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Heat Pipe-Mediated Control of Fast and Highly Exothermal Reactions
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ABSTRACT: The synthesis of 1-ethyl-3-methylimidazolium ethyl-sulfate ((EMIM]EtSO,) from 1-methyl-imidazole and diethyl
sulfate suffers from highly exothermal behavior. Once the activation energy barrier is reached (E, = 89 kJ mol '), the bimolecular
reaction accelerates with a high reaction enthalpy (AH = —130kJ mol ')." > The excess of heat has to be concurrently dissipated to
avoid hot spots or thermal runaways. Depending on the volume flow velocity of the reactants and the applied reactor temperature,
the reaction zone can be shifted inside the reactor from the inlet to the outlet and vice versa. Therefore, a sophisticated thermal
control, oscillating between providing activation energy and intense cooling of the reaction mixture, is required. Heat pipes
intrinsically allow both fast dynamic bidirectional heating and cooling. A stainless steel chiplike setup equig)ped with an externally
heated, modified heat pipe system was used.* Independently from the reactant volume flow, a colorless and 'H NMR clean product
could be obtained by setting a self-controlled optimal operating temperature of about 100 °C.

B INTRODUCTION

In the last two decades, the advantages of micro-structured
reactors compared to conventional batch technologies was
successfully demonstrated.” Most of the established processes
carried out in batches are presenting several technical disadvan-
tages. In some cases, reactions are running below their kinetic
limits.%” This problem can be omitted not only by simple transfer
to microflow conditions but also by applying sophisticated
heating or cooling procedures as well as by mixing at a much
faster rate compared to the reaction rate.* '* Thus, the specific
heat transfer coeflicient in microscale setups is much higher than
for conventional heat exchangers. Moreover, impaired heat
release and thermal overshooting can be avoided."' ™" The
synthesis of [EMIM]EtSO,, was intensively investigated in both
batch and microflow conditions. Promising procedures, e.g. the
use of microreactors combined with subsequent heat/cool
zones,M’15 or spray techniques with a cosolvent,lé were used to
avoid hot spots and thermal runaways. Recently, we proofed the
efficiency of heat pipes for cooling a similar highly exothermal
reaction.* Heat pipes can be used not only for cooling but
also for heating at the same time because of the bidirectional
heat flux inside of the heat pipe tube.'” >° The synthesis of
[EMIM]EtSO, was investigated in a thermal, isolated, single-
channel microreactor equipped with three heat pipes under
continuous flow conditions. At room temperature, the reaction
has a latency period (delay time until the reaction starts) of about
20 s. Thus, the reaction takes place uncontrolled outside in the
withdrawal channel or even in the receiving vessel. In the worst
case, the reaction mixture bursts out. By applying activation
energy from instantaneous heating via heat pipes, the reaction
takes place immediately and can be shifted from the receiving
vessel back into the reactor. Due to the bidirectional heating and
cooling behavior of the applied heat pipes, the optimal operating
temperature can be precisel‘zf adjusted independently from a wide
range of volume flow rates.” As a result, the final product appears
as a colorless liquid, indicating the absence of hot spots and
uncontrolled overheating.
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B EXPERIMENTAL SECTION

The major interest in this work is the formation of 1-ethyl-3-
methylimidazoliumethylsulfate (3) from 1-methylimidazole (1)
and diethyl sulfate (2):
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1-Methylimidazole (1) (99%) was purchased from Carl Roth
and further purified by short path distillation (UIC GmbH,
Alzenau). Diethyl sulfate (2) (99%) was delivered from Acros
Organics and used without further purification. No further
solvents were used.

The experimental setup consists, as previously described,* of a
micro-structured reactor plate (Figure 1),mounted on an adapted
heat pipe, HPLC pumps (Knauer, HPLC-Pump K-1800,
1000-mL pump heads), and a PC-supported temperature data
logger. Initial flow rates were respectively set to V = 0.3 mL min '
for (1) and V = 0.5 mL min ™ for 2, corresponding to a molar flow
rate of 71 = 3.8 X 10> mol min™~".

The cooling/heating system is composed of three commer-
cially available heat pipes commonly used as tuning equipment
from PC shops (e.g., Thermaltake Technology Co., Ltd., Taiwan;
Quick-Ohm Kiipper & Co. GmbH, Germany). The heat pipes
are interposed in the heat sink plate, which is screwed and
pressed on the reactor surface, while the opposite ends of the heat
pipes are connected to an array of parallel oriented air cooling
fins (Figure 2). The required activation energy is obtained from
an external heat source (hot air stream). The hot air stream was
directed longitudinally to the cooling fins.

