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Abstract
A micro-industrial plant of a gas-liquid-solid micro-reaction system is designed and built (constructed), that employs a simple
on-chip, single-line monolithic microreactor system constructed in silicon for the heterogeneous hydrogenation of organic
liquids, coupled with an in-situ microbubble slug/annular regime generation. The integration of catalyst (Pd) on the channel
walls is well described. The organic liquid (nitrobenzene in this case) was syringe-pumped as the main channel flow, whilst
the hydrogen gas was introduced through a side pore. Using the nitrobenzene as organic liquid, a reactor channel of 200 µm
width and a gas inlet channel of 5 µm width in this work, the gas inlet angle, the liquid in-flow velocity and gas in-flow rate were
monitored to optimize the bubble slug (annular flow regime) generation. The 90◦ inlet channel was found to be the optimum
angle for the creation of a thin liquid film on the channel wall. The operation of the system for the execution of reactions under
pressure, and the system cleaning and system shut-down after experiments, and emergency shutdown procedures for safety
purposes are presented. Nitrobenzene hydrogenation reaction yields as high as 93% were achieved with the microplant.
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Introduction
The development of on-chip micro-channel systems for the ex-
ecution of chemical reactions for analytical and microorganic
synthesis/production has gained much attention for some time
now (Auroux et al., 2002; Brivio et al., 2002; Fletcher et al.,
2002; Gutmann et al., 2015; Jähnisch et al., 2004; Reyes
et al., 2002; Vaccaro et al., 2014). These microfluidic reactors
consisting of a network of miniaturized channels are often
embedded in a flat substrate, the so-called lab-on-chip (Song
et al., 2018). The microorganic synthesis is especially useful
in the pharmaceutical industry where the test-rig stage in the
development of a drug does not require the production of large
quantities of the chemical (Brivio et al., 2002; Fletcher et al.,
2002; Gutmann et al., 2015; Jähnisch et al., 2004; Song et al.,
2018). The most striking advantages of such microsystems
are the high portability, reduced reagent consumption, mini-
mization of waste production, remote (on-site) applications
and heat dissipation owing to the high surface area to volume
ratios, amongst others (Doku et al., 2020, 2019).
Hydrogenation reactions represent one of the typical and ubiq-
uitous industrial processes; nearly 20% of all the reaction
steps in a typical fine chemical synthesis are catalytic hy-
drogenation, making it a good choice of study with respect
to microreactor systems (Akbar et al., 2003; Al-Sarkhi and
Hanratty, 2002; Chen et al., 2002, 2001; Doku et al., 2001,
2003, 2005; Hetsroni et al., 2003; Hisamoto et al., 2001; Irfan
et al., 2011; Kawahara et al., 2002; Kobayashi et al., 2005;
Kobayashi et al., 2004; Loscertales et al., 2002; Losey et al.,
2002; Mouza et al., 2002; Song et al., 2018; Van Male et al.,
2004; Yarin et al., 2002). Various functional groups (C O,

