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Kinetic study of ionic liquid synthesis in a microchannel reactor
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A microchannel reaction system, mainly consisting of a micromixer and a tubular reactor, was used to
investigate the kinetics of butylation of 1-methyl-imidazole [MIM] for the synthesis of the ionic liquid
1-butyl-3-methylimidazolium bromide ([BMIM]Br). The low variance (o2 =0.019) of the residence time
distribution, measured by a step stimuli-response tracer method, implies that this reaction system could
be regarded as a plug flow reactor. As a fast and reliable method, the titration of bromide was established
to determine the yield of [BMIM]Br. The reaction kinetics was studied by varying the molar ratio of
1-bromobutane [BrBu] to [MIM] (1.04-1.49) and temperature (75-90°C). A second-order kinetics with
respect to [MIM] and [BrBu] and an activation energy of 78.4 kj/mol were found.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

There have been increasing research interests in the applications
of ionic liquids as environmentally benign solvents [1-4], reaction
media [5-7], catalysts [8], electrolytes [9], lubricants, and others.
This is due to the unique properties of ionic liquids, such as negligi-
ble vapor pressure, relatively high conductivity, high thermal and
chemical stability, non-flammability, and reduced friction. How-
ever, no large scale commercial application of ionic liquids has been
reported, probably due to the high costs and the unavailability of
ionic liquids in large volume.

Currently, ionic liquids are mainly produced in batch
reactors. The synthesis of ionic liquids, such as 1-butyl-3-
methylimidazolium bromide, is highly exothermic in the
alkylation, and the alkylation kinetics is often dramatically
fast [10]. It is reported that high temperature had a detrimental
effect on the quality of the obtained ionic liquids [11]. Therefore,
an efficient removal of released reaction heat is crucial in order to
improve the purity of ionic liquids. Since heat generation rate is
the product of reaction rate and intrinsic reaction heat, one way
to control the temperature in a highly exothermic reaction is to
slow it down. The decrease of reaction rate can be achieved by
diluting the reactants with solvents and/or slowly adding one of
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the reactants. For the production of ionic liquids in a batch reactor,
large quantity of organic solvents, such as 1,1,1-trichloromethane,
ethanol, and THF, are often used to dilute the reactants. Moreover,
it is often necessary to add the reactants slowly to avoid hot-spot
formation and to ensure a narrow operational temperature win-
dow. The use of large solvent volumes gives a rise of costs and
possibly pollution, and a slow addition of reactants lead to very
long processing times (hours or even days). Therefore, a solvent-
free synthesis system with enhanced heat transfer is highly
desirable.

Recently, several groups [10,12,13] reported the syntheses
of ionic liquids in microchannel mixing and reaction systems.
In such a microchannel reaction system, the investigated reac-
tion became controllable even without adding an additional
solvent due to the dramatically enhanced heat and mass trans-
fer by shortening the diffusion distances, precisely structuring
the fluids, and significantly increasing specific surface area
(10,000-50,000 m?/m?3) [10,14]. Moreover, the quality of the ionic
liquids was greatly improved, and the reaction time was sig-
nificantly reduced down to minutes [10]. Microchannel reactors
show great potential in continuous flow processing with high
heat release in general, and especially for the synthesis ionic
liquids.

Reliable kinetic data are essential for the design and operation
of a reactor. However, the kinetic data are not easy to obtain for
the synthesis of ionic liquids due to the high reaction heat rate
at low conversion and to the high viscosity of the reaction mix-
ture at high conversion. Bowing and Jess studied the kinetics of
the synthesis of 1-butyl-3-methylimidazolium chloride in a stirred


dx.doi.org/10.1016/j.cej.2010.04.063
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:anjwang@chem.dlut.edu.cn
mailto:ajwang@dlut.edu.cn
dx.doi.org/10.1016/j.cej.2010.04.063

S. Hu et al. / Chemical Engineering Journal 162 (2010) 350-354 351

Fig. 1. Schematic diagram of the microchannel reaction system.

lab-scale glass reactor [11]. To achieve an isothermal conditions,
the reaction was conducted at 66-70°C for >1 d. They concluded
that the synthesis of 1-butyl-3-methylimidazolium chloride fol-
lowed an overall second-order kinetics, i.e. first order with respect
to both reactants. Later they used a flow type tubular reactor to
investigate the synthesis kinetics of ethylmethylimidazole ethyl-
sulfate, and used a one-dimensional pseudo-homogeneous reactor
model to simulate the reactor [15]. Similarly, they found that
the reaction follows an overall second-order kinetics. The simu-
lation results show that an adiabatic loop reactor gives a better
controllable performance compared to a tubular reactor or the
multi-tubular reactor. Renken et al. set up areaction system, includ-
ing a micromixer, and a microreactor conntected serially to two
tubular reactors, to study the feasibility of the flow type reac-
tor system for the synthesis of ethylmethylimidazole ehylsulfate
[10]. Their kinetic study indicated the second-order kinetics of the
reaction. Waterkamp et al. used a similar set up to study the kinet-
ics of the synthesis of 1-butyl-3-methylimidazolium bromide, and
simulated the reactor, assuming a plug flow reactor model [16].
They concluded that the reaction followed a second order kinetics,
and the modeling of the reactor and the experimental observa-
tion indicated that hot spot did not occur at temperatures below
100°C.

