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Abstract 
We study the effects of liquid-liquid flow patterns on the extraction of 5-hydroxymethyl furfural 
from the aqueous phase into an organic phase (methyl isobutyl ketone, ethyl acetate, and 2-
pentanol) at ultrashort residence times of 0.2 – 20 s in a coiled capillary microchannel. Slug, 
droplet, slug-droplet, dispersed, parallel, annular, and irregular two-phase flow patterns are 
generated. We evaluate the extraction efficiency and the volumetric mass transfer coefficient via 
experiments and computational fluid dynamics (CFD). The CFD predictions are in quantitative 
agreement with the experimental data. The convective and diffusive contribution to the mass 
transfer of different flow patterns is analyzed. For all solvent pairs, the extraction efficiency varies 
irregularly with increasing flow rate due to changes in the mass transfer mechanism caused by a 
transition between flow regimes. Overall, we demonstrate >90% extraction efficiencies with high 
volumetric mass transfer coefficients ranging from 0.006 to 2.17 s-1. Furthermore, a merit index is 
defined to assess the tradeoff between the fast mass transfer and the pressure drop in biphasic 
microchannels. In general, the mass transfer rate increases significantly at high flow rates at the 
expense of a high-pressure drop. The ethyl acetate/water irregular flow pattern is optimal due to 
large throughput, extraction efficiency, and mass transfer coefficient, with minimal pressure drop. 

Keywords: Biphasic flow, computational fluid dynamics, 5-hydroxymethyl furfural, mass transfer, 
microreactors 
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Introduction 
Recent developments in microtechnology have showcased the potential of continuous flow 

microreactors in process intensification. In particular, the small characteristic length scale of a 
capillary microchannel (~µm) provides heat and mass transfer rates that surpass traditional large-
scale batch or continuous flow reactors by orders of magnitude 1-5. Hence, in reactions with by-
products, microreactors can enable operation with significant improvement in product yield and 
reactor throughput by suppressing by-product formation and reducing reaction times from hours 
down to milliseconds 5-9. Liquid-liquid biphasic microreactors have extensively been used for the 
extraction of unstable intermediates formed in the aqueous phase into an immiscible organic phase 
preventing further product degradation 10-18. For these systems, the interfacial tension between two 
phases gives way to a wide variety of flow patterns 17-22 with high interfacial area enabling the fast 
mass transfer of solute. The generated flow patterns include stable flows with a uniform and 
tunable interfacial area (slug and droplet flow), stable flows with a fixed interfacial area (parallel 
and annular flow), and unstable transitional flows with irregular and unsteady interfacial area 
(slug-droplet, pearl necklace, dispersed, deformed interface, and irregular flow) 23-25. 

An exciting application of liquid-liquid microreactor technology is lignocellulosic biomass 
conversion to renewable fuels, lubricants, and other bio-materials. In particular, the cellulose-
based C6 sugars, glucose and fructose, can undergo acid-catalyzed dehydration in water to 5-
hydroxymethylfurfural (HMF) 26-29. HMF production suffers from low selectivity resulting from 
by-product formation, namely HMF rehydration to levulinic acid and formic acid and polymeric 
humins 30-32. While biphasic batch reactors obtain higher yields of HMF by reactive extraction 33-

36, the use of large volumes of organic solvents has limited their application 27, 37. High throughput 
and scalable HMF production need elevated temperatures and short contact times that escape batch 
reactors due to slow heat and mass transfer 38. Liquid-liquid biphasic microreactors were 
introduced for HMF production 37, 39-43 but focused on slug flow 37, 39, 40, 43 or dripping flow 42, at 
reaction times spanning from 40 s to 12 min 39, 40. 

The effect of the flow patterns has been studied in other systems 4, 16, 17, 21, 23. For example, 
Dessimoz et al. 21 have studied the extraction of CCl3COOH in slug and parallel flows of 
toluene/water and hexane/water systems. The volumetric mass transfer coefficients for both slug 
and parallel flow, 0.2 - 0.5 s-1, are comparable and one order of magnitude greater than the 
conventional spray column and impinging streams 21. Moreover, Jovanovic et al. 16 have observed 
that bubble and slug flow result in 100% extraction of 2-butanol in a toluene/water microreactor 
and are stable. In contrast, the extraction of annular and parallel flows is 47% and 30%, 
respectively, and the flows are unstable as the capillary length increased. Consequently, there is a 
lack of understanding of flow patterns' effects on the reactive extraction for HMF production at 
short residence times. Furthermore, very few works have investigated the mass transfer 
characteristics of biphasic microreactors for HMF extraction 37, 42, which is necessary to determine 
the operation window to prevent or minimize mass transfer limitations at elevated temperatures 
and short residence times. 

An accurate simulation method of multiphase mass transport can help understand the mass 
transfer characteristics by reducing the number of experimental measurements and providing 
detailed transient velocity and concentration fields. Haroun et al. 44 have initially developed a 
continuous species transfer (CST) method to model the species mass transport across the interface 
between two phases. Marschall et al. 45 have improved the model aiming at the simulation of three 
dimensional and complex geometries. Later, Deising et al. 46 generalized the methodology to fully 
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resolve the mass transfer between phases characterized by a sharp transition in the species 
concentration across the interface 47. Nieves-Remacha et al. 48 have applied this method to 
investigate the scale-up of a flow reactor. Moreover, Yang et al. 49 characterized segmented flow 
microreactors with the CST and revealed the potential numerical error of the CST method at high 
local, i.e., cell-based, Péclet numbers. More recently, Maes and Soulaine 50, 51 improved the 
methodology by introducing a new compressive scheme, which can avoid the sizeable numerical 
diffusion generated by the standard CST method. They simulated interfacial species transfer in a 
complex porous medium at low Capillary numbers with high accuracy, overcoming the 
conventional method's limitation. 