NO2, C−−−C, etc.) are reduced using hydrogen over suitable
catalysts such as Pd, Pt, Rh, Ni and Ru at ambient and/or
elevated pressures. The nature of the catalyst, purity of sub-
strates, temperature, pressure, contaminants in the substrate,
instability of intermediates, and solvents affect hydrogenation
processes. The major safety concern for any hydrogenation
reaction is fire and explosion due to the pyrophoric nature of
the catalyst, reagent, substrate, intermediate instability, and
use of the flammable solvents, hydrogen and pressure. The
primary hazard associated with any form of hydrogen is in-
advertently producing a flammable mixture, leading to a fire
or detonation when exposed to air, oxygen or sparks. Thus
applying a systematic approach of risk management is critical
for hydrogenations; this is what makes miniaturized systems
more advantageous over conventional systems (Song et al.,
2018). Many researchers have reported on various microre-
actor (microfluidic) design principles and reagent contacting
modes (Atodiresei et al., 2015; Burns and Ramshaw, 2001;
Costantini et al., 2010, 2009; Doku et al., 2005; Frost and
Mutton, 2010; Günther and Jensen, 2006; Irfan et al., 2011;
Losey et al., 2002; Sauret et al., 2012; Shui et al., 2007, 2008;
Wegner et al., 2011; Wiles and Watts, 2008, 2012). For any
particular hydrogenation reaction of interest, the catalyst could
be integrated as a thin porous film/plate on the channel walls
or as a packed-bed; techniques for integrating catalysts in
micro-channels are already reported elsewhere (Atodiresei
et al., 2015; Costantini et al., 2010, 2009; Frost and Mutton,
2010; Iles et al., 2007; Kobayashi et al., 2004; Liu et al., 2012;
Losey et al., 2001; Meille, 2006; Munirathinam et al., 2015;
Ricciardi et al., 2015; Sauret et al., 2012; Shui et al., 2008;
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Tonkovich et al., 2004; Wiles and Watts, 2012).
Kobayashi et al. (2004), have reported an efficient glass mi-
crochannel (serpentine-shaped) chip system (200 µm in width,
100 µm in-depth, and 40–45cm in length) for triphase re-
actions using a multichannel reactor. The immobilization
of Pd catalyst on the channel walls was done (see reaction
scheme in Figure 1) by first introducing amine groups onto
the surface of the glass channel to form 3. Microencapsulated
(MC) Pd (2), prepared from Pd(PPh3)4 and copolymer 1 in
dichloromethane-t-amyl alcohol, was used as the Pd source.
A colloidal solution of the MC Pd 2 was passed through the
microchannel to form 4, which was heated at 150◦C for 5
hours. During the heating, cross-linking of the polymer oc-
curred, and the desired Pd-immobilized microchannel was
successfully prepared. They conducted hydrogenation reac-
tions (including the hydrogenation of nitrobenzene to aniline)
that proceeded smoothly to afford desired products quantita-
tively within 2 minutes (mean residence time) for a variety
of substrates. They could achieve an effective interaction be-
tween hydrogen, substrates, and the palladium catalyst using
huge interfacial areas and the short path required for molecular
diffusion in the very narrow channel space. The organic fluids
were introduced using a syringe pump at a constant speed (0.1
mL/hr) while the H2 was applied through another inlet via a
massflow controler at a constant flow rate (1 mL/min). The
yields were determined by 1H NMR analysis. Conversion
yields obtained (97%) were higher than those obtained by
conventional systems; the minimum yield obtained with even
low H2 flow rates of 0.15 ml/min was 63%. When referring
to the reaction channel volume and the amount of the catalyst,
the space-time yield was 140,000 times higher than those pro-
duced by ordinary laboratory flasks.
Thales Nanotechnology (2005), a company based in Budapest,
Hungary, has developed a microfluidic device (continuous
flow reactor) for conducting heterogeneous hydrogenation at
high temperatures and pressures. The hydrogen is produced
by the electrolysis of water. A continuous-flow of substrate
mixes with the hydrogen, passes into a small reaction line, and
through a catalyst-packed cartridge. The hydrogenated prod-
uct emerges continously from the other end of the cartridge
and into a reaction vial. Temperature and pressure could be
controlled between 1–100◦C and 1–100 bars, respectively.
Using the system with varying catalysts, temperatures, and
pressures, they managed to reduce a wide variety of functional
groups in high conversion and quantitative yield. Microchan-
nels formed by the catalyst in the cartridge increased the
mass transfer between the three phases leading to an efficient
reduction and therefore high yields and conversion (>90%).
Reactions may be performed from 10mg–100g using the same
reactor, but different size cartridges.
Kluson et al. (2017) have also described the stereoselec-
tive hydrogenation of methylacetoacetate (MAA) to isomeric
(R)-(+) or (S)-(-)-methyl-3-hydroxybutanoates over a chiral
([RuCl((R)-BINAP)(p-cymene)]Cl) complex immobilised in
the mixed [N8222][Tf2N]/methanol/water solvent phase, in-

