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Abstract

In this work, we have reported continuous flow synthesis of 1-ethyl-3-methylimidazolium ethyl sulfate ionic liquid in a PTFE
micro-capillary. A Y-shaped microfluidic junction is used to mix the incoming reactants. Effects of independent parameters
like velocity, reaction temperature, and micro-capillary diameter on product yield, rate of production, and space—time yield
are reported. Yield is seen to increase monotonically as reaction temperature is increased, while it reduces with an increase in
diameter of the micro-capillary. A maxima in yield is observed as flow velocity is increased. A space—time yield of 1258.4 g/
min.L is obtained at a reaction temperature of 80 °C using a 300 um micro-capillary. A two-dimensional computational fluid
dynamics (CFD) model of the reacting system has been developed to confirm and explain the observed experimental trends.
The simulations were able to qualitatively predict the experimental trends. The simulations also investigated the effect of
shapes of different obstacles placed in the flow path.

Keywords Homogeneous catalysis - Ionic liquids - Liquid-liquid reaction - Micro-capillary - Space-time yield

Nomenclature 1 Introduction
C,, C, Reactant concentration (1st and 2nd reactants)

(mol/ m?) Ionic liquids (ILs) are a class of compounds that have an
G, Reaction mixture specific heat capacity (J/kg-K) ionic state, a melting point lower than 100 °C, an organic
d Micro-capillary diameter (m) cation and an organic or inorganic anion. Some ILs are liq-
E, Activation energy (kJ/mol) uid at room temperature, and these are called room-tem-
H Enthalpy/heat of reaction (kJ/mol) perature ionic liquids (RTILs). One of the main properties
k Reaction mixture thermal conductivity (W/m-K) of ILs is their ability to dissolve a wide range of materials
ko Frequency factor (m*/mol-s) while having negligible volatility. This makes them attrac-
T Reaction/reactor/tube wall temperature (°C) tive as green solvents, as they are non-toxic and have a low
U Velocity vector (m/s) environmental impact (Marsh et al. 2004; Earle & Seddon
v Flow velocity (m/s) 2000; Zhao 2006). Due to their ionic state, ILs possess

high ionic conductivity and offer a large electrochemical
window (unlike any molecular solvent) which is often use-
ful when ILs are used in process like electro deposition
(Armand et al. 2009; Jayakumar et al. 2011). The physical
and chemical properties of ionic liquids (ILs) can be eas-
ily adjusted or fine-tuned by carefully selecting the cationic
and anionic components (Le Rouzo et al. 2009; Rout et al.
2012). This tailorable nature of ionic liquids (ILs) makes
them attractive in various separation processes (Sen et al.
2022, 2017). Because of the above-mentioned advantages,

Greek letters
P Density (kg/m?)
u Viscosity (kg/m-s)
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synthesized in semi-batch or batch mode in stirred tanks
using a solvent to act as a thermostat to manage the heat
of the reaction. Alkylation reactions are highly exothermic,
meaning that they release a significant amount of energy
during the reaction. If this energy is not released, it can lead
to hot spots, which can eventually lead to a thermal runaway.
To prevent this, a volatile solvent is used under reflux, which
lowers the operating temperature. This solves the problem
of temperature management, and it also dilutes the reaction
mixture and lowers the reaction temperature, making the
reaction itself very slow.

In the last decade, there has been a growing interest in
micro-reactors, which are devices that allow reactions to be
carried out under flow conditions in channels with a char-
acteristic dimension of less than 1 mm. Micro-reactors have
been used to synthesize a wide variety of specialty chemicals
and micro/nano-particles (Jankowski et al. 2020; Waterkamp
et al. 2009; Ye et al. 2022; Kang et al. 2013; Mou et al. 2022;
Zhang et al. 2010). They have been instrumental in convert-
ing batch processes to flow processes. They offer various
advantages like better selectivity, higher space—time yield,
and safer operations to name a few. One of the key features
of micro-reactors is their very high surface-to-volume ratio,
which leads to very high rates of heat transfer. This makes
them ideal for carrying out highly exothermic reactions, such
as ionic liquid synthesis, at elevated temperatures and in a
solvent-free manner (Waterkamp et al. 2007, 2009; Renken
et al. 2007; Sen et al. 2013).

In this work, we report the high-temperature synthesis
of 1-ethyl-3-methylimidazolium ethyl sulfate ((EMIM]
EtSO,) in a simple micro-capillary without using any sol-
vent. Recently, 1-ethyl-3-methylimidazolium ethyl sulfate
([EMIM]EtSO,) has attracted significant interest from
researchers for its potential to remove sulfur compounds
from hydrocarbon streams, which is an essential step in
hydrocarbon desulphurization (Kulkarni and Afonso 2010;
Epfer et al. 2004). This ionic liquid also has the potential to
be used in hydrogen production through thermal-chemical
cycles. In one of the reactions of the iodine—sulfur cycle (a
thermal—chemical process for large-scale hydrogen genera-
tion), sulfuric acid is dissociated into water, oxygen, and
sulfur dioxide. (Kar et al. 2012; Goswami et al. 2014).
Sulfur dioxide needs to be separated from the other prod-
ucts of the Bunsen reaction to be recycled. [EMIM]EtSO,
can be used for this separation. Recently, there has been
growing interest in the use of 1-ethyl-3-methylimidazo-
lium ethyl sulfate ((EMIM]EtSO4) as a promising can-
didate for ionic liquid-based dual/mono-mode propellant
for spacecraft propulsion (Li et al. 2021; Berg and Rovey
2013). The use of ionic liquids makes propellants less haz-
ardous than hydrazine and also significantly improves the
available density-specific impulse (Whitmore et al. 2013).
The controlled delivery of a few tens of microliters of
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[EMIM]EtSO4-HAN per minute followed by its decom-
position over a suitable catalyst (Pt/A1203) has been the
basis of some designs of chemical micro-thrusters suitable
for maneuvering micro-satellites. (Sharma et al. 2022).

