Microwave-Heating Induced Temperature Gradients in
Liquid-Liquid Biphasic Systems
Tai-Ying Chen!’, Montgomery Baker-Fales!?, Himanshu Goyal?, and Dionisios G. Vlachos'*"

'Department of Chemical and Biomolecular Engineering, University of Delaware, 150 Academy
Street, Newark, Delaware 19716, United States

’Department of Chemical Engineering, Indian Institute of Technology Madras, Chennai, Tamil
Nadu 600036, India

3Catalysis Center for Energy Innovation, RAPID Manufacturing Institute, and Delaware Energy
Institute (DEI), 221 Academy St., University of Delaware, Newark, Delaware 19716, United States

+These authors contributed equally.

*Corresponding author: vlachos@udel.edu

Abstract

Microwaves (MWs) can enable the electrification and intensification of chemical manufacturing.
They have been applied to various unit separations, such as drying, distillation, and extraction,
entailing gas-liquid and solid-liquid systems. However, a limited quantitative understanding of
MW-heated liquid-liquid biphasic systems related to extraction exists. This work measures the
temporal and spatial temperature difference between an aqueous and an organic phase in batch and
continuous microfluidic modes. We demonstrate permanent temperature differences between
phases over 35 °C and spatiotemporal periodic and quasiperiodic oscillations modulated by the
flow patterns. The temperature differences are primarily driven by the faster absorption rate of
microwave irradiation by the aqueous phase vs. the slower heat transfer from the aqueous phase
to the organic phase. These are amplified by low specific interfacial area and modifications of the
electromagnetic field. We employ a multiphysics model to predict the temperature difference in a
batch system. The model is in good agreement with the experiments. We demonstrate a strong
effect of input power, dielectric properties of organic solvents, the volume of solvents, and the
volume ratio between phases on the temperature difference. A simple analytical model describes
the temperature difference and provides design principles. The combined approach offers new
insights into the design and optimization of the MW-heated biphasic systems.

Keywords: Biphasic system, heat transfer, microfluidics, microwave heating, extraction


mailto:vlachos@udel.edu

Introduction

Electromagnetic energy generated from renewable sources is an emerging route toward process
intensification, electrification, and decarbonization of chemical manufacturing.!™ Electromagnetic
radiation, such as microwaves (MWSs), can heat rapidly, volumetrically, and selectively to
overcome the heat transfer limitations of conventional processes.®!> Multiphase systems,
especially those with disparate dielectric permittivity, are uniquely impacted by selective MW
heating and can sustain distinct phase temperatures.!>~!” This effect can yield energy savings,
enhanced separation efficiency, and higher reaction selectivity.'* 2! MW heating is applied to many
separations, such as drying, extraction, and distillation.?>?” These separations are mostly gas-
liquid or solid-liquid systems. For instance, MW heating is widely used to extract antioxidants
from vegetables, wastes, and plants.?* 32 MWs provide a higher recovery rate than conventional
solvent extraction.”> MW-assisted distillation has received attention as it significantly affects the
polar components' vapor concentration and induces selective vaporization.?”** These MW-assisted
separations underscore the potential of MWs for process intensification.

MW radiation has recently been applied to liquid-liquid extraction.**>7 In a typical liquid-
liquid extraction, water and a non-polar organic solvent are chosen as bulk liquids, and a target
molecule (solute) is extracted from the aqueous to the organic phase. MW radiation typically heats
the aqueous phase faster than the non-polar organic phase due to their respective dielectric
properties, resulting in a sustained temperature gradient between the two liquids. This temperature
gradient promotes extraction efficiency and improves product yield and selectivity.**7 For
example, Ricciardi et al.>® reported that for furfural production via reactive extraction, selectivity
is enhanced by employing MW radiation and low-dielectric-constant organic solvents. Similarly,
Breeden et al.>* showed that in a water/dichloroethane biphasic system, 5-chloromethyl furfural
selectivity is significantly improved.

An understanding of MW-heated liquid-liquid biphasic systems is currently lacking, which
hinders the design of MW-assisted biphasic extractors and reactors. One significant barrier is the
lack of measuring temperature in the aqueous and organic phases. To our knowledge, no work has
directly and precisely measured the temperature of both phases to rationalize the advantage of
selective heating. This dearth of foundational literature owes to the often-discussed complications
of temperature measurements inherent to MW systems>®*%3: thermocouples are unsuited to the
MW environment, and optical methods (pyrometer, thermal camera, etc.) only measure surface
temperatures. Alternatively, temperature-sensing optical fibers can be immersed similarly to
thermocouples, are well-suited to MW environments, and provide good spatial accuracy. However,
liquid-liquid systems must be pressurized at reaction-relevant temperatures, e.g., >100 °C, making
optical fiber usage more challenging, especially given their fragility. Furthermore, the fast-
changing temperatures of MW-heated biphasic continuous flow systems add further complications.
Simulations in MW literature often accompany experimental works**#?. There are a few studies
on modeling and investigating the MW heating of the liquids***’. For example, Ayappa et al.**
investigated the natural convection in a square cavity numerically and found the location of power
peaks would affect the temperature uniformity. Chatterjee et al.* investigated the effect of rotation
and natural convection on MW heating of liquids and indicated that the former does not improve
the temperature uniformity. Moreover, Rattanadecho et al.***” modeled the microwave heating of
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liquids using a rectangular waveguide and demonstrated the effect of the dielectric properties and
the sample size. Although these works have advanced the understanding of the single-phase liquid
medium under MW radiation, studies on liquid-liquid biphasic systems under MW radiation are
still limited because of the multiphase and multiphysics nature of the problem.!”*3