In the present paper, we report the investigation of the res-
idence time distribution (RTD) in a flow type microchannel
reaction system, and the kinetics of the synthesis of 1-butyl-3-
methylimidazolium bromide ([BMIM]Br).

2. Material and methods

As arepresentative reaction in the synthesis of ionic liquids, the
butylation of methylimidazole [MIM] with 1-bromobutane
[BrBu] to yield [BMIM]|Br was chosen as an instructive
example for the kinetic study. The reaction equation is as
follows:

[MIM] and [BrBu] are of AR grade, and used without further
purification. As reference substance, [BMIM|Br was obtained from
Shanghai Meisibei Co., China.

The setup of the microchannel reactor is shown in Fig. 1. It
consists of two pumps, two preheating tube coils, one SIMM-V2
micro-mixer (IMM Mainz, Germany) with a standard mixing chan-
nel of 45 pm x 200 wm and a total inner volume of 8 L (Fig. 2) [17],
and aloop tubular reactor (1.80 mm ininner diameter and 1.13 min
length). The preheating tube coils, the mixer and the reactor were
emerged in a circulating oil bath (volume: 40L). The temperature
of the oil bath was kept constant during the reaction. The advan-
tage of our set-up lies in the fact that the reactants are preheated
separately and thus the reaction is triggered at the desired temper-
ature when they meet in the micro-mixer. Because the retention
time in the mixer is in the milliseconds range, the reaction proceeds
mainly in the tubular reactor. We measured the temperatures at the
outlet of the micro-mixer and in the middle of the tubular reactor.
The measurement at nearly complete conversion indicated that the
temperature difference was only 0.8 °C. It is therefore assumed that
the reaction takes place at nearly isothermal conditions, which is in
accordance with the prediction of the modeling from Waterkamp
etal. [16].

Because the butylation reaction continues slowly at room tem-
perature, a sample treatment and a fast analysis is essential
to ensure valid kinetic data. Since [MIM] and [BrBu] are non-
ionic whereas [BMIM]|Br is ionic, we developed a fast method of
determining the conversion. The procedure is based on the deter-
mination of Br~ concentration in the reaction mixture, which is
associated with the conversion of [BrBu], by the Volhard titra-
tion method [18]. A series of “standard” solutions at given [MIM]
conversions (xpvmj) were prepared by mixing [MIM], [BrBu],
and [BMIM]|Br. Fig. 3 shows the correlation of the calculated
[MIM] conversion with that measured by the titration method.
It is apparent that an excellent linearity could be found, indi-
cating that the titration method is satisfactory for determining
X[MIM]-

In the kinetic study, the product containing [BMIM|Br was col-
lected at the outlet of the tubular reactor. 1 ml of the product was
immediately dissolved in 1 ml ethanol, and then Br— concentration
in the solution was determined as follows: 0.1 ml of the solution,

Fig. 2. Photo (left) and inner structure (right) of SIMM-V2 micro-mixer.
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Fig. 3. Correlation between the measured [MIM] conversion and the calculated one.

10 ml AgNO3 aqueous solution (0.053 M), 10 ml NH4Fe(SO4);, aque-
ous solution (0.2M), and 10ml HNO3 aqueous solution (3.2 M)
were added to 70 ml de-ionized water, giving a white suspension.
0.0353 M NH4SCN was used to titrate the above suspension until
the Fe(SCN)3 precipitate (red color) was formed. Our preliminary
investigation showed that no byproduct was detected, suggeting
that one mole of Br~ is formed when one mole of [MIM] is con-
verted in the synthesis. Thus, Xy can be determined from the
titration volume (V):

(0.053 x 10 — 0.0353V) x My x 1073

orvivy % 0. 1vpvany / [2(Vimvin) + Vgrsu))]

(1)

X[MIM] =

where vpvv; and vg.g;; are the volumetric flow rates of [MIM] and
[BrBu], respectively; Mjyyn is the molar mass of [MIM] (82.1), and
Pviv) is the density of [MIM]. Consequently, the concentration of
[MIM] (Cjmimy) can be obtained:

Cimivy = Cvivy, 01 = Xpvimy) (2)
3. Results and discussion
3.1. Determination of residence time distribution

The residence time distribution (RTD) is generally used to
check if the flow type reactor is ideal plug flow reactor (PFR).
We measured the RTD in our reaction system by means of the
stimuli-response tracer method. The tracer was the reactive bril-
liant blue dye KN-R (CAS No. 2580-78-1), and its concentration was
determined by an UV-vis spectrophotometer at a wavelength of
600 nm.

