
 

 

 University of Groningen

Green process intensification using microreactor technology for the synthesis of biobased
chemicals and fuels
Yue, Jun

Published in:
Chemical Engineering and Processing: Process Intensification

DOI:
10.1016/j.cep.2022.109002

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Yue, J. (2022). Green process intensification using microreactor technology for the synthesis of biobased
chemicals and fuels. Chemical Engineering and Processing: Process Intensification, 177, [109002].
https://doi.org/10.1016/j.cep.2022.109002

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1016/j.cep.2022.109002
https://research.rug.nl/en/publications/f049d5f6-67fd-44d1-8b97-94ca6af19c4b
https://doi.org/10.1016/j.cep.2022.109002


Chemical Engineering & Processing: Process Intensification 177 (2022) 109002

Available online 3 June 2022
0255-2701/© 2022 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Green process intensification using microreactor technology for the 
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A B S T R A C T   

Microreactor technology as an important means of process intensification has opened vast opportunities for 
green and sustainable chemical synthesis. Over the past decade, a promising research direction has been seen in 
the utilization of microreactors for intensifying catalytic biomass conversion. This Perspective provides a concise 
overview on green process intensification in microreactors for the synthesis of value-added chemicals and fuels 
from biomass. The focus is laid on process intensification merits of microreactor technology, its alignment with 
green chemistry and green engineering principles, typical application examples for manufacturing biobased 
chemicals and fuels including the synthesis of furanic platform chemicals and their derivatives from mono- and 
disaccharides, liquid-phase oxidation and hydrogenation of lignocellulosic biomass derivatives, and biodiesel 
synthesis. Finally, an outlook is provided for future research directions, including among others solid (catalyst, 
feed and product) handling strategies, process integration in cascades or one microreactor, expanding biomass 
transformation database, photocatalysis and use of novel solvents in microflow.   

1. Process intensification through microreactor technology 

Nowadays, process intensification (PI) has played a significant role 
and become more and more a common practice in the execution and 
optimization of chemical processes in the field of academic research or 
industrial development [1,2]. It features the use of novel 
process-intensifying equipment and/or methods based on scientific 
principles, towards achieving the drastically improved chemical process 
efficiency, e.g., in terms of the much boosted reaction rate and target 
product (space time) yield, significantly reduced consumption of energy 
and raw materials. The substantial intensification often leads to a 
dramatically reduction of equipment size (and with that the plant size). 
In this respect, the advent of microreactor technology (also called 
microreaction technology) in 1990s corresponded well with the ultimate 
development of PI that entails the use of smaller reaction volumes as a 
result of the enhanced reaction kinetics through its evolutionary 
development cycle [3]. As its name suggests, microreactor technology 
relies on the use of microchannel structures (with its lateral character-
istic dimension usually in the range of 0.01 - 1 mm) to perform chemical 
reactions as well as other unit operations in a continuous flow fashion 
(Fig. 1) [4–11]. The miniaturization of channel sizes to typically 
sub-millimeter or micrometer scale in microreactors brings about 

distinct advantages in reactor operation and significant potential for PI. 
The prevailing laminar flow conditions, and the predominance of 

surface tension forces or viscous forces (e.g., over buoyant or inertial 
forces), under wide operational conditions in microreactors facilitates 
the formation of regular flow patterns (Fig. 2) [12–20]. For example, a 
precise manipulation of bubbles, droplets, (single-phase, miscible or 
immiscible) fluid streams can be easily achieved in microchannel 
structures where fluid(-fluid) hydrodynamics and fluid-solid in-
teractions are addressed properly. The confinement of such single- or 
multiphase flow in microchannels renders a very high fluid-fluid or 
fluid-solid contact area (typically on the order of 10,000 m2/m3) [21]. 
This, combined with the reduced path for heat conduction and molec-
ular diffusion in microchannels, greatly improves the temper-
ature/concentration uniformity. Such significant heat and mass transfer 
intensification enables operation of microreactors (largely) under 
isothermal conditions and kinetic regime towards realizing maximized 
reaction performance. This makes microreactors well suited for pro-
cesses that are sensitive to mixing, temperature or interfacial heat/mass 
transfer limitations as frequently encountered in multiphase systems 
and conventional macroscale (batch or continuous flow) reactors [20]. 
The high degree of control over these transport phenomena makes it 
possible to have not only a precise and fine tuning of the associated 
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process behavior in microreactors (e.g., in terms of the desired mixing or 
separation efficiency, reaction conversion or selectivity, target product 
yield), but also a reliable microreactor performance prediction or 
interpretation. The small reagent inventories and tight temperature 
control in microreactors further lead to its inherent safety. Microreactors 
can also handle safely the explosive reaction mixtures (e.g., gaseous 
hydrogen and oxygen) because the flame propagation is suppressed as 
the characteristic dimension of microchannels is often below the flame 
quenching distance [22]. The above features and merits of microreactor 
technology have spurred enormous research interests over recent two 
decades in the field of chemical synthesis [23,24]. 

Various materials (typically glass, silicon, stainless steel and per-
fluorinated polymers) have been used to fabricate or assemble micro-
reactors in a chip-, plate- or capillary-based configuration (Fig. 1). Chip- 
or plate-based microreactors are usually custom-made by tailored 
microfabrication techniques, which allow to integrate different func-
tionalities (e.g., additional channels for heat exchanging [25], sensors or 
other mechanisms for the online measurement of reaction parameters 
[26]) within the same device for assisting reaction diagnosis, optimi-
zation or automation. In comparison, capillary-based microreactors are 
easily assembled using commercially available polymeric (e.g., made of 
PTFE, PFA) or metal (e.g., made of stainless steel) tubings, which are 
relatively cheap and flexible, though with less room to accommodate 
high functionality. Especially, the latter microreactor type has been 
widely adopted in the rapid growing field of flow chemistry for accel-
erated chemistry discovery and optimization in among others fine 
chemical synthesis [27,28], and the prominent advantages of flow 
processing in microreactors have been demonstrated well over con-
ventional batch processing (e.g., bringing new chemical routes, process 
simplification, fast and effective telescoped synthesis) [26–29]. A 
myriad of reactions have benefited from operation in microreactors 
which can be classified according to phases present, such as gas-solid, 
biphasic (gas-liquid or liquid-liquid) and triphasic (gas-liquid-liquid, 

gas-liquid-solid or liquid-liquid-solid) microreactors. A precise manip-
ulation of fluid flow patterns with superior mass transfer properties (e. 
g., biphasic or triphasic slug flow), coupled with an efficient incorpo-
ration of solid catalysts (e.g., as wall coatings, or powders contained in a 
packed bed or within slurries) in the case of heterogeneous catalysis 
(Fig. 2), has been realized towards significant transport intensification 
and reaction performance improvement in microreactors. 