Building on these state-of-the-art methods, we aim at applying a combined experimental and 
computational approach to elucidate the effects of the organic/aqueous biphasic flow patterns in a 
microchannel on the HMF extraction at ultrashort residence times. Methyl isobutyl ketone (MIBK), 
ethyl acetate (EtAc), and 2-pentanol (2-pentOH), are used as the extracting phase. The two-phase 
flow patterns in these solvents have previously been investigated 25. Herein, we experimentally 
quantify the mass transfer of the biphasic flow patterns during the extraction of HMF. We further 
employ a 3D computational fluid dynamics (CFD) model to investigate the extraction of different 
flow patterns and the mass transport mechanism. Finally, we develop metrics to determine the best 
solvent pair and flow patterns for the HMF extraction under high reactor throughput. 

 

Methods 
Experimental methods 
Two syringe pumps (New Era PumpSystemsInc. NE-300) or two Waters 515 High-Pressure 

Liquid Chromatography (HPLC) pumps (Waters Alliance) were used to pump the aqueous and 
organic solvent feeds into a 500 µm square cross-section T-junction (Valco Instruments) made of 
polyether ether ketone (PEEK), as seen in Scheme 1. The feed streams come in contact in a 
opposed-flow configuration at the T-junction to generate the biphasic flow patterns. The biphasic 
mixture then enters a capillary microchannel made of perfluoroalkoxy alkane (PFA) (Idex Health) 
with 17 cm of coiled tubing with a circular cross-section with ID = 500 µm and OD = 1600 µm. 
Deionized water (Milli-Q) was used as the aqueous solvent. EtAc 99% (Sigma Aldrich), MIBK 
99% (Sigma Aldrich), and 2-pentOH 99% (Sigma Aldrich) were used as the organic solvents. 
Sodium fluorescein 99% (Sigma Aldrich) and 9,10-diphenyl anthracene 99% (Sigma Aldrich) 
were used as the aqueous fluorescent dye and the organic fluorescent dye, respectively, to contrast 
the two liquid phases during flow visualization.  

The biphasic flow patterns were characterized using laser induced fluorescence (LIF) of a 250 
µM solution of sodium fluorescein in water and a 10 mM of 9,10-diphenyl anthracene solution in 
one of the selected organic solvents, using a high-speed confocal microscope (Highspeed LSM 5 
Live Duo) mounted with an inverter. Two laser sources with a wavelength of 488 nm and 405 nm 
were used for the fluorescence excitation of the aqueous and organic solvents, respectively. Images 
were captured using a Zeiss 1.25X and a 2.5X Plan-Neofluar objective lens at frame rates ranging 
from 30 to 108.1 fps. Further image analysis and processing of the flow patterns were conducted 
in ImageJ.  

Mass transfer experiments were conducted at room temperature and for various flow 
conditions. Typically, an aqueous feed of 0.1 wt% HMF in water comes in contact with a neat 
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organic solvent feed at the T-junction where the two-phase flow patterns are generated. As the 
biphasic mixture flows and HMF is extracted from the aqueous to the organic phase, the exit stream 
is collected in a 10 mL graduated cylinder placed directly below the outlet of the microchannel. 
As the two phases settle, immediate and complete phase separation is observed for the solvent 
pairs used in this study. Using a 2 mL plastic pipette, the top organic phase is quickly removed 
from the graduated cylinder. Then small aliquots of the aqueous phase are pipetted into 300 µL 
vials for post-extraction analysis. The extent of mass transfer in the sampling zone is evaluated 
using the procedure reported by Zhao et al.52 Using the highest flow rate of 10 mL/min considered 
in the experimental studies and a short microchannel length of 2 cm, we evaluated the extraction 
efficiency (E) at 4 different sample collection times for the biphasic mixtures used, as shown in 
the Supporting Information (SI). The extraction efficiency measures the distance from the 
thermodynamic equilibrium. An E  value of 0 indicates no solute extraction (far from phase 
equilibrium) and 1 implies the maximum extracted HMF (equilibrium). The extraction efficiency 
is estimated from the HMF concentration: 

E = #$%&'()*#$%&+,

#$%&
-. *#$%&+,  (1) 

Here,	C12345 , C123678, and C123
9:  are the HMF concentration in the organic phase at the inlet, at the outlet, 

and at equilibrium, respectively. The method of quantifying the HMF concentration in each phase 
is discussed in alater section. We performed triplicates of the experiments and calculated the 
standard deviation in the extraction efficiency. For all the solvent pairs, the extraction efficiency 
remains unchanged with sampling times ranging from 6 s to 50 s. Furthermore, the standard 
deviation in E (%) is no more than 4.8%, suggesting that mass transfer in the sampling zone is 
minimal and the “time extrapolation” method is not required to estimate the extraction efficiency 
in the microchannel. Table 1 reports the solvent properties for the biphasic systems of this study. 
The selected solvents are commonly used for HMF extraction and in biomass-derived 
carbohydrates’ conversion. Besides, the interfacial tension, viscosity, and diffusivity of the 
selected solvents are order of magnitude different to cover a large parameter space. The partition 
coefficient of HMF was determined for each biphasic system by mixing 3 mL of a 0.1 wt% HMF 
aqueous solution with 3 mL of the organic solvent in a 15 mL scintillation vial at a stirring rate of 
500 rpm for 3 hours to reach equilibrium. The pressure drop across the microchannel was 
monitored and measured by placing a pressure sensor (Idex Health) at the channel's inlet. 
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Scheme 1. Schematic diagram of the experimental setup used for (a) flow visualization of the 
two-phase flow patterns, (b) photograph of the high-speed confocal microscope setup (b), and (c) 
zoom-in view of the coiled microchannel. Reprinted with permission from Desir et al. 25 Copyright 
(2020) Royal society of chemistry.  

 

Table 1. Solvent properties of the liquid-liquid mixtures at 20 °C. 