side of a microfluidic chip reactor. It was shown that the
reaction could be successfully carried out in such an arrange-
ment with a very high enantioselectivity (above 99%) and at
very high conversion of MAA (above 97%). It was proven
that the participation of a specific solvent (methanol or the
mixture [N8222][Tf2N]/methanol/water) essentially influences
the mechanism of the reaction. The solvents actively par-
ticipate in the re-coordination of the catalytic complex in a
series of reactions which is reflected in the values of reaction
enthalpies. The specific process output was also evaluated.
Other various microhydrogenation processes in microfluidic
chip devices have been reported in the literature (Haywood
and Miller, 2014; Kluson et al., 2020; Kobayashi et al., 2004;
Liu et al., 2005). Notwithstanding the advancements achieved
in microfluidic hydrogenations so far, reports on comprehen-
sive micro industrial plants for real-time chemical production
based on lab-on-chip systems are, however, not common in
the literature. Thus, we report on a complete micro-industrial
plant of a gas-liquid-solid micro-reaction system that employs
a simple on-chip, single-line monolithic microreactor sys-
tem constructed in silicon for the heterogeneous hydrogena-
tion of organic liquids, coupled with an in-situ microbubble
slug/annular regime generation (Doku et al., 2003, 2005).

Materials and Methods
Reagents and materials
Some of the reagents/materials used include 1-liter stainless
steel H2 and N2 gas cylinders, each at 200 bar; 1/4-inch stain-
less steel tubing; on-off switch valves for N2 supply; N2 gas
flow/pressure regulator capable of withstanding pressures up
to 200 bar; on-off switch valves for H2 supply; H2 pressure
relief valves or tubing; a 3-way switching valve for alterna-
tive switching of H2 reagent supply and N2 gas purging; H2
gas flow/pressure regulators capable of withstanding pres-
sures up to 200 bar; an online one-way valve for the gas
supply line; ’T’-adaptors; and a 0–40 bar pressure regula-
tor. All the above units were supplied and fixed on an alu-
minium panel by Karl Nicos Engineering, Enschede, Nether-
lands. Reagents for Pd catalyst immobilization included 1N
NaOH aq./ethanol (1/1 (= v/v)), water, ethanol, methanol,
3-aminopropyltriethoxysilane methanol solution (10%, 1.0
mL), tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4,
dichloromethane and t-amyl alcohol. Substrate reagent used
for hydrogenation reaction was nitrobenzene-ethyl acetate-
ethanol reagent mixture in a reservoir. Other materials in-
cluded a 5 µm pore stainless steel gas filter (Swagelok, Solon,
OH, USA); an automatic safety-lock system (Kobold Instru-
ments BV, Arnhem, Netherlands) with interconnecting ca-
bles, which closes the gas supply line automatically in case
the microchip breaks, to avoid excessive release of H2 gas
into the environment; a pc solenoid automatic open-close
valve; pc display with a switch contact; digital mass flow con-
troller/meter; stainless-steel unions (Swagelok, Solon, OH,
USA); 1/16-inch stainless steel tubing (Swagelok, Solon, OH,
USA); 5–100 µm id-360 µm od polyamide-coated fused-silica
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fibres (InaCom Instruments BV, Veenendaal, Netherlands);
online shut-off valves (Inacom Instru. Bv, Veenendaal, Hol-
land); and pressure sensors/meters (Entran, Les Clayes-sous-
Bois, France). Some more materials include a dual-syringe
pump (model CMA/102, CMA Microdialysis AB, Solna, Swe-
den); another dual-syringe but slower-flow rate pump (model
pico plus II (70-2213), Hugo Sachs Elektronik, Harvard ap-
paratus GmbH, March-Hugstetten, Germany); 4-port, 90◦

flow-directing switching valves (InaCom Instruments BV,
Veenendaal, Netherlands); and an online one-way (check)
valve (InaCom Instruments BV, Veenendaal, Netherlands)
for the liquid supply line. The micro-reactor employed is a
serpentine-shaped microchannel reactor (200 µm id-100 mm
long) etched on a silicon micro-chip (30 mm long, 20 mm
wide and 3 mm thick, fabricated in-house by photolithogra-
phy (Daykin and Haswell, 1995; Haswell, 1997), with Pd
catalyst integrated as a thin porous film/plate on the chan-
nel walls (Laboratory of MicroBiomedical and Environmen-
tal Technologies, MESA+ Research Institute, University of
Twente, Enschede, The Netherlands). Other materials used in-
clude microconnectors (InaCom Instruments BV, Veenendaal,
Netherlands); pressure-resistor; product-sample collecting
vial; hydrogen detector equipped with an alarm (Kernco In-
struments Co., El Passo. Texas, USA); high-magnification
microscope/high-speed camera system (total magnification,
160); and a microscale.