This work focuses on measuring and predicting the microwave heating of liquid-liquid
biphasic systems. We precisely measure the temperature difference between two phases in batch
and continuous flow modes. We establish a multiphysics model to predict the temperature
difference in a batch system and compare the results to experiments. Then, we combine simulations
and experiments to investigate the effect of various processing parameters on the temperature
difference. Moreover, we develop an analytical model to describe the temperature of each phase
in biphasic systems, rationalize the observed temperature difference, and provide guidelines for
engineering the temperature difference.

Methods

Experimental Methods

Both batch and flow experiments are showcased in this work. Custom-built attenuator rigs
were fabricated for use with a CEM Discover SP microwave applicator. The batch rig, shown in
Scheme 1a, accommodates 10 mL borosilicate vials available from CEM. Temperature is measured
simultaneously by two FISO FOT-L-SD fibers housed in parallel sapphire thermowells. One fiber
is interrogated by the CEM reactor and used for temperature feedback, while the other is
interrogated by a FISO UMI-4 Multichannel Instrument, independent of the control scheme. In a
typical batch experiment, water and organic solvent are added to the vial having a stir bar; the vial
is sealed into the attenuator and then pressurized with inert gas (helium; 15 bar) before heating to
avoid an otherwise-observed violent boiling phase. Pressure has no little-to-no effect on the
dielectric properties for solvents below their critical point; therefore, the effect of pressure is not
explored.® At high stir (900 rpm), the vial is heated with either a controlled or constant power
scheme. A mapping of the axial coordinate system for the batch rig — starting from the internal
floor of the vial — is shown in Scheme 1a. The temperature is measured at various axial locations
in the vial, yielding both the spatial and temporal temperatures in the biphasic system.

The flow rig, shown in Scheme 1b, is described in our previous work®, and consists of a
polytetrafluoroethylene (PTFE) insert affixed to the aluminum attenuator to guide tubing in a "U"
shape through the microwave cavity. The microchannel is constructed from ethylene
tetrafluoroethylene (ETFE) of various diameters, sourced from IDEX Health & Science LLC.
Water and organic solvents are pumped independently from two Teledyne ReaXus LS-Class
pumps, joined via a flow tee (IDEX #P-713) into one channel, and then enter the cavity after a 50
cm single-channel flow to help ensure flow-regime stability. This channel ends at a custom flow
tee, where an optical fiber is inserted directly into the flow path (counter to the flow direction),
and sealed into the system using ETFE ferrules and a perfluoroalkoxy alkane (PFA) sheath. We
utilize OpSens M360 fibers, made of silica-clad and silica-sealed to withstand direct pressure,
elevated temperatures, and moderately aggressive solvents without being affected. The fibers can
be fixed at any axial location in the microchannel. An OpSens CoreSens GSX-2 unit capable of
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measurements at 1000 Hz is used for interrogation. In a typical flow experiment, the sealed system
is subjected to 150 psi of backpressure, and total flowrates are set from 0.010 to 4.000 mL/min.
The system applies constant power for 2-5 min, and temperatures are analyzed after the system
reaches a steady state, typically between 1-2 min.
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Scheme 1. Diagrams of batch (a) and flow (b) attenuator rigs for the CEM Discover SP microwave
applicator. Photographs of batch (c) and flow (d) attenuator rigs.

Chemicals used include: ultrapure water (Milli-Q purified), 2-pentanol (Sigma-Aldrich P8017,
98% purity), hexanes (Fisher Chemical H302-4; >98.5% purity), toluene (Sigma-Aldrich 179418;

4



>99.5% purity), methyl isobutyl ketone (MIBK) (Sigma-Alrich 360511; >98.5% purity),
methylcyclohexane (Sigma-Alrich M37889; 99% purity), 2-methyltetrahydrofuran (Sigma-Alrich
673277; >99% purity), and cyclohexanol (Sigma-Alrich 105899; 99% purity). Dielectric
properties were analyzed between 1.5 and 2.6 GHz at a temperature of 20°C using an ITACA
Microwave Dielectric Measurement Kit.

