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Abstract: 
The aim of this work is to investigate a novel contactless in-operando microwave-based measurement 
technique for the detection of coke deposits in industrial fixed-bed catalysts. Their steel reactors serve 
as cavity resonators for microwaves. Due to coke loading, the electrical conductivity of the catalyst 
pellets increases strongly. This leads to changes in the resonance behavior that are mirrored by the 
scattering parameters. The regeneration of the coked catalyst by coke burn-off is examined as well. 
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Introduction 
In the chemical industry, porous heterogeneous 
fixed-bed catalysts are widely used to enhance 
the rate of chemical reactions and to influence 
the product selectivity. When organic 
compounds are used as reagents, 
carbonaceous deposits are frequently produced 
on the catalyst surface in unwanted side 
reactions. Depending on the reagents, the 
catalysts, and the reaction conditions, the coke 
formation takes a few seconds up to years and 
the chemical composition and structure varies 
widely. These coke deposits lead to catalyst 
deactivation owing to fouling. They block the 
active sites of the catalyst and hinder the mass 
transfer into the pores [1]. Therefore, the coke 
has to be removed by burn-off with oxygen to 
restore the full catalytic activity. 

Currently the coke loading is usually 
determined ex-situ via probe sampling and a 
subsequent thermogravimetric analysis [2, 3]. 
Hence, at the moment there is no way to 
monitor the catalyst state continuously, which 
would be beneficial for efficiency and safety 
reasons. Therefore a contactless microwave-
based measurement technique is examined in 
this work to monitor the coking and decoking 
process directly and in-situ. This technique has 
successfully been tested on automotive exhaust 
gas after treatment systems like three-way 
catalysts [4], ammonia SCR-catalysts [5], diesel 
particulate filters [6] and Lean NOX traps [7, 8]. 

Experimental setup 
The microwave method is applied to an existing 
tubular lab-scale steel reactor. Influences of the 
reactor layout on this measurement technique 
are studied using simulation software. 105 g 
alumina catalyst pellets are used in all tests. 
The catalyst is fixed in the middle of the reactor 
by non-conductive ceramic trays with many 
small holes to enable the gas flow to pass 
through. The reactor is heated up to 560 °C. 
For the coking experiments, 33 % propane 
(carbon/coke source) mixed with N2 is used as 
feed gas at a total flow rate of 30 l/h. The 
regeneration of the catalyst is performed at a 
total flow rate of 15 l/h with 2 % O2 in N2. Such 
coking conditions have already been used for 
studies that determine the amount of formed 
coke in industrial reactors by conductometric 
sensors [9]. Therefore, the coke formation rate 
is well-known. 

To excite the electromagnetic waves, two 
coaxial antennas (waveguide feeds) were 
manufactured and mounted up- and 
downstream of the fixed-bed. Both antennas 
are connected to a vector network analyzer via 
coaxial cables. With the network analyzer, the 
scattering parameters (S-parameters) of the 
resonator are measured between 1 and 
20 GHz. By plotting the magnitude of the S-
parameters in dB over frequency, the 
resonance frequencies can be evaluated at the 
local extrema of the curves. Moreover, the 
attenuation of the electromagnetic waves can  
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Fig. 1. Resonance spectra for the coke-free (gray) and the coke loaded (about 10 gC/100 gcat, black) fixed-bed. 

In the upper graph, the reflection parameter |S11| is shown over frequency. The lower graph displays the 
transmission parameter |S12|. 

be observed. Further details of this also called 
cavity perturbation method can be found in [10]. 
The coke deposits change the electrical 
properties of the resonator filling, especially the 
conductivity [11]. These alterations lead to 
noticeable changes of the resonant frequencies 
and the attenuation of the waves. 

Measurement results 
To validate the resonance behavior of the 
reactor without catalyst, a simulation model has 
been created using COMSOL Multiphysics. 
Therewith, the S-parameters are computed. 
The obtained spectra suit the measurement 
results quite well. By this way, it is also possible 
to investigate the influences of various 
geometric aspects on the measurement 
technique. The simulation results also match 
analytical calculations. 

Static measurements of the reactor reveal an 
extensive temperature dependence of this 
method. The resonance frequencies shift by 1.5 
to 2 % due to a temperature difference of 
540 °C. 

Figure 1 shows the measured values of the 
reflection parameter |S11| and the transmission 
parameter |S12| in the reactor over frequency in 
the range from 3.5 to 5.1 GHz. The gray curves 
were taken at the beginning of the 
measurement, when the catalyst particles are 
coke free. The black curves show the state after 
48 hours of coking, when the particles have 
reached a carbon load of about 10 gC/100 gcat. 
Both parameters, |S11| and |S12|, reveal an 
obvious dependence on the coke loading. The 

reflection parameter curve in the coke-free state 
shows several peaks, each for a distinct mode. 
When the particles are fully coke loaded, only 
one peak is clearly visible. The transmission 
parameter does not exhibit the separate 
resonance frequencies distinctly, but the 
parameter values decrease by approximately 
45 dB with coke loading. 

To illustrate the effects of the coke deposits on 
|S11| in detail, figure 2 shows one peak of the 
spectrum for different coking times. In the first 
four hours no changes in the spectrum were 
observed. Thereafter, the resonance frequency 
noticeably shifts towards lower values and the 
amplitude decreases with increasing time and 
accordingly increasing coke loading. The last 
curve shown was taken after 24 hours of coking 
which corresponds to a coke load of 
approximately 5 gC/100 gcat. Thereafter, no 
further change of the resonance frequency can 
be observed.  

The influence of the coke loading on the 
transmission parameter |S12| is examined 
particularly as well. Therefore single peaks of 
|S12| are tracked over the coking time. In 
figure 3 the attenuation of the peak occurring at 
5.05 GHz is plotted over the coking time. After 
an initial time of 5 hours, during which the 
amount of coke on the catalyst is too small to 
be acquired with this measurement technique, 
the attenuation starts to increase. After 
42 hours of coking, the final value of -68 dB is 
reached. Thereafter, the signal is overlaid with 
noise, probably caused by the experimental 
setup. 
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