So far, microreactors are commonly considered as one important 
means of PI with broad promising application potentials in chemical 
industry. Herein, the small volume of microreactors does not hamper 
process intensification towards larger industrial scale, given the promise 
of facile production capacity increase with continuous flow processing 
(e.g., via the flow rate increase) and more importantly, with the 
modular, flexible and fast scale-up concept. That is, the scale-up of 
microreactors can be achieved via primarily numbering-up (i.e., the 
replication of functional microreactor units) and if necessary, combined 
with the scale-out approach (i.e., by enlarging selectively the reactor 
dimension while maintaining process intensification merits) [30,31]. 

2. Alignment of microreactor technology with green chemistry 
and green engineering metrics 

Over the last three decades, the concept of designing human health 
and environmentally benign chemical products and processes to achieve 
sustainability, especially guided by the 24 principles of green chemistry 
and green engineering proposed by Anastas and coworkers [32,33], has 
been widely accepted in both the academia and chemical industry [34]. 
The emergence of microreactor technology opens up unprecedented 
opportunities for green and sustainable chemical synthesis, as this 
technology addresses well many facets of green chemistry and green 
engineering metrics (Fig. 3). 

In terms of alignment with principles of green chemistry, the precise 
process control (e.g., over reaction temperature and time, mixing and 

Fig. 1. Examples of microreactors. (a) 
High pressure silicon-Pyrex micro-
reactor system assembly. (b) Glass 
microreactor chip (for esterification of 
9-pyrenebutyric acid). (c) Glass micro-
reactor chip with ZSM-5 coating (for 
further incorporating Pd catalyst and 
testing in the synthesis of methyl-
isobutylketone). (d) Stainless steel 
microreactor with coated Pt catalyst 
(for methane combustion). Left–Coated 
reactor platelets; right–Welded plate-
lets. (e) Packed bed silicon-glass micro-
reactor chip for oxidation of 4- 
isopropylbenzaldehyde. Left–Reactor 
assembly; right–Microchannel packed 
with Pt/Al2O3 catalyst. (f) Capillary 
microreactors of different materials. 
From left to right–Polytetrafluoro-
ethylene (PTFE; inner diameter: 1, 0.8 
and 0.5mm), polyphenylsulfone (inner 
diameter: 0.75mm), glass (inner diam-
eter: 0.9mm), perfluoroalkoxy alkane 
(PFA; inner diameter: 1.6mm) capil-
laries. (g) From top to bottom–Fuse sil-
ica capillary microreactors coated with 
0, 1.1, 2.7, 5.7 wt% Pd/γ-Al2O3 cata-
lysts (for hydrogenation of 3-methyl-1- 
pentyn-3-ol). (h) PFA capillary micro-
reactor packed with Ru/C catalyst (for 
levulinic acid hydrogenation). (a), (b), 
(c), (d), (e), (f), (g) and (h) were 
reproduced with permission from refer-
ences [4,5,6,7,8,9,10,11], respectively.   
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reagent concentration levels) in microreactors usually allows a highly 
selective chemical transformation [36], towards minimizing/preventing 
waste product generation in the reaction, and thus maximizing the 
E-factor [35]. Moreover, the substantial transport intensification ren-
ders kinetic behavior easily achievable in microreactors. This in many 
cases could drive the reaction under relatively mild reaction conditions 
(ideally at ambient temperature and pressure conditions), reducing the 
energy requirements [23,24]. Microreactors provide unique capabilities 
for the online integration of process analytic tools (e.g., spectroscopic 
measurements) that enable the real-time process monitoring, as well as 
reaction automation and optimization (e.g., when coupled with feed-
back control) [26,27,37]. This, combined with the fast flow response in 
microreactors, can be used for preventing effectively undesired or haz-
ardous product formation. The highly selective, controlled and safe 
chemical synthesis in microreactors (e.g., under novel process windows) 
further facilitates the use of highly concentrated substrates, thus 
reducing or even eliminating the need of reaction solvents and possibly 
other auxiliary substances like separation agents in the product workup 
[38,39]. The reduced solvent use, as well as the decreased waste gen-
eration, can be also achieved in microreactors that facilitate the reaction 
telescoping (e.g., via the minimization of solvent switching and product 
isolation between different synthesis steps) [29,40]. Equally important, 
the inherent safety aspect and small reagent holdup of microreactors 
minimize the occurrence of chemical accidents, e.g., suppressing the 
explosion, and posing a limited environmental impact when there is a 
leakage [41]. Another safety aspect for performing chemistry in 
microreactors stems from the ability to generate unstable and hazardous 
intermediates in-situ that can be immediately consumed in a further 
transformation in continuous flow [40], which is not easy to achieve in 
batch operation. 

Many principles of green engineering are also reflected well in the 
development of microreactor technology (Fig. 3). Besides improved 
safety and selectivity in the chemical synthesis, microreactor technology 
holds great promises for maximizing mass, energy, space and time ef-
ficiency thereof, as a result of its significant transport intensification, 
miniaturized reactor volume and enhanced reaction rate. To attain such 
efficiency maximization is actually deeply rooted in the philosophy of 
process intensification [42]. The high process controllability and 
reproducibility in microreactors facilitate the development of chemical 
processes that are just optimized for practical conditions without over-
design and unusable capacity. Efficient separation and purification op-
erations can be realized with microreactor technology, e.g., using 
microflow extraction [43,44] and crystallization [45,46]. The modular 
operation nature and capabilities to include high functionalities with 
microreactors further allow the network integration for exchanging 
local mass and energy across unit operations, e.g., regarding flow-based 
telescoped or multistep synthesis, or coupling of exothermic and endo-
thermic reactions for maximized efficiency of energy/material con-
sumption [40,47,48]. 