Computational Methods

We model a 10 mL glass vial containing water and organic solvent in the CEM Discover SP
MW cavity. We solve the electromagnetics, fluid dynamics, and heat transfer equations. The
electromagnetic field in the cavity is described with the Helmholtz representation of the Maxwell’s
equation*®3%31,

V2E + & (20)2E = 0 (1)
0
where E is the electromagnetic field, &, is the permittivity relative to that of vacuum, f°
represents the electromagnetic frequency; and ¢, denotes the speed of light in a vacuum. The
permittivity is a complex number, composed by a (real) dielectric constant &' and a (imaginary)
loss factor €”. The dielectric constant describes a material's polarizability, and the loss factor
represents the ability of a material to dissipate electromagnetic energy into heat.*? The ratio is
termed the loss tangent tand = €'’ /&’. The power dissipated into a medium, denoted as Py, is

described as>?,
Py = meye"f|E|? (2

where &, is the dielectric permittivity of vacuum. This dissipated power serves as a heat
generation term in the energy balance equation (Eq. 3).

pCy St + pCLUVT = =V (kVT) + Py (3)

In Eq. 3, T denotes the temperature, p is the mass density, C,, is the specific heat capacity, U is
the velocity, and k is the thermal conductivity. To evaluate the spatial temperature field, the
energy balance equation is solved together with Eq. 1, the continuity equation for incompressible
fluids (Eq. 4), and the Navier-Stokes equation (Eq. 5).

V-U=0 4)

2D 17 (pU x U) = uv>U — VP + pg (5)
In Eq. 4, p is the dynamic viscosity and P denotes the pressure. The aforementioned governing
equations are implemented and solved using the COMSOL Multiphysics software, referenced
hereafter as COMSOL. The RF module, the Heat Transfer module, and the Laminar Flow module
are employed for time-dependent, three-dimensional simulations and solved using inbuilt finite
element method solvers. The geometry of the CEM Discover SP cavity built in COMSOL is shown
in Scheme 2 and is detailed in references**>. The dimensions of the glass vial are the same as in
the experiments. The metallic walls of the cavity are assumed as perfect conductors, making all
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the electric and magnetic fields inside the conducting region zero. At the inlet, a traverse electric
mode TEio is applied. Heat loss due to natural convection is imposed at the outside of the vial. At
the interface of two materials, thermal equilibrium is assumed, and the tangential components of
the electric fields are continuous. The initial temperature is set at 20 °C. A zero-gradient for
pressure and no-slip boundary condition for velocity are implemented at the wall of the vial. A
mesh-dependency is performed to ensure that the results are independent of discretization. The
mesh of the solvents is set to "Finer", of the glass vial wall to "Fine", and of the rest of the
simulation domains to "Normal" in the Physics-Controlled Mesh setting in COMSOL. A typical
number of mesh elements is around 10°. Additional information can be found in the SI.

= 0.05 m

Scheme 2. Schematic of the CEM Discover SP MW applicator and the batch reactor modeled in
COMSOL.

Results and Discussion

Temperature difference in the MW-heated batch system

When MW irradiation is applied to liquid-liquid biphasic systems, each phase is heated
selectively and the temperatures can differ. This effect is illustrated in Figure 1, where both an
aqueous system (6 mL water) and a biphasic system (3 mL water and 3 mL MIBK) are heated by
microwaves. The input power is modulated to reach specified temperatures and maintained using
the microwave applicator's control system. For both systems, a reference temperature (7;) of 160
°C is measured and enforced at z = 7.75 mm from the bottom of the vial (because of the
presence of a stir bar and the thermowell, this is incidentally the lowest possible temperature
measurement location). A second fiber probes the temperature along the axial dimension. In the
monophasic system (Figure 1a), the temperature is uniform in the axial dimension, cooling slightly
near the liquid-gas boundary. In the biphasic system (Figure 1b), however, distinct temperature
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regimes are observed: the temperature of the aqueous phase is maintained at the control
temperature while the organic phase experiences a markedly lower temperature (~140 °C). This
temperature difference is maintained at steady state using the control system and is hence referred
to as ATg,. In Figure Ic, the development of temperature and temperature difference with time in
the same biphasic system is shown — this time with a static secondary fiber, located at the center
of the organic phase (z = 42.75 mm) and referred to as T,. From the onset of heating, the
temperature difference increases rapidly from zero, reaching a maximum (AT,,4,) in 1-2 min of
irradiation and then gently descending to steady state. The existence of a persistent AT is
attributed to the heating from the MW radiation being much faster than the heat transfer between
the two phases, where the increase of T, mainly comes from the heat transfer from the aqueous
to the organic phase. The transient AT,,,, is attributed to a combination of developing
temperature gradients, modulating applied power (especially in the case of controlled systems),
and temperature-dependent dielectric properties. For this particular system and experimental
conditions, ATy,,, = 33.7 £ 0.6°C and ATy, = 20.2 + 0.3°C are observed across repeated
experiments.

