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Microwave  heating  is an  interesting  technology  for chemical  engineering,  since  it  can  provide  effec-
tive  volumetric  heating  of the  reaction  medium  and  reduce  energy  costs.  Many  commercially  available
laboratory-scale  microwave  reactors  have  already  been  used  to  carry  out  chemical  reactions  on a small
scale  (a  few  milliliters),  and at high  temperatures  and  pressures.  Some  research  has  been  undertaken  to
scale-up  microwave  processes  and  make  them  suitable  for a  larger  scale  production.

Indeed,  combining  wave  propagation  through  the  walls  of a reactor  with  resistance  toward  high  pres-
sure  and  temperature  as well, is not  an easy  task. For  these  reasons,  this  work  focuses  on the  development
of  a pilot  scale  microwave  apparatus  used  for the  heating  of  larger reaction  volumes  under  pressure,  and
under controlled  conditions.  The  specially  designed  microwave  apparatus  allows  chemical  reactions  in
batch  or  continuous  mode.  The  applicator  operates  in  single  mode  enabling  a  uniform  electromagnetic
field,  and  well  controlled  operating  conditions.  The  main  advantage  of  the  setup  is  the quite  large  reactor
lycerol volume  that  permits  either  relatively  long  residence  times  or relatively  high  mass  flowrates  (up  to 1  kg/h).
The  developed  microwave  apparatus  was  then  used  for  quinoline  synthesis  from  glycerol via a  modified
Skraup  reaction.  The  major  advantage  of  our  system  is  the  ability  to  carry  out continuous  chemical  syn-
thesis,  at  a  large  pilot  scale,  and high  temperatures  (200–220 ◦C),  while  ensuring  a  better  control  of the
pressure  (max.  19  bar)  through  the  control  of the  power  absorbed  by the  reaction  medium.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The application of alternative forms of energy sources for con-
ucting chemical reactions is at the heart of process intensification
pproach. Among these energy sources, microwave heating is
ecognized as a very promising technique to intensify chemical pro-
esses [1,2]. One can notice the rapid growth of microwave assisted
rocedures in organic synthesis since the publication of the pio-
eering papers by Gedye et al. [3] and Giguere et al. [4] in 1986.
apid microwave protocols can be developed for most chemical
ransformations requiring heat. The activity in this new technique
as experienced exponential growth and has been reviewed in the
Please cite this article in press as: H. Saggadi, et al., Microwaves under p
Catal. Today (2014), http://dx.doi.org/10.1016/j.cattod.2014.10.050

reas of material science, food technology, environmental tech-
ology, organic synthesis, polymer synthesis, etc. [5,6]. Indeed,
icrowave technology is already used in some industrial sectors

∗ Corresponding author. Tel.: +33 232956668.
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sabelle.polaert@insa-rouen.fr (I. Polaert).

ttp://dx.doi.org/10.1016/j.cattod.2014.10.050
920-5861/© 2014 Elsevier B.V. All rights reserved.
such as in the drying process of fruits, food, and pharmaceutical
powders as well as for polymer chemistry. In medicine, microwaves
are used in resonance therapy and thermography [7,8]. Microwave
irradiation offers many advantages compared to conventional heat-
ing. Electromagnetic energy is actually transferred directly into
the material via radiation without loss by means of heat conduc-
tion and convection. Consequently, an instantaneous and uniform
volumetric heating is obtained for microwave-absorbing material,
and heating occurs therefore from the inside to the outside of
the medium. Easy automation and incident power control are also
achieved. In numerous chemical syntheses, rapid heating, selective
heating and enhancements of yield and purity are obtained [5,8,9].

Many laboratory-scale microwave reactors have been widely
used for conducting different chemical reactions. The commercially
available microwave devices are divided into two groups. The first
category consists in multimode ovens. They are often equipped
ressure for the continuous production of quinoline from glycerol,

with a small tubular reactor inside (Teflon coil, or glass or quartz
tube) [10], of only a few milliliters, in which different organic syn-
theses have been carried out. Some of them have been performed
under high pressure (up to 120 bar) and at temperatures of up to