3. Synthesis of chemicals and fuels from biomass 

To fully fulfill the 24 principles of green chemistry and green engi-
neering (Fig. 3), and thus to greatly expand the application potential of 
microreactor technology, chemical processes performed in micro-
reactors should ideally involve feedstock, product and synthetic meth-
odologies thereof that are all environmentally benign. In this respect, 
biomass conversion to green chemicals and fuels represents an area of 
paramount importance to be explored in microreactors. Biomass in-
cludes typically agricultural and forestry products and their residues, 

Fig. 2. Examples of flow patterns in 
microreactors. (a) Side-by-side laminar 
flow of two miscible (dichloroacetyl 
phenol red and NaOH) solutions in the 
silicon-glass microreactor chip. (b-c) N2- 
water slug flow (b) and annular flow (c) 
in a polymethyl methacrylate (PMMA) 
microreactor plate. (d-e) Water‑butyl 
acetate slug flow (d) and parallel flow 
(e) in a glass microreactor chip. (f) Gas- 
liquid-liquid slug flow in a PMMA chip 
(bubbles–Air; droplets: 10 wt% poly-
ethylene glycol aqueous solution; 
continuous phase: 1 wt% Span 85 
(hexadecane-paraffin) mixed oil solu-
tion). (g-h) N2-water-decane slug flow 
(g) and parallel-slug flow (h) in a glass 
microreactor chip. (i) Gas-liquid-solid 
slurry slug flow in a PFA capillary 
microreactor (bubbles: N2; slurry–Ion 
exchange particles in NaOH-water/ 
ethanol or water/acetonitrile solution). 
(j-k) Liquid-liquid-solid slurry slug flow 
in a PTFE capillary microreactor, with 
Al2O3 particles suspended in an aqueous 
droplet (j), or Pd/C catalyst particles 
suspended in the continuous (toluene) 
phase (for transfer hydrogenation) (k). 
(l) Top–Liquid-dominated slug flow of 
oxygen-benzyl alcohol system in a 
silicon-glass microreactor chip packed 
with Au-Pd/TiO2 catalyst (for benzal-
dehyde synthesis). Bottom–The simpli-
fied flow scheme. In (a-k), red arrows 
indicate the flow direction. (a), (b-c), 
(d-e), (f), (g-h), (i), (j-k) and (l) were 
adapted/reproduced with permission 

from references [12,13,14,15,16,17,18,19 and 20], respectively.   
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aquatic plants, as well as animal and municipal wastes [49]. It provides a 
rich source of renewable carbon for the manufacture of biobased 
chemicals and fuels as promising alternatives to fossil carbon-derived 
counterparts. The biomass reserves are envisaged enough to sustain all 
raw materials needed for the current chemical industry [50]. The 
effective utilization of biomass as a renewable feedstock is thus one 
promising strategy for a green chemical industry, which can greatly 
alleviate the current heavy dependence on the depleting fossil fuel re-
sources and reduce the environmental impact. This favorable switch 
from petroleum refinery to the so-called biorefinery is further supported 
by the fact that other possible feedstocks of renewable carbon including 
carbon dioxide and recycled plastics face much more severe challenges 
for utilization at present [51]. The combination of biomass conversion 
and process intensification using microreactor technology thus repre-
sents one prioritized research area in the field of chemical engineering, 
towards developing a green and sustainable chemical industry in the 
near future. 

4. State-of-the-art on the synthesis of biobased chemicals and 
fuels in microreactors 

Conversion of biomass and its derivatives to chemicals and fuels can 
be mainly achieved through thermochemical (e.g., gasification, pyrol-
ysis and hydrothermal liquefaction), biochemical (e.g., fermentation 
and enzymatic transformation) or chemocatalytic (e.g., using homoge-
nous or heterogeneous inorganic catalysts, as well as organic ones) 
routes [9,52]. Among these, chemocatalytic biomass conversion pre-
sents certain advantages. It can be performed under relatively mild re-
action conditions, rendering relatively high product selectivity and 
largely maintaining the original functional groups of biomass when 
compared with the thermochemical route. Moreover, it is usually more 
cost-effective than the biochemical route in view of the relatively low 
activity and stability of enzyme catalysts (despite the enzyme specificity 
and with that the very high product selectivity) [53,54]. 

Microreactors are particularly well suited for catalytic trans-
formation of biomass and its derivatives that are present in a liquid state 
(e.g., when being produced as a liquid fraction or dissolved in a solvent) 
and thus can be easily transported in the continuous flow mode. Ex-
amples of such (liquid or soluble) substrates are plant oils (containing 
mostly triglycerides), intermediate or platform chemicals (e.g., sugars, 
bio-oils, furans, organic acids) derived from lignocellulose as the most 
abundant type of biomass on earth. Many such biomass upgrading re-
actions involve the presence of solid catalysts and/or the use of different 
(reaction) phases [52], where the reaction efficiency can be promoted 
using flow processing in microreactors to improve heat/mass transport 
and reaction parameter control that would otherwise negatively influ-
ence the overall process performance. Currently, types of reactions 
performed in microreactors for manufacturing biobased chemicals and 

fuels mainly include the synthesis of furanic platform chemicals and 
their derivatives from mono- and disaccharides, liquid-phase oxidation 
and hydrogenation of lignocellulosic biomass derivatives, and biodiesel 
synthesis from the (trans)esterification of triglycerides and fatty acids 
(Fig. 4). A brief summary of these research progresses in microreactors 
up to this date is provided below. Extensive overviews (till year 2020) 
can be found in our recent publication [9], and the work from Monbaliu 
et al. [55] (regarding the continuous flow upgrading of C2-C6 platform 
chemicals using among others microreactors) and others for biodiesel 
synthesis in microreactors [56–58]. 

