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A B S T R A C T   

Conventional hydrodesulfurization technology was limited to treat aromatic heterocyclic sulfur compounds in 
ultralow-sulfur diesel. Extractive desulfurization (EDS) using ionic liquid (IL) exhibited good performance to 
address these issues, except for its long extraction time (15–40 min). To address this, microreactor was adopted 
to intensify the IL-based EDS, where dibenzothiophene was extracted from model diesel (MD) as the continuous 
phase to 1-butyl-3-methylimidazolium tetrafluoroborate as the dispersed phase under segmented flow (which 
appeared preferably at capillary numbers lower than 0.01). The effects of temperature, residence time and flow 
rate ratio on the desulfurization efficiency were investigated. The extraction equilibration time could be short-
ened from more than 15 min in conventional batch extractors to 120 s in microreactors. The extraction process 
was modeled according to the two-film model applied within a unit cell of the segmented flow, where the mass 
transfer resistance was considered primarily on the film side of the IL droplet. The mechanism for the improved 
EDS performance at higher temperatures or larger IL to MD flow ratios was investigated and validated, which 
was related to the significant increase in the diffusion coefficient or the specific interfacial area. These findings 
may shed important insights into the precise manipulation of IL-based EDS for a better process design and reactor 
optimization.   

1. Introduction 

To cope with the ever-stringent environmental regulations for 
limiting the sulfur content of diesel to 15 ppm in USA and 10 ppm in EU, 
Japan, and China, the deep desulfurization of diesel has become a major 
task all over the world [1]. Currently, hydrodesulfurization (HDS) over 
Co-Mo or Ni-Mo catalysts is widely employed in the refinery industries 
to convert effectively aliphatic sulfur compounds into H2S [2–4], how-
ever, it is less efficient for aromatic heterocyclic sulfur compounds such 
as dibenzothiophene (DBT) and its derivatives [5]. 

To accomplish the deep desulfurization of diesel, various potential 
methods have been proposed and investigated as a supplement of HDS, 
including e.g., adsorption, oxidation, extraction and bio-desulfurization 
[6–11]. Among these techniques, the extractive desulfurization (EDS) 
has drawn more attention due to its mild operating conditions without 
the need of using catalysts or adsorbents [1,12–14]. Moreover, it does 
not change the chemical structures of other components, and the 

extracted sulfur compounds (after recovery) can be recycled as raw 
materials. Considering the environmental friendliness of chemical pro-
cesses, ionic liquid (IL) was often adopted as a preferable extractant 
because of its low volatility, high thermal stability, tunable extracting 
capability and non-flammability compared to conventional organic 
solvents [15]. Sulfur-loaded ILs can be regenerated easily by distillation, 
during which sulfur compounds in the vicinity of the solvent molecules 
are released. After regeneration, the original structures of ILs are mostly 
unchanged, hence ILs are recycled without a noticeable decline in effi-
ciency [10,12]. 

Many studies have been performed on IL-based EDS process, where 
the operating conditions, IL species and multiple-stage extractions were 
studied or optimized for effectively extracting aromatic sulfur com-
pounds from fuel oils [10,14,16,17]. As early as 2001, Bösmann et al. 
[18] evaluated the extraction of DBT from n-dodecane by IL and ach-
ieved 10–30 wt% desulfurization efficiency in single-stage extraction. 
The DBT removal was improved to 60–70 wt% through increasing the 
mass ratio of IL to model diesel by Zhao et al. [16], and further to 90 wt 
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% by a consecutive four-stage extraction. However, one of the 
acknowledged drawbacks of IL is its high viscosity slowing down the 
species diffusion rate [19], which usually leads to low mass transfer rate 
and with that, long extraction time (e.g., 15–40 min when performed in 
conventional extractors) [10]. 

An effective way to enhance the mass transfer rate is to increase the 
interfacial area between phases, which is exactly one of the most 
prominent characteristics of microreactor technology. Particularly when 
operating under segmented flow pattern, where both phases are present 
as discrete segments (i.e., droplets and slugs) with sub-millimeter scale 
in the miniaturized and confined space, microreactors offer not only 
large interfacial area and short diffusion distance, but also additional 
internal circulation that is critical for further enhancing mixing and 
mass transfer [20–23]. Previous studies on using ILs or other highly 
viscous liquids (e.g. deep eutectic solvents, polymers.) for extraction 
processes have proved the superiority of the segmented flow micro-
reactor compared with the conventional extraction equipment [24–28]. 
Tsaoulidis et al. [24] carried out the extraction of dioxouranium (VI) 
from nitric acid solutions by TBP/[Bmim][NTf2] mixtures in a micro-
channel of 0.5 mm internal diameter. By dispersing the nitric acid so-
lution as plugs, the extraction of dioxouranium (VI) reached more than 
85% of the equilibrium value within 15 s, and the overall volumetric 
mass transfer coefficient was found in a range of 0.049 to 0.312 s− 1, 
which is much higher than that of conventional contactors (generally <
10− 2 s− 1) [29]. An increase of the IL to aqueous phase flow ratio, which 
led to a larger specific interfacial area, is helpful to increase the rate of 
mass transfer. Liu et al. [26] used [Bmim][PF6] as the continuous slugs 
to extract butanone oxime from the aqueous ammonium sulfate solution 
in a microchannel, where the equilibrium state was achieved in a resi-
dence time of 50 s, while it took 20 min in batch experiments. It was 
further found that decreasing the inner diameter of the microchannel 
from 1 mm to 0.75 mm improved the extraction efficiency by 10%, 
because the resulted decrease of slug size and increase of specific surface 
area improved the mass transfer. Recently, Al-Azzawi et al. [28] 
compared the EDS performance of polyethylene glycol and a deep 
eutectic solvent in miniaturized borosilicate channels of different di-
ameters, and further confirmed the presence of higher percentage of 
extraction when using a small diameter channel. It was also concluded 
that the time for reaching the equilibrium was reduced in microchannel 
devices by almost 99% of that in conventional batch processes. In 
addition, the higher viscosity of the deep eutectic solvent was found to 

decrease the mixing efficiency, leading to a longer equilibrium time than 
that in the case of using polyethylene glycol as the extractant. 