The chosen alkylation reaction is exothermic and the
specific heat of reaction heat is 102 kJ/mol (Grobe Bowing
and Jess 2007). Accurate temperature control is, thus,
essential to prevent thermal runaway and consequent prod-
uct degradation. Therefore, any reactor used for synthesis
or production of this IL must be designed to effectively
remove heat. Tubular reactors that operate continuously
have been proposed as a way to control this reaction. (Jess
et al. 2005; Lob et al. 2006). Millimeter-sized reactors
(where reactor diameter is of the order of a few millim-
eters) were used to increase the specific heat transfer area
(i.e., heat transfer area per unit volume of the reactor).
This led to improved thermal management.

Renken and coworkers (Renken et al. 2007) reported
flow synthesis of [EMIM]EtSO, in a sequential reactor
system. It comprised of a micro-structured reactor fol-
lowed by 1/8 inch capillary reactor which in turn was fol-
lowed by another 1/4 inch capillary reactor. The authors
mixed the two incoming reactants using a caterpillar-type
micro-mixer. The two tubular reactors (1/8 and 1/4 inch)
were maintained at different reaction temperatures. A
total liquid flow rate of 0.4 L/hr could be processed. The
authors reported a reduction in space time from 4 h to
4.6 min compared to the case when only two capillary
reactors (1/8 and 1/4 inch) were used. This represents an
improvement of around 50 times in reactor performance.
Compared to batch operation, space—time yield increased
by 3 orders of magnitude. Kinetics of synthesis of [EMIM]
EtSO, was reported in a millimeter range reactor (Grobe-
Bowing and Jess, 2005). The authors used a tubular reactor
with an internal diameter of 4 mm. They modeled loop
and multi-tubular reactors based on the kinetic parameters
they evaluated and heat transfer correlations that have been
reported. The authors reported an optimal recycle ratio
value of 2.3. Suitability of using a loop reactor for syn-
thesis of [EMIM]EtSO, was also reported by Willmes and
Jess (Willmes and Jess 2013).

A millimeter-sized tubular reactor (with an internal diam-
eter of 6 mm) was used to demonstrate the flow synthesis
of [EMIM]EtSO;, at a scale of 4 kg per day at 30°C (Grobe-
Bowing et al., 2007). The two incoming reactants were
infused into the reactor tube, which was cooled externally.
The authors reported that the reaction enthalpy is — 102 kJ/
mol. They also reported that the reaction can only be con-
trolled if the cooling temperature is 30°C or less. Any higher
cooling temperature would lead to thermal runaway. In a pre-
vious work (Sen et al. 2016), we have compared space—time
yield and rate of production for flow synthesis of [EMIM]
EtSO, in 3 different designs of micro-reactors. CFD analysis
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of the flow field was also reported. Serpentine micro-reactor
was found to outperform the other two designs.

Numerical simulations are often been used to model reac-
tive flows in micro-channels (Wang et al. 2011; Shin et al.
2013; Uriz et al. 2014; Maclnnes 2002; Shao et al. 2010;
Angeli et al. 2000). There are reports on CFD modeling of
complex polymerization reactions in micro-channels also
(Garg et al. 2015; Serra et al. 2007; Mandal et al. 2011).
Such models provide valuable insights into the flow, tem-
perature, and species concentration field across the entire
micro-channels including the microfluidic junction.

In most previous studies on flow synthesis of ionic lig-
uids, a multi-scale approach has been used. The incoming
reactants are first brought into contact with each other in
a micro-mixer, then passed through a micro-reactor, and
finally into a millimeter-sized tubular reactor. Almost all
authors have used some form of a micro-structured reac-
tor or micro-mixer before injecting the reacting stream into
a capillary. However, these micro-structured reactors and
mixers require specialized manufacturing techniques and are
expensive and not readily available. In this work, we focus
on synthesis of [EMIM]EtSO, in a simple PTFE micro-
capillary (diameters less than 1 mm). Micro-capillaries are
arguably the cheapest available micro-channels. A simple
Y-type microfluidic junction is used to mix the two incoming
reactants. To the best of our knowledge, flow synthesis of
[EMIM]EtSO, in a micro-capillary alone has not been pre-
viously reported. This represents the novelty of the present
work. Effect of microfluidic mixing, reaction temperature,
flow rate, and micro-capillary diameter on product yield has
been systematically studied. A numerical model (COM-
SOL 5.3) of the reacting flow inside the micro-capillary has
also been developed so as to obtain more insights into the
transport processes and also to explain the experimentally
observed trends. Furthermore, simulations have been used
to understand how obstructions in an otherwise straight flow
path can affect product yield.

2 Details on experimental procedure
and numerical model

2.1 Chemicals

The reactants used in this study are diethyl-sulfate and
1-methylimidazole, both of which are of AR grade and pur-
chased from Merck. No special pretreatment or purification
is done before using them. 1-ethyl-3-methylimidazolium

Fig. 1 Alkylation reaction for —
synthesis of [EMIM]EtSO, m i

A

ethyl-sulfate IL (99%) is also purchased from Merck as a
reference. The reaction is shown in Fig. 1. This reaction is
a single-step reaction and is associated with a high degree
of exothermicity.