Synthesis of furanic platform chemicals and their derivatives. 5-Hydrox-
ymethylfurfural (HMF) and furfural (FF) are considered as two of the 
most promising platform chemicals for manufacturing biobased fuels, 
chemicals and polymers derived thereof, which can be typically derived 
from the dehydration of C6 (glucose or fructose) and C5 (xylose) sugars 
over acid catalysts, respectively [59]. In the work of Tuercke et al. [60], 
the single-phase HCl-catalyzed fructose dehydration in water to HMF 
was demonstrated in a glass microreactor chip with passive mixing ge-
ometries, giving 54% HMF yield in 1 min from 10 wt% fructose at 185 ◦C 
and 17 bar. The fast mixing in the microreactor and high operational 
temperature accelerated the reaction rate, facilitating to obtain good 
HMF yields without its extensive degradation. Moreover, a relatively 
large microreactor diameter was used (maximum being 1.2 mm) to 
allow a smooth handling of the viscous fructose solutions at elevated 
pressures. To improve the HMF yield, the addition of a non-reactive 
organic solvent to in-situ extract the formed HMF in water and thus to 
suppress HMF-involved side reactions (e.g., its rehydration to levulinic 
acid and condensation to humins) has been employed in microreactors 
under biphasic slug flow operation [60–66]. Such slug flow operation 
ensures a superior mixing in the reactive aqueous phase for an efficient 
reaction, and provides a narrowed residence time distribution and a 
large interfacial area to enhance HMF extraction into the organic phase 
for its selectivity/yield improvement. Moreover, it can largely mitigate 
the issue of humin byproduct deposition on the microreactor wall with 
single-phase operation, as the reaction in biphasic systems can be 
confined in the aqueous droplet (i.e., instead of the continuous slug 
phase) by using a hydrophobic microreactor material (e.g., PFA and 
PTFE) [61,65] (Fig. 5a). Better yields of HMF (up to ca. 90%) have been 
obtained in slug flow microreactors from fructose over homogeneous 
Brønsted acid catalysts (e.g., HCl, H2SO4 and H3PO4) using various 
extracting agents like methylisobutylketone (MIBK), 2-methyltetrahy-
drofuran (mTHF) or 2‑sec‑butyl phenol [60–63]. The conversion of 
glucose, a cheaper and more abundant feedstock (though being by far 
less reactive) than fructose, has been also demonstrated in slug flow 
microreactors [62,65]. An optimized HMF yield of about 66% was re-
ported over homogeneous Brønsted/Lewis acid catalyst system of HCl 
and AlCl3 (the latter needed for glucose isomerization to fructose) at 
160 ◦C and 16 min, using MIBK as the extraction phase in the presence of 

Fig. 3. Principles of green chemistry and green engineering addressed by microreactor technology (i.e., indicated by the arrow). Adapted with permission from 
reference [35]. 
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20 wt% NaCl in water (for further enhanced HMF extraction due to the 
salting-out effect) [65] (Fig. 5a). The generally lower yields of HMF 
obtained from glucose than the case with fructose feedstock is due to 
that HMF was mainly formed from fructose (i.e., the glucose isomeri-
zation product) and glucose was further consumed in side reactions 

(leading to among others humins). Other industrial feedstocks including 
high fructose corn syrup (HFCS) and crude sugar beet juice have been 
tested in slug flow microreactors over H2SO4 catalyst for high-yield 
synthesis of HMF as well [61,66]. Highly efficient synthesis of FF from 
xylose has been recently reported in slug flow microreactors in the 

Fig. 4. Biomass conversion to biobased chemicals and fuels. Selected reaction pathways are shown, with green boxes indicating the most promising platform 
chemicals. Green lines represent reactions performed in microreactors and blue lines represent those that could potentially benefit from flow processing in 
microreactors. Adapted with permission from reference [9]. 
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water-MIBK biphasic system over HCl catalyst with NaCl addition [67]. 
An optimized furfural yield of 93% was obtained at 180 ◦C within 4 min, 
which was mainly ascribed to the high furfural partition into MIBK and 
the beneficial addition of NaCl in the suppression of xylose condensation 
(due to the kinetic effect of Cl− ) and furfural degradation (due to the 
enhanced furfural extraction via the salting-out effect). Microreactor 
operation has shown to be absent from mass transfer limitation in such 
homogeneously catalyzed HMF and FF synthesis from sugars, allowing 
their fast and equilibrium extraction to the organic phase and a reliable 
elucidation of reaction kinetics for process optimization [61,65,67,68]. 
Space time yields of HMF and FF in microreactors were found at least 1 
or 2 magnitudes higher than those in conventional batch reactors [65, 
67-69]. Further intensification potential of microreactors could be 
achieved by operating at even higher reaction temperatures (e.g., 
200 ◦C), so that the increased kinetic rate could match better the 
improved mass transfer rate in microreactors. This allowed to reduce the 
reaction time to a few seconds while still maintaining the high yield of 
HMF (e.g., above 90%), as demonstrated for HCl-catalyzed fructose 

dehydration [70]. 
Highly acidic conditions (e.g., 37% HCl) have been utilized to cata-

lyze the conversion of C6 sugars, sucrose and HFCS to 5-chloromethyfur-
fural (CMF) that is more stable than HMF but functionally equivalent, in 
the biphasic solvent system in slug flow microreactors [71]. The deep 
eutectic solvent (DES) composed of tetraethyl ammonium chloride and 
ethylene glycol as a promising reaction medium (e.g., lower cost of 
preparation and higher biodegradability than ionic liquids) has been 
further reported for efficient HMF synthesis from glucose over homo-
geneous CrCl3 catalyst in microreactors under single-phase operation 
[72]. An optimized 42% yield of HMF was reached at 150 ◦C within only 
3.64 min. This is much better than the maximum yield (10%) obtained 
in batch at a reaction time of 30 min due to the lower heat/mass transfer 
rates in the latter case. To limit the back extraction of HMF in biphasic 
solvent systems (e.g., at long reaction times) that negatively affects its 
yield, microreactors with membranes (to separate the aqueous and 
organic phases and regulate HMF dispersion) were also reported for 
HCl-catalyzed HMF synthesis from fructose [73]. An efficient extraction 

Fig. 5. Examples of biomass conversion in microreactors. (a) HMF synthesis from glucose over AlCl3 and HCl catalysts in a water-MIBK biphasic system in a PFA 
capillary microreactor under liquid-liquid slug flow. (b) Aerobic oxidation of HMF to diformylfuran (DFF), 5-formylfurancarboxylic acid (FFCA) and 2,5-furandicar-
boxylic acid (FDCA) over homogeneous Co/Mn/Br catalysts in a PTFE microreactor under gas-liquid slug flow. (c) Oxidation or hydrogenolysis of HMF to DFF or 2,5- 
dimethylfuran (DMF) in a tube-in-tube microreactor, with H2 or O2 permeated from the inner Teflon capillary to the outer PTFE capillary coated with magnetic salen- 
transition metal catalysts or bimetallic catalysts on a magnetic Fe3O4/N-doped graphene oxide (N-rGO) support. (d) LA hydrogenation to GVL in a PFA microreactor 
packed with Ru/C catalyst under possibly liquid-dominated slug flow. (e) KOH-catalyzed transesterification of cottonseed oil in the microreactor. Left–Experimental 
setup diagram. Right–(I-IV) four micromixers used and the corresponding flow patterns in an outlet transparent capillary. (a), (b), (c), (d) and (e) were adapted/ 
reproduced with permission from references [65,78,74,11,79], respectively. 
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of HMF from the aqueous to organic (MIBK) phase was achieved through 
a microfiltration membrane (pore size: 5 μm) under the dripping flow 
regime (i.e., by dividing the dispersed phase into many small droplets). 
This led to a reaction time decrease from 60 min in a conventional 
stirred tank reactor to 4 min in the microreactor with the corresponding 
high HMF yield of 93%, Thus, the space time yield was increased by 3 
orders of magnitude in this membrane microreactor. 