Realizing a precise process control is another advantage of micro-
reactor technology, which allows for a reliable interpretation of mass 
transfer property and an improved product quality. Taking advantage of 
well-defined interfacial area in segmented flow, Kamio et al. [30,31] 
developed a kinetic model to investigate the extraction dynamics of 
docosahexaenoic acid ethyl ester. The fast extraction equilibrium by the 
segmented flow processing in the microreactor was considered due to 
the large specific interfacial area of the slug facilitated by the presence of 
wall film and the thin mass transfer boundary layer caused by the in-
ternal circulation. In the continuous production of 5-hydroxymethylfur-
fural (HMF) in microreactors, Shimanouchi et al. [32] obtained a higher 
yield and selectivity of HMF in the segmented flow microreactor than 
those for conventional approaches, and concluded that the mass transfer 
of HMF across the interface was enhanced by the vortex field generated 
in the segmented flow. 

All these efforts demonstrated to some extent the intensification 
potential of microreactor technology in multiphase systems. Inspired by 
these researches, applying microreactor operation into IL-based EDS 
process is expected to offer a promising solution to circumvent the 
negative effect of low mass transfer rate in IL (especially when using 
conventional extractors) and in the meantime to provide an in-depth 
understanding of the process. Despite a few application studies of IL- 
based extraction in microreactors, the knowledge concerning flow and 
mass transfer properties of IL-involved systems in microreactors is rather 
scarce, but important for a rational design of microreactors and the 
chemical process optimization. Therefore, the current study is con-
cerned with an experimental study of IL-based EDS process in a micro-
reactor, where DBT was extracted from model diesel (MD) by 1-butyl-3- 
methylimidazolium tetrafluoroborate ([Bmim][BF4]). The flow charac-
teristics of the MD-IL system was investigated firstly to obtain a desir-
able segmented flow, under which the effect of varying microchannel 
length (i.e., residence time), extraction temperature and flow ratio on 
the EDS performance was explored. Based on the flow and EDS results, 
the mass transfer resistances were then modelled and discussed, from 
which the underlying mechanism about how the operating conditions 
affect the EDS performance was elaborated. The findings of this work 
may be useful for guiding the operation of not only EDS, but also other 
liquid–liquid extraction processes (such as nuclear extraction, solute 
enrichment for sample analysis and bio-molecules extraction) in 

Nomenclature 

ai specific interfacial area based on the MD phase volume, 
m2/ m3 

A interfacial area between MD and IL phase in a unit cell, m2 

[DBT] concentration of DBT, mol/m3 

Ca capillary number 
d internal diameter of the microchannel, m 
D diffusion coefficient of DBT, m2/s 
Kd distribution coefficient 
L length of segment, m 
NDBT mole number of DBT, mol 
Q volumetric flow rate, m3/s 
-RDBT overall extraction rate of DBT, mol/s 
Re Reynolds number 
T extraction temperature, oC 
u superficial velocity, m/s 
V volume of segment, m3 

W mass transfer rate of DBT, mol/s 
X desulfurization efficiency, % 

Greek letters 
α model parameter representing mass transfer resistance, s 
β model parameter 
γ interfacial tension, N/m 
δ film thickness, m 
μ viscosity, Pa⋅s 
ρ density, kg/m3 

τ residence time, s 

Subscripts 
c continuous phase 
d dispersed phase 
IL IL phase 
MD MD phase 
t total 

Superscripts 
0 at initial state 
eq at equilibrium state 
i on the interface between MD and IL phase 
wall near the microchannel wall  
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microreactors. 

2. Experimental section 

2.1. Materials 

n-Octane (Sinopharm Chemical Reagent Co., Ltd) with DBT 
(Shanghai Aladdin Bio-Chem Technology Co., Ltd) at selected concen-
trations were used as MD with a sulfur content of 500 ppm, where n- 
tetradecane (Sinopharm Chemical Reagent Co., Ltd) was added (at a 
concentration of 2000 ppm) as the internal standard. 1-Butyl-3-methyl-
imidazolium tetrafluoroborate ([Bmim][BF4]; Lanzhou Institute of 
Chemical Physics, Chinese Academy of Sciences) was selected as the 
representative IL extractant [10,16,22]. Physical properties of these 
fluids are listed in Table 1. 

2.2. Experimental setup 

The hydrodynamic experimental set up for MD-IL system is depicted 
in Fig. 1. It consisted of two syringe pumps (Longer LSP01-1A, 5 μm/ 
min-65 mm/min line velocity, ±0.5% accuracy) equipped with two 
glass syringes (10 mL, 14.7 mm internal diameter), a microreactor sec-
tion and a product collector (2 mL centrifuge tube). The details of the 
microreactor section are shown in the inset of the figure, in which three 
circular fluorinated ethylene propylene (FEP) microchannels (508 μm 
internal diameter, IDEX Health & Science) were connected by an 
ethylene-tetra-fluoro-ethylene (ETFE) T-type connector (508 μm inter-
nal bore diameter, IDEX Health & Science). MD and IL phases were 
introduced into the respective inlet microchannels by the syringe 
pumps, mixed at the T-type connector, and flowed through the outlet 
microchannel to the collector. A high-speed CCD video camera (Phan-
tom R311, 24–650000 fps frame rate, 1280 × 800 pixels, 20 µm pixel 
size) connected to a stereo microscope (Olympus SZX16, 2.1x-690x 
magnification, 16.4x zoom) was employed to record two-phase flow 
patterns in the microchannel at a speed of 300–3200 fps. The visuali-
zation zone of interest was at the location about 50, 60 and 70 cm from 
the T-type connector. Before recording the flow patterns, the system was 
running for at least 5 min to ensure the establishment of a stable flow. In 
each series of experiments, the IL to MD volumetric ratio (QIL/QMD) 
varied from 0.1 to 0.5 and QIL from 40 μL/min to 700 μL/min. All ex-
periments were performed at ambient temperature and pressure. 

To reveal the EDS performance, additional experiments were con-
ducted in a temperature-controlled microreactor system, as presented in 
Fig. 2. The microreactor section was arranged in a helical shape 
immersed into a heating bath (Julabo CD200F, − 20–150 ◦C 
temperature-controlled range, ±0.1 ◦C accuracy), allowing the extrac-
tion to be conducted at varying temperatures from 30 ◦C to 70 ◦C. The 
residence time was varied from 4 s to 120 s by adjusting the length of the 

extraction microchannel from 200 cm to 1200 cm (i.e., the length to 
diameter ratio of 3939–23622). At the extraction microchannel outlet, 
samples were quickly cooled in an ice-water bath (~0 ◦C) to terminate 
the extraction process. The effective quenching at the outlet collector (i. 
e., the centrifuge tube) was verified by the extremely low desulfurization 
efficiency (<2%) when conducting the extraction experiments in the 
centrifuge tube at the temperature of 0 ◦C and the residence time of 40 s 
(corresponding to the maximum sample collecting time). Thus, the mass 
transfer end effect is considered negligible compared with the extraction 
contribution in the microreactor section, except for the cases with low 
desulfurization efficiency at short residence time. Besides, the current 
method is convenient to use, though the online phase separation, e.g., as 
used in the work of Susanti et al. [35], represents a better option (the 
functioning of which at various temperature levels still needs to be 
tested). After separation, the desulfurized MD sample was collected and 
analyzed. All tests were repeated at least twice to ensure a favorable 
repeatability and accuracy of the system. 