2.2 Experimental setup

Figure 2 shows the schematics of the experimental setup.
Two continuous flow syringe pump systems (flow rate in
the range of 0.01-10 ml/min, New Era, NE 1010) infuse
I-methylimidazole and diethyl-sulfate to the microfluidic
junction (fabricated by precise drilling in a 1 inch diameter
polypropylene disk) at specified flow rates. A continuous
flow syringe pump comprises of two syringe drivers working
in a push—pull configuration. Each of these continuous flow
systems take suction from a vessel containing the respective
reactant. A micro-precise drill bit of 0.72 mm is used to drill
cylindrical holes in the junction. The drill length is limited
to 10 mm to ensure straight holes. The fabricated Y-junction
used in the experiments is shown in Fig. 3. The two reactant
streams are made to mix at the Y-junction and the mixed
stream then flows into the attached micro-capillary. The
micro-capillary essentially provides residence time required
by the reaction. The micro-capillary is made of PTFE and
is procured from Cole Parmer. Different diameters of such
capillaries have been used in the experiment. The micro-
capillary is connected to the microfluidic junction using
externally threaded end connectors (6 mm, made of PFA).
The microfluidic junction has a corresponding recess with
internal threads which fits securely with the end connec-
tor. Leak proof fit is ensured using ETFE ferrules (Darwin
Microfluidics make). The microfluidic junction along with
the micro-capillary is kept inside a constant temperature
water bath (IKA HB 10) to regulate the reaction tempera-
ture. The uniformity in temperature across the bath was bet-
ter than 0.5°C. The micro-capillary outlet is placed inside a
collection vial which is kept in an ice bath so as to thermally
quench the reaction. The residence/contact time is kept fixed
at 40 s in all the experiments. Micro-capillary of different
lengths (0.25-2 m, please refer to Table 2) have been used
to study the effect of flow velocity on yield. In doing so, the
residence time is always held fixed at 40 s, while the flow
rate (hence velocity) is varied. The molar ratio of the two
reactant streams is kept at unity. In the experiments con-
ducted to study the effect of velocity (0.00618-0.0494 m/s,
please refer to Table 2) and tube diameter (300-1000 um,
please refer to Table 2) on conversion, reaction temperature
is held fixed at 50°C. Additional experiments are also carried
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Fig.2 Schematic of the experi-
mental setup
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Fig.3 Schematic diagram of the Y-microfluidic junction drilled in a
PP disk (15 mm thick)

out to determine effect of reaction temperature. All reactor
temperature mentioned in the work essentially refers to the
bath temperature. The wall thickness of the capillaries used
was ~0.25 mm. Though thermal conductivity for PTFE is
quite low, such low values of wall thickness essentially mean
that the actual temperature inside the PTFE micro-capillary
will be very close (if not same) to that inside the bath.

Pressure drop across the micro-capillary was measured
experimentally using an inline digital pressure gage (0—4 bar
range, resolution of 0.05 bar) for some experiments (effect of
reaction temperature). The maximum pressure drop encoun-
tered in this work was around 0.85 bar.

2.3 Product analysis

The product ionic liquid (IL) conducts electricity because
it is in an ionic state. When a fixed volume of the product

@ Springer
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sample is mixed with a fixed volume of ethanol, the electri-
cal conductivity of the sample is solely due to the presence
of the IL (ethanol is not conductive). In fact, the conductivity
value will clearly depend on the concentration of IL mixed
in the ethanol. First, we prepare a calibration plot by mix-
ing measured and predetermined volumes of pure [EMIM]
EtSO, (99%, Merck) in a fixed volume of ethanol (50 mL)
and measuring its conductivity. This calibration plot is then
used to measure the concentration of IL in the reactor efflu-
ent. The effluent from the micro-reactor is analyzed using
this calibration plot. We take 250 pL of reactor effluent and
mix it with 50 mL of ethanol and measure the conductivity.
Care is taken to ensure that the measurement temperature is
kept the same as that used for preparing the calibration plot
(~25 °C). The product yield can be directly obtained from
this measured electrical conductivity data along with the
calibration plot.

Product yield (Yd) is defined as the number of moles of
the ionic liquid formed per unit mole of 1-methylimidazole
consumed. The product is also characterized by proton NMR
(supporting information, Fig. S1).

Apart from product yield, production rate is calculated
from Eq. (1) given below

24 X 60 X pyyy X gy X Yg XMW

R = ) 1
MW, )

where PR is production rate in g/day, qy is flow rate of
1-methylimidazole in mL/min, pyy, is density of 1-methyl-
imidazole (1.035 g/mL), MW; is molecular weight of ionic
liquid (236.29 g/gmol), and MWy, is molecular weight
of 1-methylimidazole (82.1 g/gmol). PR essentially shows
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the quantity of material that can be produced on continuous
usage of the reactor.

In Eq. (1), Yd is fractional product yield (—) which is
obtained from the ratio of the measured conductivity value
to the slope of the calibration curve.

Another parameter of interest is space—time yield (STY)
which essentially shows the specific performance of the
reactor. This term is defined as per Eq. (2)

PR

STY = — %
24 % 60 X Vg @)

where STY is space—time yield in g/min-L, Vy is reactor
volume in L.