Heterogeneously catalyzed HMF synthesis has been reported in 
microreactors with solid catalysts incorporated either as wall coatings 
[74,75] or in a packed bed configuration [76,77], but to a much less 
extent compared with homogeneous catalysis case. Sulfonic acid groups 
were immobilized on the wall of fused silica capillary microreactors and 
utilized as the catalyst for HMF synthesis from fructose in dimethyl 
sulfoxide (DMSO). Excellent HMF yields (up to 99%) were achieved 
under single-phase liquid operation in 6 min at 150 ◦C, showing the 
positive effect of the DMSO solvent (in suppressing the HMF degrada-
tion) and high selectivity of the developed catalyst coating [74]. The 
microreactor performance surpassed much that of the conventional 
batch reactor with a reaction time of several hours. Silicon-glass 
microreactor chips coated with dense zirconia layers as well as porous 
titania layers (further treated by phosphoric acid) were tested for HMF 
synthesis from fructose in water [75]. Despite low HMF yields (ca. < 5% 
in 10 min at 130 ◦C) possibly due to low specific surface area and 
amount of active sites on the developed coatings, such microreactors 
proved to be a useful tool for rapid catalytic performance test. Capillary 
microreactors packed with solid Amberlyst-15 catalysts were reported 
for the dehydration of fructose to HMF in a mixture of DMSO and 1, 
4-dioxane [76], giving an HMF yield of 92 % at 110 ◦C. The catalyst 
remained stable over at least 96-h operation time. Very recently, in-situ 
phosphated titania as the bi-functional solid acid catalyst has been 
packed in capillary microreactors for HMF synthesis from glucose in a 
water-mTHF biphasic system with NaCl addition, possibly under the 
liquid-dominated slug flow pattern (Fig. 2l) [77]. A good yield of HMF at 
72% was obtained from 0.1 M glucose feedstock at 150 ᵒC. However, 
mass transfer limitation was likely present to some extent, given the 
yield difference at different catalyst loadings and glucose concentra-
tions. A gradual activity loss of the catalyst was noticed for short times 
on stream (e.g., with ca. 15% decrease in the glucose conversion and 
HMF yield after a 5-hour running), which was mainly attributed to 
humin accumulation and could be regenerated by a simple offline 
re-calcination of the recovered catalyst. In both packed bed microreactor 
studies [76,77], the HMF space time yield was found about 2 orders of 
magnitude higher than those in batch slurry reactors. The results above 
also imply that for a more successful application of packed bed micro-
reactors in the HMF synthesis, the catalyst stability (especially with 
regard to possible humin deposition) needs to be improved. Alterna-
tively, online catalyst regeneration strategies in the microreactor should 
be developed (e.g., via a mild oxidation of humins with H2O2 in flow) 
[77]. 

Some research works exist about the use of solid catalysts in a packed 
bed milli-reactor configuration for the dehydration of fructose (to HMF 
and its derivatives) or xylose/xylan (to FF), in either monophasic or 
biphasic solvent systems (see reference [9] and Table 4 thereof). These 
results provide valuable insights in the envisaged performance of 
packed-bed microreactors where the reaction intensification potential 
can be more boosted due to the further reduction of reaction channel 
dimension. 

Liquid-phase oxidation of biomass derivatives. The oxidation of biomass 
and its derivatives can produce alcohols, aldehydes and (carboxylic) 
acids as promising building blocks or intermediates for the manufacture 
of biobased resins, pharmaceuticals and polymers. This route can also 
improve the processability of recalcitrant biomass components (e.g., 
lignin). The oxidation of HMF to DFF and further on to FDCA represents 
an important example. Both products are attractive platform chemicals 
for making among others biobased polymers such as polypinacols and 
polyvinyls (from DFF), and especially polyethylene furanoate (PEF; from 

FDCA) as a promising alternative for petroleum-based polyethylene 
terephthalate (PET). In our recent work [78], the efficient oxidation of 
HMF in acetic acid using pure O2 over homogeneous Co/Mn/Br catalyst 
system has been demonstrated in PTFE capillary microreactors under 
gas-liquid slug slow (Fig. 5b). An almost complete conversion of HMF 
was achieved in only 2.73 min at 150 ◦C and 5 bar, with yields of DFF, 
FFCA and FDCA being 22.9%, 46.7%, and 23.8%, respectively. The re-
action in microreactors was proven to operate under kinetic control 
allowing elucidation of kinetic parameters, due to sufficient mass 
transfer under wetted slug flow (generated under relatively large 
mixture flow rates at which a lubricating film around oxygen bubbles 
was present). This also resulted in a (much) higher space time yields of 
DFF and FFCA in microreactors than those obtained in conventional 
(semi-)batch reactors. However, the FDCA yield still needs to be largely 
improved (e.g., by working at higher oxygen pressure conditions which 
tend to increase the FDCA selectivity), and its possible precipitation 
requires dedicated microreactor operation strategies in order to avoid 
microreactor clogging (e.g., possibly via the addition of a co-solvent to 
improve the FDCA solubility or the in-situ integration of ultra-
sonification). Solid catalysts were also used in microreactors for HMF 
oxidation. TEMPO on silica catalyst has been packed in PTFE capillary 
microreactors to catalyze HMF oxidation in dichloroethane with O2 (and 
a small amount of HNO3 as the co-oxidant), under an inlet gas-liquid 
slug flow before the bed [80]. A good yield of DFF (95%) or FDCA 
(ca. 35%) were achieved in 2 or 8 min at 55 ◦C and 5bar. However, the 
crystallization of FDCA at residence times longer than 6 min was noticed 
as an issue to be solved. Catalytic wall coatings have been tested in 
microreactors for this reaction. For example, nanostructured gold cata-
lysts were coated in a PET microreactor chip, but giving only ca. 4% 
FDCA yield in 50 min under ambient conditions from HMF oxidation 
with tert‑butyl hydroperoxide as a homogeneous oxidant in water [81]. 
The low yield here is because the presence of water hampered the re-
action rate. A tube-in-tube microreactor was constructed, with a mag-
netic salen-transition metal core-shell catalyst (Fe3O4@SiO2@Mn 
complex catalyst) coated inside the outer PTFE capillary and further 
fixated in place by external magnetic rings (Fig. 5c). An 84 % DFF yield 
was obtained in 60min at 150 ◦C from HMF in DMSO with O2 as the 
oxidant permeated from the inner Teflon (AF-2400) capillary [74]. In 
comparison, ca. 40% yield of HMF was found in 16 h for batch reactor 
operation (with oxygen purged through needles) under otherwise 
identical conditions. Thus, the effective delivery of oxygen through the 
microporous inner capillary greatly promoted the reaction rate over the 
developed catalyst with a strong and selective oxidation capability. 