A step input was used in finding the F curve of RTD in the
microchannel reaction system. Water and KN-R aqueous solution
were fed into the reaction system by two separate syringe pumps.
When the concentration of KN-R became constant, the KN-R solu-
tion pump was stopped. After the concentration of KN-R in the
effluent had become zero, the KN-R solution pump was restarted.
Meanwhile, liquid samples were collected at an interval of 1 min at
the outlet of the reaction system. The F curve (Fig. 4) was obtained
by dividing the concentration of KN-R in the effluent by that in the
feed at various times. According to the experimental data in Fig. 4,
the mean residence time was estimated to be 7.3 min, and the vari-
ance (0?) was 0.019. In a dispersion model, when D/uL<0.01, the
maximum error is less than 5% if the reactor is treated as a PFR
[19]. If the deviation from PFR is small, D/uL equals to o¢2/2. Conse-
quently, D/uL for the present reaction system was 0.0095, smaller

Fig. 4. F curve of RTD measured by a step stimuli-response tracer method.

than 0.01. It is therefore suggested that the microchannel reaction
system could be regarded as a PFR.

3.2. Kinetic study

It has been reported that the butylation reaction follows a
second-order kinetics, with respect to [BrBu] and [MIM] [16].

1 = kCigBu) Cimim (3)

In the feed, excess [BrBu] was usually used in the continuous
synthesis of [BMIM|Br in order to achieve complete conversion of
[MIM]. In the present study, the effect of the molar ratio of Cig;py;
to Cjmvy (a) on the reaction rate was also investigated. Thus,

CigrBu] = (@ — 1)Cpmim),0 + Cimimy (4)
and
r =k[(a - 1)Cvimj,0 + Crmimy 1 Cmimg (5)

From the performance equation of an ideal PFR, we get

~CIMIMLLf 1
t=— dG 6)
/ k[(a — 1)Cimimy,0 + Cvv ICmimvy [MIM] (

CimiM],0

Rearranging and integrating then gives

a-1)q q
n [( )Cimmny,o + Civmy | _ (@ — 1)Cimmy. okt + Ina (7

Cimimy

If plots of In[((a — 1)C[MIM],O + C[MIM])/C[MIM]] against t give
straight lines through (0, Ina) at different a, the rate expression
is proven to be suitable for the butylation reaction.

Fig. 5 shows the plots of In[((a — 1)Cpmmj,0 + Civivy)/ Cviny ]
against t at various a, when the reaction took place at 75°C. The
experimental data fit well a straight line for each a. Moreover, the
rate constants obtained from the slopes of different lines were the
same [0.0076 L/(molmin)]. Similar results were obtained for the
butylation reaction at 80, 85, and 90°C. It is therefore concluded
that Eq. (3) can well express the butylation rate in the synthesis
of [BMIM]Br. In other words, the synthesis of [BMIM|Br follows a
second-order kinetics, first-order with respect to [MIM] and [BrBu],
respectively. With these results the fast heat release and the reac-
tion speed at early stage can be explained.

The rate constants of butylation at different temperatures are
summarized in Table 1. Accordingly, the Arrhenius plot is shown
in Fig. 6. It is indicated that a straight line was obtained. From
the slope and intercept of the line, the frequency factor (ko) and
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Fig. 5. Plot of In[((a — 1)Cimmy,0 + Covimy )/ Civimy ] @gainst ¢ in butylation at 75°C and various a.

Rate constants of butylation at different temperatures.

Temperature, °C

k, L/(mol min)

75
80
85
90

0.0076
0.012
0.017
0.024

Fig. 6. Arrhenius plot.

activation energy (E;) were estimated to be 0.027 L/(mol min) and
78.4k]/mol, respectively. Therefore the rate constant of butylation
in the synthesis of [BMIM|Br could be expressed as:

9.43
r=0.027 exp (T) CiBrBul (M) (8)

4. Conclusions

The measurement of RTD in the microchannel reaction sys-
tem, composing of a micromixer and a tubular reactor, indicated
that the system could be treated as a plug flow reactor. As a case
study, the kinetics of butylation in the synthesis of ionic liquid
[BMIM |Br, which is characterized by fast reaction, high heat release,
and high viscosity, was investigated. The determination of buty-
lation conversion by analyzing the concentration of Br~ in the
product is proven to be fast and accurate. The experimental results
show that this microchannel reaction system is suitable for the
kinetic study of fast reaction with high heat release and/or in a
viscous system. The rate of the butylation can be expressed as:
r=0.027 eXP(*9-43/T)C[BrBu]C[MIM]-
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