two curves did not 

exactly overlap. A non-Newtonian behavior for all the samples is also evident especially at higher 

shear rates known as shear thickening behavior implying that the viscosity increased by decreasing 

the shear rate (Figure 8-b). This observation is in line with the literature where decrease of the 

viscosity with shear rate was reported for ɣ-Al2O3 slurry and suspensions [54, 58, 63].  

Furthermore, Figure 8-b also reveals that the viscosity of the slurry increased during ageing. It is 

noteworthy that viscosity is mainly dependent on pH or particle’s zeta potential [63] and the 

particles shape (crystal morphology) [65]. The pH did not change noticeably during ageing. Neither 

clear differences in the zeta potential measurements (not shown here) were observed, no SEM 

images showed any clear changes in the particles shape (shown in supporting information), and no 

crystallinity distortion of alumina was observed by XRD as discussed above. Therefore, the reason 

of the viscosity increase can be correlated to a decrease in the particle size. In other words, when 

the particles become smaller, first, the effective volume fraction increases because the electric 
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double layer is larger for smaller particles [66] and second, the mean distance between the particles 

becomes shorter at a given volume fraction increasing the double layer interactions and lowering 

fluidity [66, 67]. 
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Figure 8. Rheological behavior of the catalyst slurry during 4 days of ageing 

 

3.2. Characterization of the uncoated microplatelets 

 

As the first step, the microplatelets were thermally treated prior to coating by calcining in air at 

750°C for 3 h. As Figure 9 illustrates, calcination led to the formation of an oxide layer on the 

surface of the plate. Quantitative analysis of the oxide layers created by the thermal treatment was 

performed using EDX (Table 5) showing that 10.5 wt% of the thermally treated stainless steel 

microplatelet is attributed to oxygen. The oxide layer acts as anchoring sites keeping the catalyst 
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slurry stable on the channel walls as well as improving the uniformity of the coating layers. The 

surface roughness of the calcined plates was 0.28 µm calculated from the 3D pictures of the 

channels taken by a confocal white light microscope. The calculation was the arithmetic average 

of the surface roughness according to the following equation [40]: 

𝑆𝑎 =
1

𝑀𝑁
× ∑ ∑|𝑧(𝑥𝑘𝑦𝑙)|                                                                                                                   (8)

𝑁−1

𝑙=0

𝑀−1

𝑘=0

 

 

where M and N are the number of the positions in x and y positions, k and l are indices for position 

along M and N, and |𝑧(𝑥𝑘𝑦𝑙)| is the vertical deviation at position 𝑥𝑘𝑦𝑙 from the mean line.  

 

 

 

 

 

 

 

 

 

 

Table 5. Elemental composition of the microplatelet before and after the thermal treatment determined 

by EDX 

 

 

 

 

 

Element  As received (wt%) Pretreated at 750°C (wt%) 

Oxygen 0 10.5 

Aluminum 0.15 0.25 

Silicium 0.64 0.96 

Chromium 17.66 18.23 

Manganese 2.45 3.16 

Iron 67.29 56.73 

Nickel 10.11 8.48 

Molybdenum 1.68 1.7 

a b 

Figure 9. SEM images of a microplatelet a) before and b) after calcination at 750°C 
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3.3. Characterization of the coated microplatelets 

3.3.1. Catalyst layer uniformity 

The catalyst layer uniformity inside the microchannels was studied by SEM (Figure 10) and 

confocal microscopy (Figure 11). As Figure 10-a illustrates, whole channels are covered by the 

catalyst and no severely uncoated areas can be seen. Figure 10-b demonstrates that the catalyst 

particles stayed on the channel walls and subsequently on the bottom of the channels (Figure 10-

c) look very uniform. A close up on the catalyst layer shows only very narrow cracks which are 

usually formed during drying, however, no sever cracks were observed. The catalyst layer 

uniformity was also studied by comparing the layer thickness in the middle and the end of the 

channels using confocal white light microscopy (Figure 11). The maximum difference in thickness 

was only 1 µm which is mainly due to migration of the catalyst particles towards the end of the 

channel, as soon as drying starts. 