Type K thermocouples (TC Mess- and Regelungstechnik
GmbH, Monchengladbach) connected to a Squirrel data logger
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(2020/2040 series, Grant Instruments, Cambrige, England)
were used to record temperature measurements series (see
Figure 3). Sets of temperature measurements were made at the
heating zone of the external heat source (hot air stream) (),
between the cooling fins (@), and on the heat sink area surface
(O). The temperatures inside the reaction channels (¢ and x )
were not directly accessible. Therefore, the thermocouples were
inserted into longitudinal milled grooves in the peek cover.
A graphite seal, placed between peek cover and reaction plate,
avoids direct contact with the reaction fluid and defines a close
proximity between thermocouples and reaction channels.

static mixer

microchannels with pillars

inlets heat sink area oulet

Figure 1. Single-channel micro-structured reactor plate made of stain-
less steel with integrated static mixer.* Channel length 425 mm, volume
290 UL, channel surface area 970 mm’.

Figure 2. Microreactor equipped with a heat pipe cooling system.
(1) Aluminum fins connected to the heat pipes, (2) three independent heat
pipes, (3) heat sink, (4) PEEK cover, (S) micro-structured reactor plate.

It should be considered that the measured temperatures in the
channels are a few degrees different from the real temperatures.
Nevertheless, temperature differences caused by shifting the
reaction zone inside the reactor between two different channels
(channels 4 and 12) could be easily observed. Other temperature
measuring points are directly placed in the withdrawal channel
(M) and in the receiving vessel (A). An overflow vessel ensures a
defined volume of 3 mL, which allows a constant temperature
measurement. Without overflow, the measured temperatures
significantly become lower due to the mixing with already
collected and cooled-down product.

B RESULTS AND DISCUSSION

The dependency of reaction heat and flow rates is shown in
Figure 4. Below 50 °C operating temperatures (time period A),
the reaction takes place uncontrolled out of the reactor, in the
receiving vessel. In the worst case, the reaction bursts out by
thermal overshooting (160 °C outlet temperature), resulting in
the formation of a dark-yellow product. At higher operating
temperatures, the reaction shifts from the receiving vessel back
into the microreactor. The time period (B) demonstrates the
typical temperature profile of the preheating process by the
above-mentioned heat pipe system. The outlet temperature
immediately decreases by increasing the operating temperature.
In section (C), the flow rate was doubled (1.6 mL min").
Whereas the reaction temperature increases, the operating
temperature (temperature measured at the reactor surface)

160
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Figure 4. Temperature curves of the preheating process and demon-
stration of independency of flow rate. (A) Receiving vessel, () channel 4,
(@) cooling fins, (O) operating temperature (implies the temperature on
the reactor surface), (¢) external heat source.
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Figure 3. Temperature measuring spots for the temperature curves are marked.
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Figure 5. Temperature-controlled reaction. The reactor was heated and
cooled down again stepwise. (A) Receiving vessel, (¢) external heat
source, (@) cooling fins, (O) operating temperature (implies the temperature
on the reactor surface).
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Figure 6. Reaction shift from the collecting basin into the microreactor.
Plot A: (A) receiving vessel, (#) channel 12, (M) withdrawal channel,
(x) channel 4. Plot B: temperature difference between channel 4/
channel 12 (--) and channel 4/withdrawal (—) channel.

stays nearly at the same level. This is in accordance with
previously published results for a similar reaction.” Moreover,
by understanding the dynamic cooling and heating behavior of
heat pipes, it is clear that at the beginning of heating, the
temperature of the external heat source is higher than the
temperature in the cooling fins. Once the exothermal reaction
starts, the heat pipes conduct the heat to the cooling fins. As a
consequence, the temperature in the cooling fins becomes
higher than the temperature of the external heat source. In
other words, the external heat source acts, in this case, as a
cooling air flow and keeps the reactor temperature nearly on a
constant level.
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Figure 7. Determination of the optimal operating temperature. (lH
NMR analysis from marked data I, ITI, and V see Figure 8, the marked
points (I—IX) are selected sections, which can also be found in
Figure S).

With this experimental setup, a fast change of the operating temp-
erature is possible, approximately with a rate of 1 K s~ Hence,
heating and heat-dissipation processes are reversible and easily
reproducible (see Figures 4 and S).