Solvent Kinematic 
viscosity [m2/s] 

Density 
[kg/m3] 

Interfacial 
tension [N/m] 

Partition 
coefficient [-] 

Diffusivity53 
[m2/s] 

EtAc 4.90 × 10-7 900 0.0074 1.4 ± 0.05 2.87 × 10-9 

2-pentOH 4.27 × 10-6 812 0.0034 1.3 ± 0.07 3.81 × 10-10 

MIBK 7.29 × 10-7 802 0.0157 1.1 ± 0.03 2.43 × 10-9 

Water 1.00 × 10-6 998 N.A. N.A. 1.00 × 10-9 

 

Computational methods 
Two-phase flow CFD simulations are carried out using a Volume-Of-Fluid (VOF) method, 

which tracks and resolves sharp interfaces between phases. In the VOF method, we employ a 
single-field approach where the physical properties are calculated as weighted averages based on 
each phase's content in the computational cells 54, as shown in Eq. (2) 

β = αβ= + (1 − α)βC (2) 
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The interface is located from an indicator function, which is equal to the volume fraction of a 
phase in each cell, named volume fraction (𝛼). The solution of the continuity equation, Eq. (3), for 
the volume fraction (𝛼) enables capturing the motion and evolution of the interphase surface 55  

EF
EG
+ ∇ ∙ (α𝐔) = 0 (3) 

where 𝛼 is the volume fraction and 𝐔 is the fluid velocity. 

The volume fraction at the interface is discontinuous, resulting in numerical difficulties. To 
ensure the interphase's sharpness, an additional advection term is introduced 56, as in Eq. (4), which 
has non-zero values only at the interface, aiming at counterbalancing the numerical diffusion 
across the interface 

EF
EG
+ ∇ ∙ (α𝐔) + ∇ ∙ (α(1 − α)𝐔𝐫) = 0 (4) 

where Ur is the relative velocity between two phases. This term is the compressive velocity normal 
to the interface and is proportional to the maximum velocity of the field 57, as in Eq. (5)  

𝐔𝐫 = 𝐧𝐟 ∙ min R
#S|U|
|VW|

, max [|U||VW|
\] (5) 

where φ is the volumetric flux at the cell faces, nf represents a vector normal to the computational 
cell faces, Sf denotes the cell face area, and 𝐶`  is the compression factor. In this study, we 
employed a 𝐶` equal to 1. It is worth emphasizing this equation is exact since its derivation does 
not involve any additional assumption. A set of single-field equations describes the fluid dynamics 
of two-phase flows obtained by conditional volume-averaging of the local mass and momentum 
conservation equations. The single-field conservation equations of mass and momentum are Eqs. 
(6) and (7)  

∇(𝐔) = 0 (6) 
E(a𝐔)
EG

+ ∇ ∙ (ρ𝐔⨂𝐔) = µ∇C𝐔 − ∇P + ρ𝐠 + 𝐅𝐬𝐭 (7) 

where ρ is the density, µ is the viscosity, P is the pressure and 𝐅𝐬𝐭 is the surface tension force, 
which acts only at the interface. All the variables are averaged with respect to the volume fractions, 
according to Eq. (2).  

The surface tension force is introduced into the finite-volume approach using a three-
dimensional body force. The continuous surface force (CSF) formulation 58, Eq. (8), is generally 
employed in VOF simulations 

𝐅𝐬𝐭 = σκ∇α (8) 

where σ denotes the surface tension and κ is the curvature. Brackbill et al. 58 indicated that the 
curvature of an interface described by a volume fraction could be computed by taking the 
divergence of a normal field, κ = ∇ ∙ 𝐧, in which the normal field is computed from the volume 
fraction, as in Eq. (9)  

𝐧 = ∇l
|∇F|

 (9) 
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However, in the CSF approach, the errors of calculating curvature and the normal vector propagate 
and induce spurious currents at the interface 59. To mitigate this problem, a sharp surface force 
(SSF) method is considered 60, 61. The SSF method introduces a Laplacian smoother to smooth the 
indicator function and computes the curvature on a curtail function to sharpen the interface 60, 61 as 
in Eqs. (10) to (12)  

𝐅𝐬𝐭 = σ [∇ ∙ ∇lm|∇lm|\ ∇𝛼n (10) 

αm = ∑FWVW
∑ VW

 (11) 

αp =
qrs[qtu[F,vwx \,=*

vw
x \*

vw
x

=*#w
 (12) 

where 𝛼y is the value of 𝛼 at the center of faces of each cell and Cs represents a sharpness constant 
equal to 0.4 in this work, which is suggested by Maes and Soulaine50. Here, we employ this 
smoother two times that it is usually sufficient to achieve a significant reduction of the spurious 
current 62. At the liquid/liquid/solid triple point near the walls, the adhesion force needs treatment 
using a fixed contact angle 58. The unit-normal vector (𝐧) is calculated at the walls as a function 
of the contact angle as in Eq. (13) 

𝐧 = 𝐧𝐰cosθ� + 𝐭𝐰sinθ� (13) 

where θ� is the contact angle, and nw and tw are the unit normal and tangential vectors to the wall 
surface. Hence, the value of contact angle defines the wettability. When θ� is larger than 90°, 
wetting of the surface is unfavorable, i.e., the wall is hydrophobic. On the other hand, when θ� is 
smaller than 90°, the fluid spreads over the wall, i.e., the wall is hydrophilic.  