2.3. Analytics 

The Agilent 7890A gas chromatography (GC), equipped with a flame 
ionization detector and an automatic sampler, was employed to analyze 
the DBT concentration in the MD feed as well as that in the desulfurized 
MD after extraction in the microreactor. GC conditions were as follows: 
inlet temperature at 250 ◦C, detector temperature at 250 ◦C, and oven 
temperature program consisting of a heating process with a ramp of 
15 ◦C/min from 100 ◦C to 200 ◦C, followed by an isothermal step at 
200 ◦C for 4 min. All samples were analyzed at least twice, and the 
relative error was found within ± 2%. 

The Biolin Sigma 700 tensiometer, equipped with a temperature- 
controlled jacket, allowed to measure interfacial tension at different 
temperatures. The interfacial tension values between IL and MD phases 
were measured using pendant drop method with the experimental 
standard deviation no more than 3%. 

2.4. Definitions 

To quantify the EDS performance, the desulfurization efficiency (X) 
and the distribution coefficient (Kd) are defined as the following. 

X =
[DBT]0MD− [DBT]MD

[DBT]0MD

× 100% (1)  

Kd =
[DBT]eq

IL

[DBT]eq
MD

(2)  

where [DBT]0MD and [DBT]MD are the concentrations of DBT in the MD 
phase before and after extraction, respectively; [DBT]eqMD and [DBT]eqIL are 
the equilibrium concentrations of DBT in the MD and IL phases, 
respectively. 

3. Results and discussion 

3.1. Flow characteristics of MD-IL system in the microchannel 

A stable MD-IL segmented flow in the microchannel is essential to 
quantify the mass transfer properties and regulate the EDS process. 
Manipulation of flow pattern has been extensively studied for the reg-
ular oil–water system [36,37], while the knowledge concerning IL- 
involved system is rather scarce, especially when viscous IL serves as 
the dispersed phase. The flow characteristics of MD-IL system were 
investigated on the visualization experimental setup (Fig. 1). Consid-
ering the high cost of IL limits its large-scale application, QIL/QMD in the 
present work was set as 0.1–0.5, lower than that in the batch EDS ex-
periments (generally 0.2–2). The QIL and QMD varied in the range of 
40–700 μL/min and 80–7000 μL/min, respectively, preventing the 

Table 1 
Physical properties of the used working fluids.  

Temperature 
(oC) 

Model diesel (MD) a [Bmim][BF4] b Interfacial 
tension c 

(mN/m) Density 
(g/cm3) 

Viscosity 
(mPa⋅s) 

Density 
(g/cm3) 

Viscosity 
(mPa⋅s) 

25  0.703  0.508  1.201 108  15.38 
30  0.698  0.480  1.198 84.6  15.34 
40  0.690  0.431  1.191 53.5  15.26 
50  0.682  0.389  1.184 35.6  15.17 
60  0.673  0.352  1.176 25.2  15.09 
70  0.665  0.321  1.169 18.0  15.00 

a Approximated by properties of n-octane, obtained from the manufacturer, 
since adding such small amounts of DBT (as sulfur compound) and n-tetradecane 
(as internal standard) had little effect on the property change. 
b Obtained from the literature [33,34]. 
c Between IL and MD; measured by a tensiometer (Biolin Sigma 700, see more 
details in Section 2.3). 
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occurrence of unstable flow at too small or too high flow rates. 

3.1.1. Flow patterns 
As the wettability of MD on the FEP microchannel wall is stronger 

than that of IL, MD appeared as the continuous phase. When decreasing 
QIL/QMD, three flow patterns were observed in our experiments: the slug 
flow, the cobble flow, and the droplet flow (Fig. 3). Their characteristics 
are summarized as follows:  

(1) The slug flow mainly happened at high QIL/QMD values (e.g., QIL/ 
QMD greater than 0.33). Herein, the convex-shaped IL plug was 
dispersed in the continuous MD phase and had a longer axial 
length (LIL) than the microchannel diameter (d). The MD phase is 
separated into slugs that are connected with each other by the 
wall film lubricating the plug body.  

(2) The cobble flow occurred as QIL/QMD decreased to around 0.25. 
In this situation, the IL phase appeared as cobbles with smaller 
axial lengths than the microchannel diameter, but comparable 
radial dimensions to the microchannel diameter. 

Fig. 1. Schematic diagram of the visualization experimental setup.  

Fig. 2. Schematic diagram of the EDS experimental setup.  

Fig. 3. Typical flow patterns observed for MD-IL system in a FEP microchannel.  
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(3) The droplet flow appeared in systems with relatively high QIL 
values and the low QIL/QMD ratio (e.g., QIL greater than 400 μL/ 
min and QIL/QMD < 0.15). The radial and axial lengths of the IL 
droplets were both less than the microchannel diameter, just as 
the IL droplets were suspended in the MD phase. Unfortunately, 
the droplet flow was often unstable, in which the sizes of IL 
bubbles as well as MD slugs became nonuniform. 

Generally, the existence of two-phase flow patterns in microchannels 
depends on the competition of the shear force (exerted on the dispersed 
phase by the continuous phase) with the interfacial tension [36]. When 
involving the fluid with a high viscosity and density, the viscous and 
inertial forces become important. Therefore, inspired by the previous 
studies [22], a division of the flow pattern was made based on the 
capillary number of the continuous phase (Cac =

μcuc
γ ) and Reynolds 

number of the dispersed phase (Red =
dudρd

μd
). As shown in Fig. 4, three 

distinguished zones are identified as follows:  

(1) The interfacial tension dominated zone: when Cac was relatively 
low at a given Red, the interfacial tension was large enough to 
dominate over the shear force. The incipient IL phase blocked the 
cross sectional area of the channel completely before it was cut 
off by the continuous MD phase, so the two-phase flow tended to 
form the slug flow [38].  