dx.doi.org/10.1016/j.cattod.2014.10.050
dx.doi.org/10.1016/j.cattod.2014.10.050
http://www.sciencedirect.com/science/journal/09205861
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50 ◦C [11,12]. Most of the devices have been optimized in order to
chieve better reaction control, namely temperature and pressure
ontrol. These developments have obviously led to investigating
he scalability of microwave heating, either by using larger reaction
olumes in batch mode, or by multiplying the number of small vials
n the ovens [12–15], or by using the continuous mode [16–18].
espite being able to control the main parameters (temperature,
ressure, and reaction medium stirring), as well as the automation
f the device, an important parameter remains uncontrolled: the
lectromagnetic field distribution. While most of the commercially
vailable multimode devices involve a static microwave diffuser
o homogenize the wave distribution, the electromagnetic field
istribution can never be controlled and its homogeneity cannot
e ensured. This leads to a lack of temperature uniformity in the
eaction medium and hot spots can occur, especially if the cavity
ossesses multi-reaction vials.

The second category consists in more advanced microwave reac-
ors, involving a waveguide to create a standing wave. Single-mode
pplicators are used, allowing the propagation of a quasi-uniform
eld on the reactor zone. The reaction can then be conducted under
ell controlled operating conditions. The electric field densities in

ingle-mode cavities are higher, allowing absorbing mixtures to be
apidly heated. Microwave input and reflected powers can be mea-
ured, the absorbed energy estimated, and the interactions of the
ave with the medium can be identified. The most commonly used

atch devices (e.g., Biotage, CEM, Anton Paar) permit, in some cases,
nteresting conditions for chemical reactions (temperatures up to
00 ◦C and pressures up to 30 bar). However, in these commercially
vailable single-mode batch reactors, the reaction volume is very
mall (∼50 mL)  and not adapted to production [19,20].

As for multimode systems, some studies have focused on the
calability of single-mode pressurized devices, either by allow-
ng larger volume reactions (12 bar, 500 mL)[21], or by developing
ontinuous mode tubular reactors [19,22,23]. Although these
evelopments have led to conducting chemical reactions at high
emperatures (up to 300 ◦C) and under pressure (up to 50 bar) [19],
nce again, the volumes do not exceed 50 mL.  This lays down typ-
cally short reaction times (in the order of a few minutes), and
mall flow rates. Despite these improvements, there are many
emaining difficulties to scale up microwave pressurized reactors.
ne of the main limitations is the restricted penetration depth of
icrowave irradiation into absorbing materials, which is generally

n the order of just a few centimeters. When using larger batch
eactors, reagents in the center of the reaction vessel are mostly
eated by convection and not by direct microwave dielectric heat-

ng. The heating rate of the mixture is therefore affected, leading to
xtended processing times [20,24]. This physical limitation is one of
he main reasons for the development of continuous flow reactors.

Another important issue for the scalability of the continuous
ressurized microwave reactions is the necessity to use reactors
hat are transparent to microwave. Only materials like quartz glass,
ome polymers and some ceramics can be used [19]. However,
ombining these materials with resistance toward chemicals, high
ressure and temperature is not easy to carry out. Thus, scaling-
p microwaves must mainly fulfill the following criteria: (1) safe
nd reliable equipment, (2) high reproducibility, (3) good reaction
ontrol, (4) fast heating time, (5) reasonable volume, (6) accept-
ble energy balance, (7) comparable or higher yield to conventional
ystems, and (8) acceptable cost [19].

Keeping these issues in mind, the challenge of this work is to
esign a continuous microwave reactor dedicated to organic syn-
hesis at high temperatures and pressures. A chemical production
Please cite this article in press as: H. Saggadi, et al., Microwaves under p
Catal. Today (2014), http://dx.doi.org/10.1016/j.cattod.2014.10.050

f about 1 kg/h is targeted, for relatively slow reactions requiring
uite long residence times (10–20 min). This device has to operate
eliably and safely with volatile compounds including organic sol-
ents. Nevertheless, developing a microwave-transparent reactor
 PRESS
day xxx (2014) xxx–xxx

with resistance toward pressure is a hard task. Indeed, con-
trolling experimental conditions has to be managed, including
pressure, temperature, time, homogenization of the medium,
reagents/products flow (in the case of continuous mode reaction),
and post-reaction cooling. Our approach requires scale-up, solv-
ing the technical issues, in terms of technical tools for temperature
and pressure measurement and control, as well as reactor design
and implementation of elements allowing batch and continuous
mode operations for larger quantities. It is also imperative to ensure
that the apparatus functions safely, and to plan power control and
anticipate intervention procedures in the case of any emergency.

