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ABSTRACT

A range of alkylpyridinium bromide ionic liquids have been synthesized in a stirred reactor at multigram
scale and characterized by physical methods (viscosity, conductivity, melting point, electrochemical win-
dow, and water content). One ionic liquid, octylpyridinium bromide, was chosen to be synthesized in
both macro and reduced scale reactors, in order to compare its performance and to afford evidence of
the advantages of a cross channel micro reactor (channel width = 1 mm) compared to a stirred reactor.

During the last decade, ionic liquids (ILs) became useful tools in
organic, bioorganic, inorganic and analytical chemistry, owing to
their several exceptional properties such as negligible vapor pres-
sure, low melting point, high thermal stability and electrical con-
ductivity, wide electrochemical window, and liquid range.! ILs
usually consist of large organic cations, such as quaternary ammo-
nium, heterocyclic aromatic or pyrrolidinium, associated with a
variety of non- or weakly coordinating anions.! Their physico-
chemical properties arise from both the anion and the cation: this
enables some tuning of the properties of ILs by varying the nature
of the anion (respectively cation) for a given cation (respectively an-
ion). ILs are new and promising solvents, particularly for catalysis,?
chiral syntheses,® energy and separation processes,'* where recy-
cling of the solvent is highly desirable.*

Usually, the cationic parts are synthesized by alkylation, an exo-
thermic reaction, and ILs are still produced at industrial scale in
batch or semi-batch stirred reactors. This method is often strongly
limited by the dissipation of the generated heat, because of the
small interface between solution (in fact the chemical reaction
sites) and the heat exchanger (double jacket, external or internal
coil). Increasing this surface or the efficiency of the heat exchange
(e.g., by reducing the distance between the heat exchanger and the
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chemical reaction sites, or/and combining the reaction area and the
heater into a single device®) allows to improve the heat transfer,
supplying or removing the heat almost as rapidly as it is generated
by the reaction. Thus, it is possible to operate with a uniform tem-
perature profile, avoiding any high temperature spot and therefore
improving selectivity and conversion.

Chemical microstructured reactors (MSR) are devices containing
open paths for fluids with dimensions in the submillimeter range.
Mostly MSR have multiple parallel channels with diameters be-
tween 10 and several hundred micrometers, where the chemical
transformation occurs;® their main feature is the high surface to vol-
ume ratio, compared to more traditional chemical reactors. Accord-
ingly, the heat transfer coefficient is inversely proportional to the
channel size (W/m? K), and for liquids, it is one order of magnitude
higher than in the traditional heat exchangers;’ so microstructures
allow fast heating and cooling of reaction mixtures. Moreover, the
easy transposition from lab processes to the industrial scale (by
multiplying the number of microstructured reactors instead of scal-
ing up a batch reactor), reinforces the reactivity against fluctuating
market demand, and improves process safety by avoiding the use,
during short durations, of large amounts of dangerous chemical
intermediates.

Various studies describe the synthesis of ILs.! While several
recent reports proved the beneficial use of MSR for the synthesis
of imidazolium-based ILs,® to the best of our knowledge no other
IL families have been studied. The first part of the present study de-



scribes the multigram preparation and characterization of ILs con-
stituted of alkylpyridinium cations (Fig. 1) substituted by various
alkyl radicals, and bromide anion; a brief discussion on the effect
of the cation size on the ILs physico-chemical properties is pre-
sented. Syntheses of the most representative IL were carried out
both in a stirred classical reactor and in a heat exchanger/micro-
structured reactor (HEx/MSR),® designed in our laboratory. Com-
parison of mass balance results for various conditions was
performed in terms of conversion rate and selectivity, in order to
evaluate the interest to use HEx/MSR at production scale.

The stainless steel heat exchanger/microstructured reactor
(HEx/MSR) is composed of a plate (250 mm x 120 mm) with rect-
angular (1 mm x 1 mm) micro-channels (Fig. 2). The total volume
of the microstructured plate (including inlet and outlet chambers)
is 10.2 cm>. The specific area of the MSR is S/V =251/10.2 = 24.6 cm
~1, The reactants were introduced at rt into the reactor by a two
syringe pump, and distributed over the micro-channels by appro-
priate geometry of the inlet channel. The appropriate shape and
geometry of the inlet compartment allows a good mixing of re-
agents, so the solution was assumed to be homogeneous before
reaching the reaction area (microchannels). A similarly designed
collecting channel allows removing the reaction mixture.