To control the AT, a series of controlled-power experiments are performed to maintain T,
at specified temperatures ranging from 60 to 200 °C. In Figure 1d, the AT increases when the
control temperature increases. This is attributed to the rise in input power when the control
temperature increases, where more energy is selectively dissipated into the water, leading to larger
AT,. The relation between power and AT, seemingly changes as the temperature increases. At
higher applied powers, larger increments in additional power are required to increase ATy by a
given amount. This is attributed to the temperature dependence of dielectric properties, whereby
lesser fractions of the applied power are likely to be absorbed at increasing temperatures. We then
utilize COMSOL, discussed below, to further understand the temperature gradient and elucidate
the effects of various parameters.
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Figure 1. Experimental steady-state axial temperature profiles in a MW-heated aqueous system (a)
and a biphasic system (b). Temperature development with time of MW-heated biphasic system (c).
Effect of MW power (not to scale) on steady-state AT with aqueous phase temperatures denoted
(d). Error bars for axial temperature data represent uncertainty in position (estimated to be 1.0 mm)
and variance in the temperature over time of measurement (1 minute at each location). Error bars
for AT data represent variance in average applied power and average AT over the steady portion
of the batch heating experiment, all performed in triplicate.

CFD modeling of the microwave-heated batch system

COMSOL simulations of both single-phase batch and continuous flow reactors have been
previously shown to predict the heating reasonably under microwave radiation.*?#24%53:34 The
simulations here follow the experimental setup closely. We employ the transient experimental input
power corrected with the previously reported calibration curve without alterations.*! The dielectric
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properties of MIBK are listed in Table 1 and of water in the SI. The time-dependent, transient
temperature profiles of the aqueous phase for five temperatures (80 to 160 °C) in the biphasic
system agree well with experiments (Figure S2). Figure 2a shows a clear temperature difference
between the two phases, reminiscent of the experiments. This temperature difference is attributed
to the direct MW heating of the aqueous phase and the heat transfer between phases, where both
conduction and thermal gradient-induced Rayleigh convection contribute. The electric field
(Figure 2b) is orders of magnitude higher at the bottom of the vial (in the aqueous phase) than at
the top (in the organic phase). Interestingly, a strong electric field forms at all interfaces, i.e.,
between the aqueous and organic phases, the organic phase and air, and the solvents and the vial
wall. The amplification of the electric field at the liquid-liquid interface is due to the sharp variation
in the dielectric properties of different materials that concentrates the electric field. The
electromagnetic energy is mainly dissipated into the aqueous phase, while barely any power goes
into the organic phase. With an initial input power of 80 W, the absorbed power of the aqueous
phase is ~39 W, while that of the organic phase is ~4 W (Figure 2¢). In contrast, the temperature
profile of a monophasic water system (Figure 2d) is much more uniform, consistent with the
experiments. This temperature profile is more uniform than previously reported work*’, attributed
to the enhanced mixing provided by the magnetic stirrer. Unlike the biphasic system, the
electromagnetic energy is dissipated into the whole monophasic system (Figure 2e and f). This
clearly explains the observed temperature difference between the two phases and demonstrates the
selective nature of microwave heating. Such phenomena are caused by the different dielectric
properties of solvents, where the energy dissipates into the high dielectric-loss materials. To further
illustrate this point, below, we investigate the temperature difference using other organic solvents
of varying dielectric properties.



[D.] @ameladwse |
[w/Al plei4 o083

A 164 A 2.35x10° R A 5-99%107

x10* x10’
160 -

o)

2 5 g

140 @
o
7
. 120 15 O )
' O
! o)
=

100 3 8
ORGH . 5
2 5

80 2
<
AQ + 60 05 1=
2
0

e

. )
A 162 A 3.2_].):10 A4.38>510"
x10 x10’
160
3 -U
4 O
140 3‘5g
25 m -
5 2 7
120 3 & ’ %
_c 2 :‘- =3
® o 258
5 y 5
100 = @ )
S 15 & 2 2
(0] — @)
803 S F
AQ. et 1 él g“.
1<
60 s
0.5 o.sg
3

o

Figure 2. Temperature (a), electric field (b), and power density dissipation (c) profile of 1.5 mL
water (bottom) and 1.5 mL MIBK (top) in a 10 mL vial; and temperature (d), electric field (e), and
power density dissipation (f) of 3 mL water in a 10 mL vial at 160 °C.

Effect of the organic solvents and dielectric properties on the temperature difference

To understand the effect of dielectric properties on AT, we screen a wide range of dielectric
constants and loss tangents using COMSOL simulations. As shown in Figure 3a, AT, increases
when the loss tangent decreases, indicating that a low loss tangent organic solvent achieves large
AT, due to its inability to dissipate electromagnetic energy into heat. On the other hand, when the
dielectric constant of organic phase increases, the ATy, decreases. This is attributed to the ability
of organic phase to absorb electromagnetic energy at high dielectric constant. It is noted that the
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effect of the organic phase dielectric constant is less significant at low loss tangent, showing that
ATy, is a much stronger function of loss tangent than the dielectric constant. Figure 3b shows the
power dissipation difference between two phases at 20 °C. A similar trend of power dissipation
difference as in AT clearly shows that the dielectric properties greatly affect the electromagnetic
field in the cavity, and thus, the dissipated heat into each phase and the AT,.