The developed microwave pilot has been tested on quinoline
production from glycerol using a modified Skraup reaction. This
reaction is of great interest for the production of a pharmaceuti-
cal intermediate (quinoline) from a biosourced material, glycerol.
In a previous study [26], we  demonstrated the feasibility of the
reaction under microwave irradiation in green conditions, using
water as a solvent and sulphuric acid as a catalyst, without any
additional oxidant or toxic reactant. High temperature (220 ◦C) and
pressure (15–25 bar) are required for the reaction. Acrolein is pro-
duced as an intermediate, and reacts in situ with aniline to produce
quinoline, therefore avoiding handling with its toxicity and insta-
bility. The developed microwave pilot was  operated for quinoline
production in both batch and continuous flow modes and temper-
ature/pressure/power control were ensured.

2. Batch mode

Our team has been investigating microwave synthesis of
quinolines for several years, using a laboratory scale apparatus
(monowave 300 from Anton-Paar), where a few milliliters (30 mL)
of reagents were used [25,26]. In this small apparatus, the Skraup
reaction was performed starting from glycerol (30 mmol), aniline
(10 mmol) in the presence of sulphuric acid (30 mmol) in 10 mL
of water, under microwave irradiation, at 220 ◦C (25 bar pressure)
for 10 min, giving quinoline with a 44% yield. We  decided first, to
increase fivefold the reactor volume in order to check the feasibility
of the reaction at a larger scale, focusing on the good propagation
and absorption of the electromagnetic energy in the larger volume.
We also wanted to develop a reactor volume more compatible with
a 1 kg/h continuous production of quinoline.

2.1. Microwave apparatus

The cylindrical PTFE reactor was designed and customized,
allowing reaction volumes up to about 135 mL, that is to say, five
time more than the reacting volume used for our first investigations
[25,26]. The temperature inside the reactor was measured using
an optical fiber immersed in the reaction medium through a glass
tube. The complete batch experimental diagram is shown in Fig. 1.
Our system consisted of a Sairem (GMP 20K/SM) microwave high-
voltage generator providing power up to 1900 W,  coupled with a
magnetron delivering an electromagnetic wave at 2.45 GHz. Only
incident and reflected powers were measured with power sensors
and the absorbed power was  deduced from the difference. The
magnetron was  connected to a WR340 waveguide allowing sta-
tionary waves propagation in a TE10 mode. A tuning piston at the
end of the waveguide was  used to optimize the electromagnetic
energy absorption by varying the guide length. The waveguide was
equipped with an applicator and a chimney in which the reactor
was inserted. Pressure control was assured by elements installed
ressure for the continuous production of quinoline from glycerol,

downstream to the reactor: a pressure sensor, a safety valve (cali-
brated at 25 bar), a pressure regulator equipped with a gauge and a
valve. Computer control and supervision of the set-up were carried
out using Labview software.

dx.doi.org/10.1016/j.cattod.2014.10.050
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Fig. 1. Batch mo

In order to check its resistance toward pressure and tempera-
ure, the apparatus was subjected to several safety tests before use.
he first test was performed at ambient temperature under 40 bar
f nitrogen pressure. The second test was performed at 190 ◦C in
n oil bath under 10 bar, and the last one, under continuous con-
itions at room temperature, connected to a pump and reaching a
ressure up to 25 bar. The reactor was also tested with water under
icrowave irradiation which allowed us not only to check resis-

ance toward pressure, temperature and microwaves, but also to set
 microwave protocol for better power and pressure/temperature
ontrol.

.2. Procedure

In our pilot scale microwave apparatus, the Skraup reaction
as conducted starting with 50 mmol  of aniline, 150 mmol  of

lycerol and 150 mmol  of sulphuric acid in 50 mL  of water as a
olvent (corresponding to a 75 mL  reacting volume). The mixture
as stirred with a spatula in order to homogenize the medium

the mixture is perfectly homogeneous at ambient conditions). The
bsence of leaks was checked at ambient temperature under 30 bar
f nitrogen. The reactor was then depressurized, placed in the
himneys and connected to the rest of the installation. The appa-
atus control was carried out by an automatic PID regulation of
he absorbed power with respect to the pressure. Pressure regu-
ation was chosen rather than temperature since the medium was
ot stirred, which could leads to a heterogeneous temperature dis-
ribution within the reactor. Therefore, the measured temperature
as less reliable than the pressure. This allowed us to prevent any

udden increase in pressure and, especially, to ensure safer and
epeatable experimental conditions. The same microwave protocol
as applied for all experiments, and thus had better repeatabil-

ty. The adopted method is illustrated in Fig. 2, and consisted
f three main steps: allowing pressure to rise up to the desired
alue using a fixed absorbed power (Zone A); once the desired
ressure was reached, this value was kept constant during the
Please cite this article in press as: H. Saggadi, et al., Microwaves under p
Catal. Today (2014), http://dx.doi.org/10.1016/j.cattod.2014.10.050

xperiment by an automatic regulation of the absorbed power with
egard to the pressure set-up value (Zone B); at the end of the
rowave system.

experiment, the irradiation was  stopped and the system was cooled
to ambient conditions (Zone C).