Immobilization of Pd catalyst on the channel walls
The Pd catalyst was immobilized as a thin porous film/plate on
the channel walls by the method described earlier (Kobayashi
et al., 2004). In detail (Figure 1), the channel was first treated
with 1N NaOH aq./ethanol (1/1 (= v/v)), water, ethanol, and
methanol successively to wash and and activate the surface of
the channel. A 3-aminopropyltriethoxysilane methanol solu-
tion (10%, 1.0 mL) was then added slowly to the channel for
15 hours, and the channel was washed with methanol to afford
microchannel 3. On the other hand, copolymer 1 (50 mg) and
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 50 mg)
were dissolved in dichloromethane (1.0 mL) and t-amyl alco-
hol (5.0 mL) at room temperature, and the mixture was stirred
overnight at this temperature. Pd solution 2 thus prepared
(2.0 mL) was added slowly to the channel 3 for 40 hours, and
the channel 4 thus prepared was treated with air to remove
an excess amount of the solution inside the channel. The mi-
crochannel 4 was then heated at ca. 150◦C for 5 hours. This
procedure (the addition of the polymer solution and heating)
was carried out four times to give the desired Pd-immobilized
microchannel.

Design and construction of microplant system set-
up
The microplant system was set-up according to the scheme
shown in Figure 2, made up of liquid supply and control
components, the gas supply and pressure control systems, the
microchip platform, and sample/product collection system. In
Figure 2, components 1 and 2 are 1-liter stainless steel H2

Figure 1. Scheme of Pd immobilization on channel wall

and N2 gas cylinders, respectively, at 200 bar. Components
3 and 4 are 1/4-inch stainless steel tubing; in fact, all tubings
up to position 33 are 1/4-inch stainless steel. Components 5,
(6), 8 and 10 are on-off switch valves for N2 supply, whilst
component 7 is an N2 gas flow/pressure regulator capable of
withstanding pressures up to 200 bar. Components 11, 14,
16, 17 and 19 are on-off switch valves for H2 supply; 12 and
22-27 are H2 pressure relief valves or tubing; 13 is a 3-way
switching valve for alternative switching of H2 reagent supply
and N2 gas purging, and 15 and 18 are H2 gas flow/pressure
regulators capable of withstanding pressures up to 200 bar.
Component 20 is an online one-way valve for the gas supply
line, and 21 is just a ’T’-adaptor. Component 28 is 5 µm pore
stainless steel gas filter (Swagelok, Solon, OH, USA). Compo-
nents 29, 30 and 32 constitute an automatic safety-lock system
(Kobold Instruments BV, Arnhem, Netherlands) with intercon-
necting cables, which closes the gas supply line automatically
in case the microchip breaks, to avoid excessive release of
H2 gas into the environment; 29 is a pc solenoid automatic
open-close valve, 30 is pc display with a switch contact, and
32 is a digital mass flow controller/meter. Component 31 is
a 0–40 bar pressure regulator, closest to the microchip de-
vice, for fine tuning of the reaction pressure. Component 33
is a stainless-steel union (Swagelok, Solon, OH, USA) that
connects the 1/4-inch tubing and a 1/16-inch stainless steel
tubing (Swagelok, Solon, OH, USA) that links components 33
and 34. Component 34 is a stainless-steel union (Swagelok,
Solon, OH, USA) that connects the 1/16-inch tubing and a
100 µm id-360 µm od polyamide-coated fused-silica fibre
(InaCom Instruments BV, Veenendaal, Netherlands) which
takes the gas to an on-chip inlet port 39. Component 35 is
just a ’T’-adaptor. Components 36, 37, 49 and 57 are online
shut-off valves (Inacom Instru. Bv, Veenendaal, Holland); 36
is for pressure relieving. Components 38 and 53 are pressure
sensors/meters (Entran, Les Clayes-sous-Bois, France) for
monitoring the microchip channel inlet and outlet pressures
as well as the average pressure inside the microreactor. Com-
ponent 40 is a dual-syringe pump (model CMA/102, CMA
Microdialysis AB, Solna, Sweden) for ethanol purging of the
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reactor channel, whilst 41 is a dual-syringe, slower-flow rate
pump (model pico plus II (70-2213), Hugo Sachs Elektronik,
Harvard apparatus GmbH, March-Hugstetten, Germany) for
the nitrobenzene-ethyl acetate-ethanol reagent mixture sup-
ply. Tubing 42 and 43, tubing up to the on-chip inlet port 50,
reagent loading line from 44 to 45, and the waste lines 48a and
48b, are 100 µm id-360 µm od fibres (InaCom Instruments
BV, Veenendaal, Netherlands). Components 44 and 47 are
4-port, 90o flow-directing switching valves (InaCom Instru-
ments BV, Veenendaal, Netherlands) for alternative switching
of the reagent mixture loading and supply, ethanol purging and
the waste lines 48a and 48b. Component 45 is a nitrobenzene-
ethyl acetate-ethanol reagent mixture reservoir. Component
46 is an online one-way (check) valve (InaCom Instruments
BV, Veenendaal, Netherlands) for the liquid supply line.