(2) The transition zone: as Cac increased, the shear force gradually 
contributed to the droplet breakup together with the interfacial 
tension, so IL formed the cobble-like droplets smaller than the 
above plugs [38]. It is noticeable that Red affected the transition 
from the interfacial force dominated zone to the transient zone 
greatly in the present study. At higher Red, the inertial force of 
dispersed phase started to participate but played a resistive role 
in the droplet formation process. This necessitated a stronger 
shear force to form smaller bubbles, which corresponded to a 
higher critical Cac.  

(3) The viscous force dominated zone: when Cac exceeded 10− 2, a 
critical value above which the shear stress started to dominate the 
breakup process, the two-phase flow behaved as the droplet flow. 

Compared with the flow pattern map of the n-heptane-[Emim] 
[EtSO4] system in the work of Scheiff et al. [39], the present work ob-
tained a similar trend but slightly smaller critical Cac values for the 
transition line between the interfacial force dominated zone and the 
transient zone. Such shift can be explained by that the viscosity of 
[Bmim][BF4] is slightly higher that [Emim][EtSO4], and the operation 

window of slug flow would be narrowed if the viscosity of the dispersed 
phase was increased [39]. For the toluene-[Bmim][BF4] and ethanol- 
silicone oil systems in the work of Bai et al. [38], the effect of Red on 
the transition from the interfacial force dominated zone to the transient 
zone was not evident, probably due to the small flow rate range of the 
dispersed phase (3–20 μL/min). Despite that, the orders of magnitude of 
the critical Cac values for the two transition lines (corresponding to 10− 3 

and 10− 2, respectively) aligned fairly well. 
Among the various flow patterns, the segmented flow (including slug 

and cobble flow) received our preference for carrying out EDS due to its 
good flow controllability, broad window of operation and well-defined 
interfacial areas. Therefore, in the following sections, the EDS experi-
ments were conducted and the results presented are in the segmented 
flow zone, which is dominant at lower Cac numbers (e.g. Cac < 0.01). 

3.1.2. Segment lengths 
Segment size is one of the important parameters for the manipulation 

of dispersed flow and estimation of mass transfer property. In the current 
experiments, the segment lengths were measured from microscope im-
ages (Section 2.2). All the segment lengths were averaged over a set of 
30 images. At each set of flow conditions, the segment lengths were 
quite consistent, which had low values of standard deviation (below 
2%). 

Fig. 5 shows the effect of phasic flow rates on the normalized length 
of IL segment (LIL/d). These variations can be explained by the force 
analysis during its formation process. The length of the dispersed IL 
segment in the microchannel is governed mainly by the competition 
between forces that have a negative effect (i.e., shear force exerted on 
the IL phase by the MD phase, viscous force of IL phase) and forces that 
have a positive effect (i.e., interfacial tension at the interface of two 
phases, inertial force of the IL phase) [38,40]. Increasing QMD (i.e., the 
superficial velocity of MD phase, uMD) makes the shear force (~μMDuMD) 
on the IL phase larger and thereby LIL smaller (Fig. 5(b)). The increase of 
QIL (i.e., the superficial velocity of IL phase, uIL) improves both the in-
ertial force (~dρILuIL

2 ) of IL and its viscous force (~μILu IL), but the in-
crease amplitude of the former is greater than the latter, therefore LIL/ 
d still increases (Fig. 5(a-b)). When fixing the total mixture flow rate 
(Qt), LIL/d showed a linear relationship with QIL/QMD in Fig. 5(c), as a 
result of decreasing QMD and increasing QIL simultaneously [41]. 

A complicated relationship between LIL/d and Qt was found at a 
constant flow ratio (Fig. 5(d)).When Qt is relatively low (e.g. < 500 μL/ 
min), the role of shear force and interfacial tension dominates in the 
resulted LIL/d. The increase of Qt leads to a larger shear force and 
thereby a lower LIL/d (Fig. 5(d)). As Qt increased to more than 500 μL/ 
min, the viscous and inertial forces of IL phase increased gradually and 
began to affect LIL/d together with the shear force. Although all these 
forces increased with Qt, the increase amplitude of inertial force was 
greater than other forces because it was proportional to the square of the 
velocity. Especially at higher QIL/QMD, the contrast became more 
evident. Therefore, LIL/d increased with Qt at higher Qt and QIL/QMD (e. 
g., Qt greater than 500 μL/min and QIL/QMD greater than 0.2). On the 
other hand, when QIL/QMD is sufficiently small (e.g., QIL/QMD < 0.2), the 
IL velocity is so low compared with the MD velocity that the inertial 
force of IL phase is not dominant over the shearing force of MD, hence 
LIL/d still decreased at higher Qt. 

To predict the segment size in microchannels, some models have 
been developed, either empirically or from the segment formation 
mechanism, in which the segment size was correlated with the phase 
ratio and/or capillary numbers [42,43]. However, the liquid viscosity 
also affects the segment size [44,45], some related parameters (e.g., Re 
or μ of the highly viscous fluid) were then taken into consideration, as 
shown in the models listed in Table 2. 

Fig. 6. Comparison of normalized IL lengths between the experi-
mental data and the modelled values with Eq. (3) and several correla-
tions from the literatures. 

Inspired by the literatures [22,41,44], the segment size is described 
Fig. 4. Flow pattern map of MD-IL system and other reported IL-dispersed 
systems in the microchannel based on dimensionless parameters. 
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as a function of CaMD and ReIL, as given below 

LIL

d
= 0.3354Ca− 0.2777

MD Re0.2728
IL (3) 

The exponent of CaMD is − 0.2777, in good accordance with the 
previous studies (Table 2). The absolute values of exponents for CaMD 
and ReIL are approximately equal, indicating that the properties of the 
dispersed phase are as important as that of the continuous phase in the 
present work. Based on Eq. (3), the predicted LIL/d under all stable 
operating conditions agreed well with the experimental data, and the 
relative error was lower than 10% (Fig. 6). 

Compared with LIL/d, the normalized MD slug length (LMD/d) varies 
in a quite wide range of 1.0–6.0, which increased with QMD and 
decreased with QIL. When Qt was constant, LMD/d seems to decrease 
exponentially with increasing QIL/QMD. The detailed data are presented 
in the supplementary material (Fig. S1). 