Quantification was  carried out by high performance liquid
chromatography (HPLC) coupled to a UV detector (wave-
length = 220 nm). Analysis was  made with an isocratic elution of
acetonitrile (A) and water (B) with (A/B): 40:60. Acquisition and
data processing were done with Azur software.

2.3. Results and discussion

Referring to experiments performed in the small scale reactor
[25,26], as well as the saturation data of water and water–glycerol
mixtures, we decided to conduct new experiments, in the new
reactor of a larger volume (135 mL)  at 14 bar (pressure correspond-
ing to about 210 ◦C). The opening value of the pressure regulator
was pre-set at 15 bar to avoid any pressure increase in the sys-
tem. A constant value of the absorbed power was applied until the
approximately desired pressure (≈13.8–14 bar) was reached. After
2–3 min, the liquid started boiling and the pressure started increas-
ing. By conducting this way  the experiment, the mixture remained
at the liquid–vapor equilibrium, meaning that all the time, the liq-
uid phase was at equilibrium with the gas phase. Pressure increased
continuously due to the heating of the medium and its partial
vaporization. When the targeted value of pressure was reached
(after 40 min), automatic control was then immediately switched-
on, in such a way that the magnetron delivered only the required
power to maintain this pressure value during the stabilization time.

For the conducted experiments, an increase of the reflected
power (and therefore of the incident power, trying to maintain the
same value of the absorbed power) was  systematically noticed as
soon as the pressure started to rise after about 2–3 min. This indi-
cated a change in the dielectric properties of the medium, due to
the reaction mixture boiling. In the absence of magnetic stirring,
we supposed that the reactive mixture was homogenized by bulk
motions and convective heat transfer. At the end of the experiment,
a homogeneous dark brown liquid was  recovered.
ressure for the continuous production of quinoline from glycerol,

Thus, our system allowed carrying out the Skraup reaction at
adequate temperature and pressure conditions, giving quinoline
with a 41% yield, similar to the result obtained in the small scale

dx.doi.org/10.1016/j.cattod.2014.10.050
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required to consume almost all of the aniline (Table 1, entry 4
vs. entry 3). Consequently, these conditions were not suitable for
continuous mode experiments, since they would have led to too
long residence time. Experiments led at 12 bar and 14 bar (Table 1,

Table 1
Pressure influence on the quinoline synthesis.

Entry Microwave protocol T (◦C) Aniline
conversion (%)

Quinoline
yield (%)

1 Pressure rising: in 14.7 min
Irradiation stopped at 7.5 bar

182 17 2

2 Pressure rising: in 12 min
Irradiation stopped at 9.5 bar

193 26 5

3 Pressure rising: in 19.7 min
10 min  at 9 bar

190 61 21

4  Pressure rising: in 19.6 min
40 min  at 9 bar

190 95 42
ig. 2. Evolution of the experimental parameters during an experiment: (a) microw
ressure evolution.

eactor. In addition, reaction duration was studied in these same
onditions of temperature and pressure (P = 14 bar and T = 210 ◦C):
hree independent experiments were carried out maintaining a
ressure/temperature rising time of 20 min, and a reacting time at
onstant pressure of 5 min, 10 min  or 20 min. In these conditions,
he reaction time did not affect the quinoline yield. Full aniline con-
ersion and maximum yield were obtained after 5 min  of reaction
ime indicating that the reactions were relatively fast as soon as the
dequate pressure and temperature conditions were reached.

For the experiments that were carried out, a drop in the reflected
ower at a pressure of about 8 bar was always noticed, which seems
articularly interesting (Fig. 2a). This means, that at this time, the
ystem is absorbing the major part of the supplied power, probably
ue to the medium dielectric property changes. If the experiment
ontrol was carried out with respect to the temperature, this could
ause thermal runaway and possibly, overpressure in the reac-
or, since the response time of the measured temperature is much
igher than the one of the pressure. The superiority of system con-
rol by pressure regulation is now demonstrated.