Component 51 is the microchip showing on-chip serpentine-
shaped microchannel reactor and 52 is an on-chip outlet port.
The on-chip inlet and outlet ports are connected to the mi-
crochannel fibres by appropriate microconnectors (InaCom
Instruments BV, Veenendaal, Netherlands). Component 54
is a pressure-resistor, polyamide-coated fused silica fibre (5
or 10 µm id-360 µm od, InaCom Instruments BV, Veenen-
daal, Netherlands) of appropriately calculated length that
brings down the pressure of the reaction product mixture
to 1 bar (atmospheric pressure) at the end of the fiber so that
the product could be easily collected. Component 55 is a
product-sample collecting vial, and 56 is a gas-outflow fibre
to allow unreacted gas to escape. Component 58 is a wall-
mounted, remote hydrogen detector equipped with an alarm
(Kernco Instruments Co., El Passo. Texas, USA) used to
signal any excessive releases of hydrogen gas into the environ-
ment. A high-magnification microscope/high-speed camera
system (total magnification, 160) was mounted over the mi-
crochip to monitor all activities occurring within the channel,
which were video-recorded. A microscale mounted under
the high-magnification microscope/high-speed camera system
was used to estimate bubble sizes and liquid film thicknesses
around the bubbles. The whole system was mounted in a fume
chamber (Figure 4).

Optimization of dispersion parameters
An optimum dispersion regime is the most critical factor in
achieving the efficiency of a micro system like this. Using
nitrobenzene as organic liquid substrate, the reactor channel
of 200 µm width and a gas inlet channel of 5 µm, the gas
inlet angle, the liquid in-flow velocity and the gas supply
pressure (gas in-flow rate) were monitored to visualize their
effects and to optimize the liquid film thickness (bubble slug
or annular flow regime generation) on the inner walls of the
reactor channel. A sample vial was connected at the point
of exit to collect eluents from the flow system. Different
gas inlet angles (θ : 20, 45, 90, 135 and 160◦) to the reactor
channel were created by etching separate inlet channels at
the different angles on separate silicon microchips; these are
shown in Figure 3. The different microchips of different gas

inlet angles were used in turn to verify the effects of liquid
in-flow velocity and gas supply pressure on the thickness of
the liquid film on the inner walls of the reactor channel. The
gas supply pressure effect was verified by fixing the liquid
flow velocity (10 µL/min) and varying the gas supply pressure.
This was carried out first with all ports opened and then with
all ports closed. The liquid in-flow effect was verified by
fixing the gas supply pressure (30 bar, the pressure required
for hydrogenation of nitrobenzene) and varying the liquid flow
velocity. This was also carried out first with all ports opened
and then with all ports closed.