 

 

 

 

 

 

 

 

a b 

c d 
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It is noteworthy that the drying rate and temperature play a crucial role in achieving uniform layers. 

The cracks are usually formed because of thermal stress during drying which might even cause the 

detachment of the catalyst layers from the microchannels [68]. Thus, the drying rate should be slow 

enough to prevent ruptures and cracks in the catalyst layer [39]. At the same time presence of some 

cracks can be beneficial as of both cracks and cavities might enhance diffusion in the layer and 

might improve the catalyst performance as long as the adhesion and mechanical durability of the 

layer is preserved [69]. Large cracks, however, also cause channeling inside the catalyst layers. 

a b 

Figure 11. Confocal white light images of a catalyst-coated microplatelet: a) the middle and b) the end of a 

microchannel 

Figure 10. SEM images of a catalyst-coated microplatelet: a) overall view of the channels, b) 

channel wall, c) bottom of the channel and d) close up on the catalyst layer   
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While Figure 12 does not display a clear difference between the uniformity of the catalyst layers 

dried at room temperature and 6°C, visual inspection revealed that drying at lower temperature 

resulted in a more uniform coating.  

Herein, in order to lower the drying rate, the microplatelets were dried in a beaker covered by 

parafilm (Parafilm M, Sigma).  

 

 

 

 

 

Besides the drying rate and temperature, there are other parameters affecting the coating uniformity 

such as channel dimension (V- versus U-shape profile) [54, 70, 71]. However, there are no general 

rules for predicting the coating shape by only selecting channel dimensions since also viscosity of 

the catalyst slurry plays a crucial role in defining the catalyst layer shape within the channels. 

Herein, a so-called U shape layer profile was observed indicating the presence of slightly more 

catalyst at the bottom of the channels than on the walls.    

3.3.2. Catalyst layer thickness 

 

Adjusting the catalyst layer thickness while optimizing uniformity and stability of the layers is a 

demanding task which sets new challenges. There are different methods to adjust the catalyst layer 

thickness within the channels e.g., by multiple layer deposition or changing the viscosity of the 

Figure 12. SEM images of a catalyst-coated microplatelet dried at a) room temperature and b) 6°C 

a 
 

b 
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catalyst slurry using additives [30]. However, herein, the thickness was adjusted by changing the 

slurry volume (2.5-7 µl) while keeping the solid content constant (5 wt%). Table 6 shows a 

correlation between the slurry volume and the layer thickness. The thickness of the catalyst layer 

at the bottom of the microchannel was measured from SEM images (Figures 13). The enhancement 

in the thickness of the catalyst layers was observed with an increase in the volume of the slurry. 

On the other hand, as Figure 13 illustrates, cracks are more prone in thicker layers of the catalyst 

even though the dispersion of the catalyst within the channels was uniform. The explanation for 

the cracks can be due to less interaction between the catalyst particles at the upper part of the thick 

layers and the surface of the microplates. The microplatelets with 7 µm catalyst layer thickness 

were thus selected for further studies to prevent potential instability of thicker layers. The 

corresponding mass of the catalyst on these plates was 1.6 mg (0.16 mg on each plate) which was 

measured by weighing the plates before and after the slurry deposition. 

Table 6. Dependence between 5 wt% catalyst slurry volume in each microplatelet and the coating 

thickness at the bottom of each channel 

 

 

 

 

 

 

 

 

Slurry volume  

(µl) 

Coating thickness 

(µm) 

2.5 4.5 ± 0.5 

3.5 7 ± 1 

5 14 ± 1 

7 19 ± 1 

a 
 

b 
 

c 
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3.3.3. Catalyst layer stability, catalyst durability and regeneration studies 

In order to examine stability of the catalyst layers within the microchannels, the microplatelets were 

subjected to a rapid nitrogen flow for 5 min as well as exposure to ultrasound for 3 h. As a result, 

no damage of the catalyst layers was observed by SEM (shown in supporting information) 

confirming a satisfactory layer stability.  