On the other hand, the MD segment was formed synchronously with 

the IL segment, the ratio of their lengths (LIL/LMD) should be thus a 
function of QIL/QMD as well. When the droplets are long enough (so the 
cap length is negligible) and the wall film between the IL and the 
microchannel is neglected, it can be assumed that the IL droplet velocity 
(uIL) is equal to the mixture velocity (ut) and LIL/LMD≈QIL/QMD. In the 
current work, the volumes of the two caps and the wall film accounted 
for 3–8% of the volume of a unit cell (consisting of one IL and one MD 
segment), so the correlation turns out to be 

LIL

LMD
= 1.4432

QIL

QMD
(4) 

by correlating the experimental data of LIL/LMD with QIL/QMD 
(Fig. 7). Similar relations was found with the coefficient of 1.49 in a 
gas–liquid system [45]. The relative error of the proposed correlation is 
within ± 10% for predicting the measured length of continuous MD slug. 

Fig. 5. Variation of normalized IL lengths (LIL/d) against flow rates.  

Table 2 
Several correlations of normalized segment size for flow of highly viscous systems in microchannels.  

Correlation Conditions Reference 

L
d
= 0.23μ0.10

c Ca− 0.31  Continuous fluid: tolueneDispersed fluid: [Bmim][BF4]Channel: square (height/width: 500 μm)Conditions: Red =

0.002–0.02, Cac = 10− 5-0.02 
Bai et al. [38] 

L
d
= 0.768(Ca*)− 0.24

(
ud

uc

)0.194

Ca* =
(φcμc + φdμd)uc

γ  

Continuous fluid: keroseneDispersed fluid: glycerol aqueous solutionChannel: square (height/width: 500 μm) 
Conditions: Red = 0.08–3.5, Cac = 10− 6-10− 5 

Su et al. [44] 

L
d
=

2.2882Ca− 0.2728Re0.4617Re− 0.9634
c

a  

Continuous fluid: TBP/[Bmim][NTf2]Dispersed fluid: HNO3 solutionChannel: circular (d = 0.5, 1, 2 mm)Conditions: 
Red = 0.13–0.30, Cac = 0.01–0.09 

Tsaoulidis et al.  
[41] 

a The Ca exponent is 0.2728 in the original article, which seems to be a misprint, because L/d showed a negative relation with Ca in their experimental results. Hence, a 
negative value was used here. 
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3.2. Desulfurization performance of IL-based EDS in the microchannel 

In the segmented flow zone (CaMD < 0.01; cf. Fig. 4), the desulfur-
ization performance of IL-based EDS in the microchannel was evaluated. 
Referred to the previous studies, the extraction temperature was set at 
30–70 ◦C to pursue a balance between IL viscosity, energy consumption 
and desulfurization efficiency. The flow rate ratio (QIL/QMD) remained 
in the range of 0.1–0.5, consistent with the conditions used in the hy-
drodynamic experiments. The residence time was controlled by adjust-
ing the length of the microchannel. After overall consideration of the 
two factors, Qt was fixed at 1215 μL/min, and the residence time varied 
from 4 s to 120 s. Within the operating window, the effects of the 

temperature (T), the flow rate ratio (QIL/QMD) and the residence time (τ) 
on the desulfurization efficiency (X) were investigated. 

Fig. 8(a-c) display the desulfurization efficiency as a function of the 
residence time under different conditions. As increasing the residence 
time, the desulfurization efficiency increased firstly and then gradually 
leveled off, indicating that the extraction equilibrium was almost ach-
ieved within 120 s. For the cases with the temperature being 30 ◦C and 
QIL/QMD being 0.1 and 0.2, the residence time was further extended to 
300 s to confirm that the equilibrium time is around 120 s (not detailed 
here, see Fig. S2 for supplementary material). In contrast, only 90% of 
the equilibrium efficiency was obtained at the batch time of 30 min 
when employing a glass flask for the extraction, either for volume ratio 
of 0.1 with temperature of 70 ◦C, or for volume ratio of 0.5 with tem-
perature of 30 ◦C (detailed results in Fig. S3 for supplementary mate-
rial). Even when increasing the IL to MD volume ratio to 1, more than 15 
min were still needed to reach equilibrium in this batch operation no 
matter using [Bmim][BF4] [46] or other ILs (e.g. [Pmim][Tf2N], [Bmim] 
[SCN]) [10,16] as extractants. This illustrates the superiority of micro-
reactors in conducting IL-based EDS process. 

Based on the results of Fig. 8(a-c), the equilibrium efficiency for the 
removal of DBT (Xeq) could be estimated and summarized in Fig. 8(d). 
Moreover, the distribution coefficients (Kd) were calculated by Eq. (2) 
based on the equilibrium concentrations of DBT in both phases and 
tabulated in Table 3. It is evident that the elevated temperature and QIL/ 
QMD ratio are favorable for desulfurization. An increase in the QIL/QMD 
ratio corresponds to an increase in the interfacial area, which means IL 
and DBT had more opportunities to contact with each other, leading to a 
high sulfur removal. Comparing with QIL/QMD, the desulfurization ef-
ficiency is not very sensitive to the temperature variation. The slight 
increase of the desulfurization efficiency with temperature rise (Fig. 8 
(d)) may be originated from the decrease of the IL viscosity, which 
makes DBT more prone to diffuse to IL and as a result, a higher desul-
furization efficiency. 

Summarizing the effects of operating conditions on the desulfuriza-
tion efficiency, an optimal EDS condition in the microchannel was 
suggested as: an extraction temperature of 50–60 ◦C to balance the IL 
viscosity and energy consumption, an IL to MD volume ratio of 0.5 to 
balance the desulfurization efficiency and production cost, a residence 
time of 60 s to balance the desulfurization efficiency and microreactor 
capacity. 

3.3. Modelling the microfluidic IL-based EDS process based on mass 
transfer rates 

To gain a deep understanding on the microfluidic IL-based EDS 
process, the fundamental mass transfer characteristics deserve to be 
studied. Among various mass transfer models, two-film model was 
chosen to describe our system, based on three important considerations: 
(1) Albeit its simplicity, two-film theory can usually provide similar 
conclusions to those of more advanced mass transfer models such as 
Higbies’ penetration model and Danckwerts’s surface renewal theory 
[47]; (2) EDS is operated under segmented flow in the laminar regime, 
hence the interface renewal is believed relatively slow; (3) Two-film 
model is commonly used in the literature for modelling extraction in 
microreactor systems and has shown good agreement to the experi-
mental data [30–32,48]. 