2.4 Governing equations

Numerical simulations for the microfluidic system used
in this work (Y micro-junction followed by micro-capil-
lary) are reported in this section. Due to small diameters
involved, flow in microfluidic junctions and in micro-capil-
lary is essentially laminar. The flow filed has been obtained
by solving the classical Navier—Stokes equations. Species
and energy transport equations have also been solved along
with the Navier—Stokes equations. The velocity field goes
as the input for the solution of energy and species trans-
port equations. As a reactive flow is being modeled, source
terms (positive for products and negative for reactants) are
included the species transport equations (one equation for
each of the components involved in the reaction). As the
reaction considered is exothermic, a corresponding source
term for the heat of reaction is also included in the energy
transport equation. Equations (3-8) show the governing
equations used. A commercial finite element-based solver
COMSOL Multiphysics 5.3 has been used for simulations.

V.U =0, 3
WU | == VT VT

Pr +p(U.V)U = V.[ — pl + u(VU + VU )], )

oC, —

E+v.<UCi> + V.[-D,VC,] =R, (5)
¢ L L VI=kVT + pC, TT] = (~H)R

PCy 5 T VA=AVT + pC, TU] = (=HpR;. (6)

ﬁ, k, Cp, p, and yu, are the velocity vector, thermal con-
ductivity, density, and viscosity of the reaction mixture,
respectively. The reaction mixture’s physical properties
have been taken as concentration weighted average of the
participating species as shown in Eq. (7) below.

n
Cio;
=1

Pmix = n ’ (7)

26

i=1

where ¢,,;. is the average physical property of the reac-
tion mixture, C; and g, are the concentration and physical
property of the i species and n is the number of species.
Hence, physical properties of the system vary across the
computational domain. By defining the physical proper-
ties as dependent on concentration the above set of equa-
tions becomes completely coupled. R; and C; are the rate
of formation/consumption and concentration of \textit{i}
th chemical species. H is the enthalpy/reaction heat of the
reaction considered. The rate of consumption or generation
of a particular species involved in a reaction is related to the
rate of reaction (R,) by stoichiometry of that species in the
reaction. The reaction rate of defined according to Arrhenius
expression (Eq. (8)).

R, = ke (#)c ®)

where Kk is the pre-exponential/frequency factor and E, is
activation energy of the reaction. Values for k( and E, are
1.28 x 10° m*/mol-s and 89 kJ/mol, respectively (Bowing
and Jess 2007) C; and C, being the reactant concentration
(reactants being 1-methylimidazole and diethyl-sulfate,
respectively). Table 1 mentions values of the physical prop-
erties of the individual reactants, i.e., 1-methylimidazole and
diethyl-sulfate (NIST Web Book) and product, i.e., [EMIM]
EtSO, (Zhang et al. 2006) as used in the simulations. Physi-
cal properties of individual components are considered as
constant and are their temperature dependency is neglected.

Though coupling of physical properties of the reacting
system with respect to concentration is implemented in the
model, effect of temperature.

A picture of the computational domain is shown in
Fig. 4(a) later in Sect. 4. A velocity boundary condition is
defined at the inlet of the two reactants while a pressure
outlet boundary condition is defined at the exit of the micro-
capillary. Results of grid independence test and validation of
CFD model with respect to analytically determined pressrue
drop (discussed later in Sect. 4) are also shown.

Table 1 Values of physical properties of reactants and products used
in simulation

1-methylimidazole  diethyl-sulfate [EMIM]EtSO,
p (kg/m®) 1035.02 1179.50 1240.12
C,J/kg-K) 13272 162.2 11.01
u (Pa.s) 0.00159 0.00179 0.0022348
k(W/m-K) 0.185
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Fig.4 a Grid independency
test, snapshot of meshed com-
putational domain and boundary
conditions used in the numerical
simulations and b comparison
of CFD predicted pressure drop
vis-a-vis analytical pressure
drop
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Table 2 Values of different parameters used in this work (residence time =40 s)

Flow velocity (m/s) 6.18x107 1.24%1072 1.85%x1072 3.09%1072 4.94%1072
a) Flow velocity

Length (m) 0.25 0.50 0.75 1.25 2

Re (-) 1.85 3.72 5.55 9.27 14.8

Micro-capillary inner diameter 300
(pm)

Temperature {C) 50

Micro-capillary inner diameter (pm) 300 500 800 1000
b) Diameter of micro-capillary

Length (m) 1.234

Temperature “o) 50

Flow velocity (m/s) 3.09%x 1072

Temperature o) 50 60 70 80 90
c) Temperature

Length (m) 1.234

Micro-capillary inner diameter (pm) 300

Flow velocity (m/s) 3.09%1072
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3 Experimental results and discussion

The alkylation reaction studied here occurs in a single phase.
However, it is important to ensure that the two reactant
streams are well mixed to generate a completely homogene-
ous mixture. Table 1 shows the parameters whose effect on
yield of the product, production rate, and space—time yield
has been studied. When one parameter is varied, others are
kept constant at base values highlighted in bold in Table 2.
In all experiments, the residence/contact time is held fixed
at 40 s. While studying the effect of velocity, tube lengths
are changed to keep the residence time same. For all cases,
values of Reynolds number (Re =dVp/p) are also shown. d
is the micro-channel diameter, V is flow velocity, p and p are
density and viscosity of reacting system.

3.1 Influence of flow velocity

The velocity of the fluid flowing through a junction has a
direct impact on the degree of mixing at the junction. The
velocity is defined as the ratio of the total volumetric flow
rate to the cross-sectional area of the tube. The higher the
velocity, the greater the degree of mixing at the junction.