Selective oxidation of other biomass derivatives like lactic acid and 
lactates has been reported in microreactors, e.g., the aerobic oxidation 
of lactic acid to pyruvic acid in capillary microreactors packed with 
TEMPO on silica catalysts [80], and of alkyl lactates to pyruvates in 
microreactors operated under gas-liquid-solid slurry slug flow operation 
using the solid VOCl3 catalyst in the slurry [82] (e.g., see Fig. 2i). A 
nearly 100% selectivity of the target product was attainable, ascribed to 
the improved and well-regulated oxygen mass transfer rate by slug 
flow-like processing in the microreactor. Moreover, falling film micro-
reactors have been also reported for the oxidation of glucose to gluconic 
acid in water using a homogeneous enzyme catalyst (glucose oxidase) 
[83], giving 50 % glucose conversion in 25 s as a result of the effective 
oxygen contact with the substrate and catalyst given the extremely large 
surface-to-volume ratio (e.g., up to 20 000m2 m− 3). 

The oxidation of lignin as one major component of lignocellulose, 
using molecular oxygen or more aggressive ozone as the oxidant, has 
been shown in microreactors for (assisting) the effective generation of 
valuable chemicals [84,85]. The enhanced heat transfer rate in Has-
telloy microreactors was utilized to facilitate a more reliable and 
accelerated reaction kinetic study (than batch) of the homogeneous 
H2SO4-catalyzed aerobic oxidation of softwood Kraft lignin (dissolved in 
methanol/water) [84]. Kinetic simulations revealed that 0.75 mM 
vanillin could be obtained with 2.5 g/L lignin feed concentration under 
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250 ◦C and a residence time of less than 3 s. This confirmed the exper-
imental results in the microreactor and corresponds to 89.3% of the 
maximum vanillin yield based on nitrobenzene oxidation experiments 
reported in the literature. The ozonation of pyrolytic and organosolv 
lignins (dissolved in methanol) was conducted in PFA capillary micro-
reactors under gas-liquid slug flow, which resulted in a rapid depoly-
merization of the recalcitrant lignin structure in ca. 10 - 30 s due to the 
improved gas-liquid mass transfer rate and high reactivity of ozone [85]. 
This ozone pretreatment made the lignin structure more accessible to 
further processing. Thus, higher yields of monomers in the product oil 
were realized in the subsequent catalytic hydrotreatment, when 
compared with experiments without the prior ozonation. 

Liquid-phase hydrogenation of biomass derivatives. Hydrogenation of 
biomass and its derivatives to reduce its oxygen content is important for 
their upgrading towards value-added chemicals and fuels. A promising 
reaction candidate herein is hydrogenation of the biobased platform 
chemical, levulinic acid (LA), to γ-valerolactone (GVL) with potential 
uses as fuel additives, nontoxic solvent, and intermediates for synthe-
sizing polymer precursors and biofuels [86]. Hydrogenation of LA (in 1, 
4-dioxane) using H2 has been performed in PFA capillary microreactors 
packed with Ru/C catalyst, under possibly the liquid-dominated slug 
flow pattern (Fig. 5d) [11]. A good GVL yield (84%) at a full LA con-
version could be obtained at 130 ◦C and 12 bar H2. However, the re-
action rate in microreactors was found affected by the external 
liquid-solid mass transfer of H2 in most experiments, requiring a fine 
tuning of flow conditions and/or the use of smaller catalyst particles to 
improve the liquid-solid contact. The use of formic acid as the hydrogen 
donor for this reaction has been further reported in a stainless steel 
capillary microreactor wall-coated with bimetallic Au-Pd catalysts 
supported on graphitic carbon nitride (g-C3N4) [87]. The catalyst was 
very efficient and active under flow processing in the microreactor, due 
to among others the mutual interaction and synergistic effect of Au and 
Pd nanoparticles with g-C3N4 support, giving 100% GVL yield from LA 
(dissolved in methanol/water) in 50min at 70 ◦C. A full conversion of 
vanillin (to 2‑methoxy-4-methylphenol) was also reported in this 
wall-coated microreactor at the same reaction time and temperature. 

Packed bed microreactors have been used for hydrogenation of C5 
sugars including L-arabinose and D-galactose to arabitol and galactitol, 
respectively, over the packed Ru/C catalyst [88]. A 70% sugar conver-
sion was found at 150 ◦C in the absence of both gas (H2)-liquid and 
liquid-solid mass transfer resistances. The diminished mass transfer 
resistance was also reported during the hydrodeoxygenation (HDO) 
upgrading of pyrolysis oil using H2 over the presulfided NiMo on Al2O3 
catalysts packed in stainless steel capillary microreactors [89]. As a 
result, the reaction conversion (64%) is considerably higher than those 
in packed bed milli-reactors of larger diameters. Moreover, a 
tube-in-tube microreactor, coated with bimetallic Ru-Cu on 
Fe3O4/N-rGO catalysts inside the outer PTFE capillary, was used for the 
hydrogenolysis of HMF to DMF as a potential biofuel (Fig. 5c) [74]. A 
high DMF yield at 91 % was realized in 20min under 150 ◦C and 8 bar H2 
with no catalyst deactivation during 2 days’ operation, confirming the 
beneficial role of using membranes (i.e., the inner H2-permeable Teflon 
capillary) to regulate gas-liquid mass transfer rate. 