System operation for reaction execution
Using the syringe-pumped organic liquid (nitrobenzene in this
case) as the main channel flow, while the hydrogen gas was
introduced through a side pore, the general operation of the
system for execution of reactions under pressure was studied
and optimized. The system cleaning and system shut-down
after experiments, and emergency shutdown procedures for
safety purposes, were also studied and optimized. The overall
conditions used for reaction were as follows: nitrobenzene as
the organic liquid for the hydrogenation, 200 µm id-100 mm
long micro-reactor, a gas inlet channel of 5 µm, an optimum
90◦ gas inlet angle, liquid in-flow rate of 10 µL/min, the initial
gas supply pressure of 5 bar and an actual reaction pressure
of 30 bar.
The ventilator of the fume cupboard and the pressures in
the gas cylinders were checked to see if they were in good
working condition. The pressure valves were opened along
components 5 to 10 and components 13 to 18. It was fol-
lowed by ensuring that the liquid reservoirs (syringes) were
full and well fitted to the syringe pumps 1 and 2 (nos. 40 and
41 in Figure 2). The respective syringes were labeled with the
names of reagents (ethanol for syringe 1, reagent mixture for
syringe 2). The required gas pressure was then set with the
gas flow regulators, then the required liquid flow rate was set
on the syringe pump controls, and the setup was then visually
checked for any leakages or blockages along both the liquid
and gas connection components and at the microchip. The
set-up and the fume cupboard were always ensured to be clean.
The fume cupboard was partly closed anytime a process was
being run. Any liquid spillage was wiped off appropriately.
It was then checked if the automatic safety-lock system (29,
30 and 32), the remote hydrogen sensor/alarm (58) and the
pressure sensor systems (38 and 54) were functioning.
The preliminary steps above were then followed with perform-
ing a reaction (continuous-flow mode) and reaction product
collection for analysis. Initially, the liquid line from syringe
pump 1 (component 40) to the waste line (48a) was first
primed with ethanol by opening only valves along that line
and then setting a pump flow rate (5 µL/min) on syringe pump
1. Then the liquid line from syringe pump 2 (component 41)
to the waste line (48a) was primed with the liquid reactant-
ethanol reagent mixture by opening only valves along that
line and then setting a pump flow rate (5 µL/min) on syringe
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Figure 2. Scheme/technical details of the experimental set-up

Figure 3. Different gas inlet channels etched on chip.

pump 2. A gas mass flow limit (set point of 45 cm3/min)
was set on the pc display (component 30). This was followed
by purging the system with N2 gas at a pressure of 5 bar, by
opening valves 5–10, 13–20, 36 and 37, 49 to the waste line
48b, and 57 (all other valves remain closed). The system was
then purged with H2 gas, also at a pressure of 5 bar, by closing
all valves along the line from 4–13 and valves 12 and 22, and
opening valve 11 and all valves along the line from 13–57, 36
and 49 and to the waste line 48b. The system line was then
pressurized with the H2 gas to the required reaction pressure
(of 30 bar) which reads on the pressure sensor display 38, by
closing all valves along the line from 4–13, valves 12, 22,
36, 49, 57, and the waste lines 48a and 48b, whilst opening
valve 11 and all valves along the line from 13–39. A reaction
time of 1 hr was allowed. After reaction, the valves along

the liquid line from 41-50 were then opened and the liquid
reagent mixture (from syringe pump 2) and the H2 gas were
fed continuously (at 10 µL/min and 5 bar, respectively), whilst
valve 57 which was just at atmospheric pressure (1 bar) was
opened, to drive the reaction-product mixture into the online
product-collecting vial 55. The procedure was repeated 10
times. The collected sample product was analyzed offline by
injection into a MS (for detection) and 1H NMR (for yield
quantification).
After all experiments, the system was cleaned and shut down
by closing all gas supply valves up to position 39, then closing
the waste line 48a and 48b, and then cleaning the microchip
channel by purging with ethanol only and collecting into a
waste bottle. The system was then purged with N2 gas (by
opening valves 5–10, along 13–39, and 49, 57, and the waste
line 48b (all other valves remained closed), with a pressure of
5 bar. All valves were then closed, leaving valves 12 and 22
opened to ease pressure in the system. After this, all valves
were closed completely and all electrical systems and powers
were put off.