Specifically, mass transfer in EDS could be divided into three steps, as 
shown in Fig. 9: (1) the diffusion of DBT from the bulk MD phase to the 
interface across the MD film, (2) the equilibrium distribution of DBT at 
the two-phase interface, and (3) the diffusion of DBT from the interface 
to the bulk IL phase across the IL film. The mass transfer resistance is 
considered to concentrate in the MD and IL films, so their thicknesses are 
two important parameters, which are closely related to the flow topol-
ogy inside the segments. It is reported that the internal circulation was 
fully developed in the continuous segment, while only accounted for 
30–75% of the dispersed segment [39,49]. Therefore, as shown in Fig. 9, 

Fig. 6. compares the predicted results for our experimental data by the models 
in Table 2. The first two correlations predicted better than the last one, because 
the highly viscous fluid acted as the dispersed phase both in our and the first 
two studies [38,44], while it served as the continuous phase in the work of 
Tsaoulidis et al. [41]. In addition, the operating conditions and the channel 
geometry are also important factors that influence the forces exerted on the 
dispersed phase in the formation process as mentioned earlier, and then the 
segment lengths. In the current work, the operating conditions (Red =

0.005–0.35, Cac = 10− 5-10− 2) were varied in wider ranges than that in the 
literatures, leading to that the suggested models cannot describe our experi-
mental data satisfactorily. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Variation of normalized MD lengths (LIL/d) against flow rate ratios.  
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the thickness of the MD film (δMD) is assumed less than that of the wall 
film (δwall

MD ), i.e., 0 ≤ δMD ≤ δwall
MD . 

The mass transfer rate of DBT from the bulk MD to the interface 
through the MD film, WMD, is expressed as 

WMD =
ADMD

δMD

(
[DBT]MD − [DBT]iMD

)
5  

where δMD is the thickness of the hypothetical MD film; DMD is the 
diffusion coefficient of DBT in the MD phase; [DBT]MD and [DBT]iMD are 
the concentrations of DBT in the bulk MD phase and on the MD film-side 
interface, respectively; A is the interfacial area between phases. 

The mass transfer rate from the interface to the bulk IL, WIL, is 
derived 

WIL =
ADIL

δIL

(
[DBT]iIL− [DBT]IL

)
(6) 

where δIL is the thickness of the hypothetical IL film; DIL is the 
diffusion coefficient of DBT in the IL phase; [DBT]ILand [DBT]iIL are the 
concentrations of DBT in the bulk IL phase and on the IL film-side 
interface, respectively. 

The concentration of DBT near the interface is in thermodynamic 

equilibrium, 

Kd =
[DBT]eq

IL

[DBT]eq
MD

=
[DBT]iIL
[DBT]iMD

(7) 

At steady state, WMD = WIL and both are equal to the overall 
extraction rate of DBT (-RDBT). Thus, it is obtained that 

− RDBT =
[DBT]MD −

[DBT]IL
Kd

δMD
ADMD

+ 1
Kd

⋅ δIL
ADIL

8 

According to the mass balance, the concentrations of DBT satisfy the 
following expression. 

[DBT]IL =
(
[DBT]0MD− [DBT]MD

)VMD

VIL
(9)  

where VMD and VIL are the volume of MD slug and that of IL droplet in a 
unit cell, respectively; [DBT]0MD is the initial concentration of DBT in the 
bulk MD phase. 

Substituting Eq. (9) into Eq. (8), -RDBT is expressed as 

− RDBT =
[DBT]MD − 1

Kd
⋅VMD

VIL

(
[DBT]0MD− [DBT]MD

)

δMD
ADMD

+ 1
Kd

⋅ δIL
ADIL

10 

It is known that -RDBT is defined as 

− RDBT =
dNDBT

dτ = − VMD
d[DBT]MD

dτ 11  

where NDBT is the number of moles of DBT and τ is the residence time. 
Combining Eq. (10) and Eq. (11), it is finally obtained that 

−
d[DBT]MD

dτ =
(1 + β)[DBT]MD − β[DBT]0MD

α (12) 

Fig. 8. Temporal variations of the desulfurization efficiency (Qt = 1215 μL/min, d = 508 μm).  

Table 3 
Distribution coefficients (Kd) of DBT between MD to IL phase. a.  

QIL/QMD (-) Temperature (oC) 
30 40 50 60 70  

0.1  0.8863  1.0330  1.1277  1.2105  1.3351  
0.2  1.0338  1.1162  1.1845  1.2623  1.3830  
0.5  1.3780  1.4248  1.5216  1.5924  1.6666 

a Conditions: Qt = 1215 μL/min, d = 508 μm, τ = 120 s. 

N. Jin et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 413 (2021) 127419

9

where 

α =
δMDVMD

ADMD
+

1
Kd

⋅
δILVMD

ADIL
=

δMD

aiDMD
+

1
Kd

⋅
δIL

aiDIL
13 

and 

β =
1

Kd
⋅
VMD

VIL
(14) 

In Eq. (13), ai is the specific interfacial area based on the volume of 
MD slug. 

Integrating Eq. (12) with the initial condition of [DBT]MD = [DBT]0MD 
at τ = 0, the DBT concentration in the bulk MD phase along the 
microchannel is derived as 

[DBT]MD = [DBT]0MD
β + e−

1+β
α τ

1 + β
(15) 

With the modelled [DBT]MD value, the desulfurization efficiency (X) 
can be estimated as 

X =
1 − e−

1+β
α τ

1 + β
(16) 

Based on the flow characteristics and extraction behavior, the EDS 
process in the microchannel could be modelled according to Eq. (16). A 
combination of the predicted results and the experimental results can 
give important insights into the EDS process, such as the rate-controlling 
step and the underlying mechanism about how the operating conditions 
affect the EDS performance. 

3.3.1. Effect of the film thickness on EDS 
Taking the extraction process at a QIL/QMD of 0.5 and a temperature 

of 30 ◦C as an example (Fig. 8(c)), Table 4 summarizes the known pa-
rameters as required in the model (Eq. (16)) and the thicknesses of two 
films (δMD and δIL) are the only two unknown parameters. Hence, several 
values of δMD and δIL were attempted to model the process with Eq. (16). 

Considering the fact thatδwall
MD < 10 μm (estimated by Eq. (S3)) in this 

work, the effect of δMD was discussed in a value range of 1–9 μm. As 
stated above, the spread scope of internal circulation in the dispersed 
phase (IL) was smaller than that in the continuous phase (MD) [39,49], 
making it reasonable to set a larger δIL. Moreover, this disparity was also 
aggravated by the much higher viscosity of IL. Therefore, the maximum 
value of IL film thickness was set as 20 μm. 