In concert with the simulations, seven organic solvents were tested experimentally: 2-pentanol
(2-pentOH), methyl isobutyl ketone (MIBK), 2-methyl tetrahydrofuran (2-mTHF), cyclohexanol,
toluene, hexane, and m-cyclohexane. Their dielectric properties, measured at 20 °C, are shown in
Table 1. These dielectric properties are at equilibrated conditions, where a small amount of the
water is in the organic phase because of the mutual solubility. At a 1-to-1 ratio with water and a
total volume of 6 mL, each system was heated such that the aqueous phase reached a steady-state
temperature of 160 °C. Figure 3c shows that the AT, increases when the aqueous-to-organic loss
tangent ratio increases. The m-cyclohexane, with the smallest low loss tangent (tand = 0.01),
shows the largest AT, while the cyclohexanol, having a high loss tangent (tand = 0.47), gives
the smallest AT,. Some variation of individual solvents from the general trend exists because the
AT, 1is not only affected by the dielectric properties but also other factors, such as the heat transfer
between phases. The dielectric properties usually change when temperature increases, potentially
contributing to the variation observed. Moreover, these experimental measurements, superimposed
in Figure 3a, show a strong correlation between the ATy, and loss tangent consistent with the
simulations. This indicates that dielectric properties of the biphasic system play a significant role
in determining AT, in microwave-heated biphasic systems.

Table 1. Dielectric properties of various organic solvents measured at 20 °C after equilibration
with water.

Organic solvents  Dielectric Loss Loss Loss tangent ratio
constant [-]  factor [-] tangent [-] (Aq/Org) [-]

MIBK 13.62 1.92 0.14 0.68
2-pentOH 5.24 3.20 0.61 0.16
2-mTHF 8.36 0.71 0.08 1.77
Toluene 2.36 0.02 0.01 11.29
Hexane 1.88 0.00 0.00 36.23
Cyclohexanol 4.46 2.11 0.47 0.23
m-cyclohexane 2.01 0.01 0.00 34.84
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Effect of solvent volumes and volume ratios

Dielectric properties aside, the volume of solvents and the volume ratio of the phases strongly
affect AT,,. Here we vary them in select experiments, keeping the total volume between 3 and 6
mL and the aqueous phase temperature at 160 °C. Since the volume of each phase and the interface
location change, the water temperature is measured at the lowest possible location (z =
7.75 mm), with the second fiber placed at the center of the organic phase. ATy, (Figure 4) is
taken after 10 minutes of controlled heating, at which steady-state is assumed. As the organic
volume (Vpgs) increases along the constant aqueous volume (V4,) contours, enhancement of
AT, is observed in most cases due to the more extensive energy requirements to increase the
temperature of the organic phase. Similarly, as V,, increases along the constant-Vyg; contours,
AT, enhancement is again observed due to a decrease in the specific surface area of the aqueous
phase as its volume increases (given the geometry of the vial, the surface area is constant). For a
fixed phase ratio (¢), as the total system volume increases, AT, increases monotonically. This
i1s unsurprising, as larger organic phase volumes and smaller specific surface areas incur.
Interestingly, as the phase ratio increases at constant system volume (i.e., 6 mL), AT, increases
to a maximum (around ¢ = 2) and then decreases due to the competitive nature of the specific
surface area and phase ratio.

In summary, changing the volume or volume ratio affects not only the heat transfer but also
the electric field and power dissipation, which depend strongly on the load and geometry. The
aqueous volume and volume ratio can be tuned to engineer a desired ATy,. Moreover, these
parameters significantly affect flow patterns in continuous flow systems. To elucidate this
behavior, the temperature difference in our microfluidic system is investigated next.
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Figure 4. Measured AT, between phases for various volumes and volume ratios in batch systems.
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logarithm of the phase ratio (¢ = V4o/Vors) for equal distribution of similarly-scaled
conditions. Contour lines for constant aqueous volumes, organic volumes, and phase ratios aid
interpretation. A single star is placed above the global ATy, maximum.