The CST model 44, 45 is applied to account for the mass transfer between phases. A species 
transport equation for species j is formulated, Eq. (14), and considered along with the fluid 
dynamics equations. Detailed derivations are in the SI. This approach introduces single-field 
representation and considers the concentration difference in two phases at the interface with an 
additional discontinuity term Φ, Eq. (15) 

E#�
EG
+ ∇ ∙ �C�𝐔� = ∇ ∙ �D�� ∇C� + Φ�� (14) 

 

Φ� = −[ ��
�(=*��)
F��(=*F)

\ C�∇α (15) 

where C is the single-field concentration; D��  is the harmonic interpolation of the diffusivity of 
species j in the two phases, as Eq. (16); and K represents the partition coefficient, as Eq. (17) 

D�� = =
�
��,�

������,x

 (16) 

K = #�,x
#�,�

 (17) 
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This CST approach works well in the diffusion dominated regime (local Péclet number below 
0.5) but requires an extremely refined mesh across the interface when the fluid velocity increases 
and leads to the inadequate description of the concentration jump and the mass transfer across the 
interface in the convection dominated regime 49. To overcome this issue, a compressive continuous 
species transfer (C-CST) method, which can avoid substantial artificial mass transfer at the 
interface, has been introduced 50, 51. The model considers an additional compressive term into the 
single-field advection flux Fj, i.e., the second term on the left-hand side of Eq. (14), as reported in 
Eq. (18), in analogy with the compressive term in the volume fraction of the continuity equation 

𝐅� = C�𝐔 + (C�,= − C�,C)α(1 − α)𝐔2 (18) 

The newly formulated flux 𝐅� consists of two terms. The first is equivalent to the original CST 
formulation, whereas the second is the additional compressive term of non-zero value only at the 
interface. This additional term mitigates the artificial mass transfer in the convection dominated 
regime and preserves the sharp interface. It is derived without assumptions and is fully consistent 
with the phase-tracking Eq. (4) 50. By combining the partition coefficient and the single-field 
formulation, the concentration equation with the new advection flux is as Eq. (19) 

E#�
EG
+ ∇ ∙ �C�𝐔� = −∇ ∙ [

(=*�)#�
F��(=*F)

α(1 − α)𝐔2\ + ∇ ∙ �D�� ∇C� + Φ�� (19) 

Moreover, the boundary condition for global species concentration at the liquid/liquid/solid triple 
points 63 is Eq. (20) 

�D�� ∇C� + Φ�� ∙ 𝐧𝐬 = 0 (20) 

These governing equations are implemented and solved using OpenFOAM 64, a finite-volume 
based, open-source CFD toolbox. A 3D T-shape micromixer with square channels with a size of 
0.5 mm is established as the simulation domain in Scheme 2, which shares the same geometric 
parameters with our experimental system. 5,696,000 cells within the hexahedral simulation 
domain are employed. In particular, the cell size at the channel's wall is half of that in the middle 
of the channel. The results are independent of the discretization; additional information is provided 
in the SI. A maximum Courant number of 0.25 guarantees the stability of the simulation. The 
simulation setup is as follows. The water contains HMF and flows into the T-mixer from one inlet, 
while the organic phase, without any HMF, flows into the T-mixer from the other side. The inlet 
HMF concentration is 0.1 wt% in the aqueous phase and 0% in the organic phase. No-slip condition 
for velocity and zero gradient for pressure are implemented at the wall of the microchannel. The 
water contact angle is 180°, and Eq. (20) is applied as the boundary condition at the microchannel 
wall for the species concentration. At the inlet, a fixed velocity value and zero gradient for the 
pressure are imposed. At the outlet, the velocity, concentration, and volume fraction are set to be 
zero gradient, and the pressure to be atmospheric. 
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Scheme 2. Flow configuration of the organic and aqueous feeds into the T-junction used for 

both flow visualization experiments and CFD simulations. The dimensions are indicated. 

 

Mass transfer quantification 
The volumetric mass transfer coefficient (k�a), which quantifies the volumetric mass transfer 

rate between phases during the extraction, is the product of the global mass transfer coefficient 
(k�) times the specific interfacial area for mass transfer (a). By considering the mass transfer 
resistance being in the organic phase and assuming that the coiled microchannel behaves as an 
ideal plug flow reactor, k�a under low HMF concentrations is estimated from the mass balances 
65 

Ct:45εt: = Ct:εt: + C123ε123 (21) 

Ct:45εt: = Ct:
9:εt: + C123

9: ε123 (22) 

εt:
�#�.
�G

= −k�a�KCt: − C123� (23) 

ε123
�#$%&
�G

= k�a�KCt: − C123� (24) 

k�a =
=

�� �
��.

� �
�$%&

�
ln �

#$%&
-. *#$%&+,

#$%&
-. *#$%&'()  (25) 

where Ct:45, C12345 , Ct:, C123 are the HMF concentration in the aqueous and organic phase at the inlet, 
the aqueous and organic phase HMF concentration, respectively, εt: is the volume fraction of the 
aqueous solvent, ε123 is the volume fraction of the organic solvent, Ct:

9: is the HMF equilibrium 
concentration in the aqueous phase, and τ is the mean residence time of the biphasic mixture in 
the microchannel.  

In the experiments, the aqueous and organic HMF concentrations are quantified using HPLC 
(Water Alliance Instruments). Aqueous aliquots were analyzed post-extraction and HMF was 
detected and quantified by an Agilent Zorbax SB-C18 heated to 50 °C, using a 50/50 (v/v) 
acetonitrile and water mixture flowing at 0.3 mL/min as the mobile phase. The HMF concentration 
in the organic phase was estimated from the mass balance. HMF, 2-pentanol, EtAc, and MIBK 
eluted at 8.8, 13.7, 13.9, and 19.6 min, respectively. In the simulation, the outlet concentration of 
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HMF in the organic phase is calculated by volume-averaging the concentration within the organic 
phase.  

 

Results and Discussion 
Liquid-liquid flow patterns 
The two-phase flow patterns generated in the microchannel with EtAc, MIBK, and 2-pentOH 

have been previously studied 25. The flow patterns observed experimentally are summarized in the 
SI. In total, seven flow regimes are obtained: slug flow, droplet flow, dispersed flow, slug-droplet 
flow, parallel flow, annular flow, and irregular flow. Generally, the slug flow is the more frequently 
encountered flow regime at low flow rates ( <1 mL/min) over the range of org/aq (v/v) ratios 
studied (0.25–4) 25. The droplet flow is generated in a very narrow operation window at 
intermediate flow rates (~1 mL/min) 25, and the dispersed flow is usually obtained at high flow 
rates (>1 mL/min) and low org/aq (v/v) ratios 25. 