In a typical Y-junction, at lower flow velocities, the two
incoming reactants will flow parallel to each other without
mixing (Sarkar et al. 2014). The mixing of the reactants
is purely due to molecular diffusion, which is a very slow
process. As the flow velocities increase, a vortex regime is
created, where secondary currents are generated within each
reactant stream. This leads to surface replenishment at the
interface, which increases mixing to some extent. However,
the basic mechanism of mass transport is still dominated by
molecular diffusion. On further increasing the flow velocity,
an engulfment regime sets in, causing one stream to pen-
etrate into the other. This drastically increases the mixing
(Capretto et al. 2011; Engler et al. 2004). Hence, an increase
in flow velocity is expected to increase the mixing amongst
the two incoming reactants leading to an increase in product
yield. Another crucial parameter for reactive flow through
micro-capillaries is development of thermal boundary layer.
For laminar flow through a cylindrical pipe, thermal bound-
ary layer thickness at a given axial distance decreases with
an increase in Peclet number (Barozzi and Pagliarini 1985).
Hence, a reduction in thermal boundary layer thickness at a
given axial distance is expected if flow velocity is increased.
This essentially means that it will take a longer time for the
fluid inside the micro-capillary to reach wall temperature. In
the case of a reacting system, this means that an increase in
flow velocity will decrease product yield.

Figure 5(a) shows that with an increase in flow velocity,
product yield first increases, reaches a maximum, and then

starts to fall. All five data points have been repeated three
times each so as to ensure the reliability of the experi-
mental measurements. Overall coefficient of variance (of
repeatability measurements) is found to be 6.26%. If mix-
ing were the only factor affecting yield, then yield would
increase continuously with increasing velocity, as mixing
is known to improve with increasing velocity. The maxi-
mum yield value in Fig. 5(a) at a critical flow velocity
indicates that two opposing factors are affecting the yield.
At flow velocities below this value, the increase in yield
due to enhanced mixing outweighs the decrease in yield
due to a reduction in thermal boundary layer thickness. As
a result, there is an overall increase in yield. Beyond the
critical velocity, the opposite is true. The decrease in yield
due to a decreasing thermal boundary layer outweighs the
increase in yield due to enhanced mixing. As a result, there
is an overall decrease in yield beyond the critical velocity.
Effect of flow velocity on mixing and thermal boundary
later will be explained using numerical simulations later
in Sect. 4

Figure 5(b) and (c) shows how production rate (PR)
and space—time yield (STY) change with flow velocity. PR
increases with increasing velocity until the critical velocity,
after which it plateaus. This is because yield (Yd) decreases
after the critical velocity. However, the continuous increase
in the 1-methylimidazole flow rate offsets the decrease in
Yd, so PR does not decrease but becomes more or constant
after critical value. In terms of specific reactor performance,
STY reaches a maximum at the critical velocity. STY is as
high as 1164.43 g/min-L at a critical velocity of 0.0185 m/s.
Thereafter, STY decreases and then slowly starts to rise
again due to the increase in values of PR.

It is important to note that the tube length was also
increased concurrently as the flow velocity was increased to
keep the residence time constant at 40 s. The tube length was
increased from 0.25 m to 2 m. The simultaneous increase in
flow velocity and micro-capillary length led to a correspond-
ing increase in pressure drop from 0.025 bar to 0.85 bar.

3.2 Influence of reaction temperature

Figure 6(a) shows the influence of reaction/reactor tem-
perature on product yield. In Fig. 6, all parameters except
reaction temperature are held constant (i.e., flow rate, tube
diameter, and length). It is noted that yield increases mono-
tonically with an increase in temperature for a given velocity
and residence time. In fact as the temperature is increased
from 40°C to 80 °C, the yield increases by a factor of 1.6.
This is to be expected, as an increase in reaction tempera-
ture will increase the rate of the reaction. The fact that the
yield increases monotonically with increasing temperature
indicates that at a flow velocity of 3.09 x 10~ m/s, mixing
is no longer a significant factor limiting the overall reaction.
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Fig.5 Influence of flow velocity on a product yield; b production rate; ¢ space—time yield (T =50°C; d=300 um; =40 s; length of micro-capil-
lary used are 0.25, 0.5, 0.75, 1.25, and 2 m for lowest to highest flow velocity, respectively)

Instead, the reaction kinetics is the main factor limiting the
process.

Figure 6(b) and (c) shows corresponding influence of
reaction/reactor temperature on production rate (PR) as well
as space—time yield (STY). Both these parameters (i.e., PR
and STY) are seen to increase with a rise in reaction temper-
ature. The trends of PR and STY closely follows the experi-
mental trend of product yield (Yd) because the only variable
that is changing in definition of PR and STY is yield. It
may be mentioned that the highest value of STY reported in
this work (1258.4 g/min-L) is achieved at a reaction/reactor
temperature of 80 °C in a 300 um diameter micro-capillary
at a flow velocity of 0.0309 m/s.

3.3 Influence of diameter of micro-capillary

Figure 7(a) shows the influence of diameter of the micro-
capillary tube on the product yield. It is noted that the
product yield decreases monotonically with an increase
in micro-capillary diameter. The thermal boundary layer
takes longer to develop as the micro-capillary diameter
increases, while the velocity and reaction temperature
remain constant. This means that the thermal entrance
effect is longer. Thus for tubes of larger diameter, it
would take a significant tube length before the center of

@ Springer

the tube attains the skin temperature. Hence, the average
temperature and consequently the rate of reaction will be
low in the initial lengths of the micro-capillary. On an
overall basis, this causes yield to reduce with increasing
tube diameter. Similar phenomenon has been observed for
macro-scale reactors in which increase in reactor diameter
is found to reduce the conversion (Goswami et al. 2014).