However, the most reliable stability test is using the coated microplatelets under the real reaction 

conditions. Herein, a reaction test was carried out with the aim of examining stability of the catalyst. 

Figure 13. SEM images of the microchannels cross-section coated with: a) 2.5 µl, b) 3.5 µl, c) 5 µl 

and d) 7 µl catalyst slurry 
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Figure 14 shows conversion, turnover frequency (TOF) and selectivity at different temperatures. 

As Figure 14-a indicates, the light-off temperature for ethanol oxidation is 175°C and that ethanol 

conversion of 8 % was achieved at 250°C equivalent to TOF of 0.18 s-1. For calculation of TOF, 

the reactions taking place only on gold were taken into account excluding e.g., etherification which 

is assumed to take place on the acidic support surface only. It was previously reported that the main 

pathway of ethanol oxidation on neat Al2O3 is towards diethyl ether formation [24]. Selectivity 

towards acetaldehyde was 100 % up to 200°C but decreased thereafter because of etherification 

(Figure 14-b). Selectivity towards diethyl ether was ca. 17 % at 225°C, while esterification took 

place only at the highest utilized temperature giving selectivity of 4 %. A comparison of selectivity 

at the same ethanol conversion shows that the main product was acetaldehyde followed by diethyl 

ether and ethyl acetate (Figure 14-c). Acetic acid, ethylene and CO2 were not detected. 
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 Figure 14. Activity and selectivity of the catalyst in partial oxidation of ethanol in the microreactor at 

different temperatures 
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In order to investigate catalyst durability, the reaction test was continued by keeping the 

temperature constant at 250°C for about 24 days. The results are summarized in Figure 15 showing 

that the catalyst activity increased at the beginning of the experiments as the ethanol conversion 

elevated from 8 to about 11 % in 10 h while thereafter, it was rather stable for 90 h (Figure 15-c). 

Ethanol conversion slowly decreased to 8 % during 273 h.  

Selectivity towards acetaldehyde was initially ca. 88 % and decreased to 76 % during 24 days while 

the ethyl acetate selectivity indicated a minor decrease from 4 to 3 % during the whole test. 

Etherification was the second dominant reaction which led to formation of diethyl ether giving 

selectivity of 10 % at the beginning, but increasing to 20 % at the end of the test. There are several 

reasons for catalyst deactivation including coke formation, sintering of gold nanoparticles and 

changes in the oxidation state of Au. Coke formation is a very common phenomenon especially for 

ethanol dehydration over acidic supports being responsible for blockage of the active phase of the 

catalyst. Therefore, herein, a regeneration experiment was performed to burn out the coke. It is 

noteworthy that usually due to very small amounts of catalyst in microreactors (here 1.6 mg), 

detailed physico-chemical characterization, especially surface area measurements, is difficult to 

perform. 

The regeneration was done in-situ by feeding oxygen in helium at 300°C. After 3 h, the oxygen 

flow was switched off, the temperature was decreased to 250°C followed by feeding of the gas 

mixture of ethanol, oxygen and helium again into the reactor. As Figure 15-d shows, a lower ethanol 

conversion (6 %) was unexpectedly observed after the regeneration test, however, it started to rise 

again and in 15 h it reached 8.5 %, thereafter becoming relatively stable for 250 h. It can be thus 

speculated, that the activity decrease after the regeneration test is related to the presence of leftover 
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coke acting as a reducing agent and changing the oxidation state of Au. Due to a very small catalyst 

amount, quantification of the amount of coke and its nature is very challenging. Therefore, other 

available techniques were applied to characterize the catalyst layers stability in microplatelets and 

reveal the reasons for the catalyst deactivation.   
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SEM images were taken to compare the catalyst coating layers before and after the reaction test 

(Figure 16). The images did not reveal any damage to the coating layers within the microchannels, 

Figure 15. Activity and selectivity of the catalyst during durability studies in the microreactor at 250°C; 

a) ethanol conversion, b) selectivities, c) conversion at the beginning of the test and d) conversion right 

after regeneration   
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which is a clear indication of the strong interactions between the catalyst coating layer and the 

microchannels surface, hence, further confirming suitability of the coating method. 