The change in dielectric properties, at this stage of the experi-
ent, may  be due to the evolution of the temperature and pressure

onditions in the reactor, as well as a change in the composition
Please cite this article in press as: H. Saggadi, et al., Microwaves under p
Catal. Today (2014), http://dx.doi.org/10.1016/j.cattod.2014.10.050

f the medium as a consequence of the beginning of the reaction.
he second possibility seems to be more plausible, considering that
his pressure (8 bar) corresponds to a temperature of about 185 ◦C
Fig. 2). To confirm this hypothesis, we decided to examine the
cident power, reflected power and absorbed power evolution; (b) temperature and

pressure influence on the quinoline yield more closely. Further-
more, it is always preferable to reduce operating pressure for safety
reasons.

Results reported in Table 1 showed that Skraup quinoline syn-
thesis started at about 7 bar and kept on going to 9 bar (Table 1,
entries 1 and 2). At 9 bar, a stable reaction time of 40 min was
ressure for the continuous production of quinoline from glycerol,

5  Pressure rising: in 19.5 min
10 min  at 12 bar

204 98 42

6  Pressure rising: in 22 min
10 min  at 14 bar

210 100 41

dx.doi.org/10.1016/j.cattod.2014.10.050
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ig. 3. Temperature profiles using two  heating modes: microwaves vs. conventional
eating.

ntries 5 and 6) gave similar results. Finally, experiments in the
ewly designed and five times larger apparatus gave the same
uinoline yields as in the small scale experiments (performed in the
onowave 300), but at a reduced reaction temperature (204 ◦C vs.

20 ◦C), and at a significantly reduced operating pressure (12 bar
s. 25 bar). Furthermore, better experimental parameters control
as obtained.

In order to compare the energy efficiency of microwave heat-
ng to thermal heating, a Skraup quinoline synthesis was done in

 conventional pressurized reactor (4560 Mini Bench from Parr),
llowing conditions up to 350 ◦C and 200 bar. A 160 mL  volume
astelloy reactor was used, equipped with a glass vessel of 105 mL.

t was heated by applying a PID control with respect to the temper-
ture measured at the outer walls of the reactor and the reaction
emperature was deduced from a preliminary calibration. The reac-
ion was carried out in the same conditions as under microwave
eating (0.1 mol/L of aniline; 3 eq of glycerol and 3 eq of sulphuric
cid), respecting the maximum volume allowed by the reactor. To
nsure a temperature of 200 ◦C, we applied a set point of 325 ◦C
o the oven, and achieved the target temperature within 112 min.
his temperature was then held for 10 min. Finally, the furnace was
emoved and the reactor cooled down to ambient temperature. The
btained quinoline yield was similar to the one obtained under
icrowaves (37% vs. 42% in microwave, at 100% aniline conver-

ion).
Considering the recorded temperature profiles (Fig. 3) and the

omparison summarized in Table 2, the use of our microwave
evice considerably reduces energy consumption. The experiment

s carried out in only 32 min  with microwave heating, while 122 min
re required using conventional heating, applying a furnace tem-
erature of 325 ◦C. The microwaves device handles about 40%
ore for a similar quinoline yield and the energy consumption

in kJ/mol of quinoline produced) is much higher when thermal
eating is used. With the conventional method, it is necessary to
eat the whole mass of the stainless steel reactor by conduction,
nd deal with important thermal losses. The rapid heating fea-
ure of microwaves and the efficient use of the energy by direct
bsorption are the main benefits of our pilot scale microwave pro-
ess.

. Continuous mode

With the purpose of producing about 1 kg/h of organic prod-
cts under microwave and under high temperature and pressure
onditions, we studied the possibility of designing a continuous
Please cite this article in press as: H. Saggadi, et al., Microwaves under p
Catal. Today (2014), http://dx.doi.org/10.1016/j.cattod.2014.10.050

ilot apparatus from the developed microwave batch apparatus.
he same PTFE reactor was used in order to achieve the temper-
ture/pressure conditions required for quinoline synthesis. Our
pproach consisted in making changes to the batch apparatus
 PRESS
day xxx (2014) xxx–xxx 5

to allow inlet/outlet flow, fluid cooling at the reactor outlet, as
well as various security equipment required for safe process run-
ning.