Temperature difference in MW-heated continuous micro- and milli-fluidic systems

To explore the effects of microwave irradiation on biphasic flow systems, a "U-shaped"
microchannel described in previous work was employed.*” ETFE tubing of an inner diameter of
0.030", 0.040", 0.063", and 0.093" is used to alter the specific surface area of biphasic flow. These
diameters are in the micro- to milli-scale that, for simplicity, we refer to as microchannels. Such
changes in diameter also provoke changes in the biphasic flow by altering the inertial, viscous, and
surface forces.>>® For the water/MIBK system, specifically, in 0.030" and 0.040" ID tubing, slug-
slug flow is observed at most flow rates studied (Figure 5a), while in the 0.063" and 0.093" ID
tubing, a slightly more disordered slug-drop flow regime occurs at most flow rates (Figure 5d). In
all cases, only segmented flow is observed. By mounting an optical fiber at a static location inside
an MW-heated microchannel, we observe temperature periodic oscillations corresponding to
aqueous and organic slugs. In analyzing this data, the oscillatory amplitude is inferred to be the
AT between adjacent slugs (or drops), while the period corresponds to the length of each slug by
multiplication with the superficial velocity. As shown in Figure 5b, the slug-slug flow regime
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produces very neat, nearly sinusoidal oscillatory behavior. Conversely, shown in Figure 5e, the
slug-drop flow regime produces a distribution of amplitudes and peak widths (less periodic data).
This varied oscillatory behavior, owing to the various slug and drop sizes, directly influences the
AT 1in Figure 5f, as peak amplitude and width are highly correlated. For the more periodic slug-
slug flow regime (Figure 5c), much smaller distributions in amplitude and peak width are
observed, with no clear correlation between AT and slug size. This can be attributed to the smaller
distribution of slug sizes, where the effect of slug length on the AT is not as pronounced as in
Figure 5f.
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Figure 5. Temperature difference in MW-heated biphasic flow systems. Photographs of slug-slug
and slug-drop flow regimes in 0.040" (a) and 0.093" (d) inner diameter tubes, respectively. Scale
is in millimeters, and the aqueous phase is dyed yellow-green using sodium fluorescein.
Oscillatory temperature in MW-heated slug-slug (b) and slug-drop (e) flow patterns — dye absent.
Distribution of AT and slug size, as inferred from peak width, of the above slug-slug (c¢) and slug-
drop (f) temperature profiles. Experiments in 0.040" tubing (a, b, and c) were performed at a 1:1
flowrate ratio and a total flow rate of 0.165 mL/min; experiments in 0.093" tubing (d, e, and f)
were performed at a 1:1 flowrate ratio and a total flow rate of 4.000 mL/min.
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By moving the temperature-sensing optical fiber throughout the length of the flow path, the
axial temperature and AT, profiles can be mapped. Such a mapping is shown in Figure 6a after
the system had come to steady-state (after 60 seconds of MW irradiation in 0.063" ID tubing with
a 1:1 flow rate ratio and a total flow rate of 1.000 mL/min). In Figure 6a, black-filled circles
indicate temperature averages for 60 seconds. Similarly, red squares indicate AT averaged over
the same period, with the full distribution shown as rose circles in the background. As the fluid
enters the cavity, it heats in an accelerating fashion, reaches a peak temperature, and then loses
heat after leaving the MW focal point, consistent with our previous work on pure water systems in
the same microchannels.* AT increases from zero to a maximum and then decreases in a manner
similar to the batch system. Unlike the controlled-power batch system, however, the entire
microchannel is at steady-state, so AT, varies with location owing to the non-isothermal nature
of the flow system. To provide an analogy to the batch system for analytical model validation in a
later section, we define AT to be the ATy, at which dT/dz = 0, where a steady state in
temperature is achieved and the MW power dissipation matches the heat losses to the environment.
For the present system and conditions, ATy, ranges from 0 to a AT,,,, of 17.0 °C, while AT
is 1.5 °C.

The alignment of AT,,,, with the fastest-heating zone of the microchannel prompts a
comparison of ATy, and power dissipation. With calorimetric assumptions, we use dT/dz
(derived from a polynomial fit of temperature), the superficial velocity, and the heat capacity to
calculate calorimetric power dissipation. As shown in Figure 6b, AT, and power dissipation are
intimately connected, indicating a strong influence of the power dissipation on the temperature
difference — an effect observed in the batch system as well.
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Figure 6. Axial temperature and distribution of temperature difference between phases in a 0.063"
ID microchannel (a). Black circles indicate average system temperature, rose circles the full
distribution of ATy, and red/white squares AT, averages. Comparison of axial power dissipation
and averaged AT, (b). Red/white squares indicate AT, averages and the blue line indicates the
power dissipation as derived from a polynomial fit of the temperature. Error bars indicate the

16



standard deviation of ATy for each axial coordinate. Averaged values in all cases are taken from
a 1-minute sampling period after the system had achieved steady-state.

We further investigate temperature differences in MW-heated flow systems by testing
microchannels of various diameters. We have chosen a flowrate for each diameter to provide an
equal heat transfer coefficient, calculated by assuming the organic phase flows through aqueous
spheres (slugs).*® In Table 2, each set of conditions is summarized and accompanied by calculated
and measured quantities. Axial temperature profiles, heat transfer coefficients, and power
dissipation calculations are available in the SI. The specific surface area is calculated assuming
that slugs are oblate spheroids in shape, with two of the three axes defined by the tubing diameter
and the third by the slug length. The listed maximum power dissipation (Q,,4y) is calculated
calorimetrically as in Figure 6b.

