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Concluding remarks and 
recommendations 

 

The different case studies illustrated in this work show that the 

application of continuous flow microreactors can benefit a broad range of 

multiphase reaction systems for the catalytic conversion of biomass 

derivatives to value-added chemicals and fuels. The regular flow profiles 

obtained in microreactors allow for a precise description of hydrodynamics 

and mass transfer characteristics in multiphase flows. These can aid in the 

further understanding of reaction characteristics for multiphase (biomass) 

transformations. Apart from the reactions described in this work, many 

other biomass conversions might similarly benefit from microreactor 

operation (as summarized in Chapter 1). Despite the promising findings in 

this thesis, several challenges need to be resolved for these microreactor 

systems to become applicable for industrial applications. In this context, 

the use of microreactors for bulk (biobased) chemical processing should be 

critically assessed. Also, for microreactor technology as a research tool in 

studying mass transfer and reaction characteristics (of biomass 

transformations), several challenges remain. In this section, an outlook is 

given on the findings of this work and several recommendations for further 

research are proposed. 

The homogeneously Co/Mn/Br catalyzed aerobic oxidation of benzyl 

alcohol (Chapter 2) and of 5-hydroxymethylfurfural (HMF; Chapter 3) in an 

acetic acid solvent benefited from the enhanced mass transfer in slug flow 

microreactors. However, by using capillary microreactors made of 

polytetrafluoroethylene (PTFE), a dewetted slug flow was generated under 

certain operating conditions (i.e., characterized by the partial absence of 

liquid film surrounding the gas bubble), which resulted in a significant 

reduction of effective interfacial area available for mass transfer. Dewetting 

should be avoided for an optimal slug flow microreactor performance in 

terms of mass transfer rate. This can be done by operating at relatively high 

flow rates/velocities when using solvents with marginal wettability on the 

inner microreactor channel (such as acetic acid on PTFE). The use of longer 
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microreactors can be an outcome in order to maintain the required 

residence time for achieving a desirable conversion or yield. Furthermore, 

the use of microreactor materials with a better solvent wettability could 

prevent dewetting even at lower flow rates. Hence, more hydrophilic 

microreactor materials (where the contact angle of acetic acid is lower) 

might be more suitable than PTFE when using acetic acid as a solvent. In 

some cases, however, dewetted slug flow operation might still be inevitable. 

In such case an accurate fine tuning of mass transfer is important. Detailed 

studies on mass transfer characteristics of dewetted slug flows in 

microreactors are not widely reported up to date and dedicated 

experimental work should be performed to gain more detailed insights in 

these. 

Chapter 3 highlighted the intensification potential for the oxidation of HMF 

to DFF/FFCA (and potentially FDCA), though challenges remain for FDCA 

synthesis. Under the optimized conditions a highest FDCA yield of 23.8% 

was obtained. When operating for ca. 10 min under those conditions the 

PTFE microreactor clogged, probably by the precipitation of FDCA (given its 

poor solubility in the acetic acid solvent). For the high-yield FDCA synthesis 

(without using impractically low HMF feed concentrations) in microreactors, 

proper solid handling methods need to be implemented (e.g., via the in-situ 

integration of ultrasonic treatment with microreactor processing or the 

addition of an inert carrier phase to prevent solid contact with the wall) and 

their effectiveness needs to be well examined. Alternatively, solvents could 

be used in which FDCA is more soluble than in acetic acid (e.g., methanol) 

to reduce precipitation and thus facilitate its production in microreactors. 

However, such solvent might not be compatible with the Co/Mn/Br catalysts 

and might thus require alternative (homogeneous) catalytic systems to be 

tested in microreactors.  

In Chapter 4, the hydrogenation of levulinic acid (LA) to γ-valerolactone 

(GVL) was conducted in a perfluoroalkoxy alkane (PFA) microreactor packed 

with a carbon supported ruthenium (Ru/C) catalyst. 1,4-Dioxane was used 

as the solvent and H2 as the gas phase hydrogen donor.  