Biodiesel synthesis. Biodiesel is considered as a promising renewable 
and environmentally friendly alternative fuel to fossil diesel, with 
additional advantages such as lower emission of exhausts (e.g., sulfur 
and CO) and less toxicity [90]. Biodiesel, commonly known as fatty acid 
alkyl ester, is typically produced by the (trans)esterification of tri-
glycerides or fatty acids (present in e.g., plant oils, animal fats and waste 
cooking oils) with alcohols, over homogeneous or heterogeneous base, 
acid or enzymatic catalysts. Due to the complex solubility behavior of 
the reaction system (involving reactants, catalysts and products), the 
performance of biodiesel synthesis is often limited by interfacial mass 
transfer, thus offering significant rooms for process intensification. In 
this regard, a number of researches on biodiesel synthesis in micro-
reactors have been reported [56–58]. Particularly, the 

transesterification of plant oils (e.g., soybean, sunflower, rapeseed and 
cotton seed oils) with methanol or ethanol over homogenous base cat-
alysts (e.g., KOH or NaOH) has been conducted in microreactors with 
various geometrical configurations, consisting of typically an inlet 
micromixer (e.g., of T- or Y-shape, split and recombine or interdigital 
micromixer) coupled with a microchannel to complete the reaction (e.g., 
see Fig. 5e). Excellent yields of biodiesel (up to 100%) were achieved at 
a reaction time scale of minutes or even seconds in a temperature up to 
ca. 70 ◦C under different flow patterns (e.g., liquid-liquid droplet or slug 
flow) [56,79,91]. This corroborates the superior performance of 
microreactor operation in highly intensified and efficient biodiesel 
production compared with conventional batch processing (typically 
requiring hours of operation), due to much improved mass transfer in 
the reaction system that facilitated to reach the intrinsically fast kinetic 
rate over such homogeneous base catalysts. In comparison, the use of 
homogeneous acids as catalysts (which are especially suitable for the 
transesterification of high fatty acid-containing oils) for biodiesel syn-
thesis in microreactors has not been investigated much. The esterifica-
tion of oleic acid and transesterification of cottonseed oil with methanol 
over H2SO4 catalyst were studied in a microreactor system, based on 
which such a two-step process was applied to produce biodiesel from an 
acid oil [92]. The overall biodiesel yield from the acid oil reached 99.5% 
in 12 min (5 min at 100 ◦C in the first step and 7 min at 120 ◦C in the 
second step). A few studies also demonstrated homogenous 
enzyme-catalyzed biodiesel synthesis in microreactors, including e.g., 
the methanolysis of canola oil over free Candida rugosa lipase [93], 
esterification of oleic acid with ethanol over Candida antarctica lipase B 
[94] or with 1-butanol over Rhizomucor miehei [95]. As an example, a 
yield of butyl oleate over 96% was achieved in a PTFE capillary 
microreactor within 30 min at 30 ◦C [95]. The free enzyme Rhizomucor 
miehei was loaded in the aqueous droplet that catalyzed at the interface 
the esterification between oleic acid and 1-butanol (both initially dis-
solved in n-heptane). Such aqueous-organic slug flow processing pro-
vided sufficient mass transfer that allowed to extract kinetics for 
verification with the literature kinetic model. 

A limited literature investigations dealt with biodiesel synthesis in 
microreactors incorporated with heterogeneous catalysts that allow an 
easy product separation [56,96,97]. Solid CaO catalysts were packed in 
a plate-type microreactor made of aluminum alloy for the trans-
esterification of palm oil with methanol with the presence of iso-
propanol as the co-solvent (to improve the solubility of immiscible 
reactants), giving 98% yield of biodiesel at a residence time of ca. 6.5 
min at 65 ◦C [96]. Candida antarctica lipase B was coated in a PTFE 
capillary microreactor for catalyzing the transesterification of soybean 
oil with methanol [97]. A 95.2% oil conversion was achieved in 53 min 
under 40 ◦C, compared with several hours in batch. The longer reaction 
time in the latter microreactor is caused by the slower enzymatic ki-
netics than that over solid base catalysts. 

Miscellaneous reactions. Some other reaction types related to biobased 
chemical and fuel synthesis in microreactors reported up to this date 
include epoxidation (e.g., of methyl oleate using H2O2 in a microreactor 
coated with TiO2 catalyst [98]), etherification (e.g., of HMF to 5-ethox-
ymethylfurfural in a capillary microreactor wall-coated with Fe3O4/re-
duced graphene oxide catalysts [74]), hydrolysis (e.g., of sucrose in a 
microreactor wall-coated with the invertase enzyme catalyst [99]), 
photocatalytic reactions (e.g., for the singlet-oxygen oxidation of HMF 
[100], degradation of lignosulphonate and lignin model compounds 
[101]), etc. In addition, Monbaliu et al. [55] provides an exhaustive 
summary of the existing chemical routes for upgrading C2-C6 platform 
chemicals (e.g., polyols, furans, carboxylic acids) in continuous flow, 
which will certainly boost chances for the application of microreactor 
processing as well. 

Production capacity and scalability aspects of microreactors. The above 
selected reaction examples showcase the important research progress in 
the utilization of microreactors for highly efficient catalytic synthesis of 
biobased chemicals and fuels. Compared with conventional batch 
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processing, continuous flow operation in microreactors enabled to 
achieve a favorable product yield in a much reduced reaction time (e.g., 
from hours in batch to minutes or seconds in flow), with a substantially 
enhanced product space time yield (e.g., being ca. 1–3 orders of 
magnitude higher) [9,65,67-69,73,76-78]. However, the generally low 
throughput of these reported microreactor systems was noticed, as a 
single-channel microreactor was predominantly used (e.g., see Fig. 5) 
with the liquid flow rate typically on the order of 1- 10 mL/min or even 
lower. This is likely because the current research remains still at the 
development stage, where the emphasis was laid on process screening 
and optimization (e.g., regarding microreactor operating parameters, 
and catalyst/chemistry study in flow). For the future industrial appli-
cation, the production capacity of microreactors needs to be remarkably 
increased, which depends on the potential market need of the target 
biobased chemical product. Such capacity increase can be achieved in a 
relatively easy and modular way via the numbering-up of basic reactor 
units, or its combination with the sizing-up of reactor dimensions (e.g., 
via increasing the microreactor diameter or length to accommodate 
larger flow rates) [30,31]. In contrast, scale-up of batch reactors is not 
trivial and much more time consuming, primarily because of the 
increased transport limitations and difficulties over (multiphase) flow 
pattern control at larger reactor dimensions. 