Furthermore, the reaction shift can exactly pursue from the
receiving vessel into the reactor. Hence, a determination of the
reaction front was possible by temperature measurements. By
increasing the temperature in the reactor, reaction time is
shortened and the reaction can entirely take place in the reactor,
instead of partly taking place outside the channel or in the
receiving vessel. As shown in Figure 6, temperatures in channels 4
and 12, the withdrawal channel, and the receiving vessel are
plotted. This explains how the reaction front oscillates between
the four mentioned measurement points by changing the tem-
perature of the external heat source:

- During the heating period, the receiving vessel temperature
rapidly decreases and sustains a constant temperature of
approximately 40 °C. There are also intersections between
the temperature curve of the withdrawal channel with
channel 12 and afterwards channel 4 (Figure 6 A, a). From
this point, the temperature in the withdrawal channel is the
lowest, apart from the temperature in the receiving vessel.
Thus, the reaction front is localized near the outlet of the
reactor plate.

- Furthermore, the temperature in channel 4 exceeds the
temperature in channel 12 (Figure 6 A, b). This is due to
a shift of the reaction near the inlet of the microreactor.

In order to show the temperature differences between chan-
nels 4 and 12 and the reactor outlet, they are plotted as function
of time in Figure 6 B. Hence, the reaction shift is visualized. The
dotted line shows the temperature difference between channel 4
and 12, while the solid line represents the temperature difference
between channel 4 and withdrawal channel, respectively. At the
beginning of the heating process (time 25 min), temperature
differences occur. The minimum of both plotted curves reveal
their maximum temperature differences. Changing of sign
(Figure 6 B) indicates the points of intersections of the measured
temperatures (compare Figure 6 A). Both plots converge with a
constant temperature difference, once the heating process is
complete. The measured temperature difference between chan-
nel 4 and the withdrawal channel is remarkably higher compared
to the measured temperature difference between channel 4 and
12. This also indicates a shift of the reaction front closer to the
inlet of the reactor rather than the withdrawal channel.
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Figure 8. Byproduct caused by uncontrolled reaction outside the
reactor. Discoloration appears above the optimal operating temperature
(compare Figures S and 7). The circles mark the signals assigned the
colorized side product (the dotted-line circle draws the attention to
small signals, indicating very small concentrations). Full data: "H NMR
(400 MHz, CDCly): 0 (ppm) = 9.45 (s, 1H), 7.46 (d, ] = 6.3 Hz, 2H),
429 (q,J=7.3 Hz,2H),4.07 (q, ] = 7.1 Hz, 2H), 3.98 (s, 3H), 152 (t, ] =
7.3 Hz, 3H), 1.25 (t, ] = 7.1 Hz, 3H).

The optimal operating temperature is indicated as a minimum
by plotting the temperature in the receiving vessel as a function of
the operating temperature (temperature of the reactor surface)
as shown in Figure 7.

By performing the reaction at an optimized operating tem-
perature, best quality and discoloration of product has been
achieved. Thus, the color of the product changes from dark to
pale yellow (section (I) in Figure 7 and 8) by increasing the
operating temperature to the optimum at which it is colorless
(85 °C, section (III) in Figure.7 and 8). However, in the range of
85 to 150 °C operating temperature (implies an outlet tempera-
ture of 40 to 50 °C, (section (V) in Figure.7 and 8)) the color of
the product turns to very pale yellow again, but no byproducts
could be identified by 'H NMR spectroscopy. Further coloration
of the product is observed above an optimal operating tempera-
ture, indicating thermal overshooting (hot spots) inside the
reaction channel.

B SUMMARY

Cooling of micro-structured reactors with heat pipes is not the
sole conceivable application. They also can be simultaneously
used as regulating systems for heating and cooling. For the
investigated reaction, activation energy is required to start the
high exothermal reaction. After the reaction self-accelerates in a
second-order kinetic with a high and instantaneous heat release,
the excess of heat has to be dissipated. The use of heat pipes offers
an interesting alternative in order to rapidly heat and cool the
system. Moreover, such fast temperature changes cannot be
quenched by conventional driven fluidic heat exchangers, due
to their tardy cooling and heating behavior. In comparison, heat
pipes used in the above-described setup are able to provide and
dissipate heat in a matter of seconds, due to a heat transport close
to sonic velocity.”" Optimal operating temperatures can be
stabilized and easily varied by self-mediation of a properly
adjusted heat pipe system.

With the above described reaction conditions and the opti-
mized operating temperature, a lab scale production rate of
about 54 gh™ ' (3) (3.8 mmol min ') is possible. Furthermore,

the dissipated amount of heat equates to a performance of less
than 3 W by the applied volume flow. A single conventional heat
pipe, used in the setup, has a performance of approximately 60 W.
Thus, the applied setup is by far oversized, and it is conceivable to
run the process with much higher flow rates.* To enhance the
application of heat pipes for microscaled reactors, Sdownsized
heat pipes should be used in the future.”*>*
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