 

Experimental mass transfer in biphasic systems 
Mass transfer studies were conducted in the coiled microchannel for residence times of 0.2–20 

s.. Figure 1 plots the estimated k�a  vs. the total volumetric flow rate (QG1Gt£ ) and the mean 
residence time, for all the flow patterns observed with three organic solvents at different org/aq 
(v/v) ratios. The reported error bars represent the standard deviation from replica experiments. For 
all the solvent pairs, the volumetric mass transfer coefficient increases with increasing total flow 
rate or decreasing residence time, except for 2-pentOH, where k�a changes non-monotonically 
between 1 – 5 mL/min. This non-monotonicity is due to the transition from flow dominated by 
surface forces (slug flow) and strong shear forces (droplet and slug-droplet flow) to flow with high 
inertia (dispersed, parallel, and annular flow). The changes in the k�a can be explained by the 
changes in the mass transport mechanism. For example, the fast solute extraction in a slug or a 
droplet flow results from the advection by the recirculating motion of Taylor vortices 49. In contrast, 
the annular flow under high flow rates suffers from low extraction due to radial molecular diffusion 
from the aqueous phase to the two confining organic layers. Moreover, the small specific surface 
area of an annular flow compared to a slug or a droplet flow also contributes to low solute 
extraction. Interestingly, the transition from the droplet flow to the annular flow, occurring at 
org/aq (v/v) = 1 for EtAc, shows a continuous increase in k�a, in contrast to the decrease in 2-
pentanol. Our flow visualization experiments have shown that the interface of the annular flow 
formed by EtAc is unstable and this flow pattern breaks down into a slug-droplet flow at longer 
microchannel lengths while 2-pentanol produces a stable annular flow regime. It follows that the 
interfacial instabilities in the annular flow regime with EtAc enhance the mass transfer rate by 
creating additional advection along the radial direction of the microchannel, increasing the 
volumetric mass transfer coefficient. Under the flow conditions investigated in Figure 1, the 
highest k�a values estimated are 0.91, 1.27, and 2.17 s-1 for a 2-pentanol/water annular flow, an 
EtAc/water irregular flow, and a MIBK/water irregular flow, respectively, at QG1Gt£ = 10 mL/min, 
τ = 0.2 s, and org/aq (v/v) = 1.  

Since the organic solvents investigated have low HMF partition coefficients (~1), larger 
fractions of the organic phase are usually needed to extract HMF. Figure 2 demonstrates the effects 
of the org/aq (v/v) ratio on the volumetric mass transfer coefficient at fixed flow rates. Non-
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monotonic variations in k�a	values are also observed when increasing the org/aq (v/v) ratio. This 
is also likely due to changes in the dominant mass transport mechanism during the transition from 
one flow regime to another or within the same flow regime. Besides, in Figure 2, a high org/aq 
(v/v) ratio does not necessarily lead to a high k�a, though more organic solvent likely extracts 
higher amounts of HMF. This is attributed to the mass transfer rate being mainly dependent on the 
solvents' physical properties and the flow regimes, but not the amount of the organic solvent. 
Overall, the k�a values are in the range of 0.009 – 0.912 s-1, 0.006 – 1.33 s-1, and 0.016 – 2.17 s-1 
for 2-pentOH, EtAc, and MIBK, respectively. These obtained k�a values are at the higher end 
compared to previously reported values (mostly between 0.01 to 3 s-1 for channels of similar size) 
in the literature 7, 12-15, 21. Furthermore, these k�a values are orders of magnitude greater than 
traditional liquid-liquid contactors 14, 27. To further understand the transport mechanism of different 
flow patterns, we utilize CFD simulations, as discussed below. 

 

 

Figure 1. Volumetric mass transfer coefficient obtained from experiments as a function of the 
total volumetric flow rate and the mean residence time in the microchannel for all the flow patterns 
generated in the three solvent pairs at org/aq (v/v) of (a) 0.25, (b) 1, and (c) 2. 
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Figure 2. Effects of the org/aq (v/v) ratio on the volumetric mass transfer coefficient k�a 

obtained from experiments for three solvents at a fixed flow rate of (a) 0.1 mL/min, (b) 1 mL/min 
(b), and (c) 10 mL/min. 

 

Model assessment 
We assessed the numerical model by carrying out a direct comparison with the experiments in 

the same configuration. The experimental and numerical data in this section is obtained using a 
short 2 cm microchannel to reduce computational cost, compared to the 17 cm microchannel used 
in the previous section. The physical properties applied in CFD are shown in Table 1, and the 
diffusivity of HMF in the organic solvents is calculated using the Wilke-Chang correlation 53. A 
wide range of total volumetric flow rates between 0.1 to 3 mL/min at unitary flow rate ratio are 
investigated, including the flow patterns of slug, droplet, parallel, and annular. Good agreement of 
flow patterns between simulations and experiments has been previously demonstrated 25. Aside 
from the fluid dynamics, the C-CST approach has also been shown to have good performance for 
simulating interfacial mass transfer in the microchannel 50. Moreover, Figure 3 compares the CFD-
computed 𝑘¥𝑎 to the experimental values, computed using Eq. (26), for three different solvent 
pairs. The simulations are in good agreement with the experiments for a wide range of 𝑘¥𝑎 with 
relative deviations at most of 23%. The MIBK/water at 2.0 mL/min shows larger deviation, 
resulting from the difference in the flow patterns. Indeed, while parallel flow occurs in the 
experiment (Figure S2b(v)), droplet flow is observed in the simulation. This is attributed to the 
deviation of the interfacial tension estimation between the two phases in the VOF model 25. The 
additional inner circulations of the droplet flow lead to increased mass transfer compared to the 
parallel flow. Overall, the computational model is generally accurate for all conditions, enabling 
the investigation of the transport mechanism.  
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Figure 3. Parity plot for experimental and CFD-estimated overall mass transfer coefficient for 

three solvents at a total flow rate of 0.1–3 mL/min and org/aq (v/v) =1. 