Fig. 10 displays the modelling results with different δMD and δIL 
values. Big differences were found in the effects of δMD and δIL on the 
EDS process. The desulfurization efficiency curves overlapped with each 
other for δMD (Fig. 10(a)), whereas they are clearly separated for δIL 
(Fig. 10(b)). This indicates that δMD had no effect on EDS, while δIL made 
a great influence. In the two-film model, two terms in Eq. (13) corre-
spond to the mass transfer resistances in MD and IL films, denoted as 
αMD = δMD

aiDMD 
and αIL = 1

Kd
⋅ δIL
aiDIL

, respectively. It was found from Table 5 that 
the mass transfer resistance in the IL film (αIL) was much greater than 
that in the MD film (αMD) by about two orders of magnitude. This is 
mainly resulted from the big difference between DMD (~10− 9 m2/s) and 
DIL (~10− 11 m2/s), given the much higher viscosity of IL than that of MD 
(Table 1). This concludes that the mass transfer resistance in this EDS 

Fig. 9. Simplified mass transfer scheme under segmented flow of MD-IL system in the microchannel.  

Table 4 
Determined model parameters at a QIL/QMD of 0.5 and a temperature of 30 ◦C.  

Items Values Sources 

LIL (×10− 4 m)  6.41 Eq. (3) 
LMD (×10− 4 m)  9.11 Eq. (4) 
DIL (×10− 11 m2/s)  1.99 a Eq. (S1) 
DMD (×10− 9 m2/s)  2.50 a Eq. (S2) 
VIL (×10− 10 m3)  1.05 a Eq. (S10) 
VMD (×10− 10 m3)  2.10 a Eq. (S11) 
ai (×103 m2/m3)  4.31 a Eq. (S12) 
Kd  1.38 Table 3 

a Detailed calculation procedure was provided in the supplementary material 
(Section S3). 
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process concentrates primarily on the IL side. Therefore, a slight change 
of δIL leads to a big difference in the desulfurization efficiency (Fig. 10 
(b)), while changing δMD is insignificant to affect the mass transfer rate 
(Fig. 10(a)). By comparing the predicted and experimental results, the 
reasonable value of δIL was set at 5 μm for QIL/QMD of 0.5 and temper-
ature of 30 ◦C for a best fitting (Fig. 10(b)). Unfortunately, the exact 
value of δMD cannot be obtained, but it would not affect the modelling 
results no matter which value is chosen. Herein, it was simply set as 5 μm 
under all conditions. Although these values may not be sufficiently ac-
curate, at least it is certain that the film thickness is thinner than that of 
the stagnant region outside the vortex field of internal circulation. 

3.3.2. Prediction of the desulfurization efficiency 
With the same approach shown above, the known parameters in the 

model (Eq. (16)) at other conditions were calculated and then δIL values 
were fitted (not detailed here, see Table S1 for supplementary material). 
Based on these parameters, the desulfurization efficiencies at various 
conditions were predicted. Fig. 11 presents the comparison of the 

desulfurization efficiencies between the modelled values and the 
experimental data (relevant to Fig. 8). A reasonable agreement between 
the model predictions and the experimental results was obtained, with 
the relative error lower than 10% for most data. The large deviation 
mainly happened for the short residence time (e.g., τ < 20 s). This can be 
ascribed to the delayed separation after extraction, as described in 
Section 2.2. It still took a few seconds to separate the spent IL from the 
desulfurized MD completely in the collecting flask (Fig. 2). Thus, the 
extraction still proceeded slightly outside the microchannel, which 
could not be neglected (when compared with extraction in the micro-
channel) at much short residence time operation in the microchannel. 
Thus, the measured desulfurization efficiency turned out to be a little 
higher than the model prediction. 

3.3.3. Relationships between flow, mass transfer and desulfurization 
performance 

To further understand the IL-based EDS process in the microchannel, 
it is necessary to analyze the underlying mechanism into how the 
operating conditions affect the EDS performance. Therefore, the effects 
of operating conditions on flow and mass transfer were investigated 
according to the modelling (Fig. 12). A conclusion has been drawn from 
Table 5 that the mass transfer resistance (α) concentrated primarily on 
the IL film. Therefore, only the influencing factors of αIL (i.e., δIL, Kd, DIL, 
ai) were discussed. 

It can be seen from Fig. 12(a) that α decreased with QIL/QMD at a 
fixed temperature. One of the important reasons is the significant in-
crease of the specific interfacial area (ai) (Fig. 12(c)), which is greatly 
dependent on LIL and LMD. Increasing QIL/QMD at constant Qt contributes 
to a larger LIL (Fig. 5(c)) but a smaller LMD (Fig. S2(c)), and accordingly a 
larger interfacial area (A) and smaller MD slugs (VMD). These variations 
are responsible for an increased ai and a decreased α. In addition, based 
on the fact the slug length variation affects the mass transfer rate, 
another important conclusion can be drawn that the contributions of the 
wall film and two caps to the mass transfer are both important, and the 
wall film tends to play a more important role at longer IL segment 
lengths in enhancing the overall extraction rate. This consideration is 
also in line with the experimental results in other studies [25,50–53]. 

Similar to ai, δIL was also positively affected by QIL/QMD (Fig. 12(b)) 
due to the change of LIL. This is mainly associated with the internal 
circulation in the IL segment, which has been demonstrated regarding its 
intensification effect on mixing and mass transfer [41,54]. For the 
segmented flow, evidence shows that within the bigger droplets, the 
recirculation is less efficient [22,41], implying δIL would become larger 
at increasing QIL/QMD. Besides, Kd (Table 3) were also positively 
correlated with QIL/QMD. More specially, with the increase of QIL/QMD 
from 0.1 to 0.5, ai or Kd (the increase of which is favorable for decreasing 
α) was improved by a factor of 3.7 or 0.2–0.5, respectively, and δIL (the 
increase of which tends to increase α) was raised by ca. 50%. Thus, the 
negative effect of the increased δIL is counteracted by the positive effect 

Fig. 10. Effects of film thickness on the desulfurization efficiency (T = 30 ◦C, QIL/QMD = 0.5).  

Table 5 
Mass transfer resistances in MD and IL films (T = 30 ◦C, QIL/QMD = 0.5).  