4-Hydroxypentanoic acid (HPA) was identified as an abundantly formed 

intermediate, which was only further converted to GVL once the majority of 

LA was consumed. The influence of operating conditions on the reaction 

performance was investigated. A microreactor model was developed by 

considering the respective rates of gas–liquid and external liquid–solid mass 

transfer, internal diffusion combined with surface reaction based on the 
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literature correlations and data. The model was able to describe the LA 

conversion as a function of the different reaction conditions, provided that 

the internal diffusion and kinetic rates were not considered rate limiting. If 

those are limiting, dedicated research needs to be done on internal liquid-

solid mass transfer characteristics and reaction kinetics of the Ru/C 

catalyzed LA hydrogenations in 1,4-dioxane. Additional kinetics studies can 

also give further insights on the formation of GVL from HPA in 1,4-dioxane.  

The LA consumption rate was highly limited by the external liquid-solid 

mass transfer of H2 (Chapter 4). To increase the LA consumption rate (and 

therewith the GVL production rate) per catalyst weight, external liquid-solid 

mass transfer limitations should be overcome. This can be done by 

increasing the flow velocity, temperature and/or H2 pressure (the latter two 

also accelerate the reaction kinetics). In the setup used in Chapter 4, much 

elevated conditions were not attainable due to the limited heat/pressure 

resistance of the PFA capillary used. Alternative microreactor materials 

(e.g., stainless steel) may allow operation under more elevated conditions. 

Furthermore, the influence of liquid to solid particle wettability on the liquid-

solid mass transfer characteristics should be studied in packed bed 

microreactors to prevent wall-channeling and improve the reaction 

performance. External liquid-solid mass transfer may also be accelerated 

under relatively mild operating conditions using smaller diameter catalyst 

particles. However, the use of these typically results in a higher pressure 

drop generated over the microchannel. For practical applications it might 

thus be less appealing to immerse very fine solid catalyst powders in a 

packed bed configuration. Alternative methods for the incorporation of solid 

catalysts in microreactors with a high specific catalyst area, but without 

excessive pressure drop penalty should thus be examined. Some examples 

of these alternative solid catalyst incorporations are by wall-coating, the 

use of hollow spheres or catalytic foams or by dispersing the catalyst as 

nano- or microparticles in a continuous liquid flow (i.e., forming a gas-liquid 

slurry).    

The enzymatic biodiesel synthesis by the esterification of oleic acid and 

1-butanol was conducted in microreactors with a free Rhizomucor Miehei 

lipase in a biphasic aqueous-organic system (Chapter 5). This enzyme is 

active on the liquid-liquid interface. n-Heptane was used as a model organic 

solvent, but for commercial applications the reaction should be performed 

in more industrially attractive solvents. From literature reports in batch 

reactors, it was found that higher molecular weight alkanes (i.e., decane) 
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resulted in a reaction rate increase due to a higher partition of 1-butanol 

towards the organic phase (and thus its concentration level therein). 

Conventional diesel (consisting of relatively long alkanes) could be a 

promising solvent, particularly to produce (bio)diesel blends. Besides oleic 

acid esterification tested in this work, similar microreactor systems may be 

useful for the esterification of fatty acids, the transesterification of biobased 

oils and particularly oil sources consisting of a mixture of the two (e.g., 

waste cooking oils). Furthermore, the industrial scale production of biodiesel 

in microreactors, despite their relatively easy scale-up, is challenging given 

the large production quantities required. As such, small scale and localized 

(e.g., in rural areas) biodiesel production may be a more promising 

application for scaled-up microreactor processes. The modelling and reactor 

engineering aspects presented in Chapter 5 are not solely confined to the 

synthesis of biodiesel. Many other (free enzyme catalyzed) reactions in 

biphasic systems that take place on the liquid-liquid interface might benefit 

from the current findings. These can be e.g., alternative lipase-catalyzed 

reactions to produce esters, or reactions using other enzymes (e.g., 

cellulase) that are activated on the liquid-liquid interface.  
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