Table 2. Flow conditions and resultant observations.

Flow Condition: A B C D
D.'”“er (inch) | 0.030 0040 0.063 0.093
lameter

Total Flowrate (mL/min) | 0.038 0.165 1.000 4.000

Superficial

Velocity (mm/s) 1.39 3.39 8.42 15.21

Heat Transfer (W/mK) 500 500 500 500

Coefficient
Of:ﬁg‘t’ﬁd mm) | 549 234 099 359
Spec”lcrg’: rface  mdy | 628 4955 4932 3075
Ap";,';f/t/’e';"w W) 40 40 80 120
'g'i";"s‘iggt"iv;: (MW/m®) | 265 397 786 1494
ATwiax (°C) 24 110 170 368
ATss °C) 12 40 15 55

As shown in Figure 7a, Q4 correlates positively with AT,,, . For similar overall
temperature profiles at each flow condition, the increases in superficial velocity and applied MW
power enhance the MW power absorption and the temperature difference. This effect is profound,
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with AT, as large as 36.8 °C in our experiments. While AT, is much smaller than AT,
for these flow systems, they generally scale with AT,,,, and can be tuned. Figure 7b demonstrates
the impact of flowrate ratio for two sets of tubing diameters. For each tube diameter, decreasing
the ratio of the aqueous phase to the organic phase increases ATg. This effect, also observed in
the batch system, is most pronounce for the larger tubings. Together, Figure 7a and Figure 7b
demonstrate many approaches that can tune the temperature difference in continuous flow systems.
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Figure 7. Influence of power dissipation on AT for four flow cases indicated with the data callouts
(a). Effect of flow rate ratio on AT (b). Error bars are the standard deviation of the AT
distribution.

Analytical model for a biphasic system

To further delineate the biphasic behavior and understand the development of temperature
difference between phases in batch and flow systems, a simple analytical model is developed,
using an approach inspired by a recently developed analytical model for temperature difference
between the dispersed particles and liquid in a slurry under MW heating!’. Assuming uniform
mixing in each phase and neglecting the heat losses to the surrounding'’, we can write the overall
energy conservation equations for each phase as

T,

pan,aVaE = Q.Vo —UA(T, — T,) (6)
dar,

pon,oV;) ar QoVo + UA(T, — T,) (7

where p is the density, C, is the specific heat capacity, V denotes the volume, T represents
the temperature, Q is the dissipated power, U is the overall heat transfer coefficient between
phases, and A is the interfacial area between phases. The subscripts a and o denote aqueous
and organic phases, respectively. For commonly used organic solvents, we assume p = p,~p,
and C, = C,4~2C,,. Here, ¢ =1V, /V, denotes the aqueous-to organic volume ratio, AQ =
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Q. — Q, represents the power dissipation density difference between two phases, and AT =T, —
T, is the temperature difference between phases. By subtracting the two equations, we obtain

(1+2¢) (8)

d(AT) _ AQ  UAAT ( 1 2) _ AQ  UAAT
dt pCy pCy \Vg Vo pCp PCypVa

Assuming that @, remains constant with time, Eq. (8) can be integrated to obtain the
temperature difference

AT = AT, (1 — e‘f) )

_ AQ
ATss = Gssaiezg) (10)

_ PCp
T = Ussaaizg) D
Here AT is the steady-state temperature difference; 7 is the time scale associated with the

increase in the temperature difference between the two phases; and SSA = A/V, represents the

specific surface area of the aqueous phase. Eq. (9) shows that AT varies exponentially with a

characteristic time scale 7. Both ATy, and 7 increase when decreasing the overall heat transfer

coefficient, specific surface area, or aqueous-to-organic volume ratio. When the heat transfer
coefficient and the specific surface area decrease, the rate of energy transferred from the aqueous
to the organic phase decreases, leading to a larger ATy, and 7. Moreover, when the aqueous-to-
organic volume ratio decreases, the energy needed for heating the organic phase increases, leading
to a larger AT. ATy is positively correlated to the dissipated power difference between phases.
Generally, the low dielectric-loss organic solvent absorbs a small amount of power. In this regard,
we assume Q,~0 and AQ~Q, for most cases, indicating the ATy, is positively affected by the
power dissipated into the aqueous phase. Moreover, we can tune the AT, by simply increasing
the input power to increase the power dissipation. This is consistent with the positive correlation
we observed in both batch and flow systems. In this regard, one can use Eq. (10) to select the
proper materials and parameters to tune ATss. Then, given an initial temperature T;, the
temperature evolution of both aqueous and organic phases T, and T, can be derived using Eq.
(9) with Eq. (6) and Eq. (7), as shown in Eq. (12) and (13),

2¢ t 1 _t
Ta = Ti + ATSS(1+2¢; + m(l — e T)) (12)
2¢ t _t
T, =T + mATss(; —(1—-e 7)) (13)

