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Abstract 

Contemporary trickle-bed reactors for gas-liquid reactions on solid catalysts exhibit severe mass transfer 
limitations, as only those particles with good access to both gas and liquid contribute to reactor 
performance. This study introduces a novel reactor concept referred to as the Siphon Reactor, which 
comprises a fixed catalyst bed in a siphon. The reactor periodically undergoes filling and emptying 
phase. Cyclic mass transport phenomena occur: the filling phase enhances liquid-solid interactions, 
whereas the emptying phase intensifies gas-liquid mass transfer. As the duration of each can be 
manipulated by siphon design, the mass transfer can be deliberately harmonized with the reaction time. 
Furthermore, in contrast to periodically operated trickle bed reactors, contacting occurs uniformly over 
the cross-sectional area and can be maintained over the entire reactor length.  
A mathematical model describing the periodic filling and emptying behavior was developed and 
experimentally validated using 3D-printed reactor geometries. The results obtained show good 
agreement between experiment data and the simulations. The extended model incorporating mass 
transfer between liquid and solid phase was used to fit experimental mass transfer data. The liquid-solid 
mass transfer coefficients determined were greater than 10-4 m⋅s-1, thus exceeding those usually found in 
trickle-bed reactor operation. 
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Trickle-bed reactors represent the state-of-the-art 
technology for heterogeneously catalyzed gas-liquid 
reactions. However, their performance is often limited by 
mass transfer rather than the intrinsic catalytic reaction 
rate. Gladden et al. (Gladden, 2001) demonstrated that 
40% of the liquid flows through only 10% of the reactor 
cross-section. Since both gas and liquid phase need to 
access the catalyst active sites, a large fraction of the 
catalyst is effectively lying fallow. This diminishes space-
time-yield, risks either cold- or hot-spots, and perhaps 
inferior product quality. 
Gupta (Gupta, 1985) was the first to propose cyclic feed 
variation for process intensification. By periodically 
varying the volumetric liquid flow rate, liquid-rich and 
gas-rich pulses propagate through the reactor. 
Nevertheless, the prediction of trickle-bed reactor 
performance, even at steady-state, lacks precision and 
reliability. These shortcomings increase dramatically for 
transient operation, due to the complex interplay of 
hydrodynamics, mass transfer and reaction. In addition, 

the phase distribution over the cross-section is limited by 
liquid distribution and non-uniform. Pulse attenuation over 
the reactor length deliberates the effect of inlet flow 
modulation (Borren, 2012; Dietrich, 2008; Nigam, 2005).  
To overcome the drawbacks mentioned, a novel reactor 
type for well-defined periodic phase contacting - the 
Siphon Reactor - was fabricated and its performance 
characterized. 

Reactor characterization and modelling 

A schematic of a single Siphon Reactor module is depicted 
in Fig. 1. A siphoned reservoir is integrated into a fixed-
bed, and a constant liquid inlet flow leads to a cyclic 
filling and emptying. This leads to unsteady-state mass 
transfer: the filling phase being characterized by intense 
liquid-solid interactions, while the emptying phase 
exhibits superior gas-liquid mass transfer. The complete 
liquid wetting over the cross-section and the maintenance 
of modulated behavior over the entire reactor length 



  
 
represents a clear advantage over cyclically operated 
trickle-beds. Additionally, precise liquid distribution at the 
reactor inlet becomes superfluous and the contact time of 
each phase with the catalyst surface can be defined exactly 
by siphon design. Disadvantages are the contact time 
distribution over the height of each fixed-bed and the 
necessity for equal filling and emptying times as a 
consequence of modular design.  
The entire reactor consists of multiple modules, each 
interconnect via siphon tubes. The liquid outlet of one 
module provides the feed stream of the one below. 
 

 
Figure 1: Schematic drawing of the principle of a 
single Siphon Reactor module (neglecting capillary 
forces in fixed-bed). 
 

In an initial evaluation of this concept, the filling and 
emptying behavior of a single siphon stage was studied 
without catalyst. A hydrodynamic model was developed 
using the Bernoulli equation. The model was then 
extended to account for the fixed-bed in the Siphon 
Reactor. Both models were compared to experimental 
results from 3D-printed Siphon Reactor geometries 
fabricated using Fused Deposition Modelling. The models 
can reproduce the experimental data, albeit with a degree 
uncertainty due to chaotic behavior at the transition 
between the filling and emptying phases.  
The mathematical model was then further extended to 
account for liquid-solid mass transfer. Due to the well-
defined liquid front motion during the filling and 
emptying phases, a section of the reactor is fully wetted. In 
this region, only liquid-solid mass transfer occurs. Above 
the liquid film, the particles are partially wetted (capillary 
forces) and both gas-liquid and liquid-solid mass transfer 
take place. The former was not considered further in this 
investigation. 
The liquid-solid mass transfer was determined by fitting 
the model to the experimental data for a neutralization 
reaction. To this end, 3D-printed reactor geometries were 
functionalized by sulfonation to provide an ion exchange 
capacity on the reactor interior surface. The ion exchange 
reaction is effectively instantaneous, so that the overall 
mass transport process is limited by liquid-solid mass 
transfer.  
The mass transfer between the liquid and the reactor 
surface, as well as between liquid and an unstructured 
fixed-bed were studied. The mean mass transfer 
coefficients kLS found were of the order of 10-4 m⋅s-1. The 

results obtained are used for a reactor arrangement 
comprising two siphon modules. 

Conclusion 

A novel refinement of the trickle-bed reactor - the Siphon 
Reactor – has been developed. The concept is promising 
since it enables complete cross-sectional liquid wetting 
and adjustable contact times between the three phases 
involved. A mathematical model for hydrodynamics and 
mass transfer was developed and successfully validated 
using functionalized, 3D-printed reactor geometries. The 
average mass transfer coefficients kLS measured are higher 
than 10-4 m⋅s-1. 
In future work, alternative structures such as foams, 
monoliths and lattices will be inserted in the Siphon 
Reactor to identify the optimal compromise between 
pressure drop and surface area available for reaction. 
Structures with the most favorable emptying behavior will 
also be developed. 
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