Figure 7(b) and (c) shows the corresponding effect
of micro-capillary diameter on production rate (PR)
and space—time yield (STY). A monotonic rise in PR is
noticed as micro-capillary diameter is raised from 300 to
1000 micron. In fact PR is as high as 930 g/day for a tube
diameter of 1 mm. This is because with an increment in
tube diameter, flow rate of 1-methylimidazole is increased
from 0.05 to 0.55 mL/min to keep residence time fixed at
40 s. This essentially leads to a significant increase in PR
according to Eq. (1). However, with increase in tube diam-
eter, reactor volume (Vy) also increases which essentially
means that in terms of specific performance, the reactor
performs poorly. This is clearly represented in Fig. 7(c)
where STY is seen to reduce with increase in diameter of
micro-capillary.

It is, therefore, observed that mixing as well as heat
transfer are of primary importance in the range of variables
studied in this work. In the following section, we report
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Fig.6 Influence of reaction/reactor temperature on a product yield; b production rate; ¢ space—time yield (d=300 pm; v=3.09x 107> m/s;

T=405s)

numerical simulations for this reactive system to explain
the experimental trends given above.

4 Numerical modeling of reactive flow
system

4.1 Grid independency test and model validation

An unstructured mesh have been used in the simulations. A
boundary layer is used to refine the mesh near the wall of
the micro-channel. A mesh density of 6.23 x 10% cells/m?
has been used in the present work based on the results of a
grid independency test carried out for a geometry featuring
the Y-junction and a 300 pm micro-channel. Details of the
grid independency test along with a snapshot of the meshed
domain are shown in Fig. 4(a). Figure 4(a) also shows the
boundary conditions used in the simulations.

A 2D model of the microfluidic junctions along with a
small section of the attached micro-capillary have been used
in the simulations. A 2D modeling approach is selected to
reduce computational resources required for the simula-
tions. Though a 3D approach would have provided more
information (cross-sectional) on the flow field but for reac-
tive systems in micro-channels (polymerization), it has

been reported (Serra et al. 2007) that result obtained from a
simple 2D model matches reasonably well with those from
a detailed 3D model. The tube length used in the simu-
lations is much smaller than the tube lengths used in the
actual experiments. This is done to keep the computational
requirements within reasonable limits. Maximum length of
the tube used in simulations is 0.030 m, whereas the maxi-
mum length used in experiments is as high as 2 m. Hence,
the numerical simulations cannot be used to reproduce the
experimental results. The purpose of the numerical simula-
tions is to understand how the flow and thermal fields are
affected with variation in flow velocity, tube diameter, and
temperature, and to substantiate the experimental trends.
Though no attempt is made to quantitatively compare
CFD predicted yields with experimental values we have
compared the pressure drop predicted by the CFD model
against pressure drop obtained using analytical expression
for flow in a micro-capillary under laminar flow conditions
(Hagen—Poiseuille equation). A set of simulations are car-
ried out for different flow rates in a 300 micron diameter tube
30 mm long. The congruence between the CFD predicted
results and the analytical results is very good (even for a 2D
model) as can clearly be seen in Fig. 4(b). This shows that
the developed 2D CFD model is able to predict the hydro-
dynamics inside the micro-capillary quite well. Conversion

@ Springer
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Fig.7 Influence of micro-capillary diameter on a product yield; b production rate; ¢ space—time yield (T =50 °C; v=3.09x 1072 m/sec; =40 s)

(for a known kinetics) as well as heat transfer characteristics
is closely linked to the hydrodynamics inside the capillary.
Hence, if the CFD can predict the hydrodynamics accurately,
it may be said that CFD prediction on product yield will also
be reasonably accurate.

4.2 CFD predicted results

Figure 8(a—c) shows the effect of temperature, flow velocity,
and micro-capillary diameter on the yield, as predicted from
the CFD model, at the outlets of the micro-reactor.

Figure 8(a) shows that as the temperature is increased,
the product yield increases monotonically. The same has
been observed in the experiments. Hence, predictions of the
numerical model are in line with experimental observations.
It is observed that the typical values of yield at reactor out-
let are very small. This is due to the fact that the length of
the micro-capillary used in numerical simulations is signifi-
cantly smaller than that used in experiments so as to keep the
computational resources within reasonable limits.

Figure 8(b) shows the effect of the flow velocity on the
product yield at the outlet. In all the simulations carried
out, the residence time is kept constant at 0.81 s, length
of the tube section modeled is varied accordingly. It may

@ Springer

be mentioned that the choice of residence time at 0.81 s is
rather ad hoc. The main driving force for choice of this resi-
dence time was to ensure that the length of the micro-capil-
lary is not too large which would otherwise have increased
the computational time.

It is observed that with an increase in flow velocity, the
product yield initially increases, reaches a maxima, and
then slightly decreases. This is in line with the experimental
trends. This is because with an increase in flow velocity ini-
tially mixing is enhanced which tends to increase the yield.
However with further increase in velocity, development of a
thermal boundary layer is delayed which leads to a reduced
conversion. Figure 9(a) shows the variation of temperature
profiles of the reaction mixture in the Y-junction and micro-
capillary for different flow velocities. It is observed that as
the flow velocity is increased the temperature inside the
microfluidic junction and in the initial length of the micro-
capillary comes down. This indicates that at higher velocity,
it takes longer distance for the reaction mixture to feel the
skin temperature.