Nevertheless, the strong acidic conditions of the Skraup reaction
were not compatible with the 316L stainless steel pipes and tubing
of our pilot, which were not resistant to corrosion. To overcome
this problem, we decided to change the mixture concentration. A
reaction with a diluted mixture (0.1 mol/L of aniline; 3 eq of glyc-
erol and 3 eq of sulphuric acid) was carried out. Despite the fact
that this choice was not suitable for obtaining good aniline conver-
sion and quinoline yields, we  decided to go further in the design
and development of the continuous mode pressurized microwave
apparatus, which will be suitable for other organic synthesis.

3.1. Apparatus

To operate the microwave pressurized reactor in continuous
mode, the following elements were added to the batch apparatus
(Fig. 4):

• a  feed tank, wherein the starting mixture was stored and mechan-
ically stirred

• a  Dosapro Milton Roy metering pump (Pmax = 450 bar). The pump
was connected upstream to a pressure regulator equipped with
a pressure gauge, working as a safety element to face any sudden
pressure increase

• a valve connected upstream to the reactor to purge air from the
tubing and to check the inlet liquid flow

• a stream feed located at 1 cm from the top of the reactor, the
outlet was  1 cm from the bottom of the reactor

• a temperature measurement provided by a PT100 sensor, con-
nected downstream to the reactor. Batch system pressure control
and safety items were kept (pressure sensor, safety valve, pres-
sure regulator equipped with a gauge, and the valve)

• a condenser connected downstream to the pressure regulator

Since the pressure was now managed by the pump, the auto-
matic control of the absorbed power was carried out by PID action
with respect to the temperature.

3.2. Results and discussion

An example of the experimental parameters evolution is shown
in Fig. 5. The experiment was carried out starting with a 0.1 mol/L
aniline solution in water, with 3 eq of glycerol and 3 eq of sulphuric
acid.

Zone A represents the transient regime. The required reaction
pressure was  controlled by the pump and the pressure regulator
(14–15 bar). Microwaves were switched on at t = 0 allowing the
temperature to increase until measuring 140 ◦C at the outlet of
the reactor. At this stage, some pressure fluctuations as well as the
reflected power (and therefore the incident and absorbed power)
occurred, indicating that the system had reached its boiling point
(210 ◦C inside the reactor at this pressure). Stabilization of the sys-
tem was  achieved, allowing some pressure oscillations of ±0.5 bar.
The pressure was then slightly increased (15–16 bar) by acting on
the pressure regulator in order to maintain the medium in a liquid
state. PID automatic control of the absorbed power was  switched
on to maintain a required temperature value of 133 ◦C at the outlet
of the reactor. The steady state (Zone B) was rapidly reached, and all
the operating parameters were stabilized. The experiment ended
by switching off the microwaves. The pump was stopped and the
ressure for the continuous production of quinoline from glycerol,

reactor cooled to ambient conditions.
The continuous mode experiments allowed us to study

two parameters: the flowrate/residence time �, and pres-
sure/temperature (Toutlet). Results are summarized in Table 3. On
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Table 2
Comparison of the two  heating processes showing advantages of the microwave pressurized reactor.

Heating process Reactants mass (g) Temperature and pressure Required time to attain
temperature (min)

Quinoline yield (%) Consumed energy (kJ/mol
of quinoline produced)

Microwaves 83 204 ◦C; 12 bar 22 41 11,014
Conventional 60 200 ◦C (furnace at 325 ◦C); 16 bar 112 37 452,200

F
t

Please cite this article in press as: H. Saggadi, et al., Microwaves under p
Catal. Today (2014), http://dx.doi.org/10.1016/j.cattod.2014.10.050

Fig. 4. Continuous mode mi
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Table  3
Microwave continuous quinoline synthesis starting from a 0.1 mol/L aniline solution in water, with 3 eq of glycerol and 3 eq of sulphuric acid.

Entry Mass flow rate (g min−1) � (min) Toutlet of the reactor (◦C) P (bar) Conversion (%) Yields (%)

1 6.9 14 131–133 (∼200 inside) 15–16 8 1
2  16.6 6.13 131–133 (∼200 inside) 15–16 2.2 0.51

52 (∼218 inside) 19–20 5.3 4
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3  16.6 6.13 151–1

he one hand, the results obtained showed that increasing the res-
dence time (by reducing the flowrate, Table 3, entry 2 vs. entry 1),
romoted aniline reactivity and quinoline formation. On the other
and, increasing temperature/pressure conditions (Table 3, entry 3
s. entry 2) improved quinoline yield. Quinoline yields and aniline
onversion were very modest, because they were limited by the
ow acidic concentration of the medium due to chemical resistance
onstraints.