5. Concluding remarks and outlook 

Microreactor technology has opened vast opportunities for chemical 
process intensification, and addresses well many aspects of green 
chemistry and green engineering metrics. Green, sustainable and 
intensified chemical synthesis using microreactor technology thus holds 
great promises for upgrading the current chemical industry. In this area, 
a promising research direction is in the utilization of microreactor 
technology for the intensification of catalytic biomass conversion to-
wards manufacturing value-added chemicals and fuels. A multitude of 
microreactor concepts have been developed towards addressing well the 
incorporation of homogeneous and heterogeneous catalysis, reactant 
flow, mass transfer for a good match with intrinsic reaction kinetics. 
Reactions involving the synthesis of furanic platform chemicals (HMF 
and FF) and their derivatives from mono- and disaccharides (e.g., 
glucose, fructose, xylose and sucrose), liquid-phase oxidation and hy-
drogenation of lignocellulosic biomass derivatives (e.g., lignin, sugars, 
furans and organic acids), and biodiesel synthesis from the (trans) 
esterification of triglycerides and fatty acids have been demonstrated in 
microreactors under single-liquid or two-phase (gas-liquid or liquid- 
liquid) flow processing, in the presence of homogeneous catalysts or 
heterogeneous ones incorporated as wall-coatings or in a packed bed 
configuration. A significant increase in the process efficiency or the 
product (space-time) yield has been demonstrated over conventional 
batch processing, primarily due to substantial (internal and external) 
mass transfer enhancement. Accordingly, the reaction in microreactors 
was often under kinetic control, allowing to extract kinetics for process 
optimization towards obtaining maximized reaction performance. 

Homogeneous catalysts have been largely used in microreactors for 
biomass conversion so far (particularly for the syntheses of HMF/FF and 
biodiesel), providing promises for the future industrial application in 
view of the relatively simple microreactor design and operation, high 
reaction efficiency. Though the good recyclability of homogeneous acid 
catalysts was proven in some research works about HMF/FF synthesis 
[65,67], there is a strong incentive to use heterogeneous catalysts to 
increase the process sustainability. Nevertheless, heterogeneous catal-
ysis for biomass conversion in microreactors is still under development, 
and the long-term stability of the involved solid catalysts needs to be 
examined or improved. Despite the effectiveness of wall-coated and 
packed bed microreactors shown for various biomass conversion cases, a 
knowledge gap exists regarding the detailed transport knowledge 
especially for the latter reactor type [11]. Thus, dedicated fundamental 
researches thereof are still required, where a deep understanding can be 

obtained by integrating online analytic tools (e.g., to monitor flow, 
concentration and catalyst working status) [26]. 

Other ways of incorporating solid catalysts in flow can be considered 
to circumvent some issues with wall-coated or packed bed microreactors 
(e.g., requiring dedicated coating procedures in the former or the pres-
ence of complex hydrodynamics in the latter). One alternative is to 
suspend catalyst particles in the liquid slug or droplet to form the so- 
called gas-liquid-solid or liquid-liquid-solid slurry flow (Figs. 2i-k), 
which allows a facile catalyst recovery (e.g., when needing the ex-situ 
regeneration). The confinement of catalyst particles on the gas-liquid 
or liquid-liquid interface to form Pickering emulsions in microreactors 
represents another promising strategy [102], which has received 
increasing research attention in batch as well as in the cases of biodiesel 
and HMF syntheses [103,104]. A similar concept might be envisaged in 
suspending fine particles of raw biomass as the substrate in a solvent in 
microflow for their conversion to valuable products, preferably in the 
presence of recyclable homogeneous catalysts in order not to further 
complicate the process control. The feasibility and efficiency of this 
operational mode await investigation. The strategy of confining solid 
humin byproducts in droplets has been demonstrated for HMF synthesis 
from hexoses to prevent microreactor clogging [61,65], which might be 
extended to other reactions involving solid product formation (e.g., 
HMF oxidation to FDCA which has limited solubility in common solvents 
[78]). 

The continuous flow nature of microreactor processing facilities 
multi-step synthesis. The integration of two microreactors in series has 
been demonstrated for high-yield synthesis of diverse furan chemicals 
from fructose via tandem catalysis, involving decarbonylation, ether-
ification, oxidation and hydrogenolysis of the formed HMF intermediate 
[74]. Such tandem catalysis in one flow can be extended for more 
biomass transformations to boost the overall process efficiency. 
Combining these tandem reactions within one microreactor might be 
more promising, due to the simultaneous transfer of the formed inter-
mediate from one reaction to another. The latter operation might cause 
somewhat complex flow patterns (e.g., gas-liquid-liquid flow; Figs. 2f-h) 
and the incorporation of solid catalysts (if necessary) needs to be 
addressed well. Conventional one-pot batch processing of such reaction 
systems existed (e.g., the direct conversion of fructose to DMF via the 
tandem dehydration-hydrogenation reactions [105]), certainly 
providing insights for intensification in microreactors. 

Looking beyond, more catalytic biomass transformations can be 
included to broaden the horizon of applying microreactor technology 
(Fig. 4), e.g., oxidation reactions that remain much less explored in the 
emerging biorefinery [106]. Photocatalysis as an energy-saving and 
environmentally benign method has been increasingly applied in 
biomass conversion [107,108]. Continuous flow photochemistry as a 
growing area has benefited from the development in key areas such as 
the new light source technologies, flow photoreactor design and process 
intensification aspects thereof [109]. These advances would help 
develop photocatalytic microreactors that address well the light/-
reactant transport towards solid photocatalysts for boosting the reaction 
performance in such transformations [110]. Novel solvents promising 
for biomass conversion like ionic liquids (ILs) and DESs deserve research 
attention in microreactors [72,111,112]. These solvents usually possess 
a relatively high viscosity, rendering the reaction easily limited by 
heat/mass transfer if performed in conventional reactors. This provides 
additional opportunities for microreactors given their transport inten-
sification potential, as well as challenges (e.g., handling multiple fluid 
phases with radically different viscosity [24]). 

The continuous expansion of microreactor technology in catalytic 
biomass conversion will benefit from advances in the fields of catalysis, 
chemistry and process intensification. Microreactor technology has been 
slowly implemented in chemical industry to upgrade the existing pro-
cesses [31,113]. The emerging biorefinery concept gives many oppor-
tunities for the deployment of new chemical process technologies, 
certainly including microreactor technology. Within the next decade, it 
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is envisaged that microreactor technology will find more of its way to be 
developed as one key enabling reactor technology in biomass conversion 
towards developing a green and sustainable chemical industry. 
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