Figure 8(c) shows a decrease in the product yield as the
micro-capillary diameter is increasing. This is in agreement
with experimental observations. Figure 9(b) shows the
temperature profiles for micro-capillary of three different
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Fig.8 Effect of a reaction temperature (d=300 um; v=3.09%1072 m/s; t=0.809 s) on the yield for the microreactors

v=3.09%x102 m/s; t=0.809 s), b flow velocity (d=300 pm;
T=40 °C, t=0.809 s) and ¢ micro-capillary diameter (T=40 C;

diameters. Figure 9(b) shows that as the micro-capillary
diameter is increased, the development of the thermal
boundary layer is delayed. For a large diameter tube, tem-
perature can be significantly lower in the entrance zone.
The reaction rate decreases with increasing micro-capillary
diameter, and the final product yield at the outlet is reduced
as a result. The predictions from the numerical simulations,
thus, corroborate the experimental trend of effect of micro-
capillary diameter on yield. and explanation of this trend as
given in the previous section.

4.3 Effect of flow obstacles

It is known and documented that mixing in T-junction and
Y-junction micro-channels with straight layout is rather poor
(Engler et al. 2004; Capretto et al. 2011; Sarkar et al 2014)
at low Reynolds number. After the microfluidic junction, the
two streams flow parallel to each other in the straight tubes
and the mixing is purely diffusive in nature (Re < 10). There
are several possible methods to enhance mixing. Introduc-
tion of obstacles in the flow path is one of the methods to
enhance the mixing (Fang et al. 2012; Alam and Kim 2012;
Sarkar et al. 2014). In a channel having obstacles in the flow
path, the streams will flow around the obstacles leading to
strong lateral flow velocity components. These will lead to

having Y-type microfluidic junctions as obtained from numerical sim-
ulations

significant cross-flow (chaotic advection based) mixing of
the reactant streams. A greater degree of lateral flow com-
ponents will also lead to a greater degree of homogenization
of the temperature field leading to short thermal entrance
effects. Because of these two factors, micro-channels with
obstacles in flow path should have much better perfor-
mance than the micro-channels without obstacles. Superior
performance of the micro-channels having periodic obsta-
cles (mixing units) has been demonstrated experimentally.
Bhagat et al. 2007 have reported that micro-channels with
diamond-shaped, circular, and triangular flow obstacles
provide better mixing than straight channels. Fang et al.,
2011 demonstrated the use of a periodic mixing element
to significantly enhance mixing. The studies involving
micro-channels with obstacles in flow path reported so far
are, however, focused on the effects of presence of obsta-
cles on mixing. In the present study, we have gone a step
beyond to evaluate, using numerical simulations, the effect
of the presence of such obstacles in the flow path on product
yield. In addition to the designs already reported, a micro-
channel having triangular obstacles arranged in staggered
fashion is also evaluated. At this stage, it must be clarified
that the results mentioned below are those predicted by the
numerical model. In this work, we did not physically fabri-
cate such 2D obstacles inside the micro-channel. However,
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such obstacles can be fabricated in a straight micro-channel
prepared on a chip (e.g., etched in glass or a PDMS chip).

Figure 10 shows the micro-channels having periodic mix-
ing elements/obstacles that have been evaluated numerically.
It may be noted for all cases, the microfluidic junction was
the same (i.e., Y-junction).

Figure 11(a) shows the variation of product yield with
velocity for the four different micro-channel designs. It can
be seen that all the designs with obstacles lead to higher
product yield than the design without obstacles (i.e., simple
Y mixer with straight channel). This is clearly attributed to
superior mixing due to obstacles in the flow path. In all the

@ Springer

simulations carried out the residence time has been kept
constant at 0.809 s.

Another interesting trend that is observed is that the prod-
uct yield tends to increase with increase in velocity espe-
cially at lower ranges of flow velocity. In fact for designs 1, 3
and to an extent even for design 2, a maxima in product yield
is seen. While the fall in yield is attributed to an extended
thermal entrance effect at higher velocities, the initial rise
at low velocities is attributed to an increase in mixing as
velocity is increased. Flow obstacles divert the flow later-
ally in the longitudinal plane of the micro-channel. These
radial components of the flow essentially lead to chaotic
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Design-1: Y-junction microchannel with diamond-shaped obstacles

.
_B

Design-4: Y-junction microchannel with staggered triagular elements

Fig. 10 Different micro-channels with obstacles evaluated by carry-
ing out numerical simulations

advection in these channels because of which the interface
between the two incoming reactant streams gets stretched
and smeared which significantly increase mixing of one
stream into another.

Figure 11 (b) depicts CFD predicted pressure drops for
all the different designs. It can be seen that compared to a
straight channel there is a significant increase in pressure
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drop in all geometries with obstacles. This is expected
because the lateral currents which are responsible for
creating better mixing of the incoming reactants come at
the expense of additional energy which is represented in
terms of higher pressure drop. A comparison reveals that
pressure drop in designs 3 and 4 are relatively higher than
that in design 1. The highly torturous flow path created by
obstacles in design 3 is responsible for the higher pressure
drop encountered in this design. On the contrary, pressure
drop encountered in design 1 is quite less (in fact the least
amongst all designs) due to the streamlined flow generated
by diamond-shaped obstacles. Hence, design 1 is clearly
the optimal design of obstacles that provide highest product
yield (Fig. 11a) at a reasonable expense of pressure energy.