One can estimate the ATs; and T, using Egs. (10) and (13) and simply measure the aqueous
phase temperature since 7 is independent of the dissipated power. 7 depends on the material
properties and reaction conditions, all known parameters, and the heat transfer coefficient, which
can be estimated for each system using a suitable empirical correlation. This analytical model
provides an easy way to infer the temperature difference between phases.
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To assess the model, Figure 8a compares the predicted ATy, at various conditions for flow
and batch systems discussed above. Specific surface areas of batch systems are defined as the
interface between two phases divided by the volume of the water, while those of the flow system
are described in Table 2. The heat transfer coefficient U for the batch system is estimated using
the Chilton, Drew, and Jebens correlation.®® For the flow system, we assume the organic phase
flows through aqueous spheres (slugs).’® The overall heat transfer coefficients are 9000 W/m?*K
and 500 W/m?K for the batch and flow systems, respectively. The former is much higher because
of the laboratory reactor's stirring rate (900 rpm). In Figure 8a, the red-colored area depicts the
analytical model for a range of power dissipation values (Q, = 10-25 MW/m?®) observed in
COMSOL for the batch system at steady-state, while the batch experimental data is overlaid. For
the flow system, COMSOL simulations were not performed due to the computational cost, making
Q, difficult to quantify. As a rough estimate, the power dissipation in batch mode (Q, = 10-25
MW/m?) is used in flow mode, but limited to the locations where the MW power dissipation briefly
matches heat losses to the environment (i.e., where ATy, is located). The predicted ATy, (or
ATy) generally agrees well with the experiments for batch and flow systems. Figure 8b
demonstrates the analytical model's ability to predict AT when @, is not constant. For these
calculations, Eq. (8) is integrated using the regressed power profiles for each flow condition (as
demonstrated in Figure 6b). The parity between model and experiment is good, indicating the
model's ability to predict AT at steady-state and dynamic conditions.
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Figure 8. (a) Comparison of experimental and modeled ATy in batch and microfluidic systems
vs. specific surface area (see text). Error bars represent triplicate experiments for batch data and
the temperature distribution for flow data. (b) Demonstration of parity between experiments and
model for AT throughout axial coordinate of microfluidic systems. Only axial coordinates up to
AT,qx are used for each condition to reduce the error of the calorimetric heat dissipation
assumption. Error bars not plotted.
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Moreover, in Figure 8a, the AT, of the microflow systems is lower than the batch systems at
experimental conditions. Even though heat transfer is slower in the microchannel compared to the
rapidly mixed batch, its ultrahigh specific surface area leads to lower ATy than in batch —
indicating that surface area and heat transfer are vital parameters for tuning AT,,. Based on this,
we conduct a parametric analysis in a reasonable range of specific surface area (10°~10* [m*/m?])
and heat transfer coefficient (10>~10> [W/m*/K]) for the flow system. Figure 9 shows that AT
can reach ~35 °C when the specific surface area and the heat transfer coefficient are low. There is
only a narrow operating window where ATy is >10 °C, while the ATy, is lower than 5 °C for
most conditions. This demonstrates that, by tuning the system, one can reach a large AT,,,, Ina
very short unsteady time and a large steady state temperature ATg,. Proper reactor types, sizes,
and operating conditions can be selected to reach desired temperature difference using the
analytical model.
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Figure 9. Analytical model-based predicted effect of the overall heat transfer coefficient and
specific surface area on the temperature difference. The inset zooms in the lower-left corner, where
large temperature gradients form.

Conclusions

Microwave-heated biphasic systems were studied using experiments and multiphysics
COMSOL simulations to delineate the temperature gradients in such systems due to the inability
of the organic solvent to absorb microwaves (true for most solvents) and the slow heat transfer
from one phase to the other. Two attenuator rigs were fabricated to precisely measure and control
temperature and the temperature difference, AT, between liquid phases for batch and flow
systems. AT is affected by the input power, dielectric properties of the solvents, solvent volume,
and the volume ratio between phases. Moreover, AT increases when the aqueous-to-organic
volume ratio decreases at fixed volume or the aqueous volume increases at fixed volume ratio.

21



Similar effects are realized in continuous microflows, where the steady-state temperature
difference, AT, varies with location and is smaller than batch laboratory systems because of the
larger specific surface area. In the temperature-ramping sections of the microflow system, where
the microwave intensity is highest, AT is quite large, indicating intense heating and non-
isothermal flow increase AT. A simple analytical model was developed and compared with the
batch and flow experimental systems. The energy dissipation rate, heat transfer coefficient, volume
ratio, and specific surface area between the phases strongly influence the temperature difference,
reaching ~35 °C by proper design. This analytical model provides insights into achieving a desired
steady AT in MW-assisted liquid-liquid separations. In a forthcoming communication, we will
evaluate the impact of temperature gradients on separations and reactor performance.
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