Results and Discussion
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Micro-industrial plant overview
Figure 4 is a photograph of the set-up, and Figure 5 shows
the liquid flow lines. It is a comprehensive micro industrial
plant for real-time chemical production based on lab-on-chip
systems, which are not common in the literature. All mate-
rials/equipment and reagent reservoirs required are all per-
manently integrated together in one plant. The system is
very air-tight, devoid of any leakages. The whole system was
mounted in a fume cupboard. It enjoys all the advantages
of miniaturization, especially reduced reagent consumption
and minimization of waste production, and is especially use-
ful in the pharmaceutical industry where the test-rig stage in
the development of a drug does not require the production
of large quantities of the chemical. It was observed that, for
the pressures in the gas cylinders to be high enough to enable
experimenting, the pressures at the manometers 15 and 18
have to be at least 40 bar (which is higher than the 30 bar
pressure required for the experiment). In comparison, the
pressure at the manometer 7 has to be at least 5 bar (just for
N2 purging of the system). In case of any emergency, an
immediate shutdown of the experiment is required. This in-
volves depressurization and shutting down of all electrically
powered units, as follows: closing valves 11, 5, 49 and 57
immediately, shutting down syringe pump powers, followed
by closing all valves, except valves 12 and 22, and, finally,
closing the fume cupboard. We hope to have the system fully
automated and computer programmed to make most of the
operational procedure computer-controlled.

Figure 4. Photo of the macroplant system set-up

Figure 5. A photograph of the liquid flow lines and connectors

Optimum dispersion parameters and operational con-
ditions

For such a miniaturized monolithic reactor, gas and liquid
plugs passed alternatively through the channel. A thin liq-
uid film first wetted the channel walls before the gas was
transported (by diffusion) through the thin liquid film to the
channel/catalyst surface. Optimum dispersion (mixing by dif-
fusion) of the gas through the liquid on the channel surface
is the most critical operational condition for the reaction ef-
ficiency of such a system. The solution at the wall became
saturated with the gas when the gas plugs passed through the
channel. The 90◦ inlet channel was found to be the optimum
angle for creating of a thin liquid film on the channel wall; this
is shown in Figure 6. The effect of gas supply pressure on the
liquid film thickness on the channel wall is shown in Figure
7. Generally, gas pressure decreased the liquid film thick-
ness (almost linearly), which would increase gas diffusion to
the catalyst on the channel wall. The effect of liquid in-flow
velocity on the liquid film thickness on the channel wall is
shown in Figure 8. Liquid velocity increased the liquid film
thickness (also almost linearly), increasing the path length
for the gas diffusion to the channel wall. Thus, the optimum
operational procedure was to introduce an appropriately fixed
amount of liquid segment in the channel at a known liquid ve-
locity, within an appropriate time length, followed by halting
the liquid flow, shutting the liquid inlet and outlet ports and
then pressurizing the reactor volume to the required reaction
pressure using H2 gas introduction. After the reaction, the
fluid in the reactor is driven slowly, using the liquid flow, into
the sample product collecting vial. The right/optimal amount
of liquid segment fed into the reactor would maximize the
reaction while preventing excessive dilution of the reaction
product and, thus, preventing decrease detection sensitivity.

Figure 6. Annular dispersion results
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Figure 7. Variation of liquid film thickness with gas supply
pressure

System efficiency, optimum conditions and reaction prod-
uct yield
The design reported provides a promising micro-plant for
gas-liquid-solid on-chip micro-reactions, typically catalytic
hydrogenation of organic liquids. The reaction employed in
this study is as follows:

C6H5NO2(l)+
3H2(g)

Pd(catalyst)
−→C6H5NH2(l)+2H2O(l) (1)

where C6H5NO2(l) = nitrobenzene substrate; 3H2(g) = hydro-
gen reactant; C6H5NH2(l) = aniline product.