We first embarked in the synthesis in batch reactor of a series of
alkylpyridinium salts (Fig. 1); although most of them were already
described in the literature,'® we needed to examine by ourselves a
wide range of physico-chemical properties (Table 1) in order to se-
lect the best example for comparing synthetic performances of
batch vs MSR. Experimental and analytical data are given in Sup-
plementary data. The most significant properties for our studies
are melting points and viscosity, which are directly relevant to IL
behavior, and are discussed below.

Melting points of synthesized ILs are lower than the boiling
point of water (100 °C) except for butylpyridinium bromide
(Fig. 3). The phase transition temperature of ILs (from solid to li-
quid phase) is governed by Van der Waals and electrostatic inter-
action forces.!" The melting points fall steadily with increasing
alkyl chain length from 4 carbons to reach a minimum value of
18 °C for 8 carbons; when the carbon number exceeds 8 the melt-
ing points increase (Fig. 3). At the shortest chain length, the melt-
ing point is mainly governed by ionic interactions that decrease
with the increase of the size of the cation: the melting point de-
creases when the alkyl chain length increases. However, at the lon-
gest chain length, Van der Waals interactions become prevalent,
increasing the melting point. ILs are generally viscous liquids,
and viscosity is mainly governed by Van der Waals interactions
as well as intra or extra molecular H bonding. Higher length alkyl
chain exalts these phenomena,'? and increases the viscosity due to
reduced rotation freedom of the IL. Viscosity measurements were
carried out versus shear rate for the synthesized ILs under two dif-
ferent experimental conditions: (1) at 5 °C above melting point for
each IL; (2) at 110 °C, a temperature where all ILs are liquid. The
viscosity increases with the number of carbon atoms in the alkyl
group (Fig. 3). Worthy of note is that the viscosity of ILs containing
a low carbon number alkyl group does not vary with increasing
shear rate, depicting a Newtonian behavior. On the opposite, for
[DoDePy]|[Br] and [OcDePy][Br], increase of the shear rate causes
the viscosity to decrease asymptotically, which indicates a shear
thinning behavior. Moreover, except for [OcPy][Br], the increase

n=24,6,10,16

Figure 1. Structure of the alkylpyridinium salts.

of temperature to 110 °C leads to a significant decrease in the
viscosity.

A strong influence of the temperature was observed in the case
of [OcDePy][Br] (assumed to be a non-Newtonian IL), in compari-
son with the [OcPy][Br] (assumed to be a Newtonian IL). Arrhenius
analysis allows to determine the viscosity activation energy:
37.9 kJ/mol for [OcPy][Br] (Newtonian IL) and 17.2 kJ/mol for [Oc-
DePy][Br] (non-Newtonian IL) and confirms the influence of the
temperature in the case of the Newtonian IL.

In order to compare the performance of stirred reactor and HEx/
MSR, the synthesis of octylpyridinium bromide was chosen as the
model reaction, because of the appropriate physical properties of
this IL (low viscosity and melting point, non-hygroscopic behav-
ior). Pyridine alkylation with 1-bromooctane was achieved under
equimolar conditions and mass balances were performed under
various operating conditions of temperature and residence time.
The efficiency of both reactors for syntheses at the multigram scale
was compared in terms of conversion rate by '"H NMR.

In the stirred reactor, the operating procedure was as follows:
the flask was charged with an equimolar amount of pyridine and
1-bromooctane (0.10 + 0.01 mol) under N, atmosphere, and the
stirred solution was heated to a fixed temperature using a pre-
heated oil bath. When the reaction duration was reached, the flask
was cooled to room temperature and then the content was diluted
in chloroform-d to be analyzed by 'H NMR. The first experiment
was carried out at 60 °C for reaction durations ranging from 0.8
to 4 h. The results (Fig. 4(left)) show that the residual mole number
of pyridine linearly decreases against the reaction duration. This
means that the apparent reaction order of pyridine is zero, and
the estimated reaction rate is constant and equal to 2.7 x 10
~>mol L~' s7!. During the reaction, the formation of IL involves
the apparition of two distinct liquid phases: the lower phase com-
prises the IL and the upper one contains the residual reagents,
which remain practically in the same concentration throughout
the reaction because no mixing with the synthesized IL occurs. In
order to validate these results, a second reaction was carried out
at 70 °C. As expected, the decrease of residual mole number of pyr-
idine was more important than at 60 °C. Compared to 60 °C, the
conversion rate increases at least 2 times with a reaction rate of
7.9 x 107> mol L' 5!, suggesting that the reaction is temperature
limited under these conditions. The increase of the working tem-
perature to 80 °C led to a significant increase in the IL rate produc-
tion with a reaction rate of 1.5 x 107*molL"!'s~'. For higher
temperatures (Fig. 4(left), curve at 100 °C), the evolution of resid-
ual mole number of pyridine versus time was not linear, indicating
that the apparent reaction order of pyridine is not zero anymore.
Higher temperature promotes the solubilization of pyridine within
the IL, consequently the concentration of pyridine changes during
the increase of the volume of synthesised IL. Conversion of pyridine
reaches 90% after 4 h of reaction at this temperature. The estimated
values of the apparent rate constant (kapp = k[Py]'[AlK], alkylation
follows SN2 mechanism) allow access to the real rate constant of
the alkylation. Arrhenius analysis of k versus temperature led to
the activation energy value of 85 k] mol~}, a relatively high value.