 

 

 

 

 

Figure 16. SEM image of a coated microplatelet after the stability/durability test  

 

Table 7 summarizes the characterization results including Au content in the fresh and spent catalyst 

measured by EDX. Gold content before and after the reaction was essentially the same within an 

experimental error indicating that Au was strongly attached to alumina.    

The oxidation state of Au in the spent catalyst was measured by XPS. A very weak and scattered 

signal for Au4f was recorded (Figure 17). This in addition to inferior signal-to-nose ratio does not 

allow unequivocal interpretation of the results. Nevertheless, location of Au4f7/2 at 83.6 eV 
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according to the literature data corresponds to the metallic state of gold Au0 [72]. Moreover, no 

other chemical states of gold were detected. In our previous study [24] Au/Al2O3 catalysts prepared 

using the same protocol as the present catalyst had a binding energy of 83.8-84 eV which is in the 

range of the metallic state. These results indicate that the oxidation state of Au did not change after 

the reaction, indicating strong interactions between Au0 and Al2O3.  

 

 

 

Table 7. Characterization results of the catalyst before and after long-term stability test 
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Figure 17. XPS spectrum of spent Au/Al2O3 catalyst 

 

Catalyst Au average 

cluster size 

(nm)  

Au 

dispersion 

(%) 

Au loading 

by EDX 

(wt%) 

Au loading 

by ICP 

(wt%) 

Au 

oxidation 

state (4f7/2) 

(eV) 

Fresh 1.9 42 0.8 1.2 — 

Spent 2.8 35 1 — 83.6 
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A slight increase in the average Au particle size from 1.9 to 2.8 nm was observed in TEM images 

implying that sintering of the Au nanoparticles might have occurred which consequently led to 

lower Au dispersion (Figure 18). However, the particle size distribution was almost within the same 

range as for the fresh catalyst. In order to confirm whether sintering of Au nanoparticles was 

responsible for a decrease in catalyst activity, structure sensitivity studies were performed using a 

fixed bed tubular reactor keeping the EtOH/O2 molar ratio constant. In order to have a fair 

comparison of TOF for Au particles, the contribution of reactions processing on alumina, namely 

esterification and etherification, was subtracted from TOF calculations. As Figure 19 illustrates, 

the level of TOF values was higher than in the microreactor which can be related to a lower 

conversion level in the microreactor.  
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Figure 18. TEM image of the spent catalyst and gold particle size distribution 



36 

 

1 2 3 4 5 6 7

0.0

0.5

1.0

1.5

2.0

100 125 150 175 200 225 250

0.0

0.5

1.0

1.5

2.0

T
O

F
 [

s
-1

]

dAu [nm]

 250°C

 225°C

 200°C

 175°C

 150°C

 125°C

 100°C

a) b)

T
O

F
 [

s
-1

]

T [°C]

 6.9 nm Au

 5.1 nm Au

 3.6 nm Au

 1.9 nm Au

 

Figure 19. TOF of ethanol oxidation on Au/Al2O3 catalysts with different gold particle sizes 

in a fixed bed reactor  

Lower TOF for 1.9 nm Au compared to 3.6 nm is also observed which is more pronounced at higher 

temperatures. This could be attributed to the fact that small gold particles having mainly edge and 

corner atoms exhibit lower catalytic activity, thus the presence of face atoms on the surfaces of Au 

particles is more crucial for catalysis. As Figure 19 clearly indicates, the optimum gold particle size 

is estimated to be between 1.9 and 3.6 nm which means that Au nanoparticles sintering leading to 

an increase in the average gold particle size from 1.9 to 2.8 nm, should have resulted in an increase 

in the catalyst activity rather than deactivation. A rather fast increase in the catalyst activity has 

also been reported in the literature for Au/Al2O3 in ethanol oxidation, although in the liquid phase 

[73]. 