These experiments prove that the quinoline continuous pro-
uction under microwave irradiation and at high temperature
200 ◦C) and 15 bar pressure is possible. The developed pilot

icrowave reactor makes continuous production possible for about
 kg/h of organic products at high temperature and pressure (up
o 19 bar and 220 ◦C). Although conversions and yields are low
nd corrosion problems caused by concentrated reaction medium
ave to be solved, a microwave pilot continuously operating
nder pressurized conditions is now available for green chem-

stry.

.3. Energetic balance for the continuous mode microwave
eactor

Because energy consumption is at the heart of process inten-
ification, our objective is also to design a continuous microwave
rocess which is as cost effective as possible. We  used the power
ata collected during our experiments to estimate the part of the
fficiently used energy input for the process and have since identi-
ed the improvements to be made.

An energetic balance on the microwave pilot reactor allowed
s to assess the energy efficiency of the system. First, the enthalpy
f the global Skraup reaction was estimated by differential scan-
ing calorimetry (DSC) measurements. The apparatus used in this
tudy was a Q1000 from TA Instruments, equipped with Universal
nalysis 2000 software. Analyses were carried out in sealed vessels
nsuring their chemical resistance to the acidic reaction medium
nd allowing the elevated pressure and temperature conditions of
he reaction. The performed tests consisted in heating our reaction

ixture at a rate of 10 ◦C/min from 20 ◦C to 300 ◦C and following the
eat flow recorded by the DSC. Analyses were made using a typical
eaction mixture of glycerol (3 eq), sulphuric acid (3 eq) and 1 eq of
niline in water (with a concentration of 1 mol  of aniline per liter of
ater). After homogenization, a 5.48 mg  sample was placed in the

rucible and subjected to the DSC temperature increase. The anal-
sis showed an exothermal peak of 147.6 J/g of mixture. The top of
he peak was detected at 210 ◦C, which corresponds to our experi-

ents temperature. The enthalpy of the reaction was  estimated at
247 kJ/mol of aniline.

In this study, we considered the example corresponding to entry
 of Table 3, for which the main powers involved are shown in
ig. 6. Q, H and T are respectively the mass flow rate (g s−1), the
nthalpy (J/g) and the temperature (K) of the mixture. Subscripts e
nd s mention the inlet and outlet of the reactor. The enthalpy of
he reaction determined by DSC (�Hr = −247 kJ/mol of aniline) was
Please cite this article in press as: H. Saggadi, et al., Microwaves under p
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alculated per gram of converted aniline as it is the limiting reagent
n Skraup synthesis, �Hr = −2.66 kJ/g of converted aniline.

Before establishing the heat balance, the following hypotheses
ere considered:
Fig. 6. Energy exchanges involved during a continuous mode experiment.

• Ideal continuous stirred tank reactor (CSTR).
• Steady state is established and the reaction volume is constant.
• The mass flow rate is the same at the inlet and at the outlet of the

reactor (Qe = Qs = Q).
• The determined enthalpy of the reaction (�Hr = −247 kJ/mol of

aniline) includes the contribution of all the intermediate reac-
tions in the Skraup synthesis.

• The real temperature value of the outlet flow corresponds to the
estimated one (about 200 ◦C inside).

The incident, reflected and absorbed powers PI (W), PR (W)  and
Pabs (W)  respectively were given in Fig. 5.

Considering the partial mass balance for aniline (which is the
limiting reactant), the conversion XA can be written as:

XA = FAs − FAe

FAe

where FAe and FAs are the aniline molar flows at the inlet and at the
outlet of the reactor (mol s−1).

The energy balance can now be formulated as follows:

Pabs + Ḣe = Ḣs + P�Hr + Ploss

Here, Ḣe(W) and Ḣs(W) are the enthalpy fluxes at the inlet and
the outlet of the reactor, respectively. Pabs represents the absorbed
microwave power, which is equal to 135 W as shown in Fig. 5. Ploss is
the energy loss (W)  of the system, which can be therefore expressed
by the following equation:

Ploss = Pabs − P�Hr + Ḣe − Ḣs = Pabs − (XAFAe�Hr) + Ḣe − Ḣs

= Pabs − (XACAeQ�Hr) − (Ḣs − Ḣe)
ressure for the continuous production of quinoline from glycerol,

CAe: aniline’s molar concentration in the starting mixture
(CAe = 1 × 10−4 mol  g−1).