The system operational conditions were: 200 µm id-100 mm
long micro-reactor, a gas inlet channel of 5 µm, the optimum
90o gas inlet angle, liquid in-flow rate of 10 µL/min and initial
gas supply pressure of 5 bar (yielding an average liquid film
thickness on the channel wall, according to calculation, of
∼20 µm) followed by an actual reaction pressure of 30 bar.
The device has a very large specific interfacial area per unit
of volume. In concrete figures, this area can rise to 10,000–
50,000 m2/m3, instead of only 100 m2/m3 for conventional
reactors used in chemical processes (Kobayashi et al., 2004).
In the system, efficient gas-liquid-solid reactions occurred, be-
cause of the effective interaction of the three phases resulting
from the extremely large interfacial areas and the short path
(∼20 µm) required for molecular diffusion in the very narrow
channel space. Pd catalyst was chosen because it is often used
in organic synthesis, and versatile transformations using Pd
catalysts have been reported (Negishi, 2002; Poli et al., 2000;
Trost and Van Vranken, 1996; Tsuji et al., 1995). Hydrogena-
tion using Pd catalysts is one of the most important and widely
used reactions in synthetic organic chemistry (Arnold, 1956;

Figure 8. Variation of liquid film thickness with liquid in-flow
velocity

Besser et al., 2003; Losey et al., 2002, 2001; Wieβmeier and
Hönicke, 1996). The Pd immobilization method of Kobayashi
et al. (2004) was employed because it eliminated the normal
problems of lowered reactivity and leaching of the metals
during reactions. The reaction was conducted under the re-
quired optimum pressure of 30 bar and at ambient temperature.
Yields were determined by collecting a measured volume of
the product from the product-sample collecting vial, then de-
tecting aniline by mass spectrometry (MS; m/z = 93) and
quantifying it by 1H nuclear magnetic resonance (1H NMR;
Phenethylamine: 1 H NMR (CDCl3) δ = 2.71-2.74 (t, 2H, J =
6.8 Hz), 2.93-2.96 (t, 2H, J = 6.8 Hz), 7.18-7.31 (m, 5H); 13C
NMR (CDCl3) δ = 40.0, 43.5, 126.0, 128.3, 128.7, 139.7).
Conversion yields as high as 93% were recoded at the opti-
mum pressure of 30 bar; which compares with yields reported
elsewhere (Kobayashi et al. (2004) (97%); Liu et al. (2005)
(>50%); Iles et al. (2007) (89%); Liang et al. (2013) (87%);
Haywood and Miller (2014) (60-95%); Kluson et al. (2017)
(97%); Kluson et al. (2020) (90%); Inglea et al. (2020) (95%)).
Any time the system was operated on the continuous mode
and the H2 flow rate was lowered, alternate slugs of the liquid
and gas were observed, and the yield was low. No Pd was
detected in the product solutions in most cases (checked by
inductively coupled plasma (ICP) analysis), which meant that
no leaching of the Pd and no Pd contamination of the prod-
ucts occurred. The microchannel reactors were reused several
times without loss of activity.
Indeed, the high reactivity and efficiency of microchannel re-
actors were observed, as proved by other researchers (Kobayashi
et al., 2004). The comprehensive micro plant proved to be a
robust, real-time chemical production system based on lab-
on-chip. Again, it would be fascinating to have the system
fully automated and computer programmed so that most op-
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erational procedure becomes computer-controlled. We also
wish to point out that further studies including the use of dif-
ferent organic substrate fluids with different viscosities, the
catalyst life-span and reaction kinetics, the use of multiple
microchips in series or parallel, the reaction temperature and
its effect on product yield, are on-going.

Conclusion
The design reported provides a promising micro-plant for
gas-liquid-solid on-chip micro-reactions, typically catalytic
hydrogenation of organic liquids. Nitrobenzene hydrogena-
tion reaction yields as high as 93% were achieved with the
microplant. It is a robust, air-tight and safe system. We hope
to have the system fully automated and computer programmed,
so that most of the operational procedure becomes computer-
controlled. As future studies, depending on the viscosity of
the organic liquid of interest, the reactor channel width (50–
200 µm) and depth (–100 µm), the inside-reactor pressure
(10–30 bar) and the fluid out-flow rate are to be monitored to
optimize the reaction product yield. The catalyst life-span and
the reaction kinetics should also be studied. The reaction tem-
perature and its effect on product yield should also be studied.
Reaction products could be collected in batches into sample
vials and analyzed off-line by mass spectrometry (MS) or 1H
NMR or analyzed online by interfacing with an appropriate
detector. The whole system should always be mounted in an
efficient fume chamber.
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