Summarizing, the main reason of catalyst deactivation could not be attributed to the metal particles 

sintering but can mainly be related to coke formation. 
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Unlike the catalyst deactivation, an increase in the catalyst activity was observed at the beginning 

of the durability test (Figure 15-c). In order to confirm this activation, another set of experiments 

was conducted using fresh coated microplatelets in consecutive cycles (increasing and decreasing 

the temperature with the same ramp) in the temperature range of 100-250°C. The ethanol 

conversion during heating and cooling at 150°C is shown in Figure 20. During the ascending stage, 

ethanol conversion in the first cycle started from zero and after the third cycle it was elevated to a 

slightly higher level, indicating some catalyst activation. A reason for this activation can be changes 

in the Au oxidation state which later on might have been reduced again by coke acting as reducing 

agent. 

Moreover, it can be seen from Figure 20 that conversion is always higher during descending in all 

cycles compared to the corresponding ascending path. In the second cycle, the conversion started 

again from zero although it was higher in descending in the first cycle. This can be correlated to 

local overheating of the active sites of the catalyst [74] which means that the actual temperature of 

the gold particles exceeds that of surroundings. Accordingly, the measured temperature of the 

catalyst bed decreases while the temperature of the active phase lags behind. As the last cycle 

indicates, ca. 10 h was required for the catalyst to approach the same conversion level as displayed 

during the ascending route. After the seventh cycle the catalyst activity remained relatively constant 

demonstrating almost steady state activity in the whole temperature range. 
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Figure 20. Ethanol conversion in consecutive cycles at 150°C; the time interval of the values is 30 

minutes 

 

3.4. Reproducibility tests of the catalytic behaviour after the slurry preparation 

It is important to examine whether the catalyst after the slurry preparation exhibits similar catalytic 

behaviour under the reaction conditions. Therefore, both the as received and the dried slurry were 

tested in the reactor; because the as received catalyst could not be used in the microreactor due to 

its large particle size (20 µm on average), both catalysts were tested in the fixed bed reactor to 

compare the performances. The reactor had 1 cm inner diameter and was packed with 160 mg of 

the catalyst giving the bed height of 1.5 cm. The reaction conditions were the same as for the 

microreactor. Prior to the reactor packing, the dried aged catalyst was gently crushed to break the 

agglomerates which were formed during evaporation of water from the slurry.  

Figure 21 shows the ethanol conversion and selectivity within the temperature range of 100-

250°C. Unlike the microreactor, acetic acid was observed which can be related to very different 

residence time (ca. 25 times shorter in the microreactor). A small increase and decrease in 
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acetaldehyde and diethyl ether selectivity, respectively, could be correlated to the slight 

dissolution/transformation of alumina as discussed above. On the other hand, slight changes in the 

catalytic performance might also originate from deviations in the reactor packing and analytical 

precision. In any case, the aforementioned changes are minor meaning that even slight alumina 

dissolution/transformation did not have a clear effect on the catalyst performance.  

  

 

 

  

 

 

 

 

 

  

 

 

Figure 21. Catalytic performance of the as received () and the four-day aged () catalyst tested in 

a fixed bed tubular reactor 
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4. Conclusions 

A systematic study was conducted to develop a straightforward and reliable method for 

microreactor coating with a pre-prepared Au/Al2O3 catalyst without incorporation of any binders. 

The catalyst particle size and viscosity of the catalyst slurry were adjusted via ageing. Ageing for 

four days diminished the average catalyst particle size from 20 to 2 µm which led to a higher 

viscosity suitable for coating. Therefore, both the catalyst particle size and viscosity of the catalyst 

slurry played a crucial role in optimizing the coating uniformity. The drying rate and temperature 

were also decisive in the optimization of the coating uniformity. Stability of the layers was 

improved by thermal treatment prior to coating. Physico-chemical characterization revealed that 

ageing of ɣ-Al2O3 for four days has led to minor transformations to bayerite and gibbsite, keeping 

the crystallinity of the material intact. Such minor alumina transformations did not have a clear 

effect on the catalytic behavior. A 24 day coating layer stability/durability test was also performed 

showing its stability in the microchannels. Initial increase in the catalyst activity was likely due to 

changes in the oxidation state of gold while coking was a reason of minor catalyst deactivation. 
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