As for the reaction in stirred reactor, the conversion rates of IL
obtained with HEx/MSR were determined by 'H NMR, and results
are presented versus residence time in Figure 4(right). The increase
of temperature from 60 to 100 °C also involves an increase in the
relative conversion rate, confirming that the reaction is tempera-
ture limited. The obtained curves (n,y=f(7)) at various tempera-
tures are not linear indicating an apparent reaction order close to
zero (order = 0.1). Nevertheless, in almost all experiments, conver-
sion rate were higher from HEx/MSR: for example at 1.3 h reaction
time np stirrear/Mpmsk = 1.04, 1.08, 1.12 for respectively 60, 70, 80 °C,
showing that the HEx/MSR was significantly more efficient than
the stirred one. For temperatures higher than 100 °C there are no
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Figure 2. Left: Schematic representation of the heat exchanger/microstructured reactor: V=10.2 cm?, S/V = 24.6 cm~'. Middle: Schematic shape of microstructured reactor.

Right: the plate reactor seen from the side.

Table 1
Selected physico-chemical properties of alkylpyridinium bromides

R Bu Hex Oct Dodecyl Octadecyl
Yield (%) (a) 80 87 79 67 77
Mp (°C) 105 36 18 56 74
Water content (%) 1 1.6 1.7 13 1.2
Density (g/cm?) 1.26 1.18 1.11 1.06 0.93
Conductivity y at 110 °C (mS/cm) 10.0 n.e. 8.4 1.7 1.0
Conductivity y at mp + 5 °C (mS/cm) 10.0 (110°C) 0.23 (40°C) 0.22 (23 °C) 0.18 (60 °C) 0.44 (80°C)
Viscosity p (Pas) at mp + 5 °C shear rate =0 (b) 0.1 (110°C) 0.2 (40 °C) 0.5 (23°C) ca. 4 (60 °C) >5 (80 °C)
Electrochemical window AE anode (V) 2.3 n.e. 2.3 n.e. 2.3
Electrochemical window AE cathode (V) -3.2 n.e. -3.2 n.e. -3.2
(a) Batch reactor; (b) see Figure 3; (c) n.e.: not examined.
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Figure 3. Left: Melting points of alkylpyridinium ILs against alkyl chain length; experimental uncertainty of +2 °C. Right: Viscosity (measured at ILs melting point + 5 °C)

dependency vs shear rate for various alkylpyridinium IL.

significant differences between conversions obtained with both
reactors.

The matrix of interconnected channels allows reaching a sur-
face/volume ratio (S/V) of 24 cm?/cm?>, whereas for stirred reactor
this ratio does not exceed 8 cm?/cm>. The high specific area of
the Hex/MSR offers a better heat transfer thus maintaining a con-
stant temperature anywhere in the reactor and consequently
slightly improving conversion, as shown by the comparison of con-
version rates obtained at temperatures lower than 80 °C. However
at higher temperature there is competition between both reactors.

The large surface offered by Hex/MSR allows a better heat transfer
that promote reaction rate more than in stirred reactor at temper-
atures lower than 80 °C. Nevertheless, it is important to maintain
important volumetric flows in order to avoid accumulation of ILs’
drops within the microchannels, which have a negative effect in
heat transfer.

In conclusion, a family of alkylpyridinium bromide ILs having
different alkyl chains length have been synthesized in the scale
of a few ten grams and characterized by the measurement of var-
ious physico-chemical properties. Melting points and viscosities of
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these pyridinium ILs are highly dependent on the alkyl chain
length. The potential to intensify liquid phase reaction by use of
a Hex/MSR has been investigated using the alkylation of the most
representative model reaction (pyridine/1-bromooctane). The
reaction performs better in MSR for shorter duration time and low-
er temperature. Last but not least, because of the better conver-
sion/selectivity of the Hex/MSR in comparison with the batch
reactor, the quantity of organic solvents required for purification
of IL is strongly minimized and the process of synthesis signifi-
cantly improved.'?
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