 

Transport mechanism in different flow regimes 
To further understand the transport mechanism in different flow regimes, the concentration 

field (heatmap) and corresponding relative velocity field (arrows) at the middle of downstream 
microchannel are superimposed in Figure 4 for slug, droplet, and annular flow. The aqueous 
interface's position is highlighted with the isocontour at 0.9 of the water volume fraction. Three 
distinct flows are considered to discern the effect of the flow pattern on the mass transfer. Figure 
4a presents the slug flow pattern, where inner circulations within both the aqueous and the organic 
slug are clearly observed. There are four vortexes within the aqueous slug, two longer ones, and 
two smaller ones at the front of the slug. The HMF concentration is much lower in the latter two 
small vortexes, indicating enhanced mass transfer across the interface at those regions, promoted 
by the inner circulations. The HMF concentration inside the two long vortexes is high. Moreover, 
the HMF concentration is much lower in the middle of the aqueous slug, compared to that inside 
the two long vortexes, indicating that mass transfer is mainly driven by advection in the axial 
direction, in agreement with the larger relative velocity in the middle of the slug. Aside from axial 
mass transfer, mass transport also slowly occurs in the radial direction, driven by diffusion and 
inner circulations. Figure 4b shows similar phenomena in the droplet flow of fast mass transfer in 
the middle of the slug in the axial direction and slow mass transfer in the radial direction. 
Interestingly, instead of similar HMF concentration at the top and bottom vortexes inside the 
aqueous slug, the HMF concentration is higher in the bottom vortexes of the aqueous droplet. The 
higher HMF concentration promotes the mass transfer in the lower part of the channel and 
particularly in the droplet's tail. This is attributed to the formation mechanism of droplet flow. The 
fast shear-off happens at some distance from the T-junction to form a droplet 66, 67, resulting in a 
short mixing time inside the aqueous droplet. Figure 4c highlights no inner circulations in the 
annular flow. Since the aqueous and organic phases flow in parallel, the mass transfer, driven by 
radial diffusion, is much slower. This fact explains the lower extraction efficiency for annular and 
parallel flow observed in the experiments. 
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Figure 4. Predicted HMF concentration profile (heatmap) and relative velocity field (arrows) 

for (a) slug flow (0.2 mL/min; org/aq (v/v) = 1), (b) droplet flow (1 mL/min; org/aq (v/v) = 1), and 
(c) annular flow (5 mL/min; org/aq (v/v) = 1) of the EtAc/water. The white line represents the 
shape of the aqueous flow pattern. 

 

Deconvolution of convective and diffusive contributions to transport 
Since both convection and diffusion contribute to the interfacial mass transfer, it is important 

to deconvolute their contribution. In this regard, we first apply the surface renewal theory to 
calculate the individual mass transfer coefficient k�,r  of each phase. The surface renewal theory is 
an extension of the penetration theory and considers that the liquid elements at the interface 
randomly exchange fresh elements with the bulk 68. The surface renewal theory expresses the 
individual mass transfer coefficient as the square root of diffusion coefficient times the surface 
renewal rate 48, as shown in Eq. (26), 

k�,r = §D�,rs (26) 

where s is the surface renewal rate estimated as the inverse residence time of the liquid and i 
identifies the phase. Upon computing the individual mass transfer coefficients in the aqueous and 
organic phases, we estimate the global mass transfer coefficient 𝑘¥ for interfacial mass transfer 
from the resistance in each phase, assuming the mass transfer rates at steady state are equal65: 

k� =
=

�
¨©,�

� �
¨©,x

 (27) 

𝑘¥ is then multiplied by the specific surface area to obtain the theoretical 𝑘¥𝑎 and is compared 
with the CFD-estimated value. To assess the predicted accuracy of the theoretical 𝑘¥𝑎, we simulate 
the parallel flow, where mass transfer is driven by diffusive transport alone, at a residence time of 
0.1 s for three organic solvents (EtAc, MIBK, and 2-pentOH) and additional cases using 
hypothetical diffusivities in a range from 10-10 to 10-8 m2/s with the same density, viscosity, and 
interfacial tension as EtAc. Figure 5 shows that the theoretical 𝑘¥𝑎 is in good agreement with the 
CFD-estimated value for a wide range of diffusivities within 10% error, indicating that it is 
adequate to use the surface renewal theory to approximate the diffusive mass transfer across the 
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interface. k�a in the 2-pentOH/water is the lowest among the three investigated organic solvents. 
Since the specific surface area of parallel flow of all three organic solvents is the same, the k� of 
the 2-pentOH/water solvent-pair is the lowest. This is attributed to the lowest diffusivity of HMF 
therein. 

 

 
Figure 5. Parity plot for theoretical and CFD-estimated overall mass transfer coefficient. Full 

circles in blue are predictions using hypothetical diffusivities, with other properties being those of 
EtAc. 