Among all the designs having obstacles in the flow path,
performance of the design 1 (diamond-shaped obstacles)
is found to be the best. This is followed by the design 2
(triangular shaped obstacles). Performance of design 4 is
the worst amongst all the designs. These differences can be
attributed to the enhancement of the contact area between
the two reactant streams and effective reactor volume. As
discussed earlier in the range of Reynolds number stud-
ied in this work, the two incoming reactant streams do not
penetrate into one another and flow parallel to each other.
Inside the channel presence of the flow barrier will force
the streams to move in a zigzag manner and in doing so
will increase the effective contact area of the two leading to
higher conversions. Figure 12 (a) and (b) shows the product
concentration contour and effective interface between two
incoming reagent streams for the micro-channels with obsta-
cles, respectively. An interesting observation in Fig. 12 (a) is
that for design 3, there is a region where the product yield is
significantly higher on the leeward side of the slanted barri-
ers. This is because the fluid entrapped in that region is not
replenished by the main stream. As this pocket of fluid is iso-
lated from the main fluid flow, the effective reactor volume
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Fig. 11 Effect of flow velocity on a product concentration and b channel pressure drop for different designs of micro-channels having obstacles

in flow path (t=0.809 s; T=90.C)
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Fig. 12 a Product concentration 2
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and b interface between the two
incoming reagent streams for
different obstructed micro-chan-
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is reduced which leads to reduced product yield at the reac-
tor outlet. This reduction in effective reactor volume which
translates into a reduction in residence time (for the same
reactor, length and velocity) overcomes the improvement in
contact area between the two incoming streams afforded by
design 3 (in comparison to design 1 and 2) and as a whole
performance of design 3 reduces.

Figure 12(b) shows that the effective contact area (interface
between the red and blue regions shown) generated by design
4 is less than that of designs 1 and 2 which leads to its poor
performance. Quantitatively for a reactor length of 0.005 m
(as in Fig. 12(b)), there are 15 crests both for designs 1 and
2; while for design 4, there are only 7. For these designs, the
height of the crests are similar. Even though design 3 has only
three crests for the same length, their height (and, thus, area) is
significantly higher than others. As is observed in Fig. 12 (b),
the effective contact area generated by design 1 and design
2 are not that different. Figure 13 shows the streamlines for
design 1 and design 2. It can be seen that in design 1, the flow
is squeezed or focused (compact streamlines) in between the
diamond-shaped obstacles, while the flow is relatively more
diffused in design 2. This is because the streamlines have a
large area to flow in design 2 (regions at the windward side of
the triangular obstacles); whereas in design 1, the flow area
is constrained. This effect leads to a higher rate of surface
renewal at the interface for design 1 which may be attributed
to the better performance of design 1.

5 Possibilities of scale-up

The work reported proves the feasibility of continuous, sol-
vent-free flow synthesis of [EMIM]EtSO, ionic liquids in a
simple, flexible, and cost effective micro-capillary. Operat-
ing at an optimal flow velocity of 0.0185 m/s as identified
in this work, it is possible to attain complete conversion of
I-methylimidazole by increasing the tube length (effec-
tively increasing the residence time). However, production
rate for a single such 300 micron diameter micro-capillary
will be limited (order of 100 s of grams per day). For pilot/

commercial-scale production rate, it is important to scale up.
One of the major advantages of a micro-reactor system is its
ability to be scaled up using a numbering-up approach. In
this approach, the performance of a single micro-capillary
is retained, while production is scaled up using a multitude
of such micro-capillaries. This requires design of an opti-
mal microfluidic header/distributor where in each of the two
reactants are spitted and injected into each of the micro-
capillaries. The challenge here in is to ensure the distribution
of reactants into each capillary is as uniform as possible. In
recent years, there has been some progress in this aspect.
Table 3 below lists down the recent advances made in this
filed.

Thus, it will be possible to scale up production rate to
8-20 times of what can be achieved in a single 300 micron
micro-capillary reported here. This indeed will go a long
way in establishing a numbered-up micro-capillary-based
reactor system as a viable technology for pilot/commercial-
scale production of speciality chemicals like ionic liquids.

6 Conclusion

Flow synthesis of ionic liquid [EMIM]EtSO, in a sim-
ple PTFE micro-capillary is reported for the first time. A
Y-junctions serves as the microfluidic junction. Effects of
velocity, reaction temperature, micro-capillary diameter
on product yield, space—time yield, and production rate are
studied. Product yield increases with increase in reaction/
reactor temperature and reduces with an increase in micro-
capillary diameter. With an increase in velocity, there is an
increase in product yield initially till a critical velocity and
then yield reduces with any further increase in velocity. This
trend of variation of yield with velocity is attributed to two
counteracting factors—enhancement of mixing with increase
in velocity and reduction of temperature in the entrance zone
with increase in velocity. Production rate keeps on increas-
ing with increase in flow velocity, reaction temperature as
well as micro-capillary diameter. An increase in production
rate with increase in velocity and tube diameter is because

Design 1

Design 2

Fig. 13 Streamlines for two different layouts studied in this work (t=2.3 s; T=90.°C)
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of corresponding increase in 1-methylimidazole flow (volu-
metric) rate. Space—time yield, however, closely follows
the trend for product yield. A space—time yield of 1258.4 g/
min-L can be obtained using a 300 um micro-capillary at a
reaction temperature of 80 °C. These experimental trends are
substantiated by carrying out numerical simulations involv-
ing coupled solution of energy, momentum, and multiple
species transport equation in a 2D computational domain.
The simulations are able to capture the general experimental
trend of effect of temperature, velocity, and tube diameter
on product yield. Numerical simulations of micro-channels
having obstacles in their flow path are also carried out.
The results from these simulations show that microfluidic
mixing is indeed important and the designs which promote
mixing between the reactants are expected to give better
performance for homogeneous reactions. Different designs
(reported in literature) of obstacles are studied and the
performance of the diamond-shaped obstacles is found to
be the best. Finally, possibilities of scale-up of the above-
mentioned micro-capillary-based method to meet pilot/com-
mercial-scale production of specialty chemicals like ionic
liquids are also discussed.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10404-023-02686-9.
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