Q: mass flowrate (Q = 6.9 g min−1 = 0.115 g s−1).

dx.doi.org/10.1016/j.cattod.2014.10.050
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The difference in enthalpy fluxes can be calculated considering
he specific heat of the mixture at the inlet and at the outlet of the
eactor (Cpme and Cpms) and the mass flow rate (Qe = Qs = Q).

˙ s − Ḣe = Q (CpmsTs − CpmeTe)

The calculation of the specific heat of the mixture starting from
ass fractions of the components and their individual specific heat

hows that these values are very similar to the specific heat of water
t the corresponding temperature (at 20 ◦C for the inlet and 210 ◦C
or the outlet).

Considering all this data, the heat losses can be evaluated as
ollows:

loss = Pabs − QCpe(Ts − Te) − (XAQCAe�Hr)

loss = 135 − 111.32 + 0.28 = 24.5 W

In our reaction conditions, the power value generated by the
nthalpy of the reaction (XAQCAe�Hr = 0.28 W)  is very low and has
n insignificant contribution in the energy balance. Furthermore,
eat losses represent 18% of the microwave absorbed power. This
alue illustrates the energy transferred from the fluid to the walls
f the reactor, the metallic assembly block and then to the sur-
ounding atmosphere. The majority of the absorbed power (Pabs) is
ainly used to increase the liquid temperature rising and to com-

ensate heat losses. Although the value of heat losses is not high,
t could even be reduced by changing the geometry of the reactor
nd by a better insulation of the reactor, which could reduce heat
osses dissipated to the surrounding air.

Regarding the power curves, we can notice that the efficiency
f our microwave device is approximately 45% by calculating the
atio of the absorbed power to the incident power delivered by
he magnetron. This value is governed by the geometry of the sys-
em, notably by the adjustment of the piston’s position in order
o minimize the reflected power. This adjustment depends on
he interaction of the microwaves with the medium, and there-
ore the dielectric properties. With manual tuning of the piston,
s in our case, the optimal adaptation is sometimes impossi-
le.

As a conclusion for this part, the major efforts have still to
e made on the microwave geometry, that is to say, the wave-
ransmission system, the adaptation tuning, and the reactor shape
n order to better limit wave reflections and ensure better energy
bsorption. Heat losses could also be reduced by insulation of the
eactor to be even more economical.

. Conclusion

The undertaken work led to the development of a microwave
ilot reactor, allowing high temperature and pressure required for
he Skraup quinoline synthesis, for a reaction volume multiplied
y 5 compared to what is usually used in many organic synthesis

aboratories.
Firstly, the batch pilot scaled up by five was designed and

ptimized. Pressure/temperature conditions were controlled. The
egulation of the absorbed power with respect to the measured
ressure was demonstrated to be very advantageous, allowing sta-
le, repeatable and safe operation. Batch quinoline synthesis gave
imilar yields compared to those obtained in the small scale experi-
ents (42% yield), although under reduced temperature conditions

200 ◦C vs. 220 ◦C) and a significantly reduced pressure in the sys-
em (12 bar vs. 25 bar).
Please cite this article in press as: H. Saggadi, et al., Microwaves under p
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The comparison between our microwave device and con-
entional heating clearly showed the advantages of the
icrowave reactor, by reducing the reaction time and energy

onsumption.
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In the second part of this paper, we demonstrated the possible
continuous operation of the microwave reactor under pressure for
chemical synthesis. An experimental protocol for adequate and safe
experiments was established. However, the quinoline synthesis in
continuous mode was limited by the mixture’s acidic concentra-
tion and by the chemical resistance of different elements of the
pilot. The energy balance of the device was established, showing
reasonable heat losses, and a microwave energy absorption that
could even be improved by changing the microwave geometry and
by an automatic tuning of the cavity. A pilot scale continuous reac-
tor, intensified by microwaves, working at pressure conditions up
to 19 bar and temperatures up to 220 ◦C is now available for the
continuous production of chemicals.

References

[1] R. Cecilia, U. Kunz, T. Turek, Possibilities of process intensification using
microwaves applied to catalytic microreactors, Chem. Eng. Process.: Process
Intensif. 46 (9) (2007) 870–881.
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