 

To calculate the diffusion-driven k�a  using surface renewal theory, we first estimate the 
specific surface area of slug and droplet flow and consider the water/EtAc solvent-pair as an 
example. First, the specific surface area is calculated using the surface area and the volume of the 
slug and droplet obtained from the CFD simulations. Specifically, these properties are evaluated 
from the isocontour at 0.9 of water volume fraction to isolate the slug and droplet using the 
Paraview post-processing tool. Figure 6a shows that the specific surface area increases with 
increasing the total flow rate because the slug length decreases. Moreover, the specific surface area 
of the slug/droplet flow (~104 m2/m3) is higher compared to that of the annular/parallel flow 
(~4×103 m2/m3) and demonstrates the micro-scale system's advantage of high specific surface area 
compared to a typical batch reactor. The diffusion-driven k�a� is calculated using the theoretical 
k� and the specific surface area. The convection-driven k�a� is finally obtained by subtracting the 
diffusion-driven 𝑘¥𝑎  from the overall k�a . In this way, the contributions of diffusion and 
convection are deconvoluted. In Figure 6b, both k�a� and k�a� increase when the total flow rate 
increases. k�a� increases more than k�a�, indicating that total flow rate affects more convective 
transport. The increase in	k�a�  by the change of the total flow rate is mostly attributed to the 
increase of specific surface area due to the smaller slugs and droplets. The diffusive and convective 
contribution to transport (Figure 6c) shows that the latter gains from 30 to 55% when the total flow 
rate changes from 0.2 to 2.0 mL/min, indicating convection dominance at high flow rates. In 
contrast, the interfacial mass transfer relies mostly on diffusion at low flow rates. A noticeable 
contribution from convection (30%), due to the axial inner circulations within slugs and droplets, 
still plays a vital role in the interfacial mass transfer under the diffusion-dominated conditions. 
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Therefore, aside from the diffusive transport, it is also essential to consider convective transport 
while designing the system. 

 
Figure 6. Predicted (a) specific surface areas, (b) various volumetric mass transfer coefficients, 

and (c) mass transfer contributions at different total volumetric flow rates of EtAc/water. 
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The extraction efficiency of biphasic systems 
As mentioned earlier, the extraction efficiency is another important metric of the mass transfer 

process. Using the experimental measurements in Figure 1, Figure 7 plots the extraction efficiency 
vs. the total flow rate and the mean residence time for all the flow patterns at fixed org/aq (v/v) 
ratios. The flow conditions and flow patterns strongly influence the extraction efficiency. For all 
solvent pairs, at a fixed org/aq (v/v) ratio, the extraction efficiency varies non-monotonically with 
increasing total flow rate or decreasing mean residence time due to varying contributions of the 
mass transfer mechanism with changes in flow patterns. Moreover, the extraction efficiency 
delineates the optimal flow conditions for HMF extraction for each organic solvent. 

Specifically, 2-pentOH usually provides a lower k�a  (Figure 1) and a lower extraction 
efficiency at high flow rates (>1 mL/min), suggesting that this solvent is not adequate for high 
throughput (short contact times) HMF extraction. EtAc performs poorly at an org/aq (v/v) ratio of 
1 with the lowest extraction efficiency during the transitions from slug flow to droplet flow and 
then to annular flow at a total flow rate ranging from 1 – 5 mL/min (Figure 7b). Moreover, the 
extraction efficiency of EtAc also becomes low when the flow pattern changes from slug flow to 
dispersed flow at a low org/aq (v/v) ratio (Figure 7a). Similarly, the lowest extraction efficiency 
for MIBK occurs in the same flow rate range as EtAc but at a lower org/aq (v/v) < 1 during the 
transition from slug flow to parallel flow and then to irregular flow (Figure 7a). This indicates that 
a higher org/aq (v/v) ratio ≥ 1 may be required for better extraction efficiency. 

 

 
Figure 7. Percent extraction efficiency obtained from the experiments as a function of the total 

volumetric flow rate and the mean residence time in the microchannel for all flow patterns of three 
solvent pairs at org/aq (v/v) of (a) 0.25, (b) 1, and (c) 2. 
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Figure 8 shows the extraction efficiency vs. the org/aq (v/v) ratio at fixed flow rates for all 
three solvent pairs. The extraction efficiency is, in general, higher when the org/aq (v/v) ratio ≥ 1, 
but still varies non-monotonically as the org/aq (v/v) ratio increases at a given flow rate. As 
mentioned earlier, this is most likely due to changes in the dominant mass transport mechanism 
during the transition between flow regimes or within the same flow regime. Generally, a higher 
k�a  leads to better extraction efficiency. At low and intermediate throughputs, the optimal 
conditions, determined for k�a  of 2-pentOH and MIBK in Figure 1, also show the highest 
extraction efficiency as expected. Interestingly, at high throughput, MIBK/water irregular flow 
with org/aq (v/v) = 1 shows a higher k�a compared to EtAc/water irregular flow with org/aq (v/v) 
= 4 (2.17 s-1 vs. 1.33 s-1), while the EtAc/water irregular flow with org/aq (v/v) = 4 shows slightly 
greater extraction efficiency than irregular flow with org/aq (v/v) = 1 (83.8% vs. 88.2%). 
Nonetheless, both the k�a and extraction efficiency are still comparable for both solvents. From a 
design perspective, flow regimes with org/aq (v/v) > 1 and extraction efficiencies >90% are ideal 
for HMF extraction. In Figure 8a, the 2-pentOH/water slug flow with org/aq (v/v) > 2 produces 
extraction efficiencies up to 99.9% in a low throughput (QG1Gt£ = 0.1 mL/min) microreactor. At 
intermediate throughput (QG1Gt£ = 1 mL/min), the MIBK/water droplet flow with org/aq (v/v) > 1 
provides the best HMF extraction. For high throughput (QG1Gt£ = 10 mL/min), the EtAc/water 
irregular flow with org/aq (v/v) = 4 enables optimal extraction. These data show that high 
extraction efficiencies can be obtained under ultrashort residence times. 

 

 
Figure 8. Influence of the org/aq (v/v) ratio on the percent extraction efficiency for three 

organic solvents at a fixed total flow rate of (a) 0.1 mL/min, (b) 1 mL/min, (c) 10 mL/min in the 
experiments. 
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Merit index 
Our two-phase flow patterns show that biphasic microsystems can be effective for fast HMF 

extraction at high volumetric flow rates enabling higher throughput per reactor/extractor unit, 
reducing capital cost. Nonetheless, a higher pressure drop occurs at higher flow rates. Thereon, the 
energy expenditure due to pressure drop can potentially outweigh the enhancement in mass transfer 
rates and extraction efficiencies. From that perspective, we assessed the biphasic flow patterns by 
defining a dimensionless merit index (MI), which weights in the tradeoff between mass transfer 
and pressure drop. The MI  is commonly used to compare flow reactors' performance using 
heterogeneous catalysts with foams and monolith reactors 69, 70. The MI compares the mass transfer 
properties in terms of extraction efficiency with the dimensionless pressure drop  

MI = − £s(=*¬)

� ∆®
¯°±²(x

 
 (29) 

ρqru = εt:ρt: + ε123ρ123 (30) 

where ∆P is the pressure drop across the microchannel, ρqru  is the biphasic mixture volume-
averaged density, U is the biphasic mixture flow velocity, ρt: is the aqueous solvent density, and 
ρ123 is the organic solvent density. The higher the MI value, the better the tradeoff between mass 
transfer and pressure drop. 

 Figure 9a shows the pressure drop across the microchannel. For each biphasic system, the 
pressure losses increase by one order of magnitude as the total volumetric flow rate increases from 
0.1 to 10 mL/min. Moreover, the 2-pentOH/water and EtAc/water biphasic flows produce the 
highest and lowest pressure drop, respectively, consistent with 2-pentOH having the highest 
kinematic viscosity and EtAc the lowest. Interestingly, the observed increase in pressure drop 
follows a quasi-linear trend with flow rate. Kashid and Agar71 have also observed a similar linear 
increase of the pressure drop with increasing flow rates, using a cyclohexane/water slug flow 
generated in a Y-junction (ID = 500 µm) and a PTFE capillary channel (ID = 500 µm). They 
modeled the slug flow pressure drop by summing up two contributions: the hydrodynamic pressure 
drop (Hagen-Poiseulle) of the continuous phase (cyclohexane) and the pressure drop due to the 
organic film surrounding the aqueous slugs. They found reasonable agreement between the model 
predictions and the experimental pressure drop at org/aq (v/v) = 1. Thereon, in Figure 9a, at flow 
rates <1 mL/min in the slug flow regime, we understand that the pressure drop linearly increases 
with increasing flow rate based on the fact that both the hydrodynamic pressure drop of the organic 
phase and the pressure drop in the film region are directly proportional to the total flow rate. 
Moreover, at flow rates >1 mL/min, the slug flow transitions into regimes (droplet, annular, 
parallel, and irregular flow) where both shear and inertial forces dominate over capillary forces. In 
that case, the hydrodynamic pressure drop has a larger contribution to the pressure drop through 
the microchannel. The linear increase in pressure drop at higher flow rates is then a direct 
consequence of the linear dependence of the hydrodynamic pressure drop on the flow rate. 
Furthermore, Figure 9b plots the MI against the total flow rate. For each solvent pair, the MI value 
increases with increasing flow rates suggesting that at higher throughput, the improvement in mass 
transfer outweighs the penalty in pressure drop. Moreover, in the high flow rate range, the 2-
pentOH/water flow patterns show the lowest MI values due to the lower extraction efficiency and 
higher pressure drop. MIBK/water and EtAc/water have comparable performance, reinforcing that 
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the latter biphasic mixture is optimal for effective HMF extraction under high throughput and fast 
flow conditions.  

 

 
Figure 9. Effect of the total volumetric flow rate on the (a) pressure drop and the (b) merit 

index obtained from experiments for the three solvent pairs. 

 

Conclusions 
In this study, we evaluated the mass transfer and extraction of HMF in MIBK/water, 

EtAc/water, and 2-pentOH/water from the aqueous phase at ultrashort residence times from 0.2 – 
20 s in a biphasic microchannel experimentally. Seven two-phase flow patterns were generated for 
flow rates ranging from 0.1 to 10 mL/min: slug, droplet, slug-droplet, dispersed, parallel, annular, 
and irregular flow. The volumetric mass transfer coefficients range from 0.009 – 0.912 s-1, 0.006 
– 1.33 s-1, and 0.016 – 2.17 s-1 using 2-pentOH, EtAc, and MIBK, respectively. The mass transfer 
coefficient generally increases with increasing total flow rate except for 2-pentOH, where the mass 
transfer coefficient varies non-monotonically due to the change of the underlying mass transport 
mechanism during the transition between flow regimes.  

Furthermore, we developed a CFD model to describe fluid dynamics and interfacial mass 
transfer. The CFD simulation is in good quantitative agreement with the experiments. The model 
indicates that the dominant transport mechanism changes with changing flow patterns. The 
deconvolution of diffusion and convection contributions to mass transfer in slug and droplet flows 
indicates a dominant convective effect at high flow rates due to inner slug circulations.  

Aside from the mass transfer coefficient, the extraction efficiency for different organic solvents 
was also studied. The 2-pentOH/water slug flow produces high extraction efficiencies up to 99.9% 
at low flow rates. The MIBK/water droplet flow and the EtAc/water irregular flow show extraction 
efficiencies >90% at intermediate and high reactor throughput. For these solvents, the volumetric 
mass transfer coefficient increases with increasing flow rate. In contrast, the mass transfer 
coefficient in the 2-pentOH/water system varies non-monotonically, as the flow pattern changes 
from droplet or slug-droplet flow to annular flow. A merit index was defined to account for the 
tradeoff between mass transfer and pressure drop. Significant enhancement in the mass transfer at 
high flow rates overweighs the pressure drop penalty. The EtAc/water irregular flow is optimal as 
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it balances high extraction efficiency, large volumetric mass transfer coefficient, and low-pressure 
drop.  

In general, each solvent pair considered in this study can increase the mass transfer rate up to 
2 orders of magnitude by changing the flow rate and flow rate ratio, enabling precise control of 
mass transfer-controlled vs. reaction kinetics-controlled regimes. Due to this tunability, 
microsystems can elucidate organic solvent effects on aqueous-phase reactions. Developing robust 
multiphase microreactor design principles for ultrafast reactive extraction is an important future 
task. 
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