δMD, ×10− 6 m 1 3 5 7 9 

αMD, s 0.09 0.28 0.46 0.65 0.84 
δIL, ×10− 6 m 1 5 10 15 20 
αIL, s 9.20 44.14 87.81 131.49 175.16  

Fig. 11. Comparison of desulfurization performance between the experimental 
data and the modelled values by Eq. (16). 
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of other parameters (especially by ai), leading to a reduced α by 75%. 
With respect to the extraction temperature, it influences α mainly by 

decreasing the viscosities for both phases, especially for the dispersed IL 
phase (it has a drastic viscosity reduction from 84.6 mPa⋅s at 30 ◦C to 18 
mPa⋅s at 70 ◦C) (Table 1). This leads to a remarkable improvement of DIL 
(Fig. 12(d)) based on Eq. (S1), specifically by a factor of 4.3 when 
elevating the temperature from 30 ◦C to 70 ◦C. On the other hand, the 
decreased viscosities are also responsible for the increase of LIL (Eq. (3)), 
intrinsically due to the reduced shearing force from MD and viscous 
force of IL. As explained before, a larger LIL is accompanied by a greater 
δIL, hence a 1.5–3.6 fold increase occurred in δIL (Fig. 12(b)). Synchro-
nously with LIL, LMD was increased as well at a fixed QIL/QMD (Eq. (4)), 
leading to that ai remained nearly constant (Fig. 12(c)). In addition, Kd 
had a slight increase to be 20–50% higher (Table 3). When all of these 
parameters are considered together, α declined to 30–65% of the orig-
inal value, under which circumstances the adverse effect of δIL is mainly 
compensated by DIL. In addition, it is noteworthy from Fig. 12(a) that the 
sensitivity of α to the temperature was weakened with the increase of 
QIL/QMD, which also explains why the EDS performance became less 
affected by the temperature at QIL/QMD of 0.5 (Fig. 8). For QIL/QMD of 
0.5, ai is at such a high value that the variations of other parameters 
played a minor effect. This suggests that the specific interfacial area 
plays a dominant role in the mass transfer of EDS process, which is 
consistent with the observation that increasing the IL-to-MD ratio is 
more effective than elevating the temperature towards an improved EDS 
performance (Fig. 8). 

As indicated in the discussion above, the interfacial mass transfer is 
coupled with the fluid convection in the slugs/droplets (mainly due to 
the internal circulation). In this respect, the concentration field (e.g., 
regarding its non-uniformity in relation to the residence time distribu-
tion (RTD) in each phase) is another important aspect needs to be well 

understood. For the dispersed droplet, as the interface around it is 
closed, it is considered as a mini ideal batch reactor, thus its RTD curve 
approximates to the Dirichlet function [55]. For the continuous phase, 
the adjacent slugs are connected by the wall film, through which the 
solute can move from one slug to another. Theoretically, the axial 
diffusion widens RTD, which can be further affected by the mass transfer 
due to the dynamic variation of the fluid properties or the slug lengths 
along the microchannel [56]. Nevertheless, it is still narrow and has 
little influence on the mass transfer in the present work. First of all, the 
extraction is conducted in a circular microchannel with small capillary 
numbers, the wall film is thin and the leakage flow can be negligible. 
Under these circumstances, the axial dispersion between slugs through 
the wall film is suppressed, thus RTD in the continuous phase is narrow 
enough. Then, the initial solute concentration was only 500 ppm, which 
means the total flux of mass transfer is extremely low. Further consid-
ering the incompressible nature of the MD-IL system, the changes of the 
slug lengths and the fluid properties during the mass transfer can be 
negligible, as well as RTD. Hence, the effect of mass transfer on RTD is 
not taken into our consideration. 

Above all, the IL-based EDS process in microreactors is well 
described by the proposed mass transfer analysis according to the two- 
film model (e.g., cf. Eq. (16)), based on which an insight into this pro-
cess could be recognized. The EDS performance is closely related to the 
flow topology and mass transfer. When altering the operating conditions 
(e.g., flow ratio and temperature), changes would occur in the lengths of 
segments, and with that the corresponding film thickness and the spe-
cific interfacial area. Coordinated with the variation of the diffusion and 
distribution coefficients by temperature change, the above flow pa-
rameters lead to the variations of the mass transfer resistance, and 
eventually, of the extraction rate. Among these parameters, increasing 
the specific interfacial area was found to bring the most significant effect 

Fig. 12. Effects of operating conditions on the flow and mass transfer parameters.  
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for decreasing the mass transfer resistance in the current work. How-
ever, the exact film thickness for mass transfer within the two-film 
model is not fully understood yet. Further efforts are thus needed to 
be address this. In addition, from the aspect of large-scale application, 
fundamental research on the microreactor scale-up, such as how to well 
handle the fluid distribution across numerous microchannels in parallel 
and a multitude of microreactor modules, remains to be further 
investigated. 

4. Conclusions 

To improve the extraction efficiency of the IL-based EDS process, 
thus achieving smaller extractor footprint and lowering IL usage/cost for 
potential industrial application, the segmented flow microreactor was 
investigated for the process. With the extractant of [Bmim][BF4], the 
two-phase flow characteristics in the microchannel were investigated 
firstly. Three distinct flow patterns were observed, among which the 
segmented flow (with MD as the continuous phase and IL as the 
dispersed phase) appeared at CaMD < 0.01. By correlating with CaMD and 
ReIL (Eq. (3)), the measured segment size could be predicted reasonably 
well. This equation provides a basis for estimating the segment length 
and the corresponding interfacial area necessary for interpreting mass 
transfer in EDS. 

Within the operating widow of segmented flow, MD containing DBT 
was desulfurized in the microchannel at the temperature of 30–70 ◦C, 
QIL/QMD ratio of 0.1–0.5 and residence time of 4–120 s. The desulfur-
ization performance increased greatly with increasing QIL/QMD, and 
slightly with the temperature rise. The extraction equilibrium was 
almost achieved within 120 s, much shorter than that in the batch 
operation, which exhibits advantages of the microreactor processing for 
process efficiency improvement. 

To have a better understanding on the IL-based EDS process, the two- 
film model was used to describe the mass transfer rate in the micro-
channel, by using two characteristic film thicknesses (δMD and δIL) for 
mass transfer on the MD and IL sides. The developed model (Eq. (16)) 
using the fitted δIL value was shown to describe the measured desul-
furization efficiency with an acceptable accuracy. It was found that the 
mass transfer resistance in this EDS process concentrated primarily on 
the IL film-side due to the much lower diffusion coefficient of DBT in IL 
than in MD. The distribution coefficient, the specific interfacial area, the 
IL film thickness and the diffusion coefficient of DBT in IL appeared to be 
the main factors responsible for the observed effect of the operating 
conditions on the EDS performance. When increasing the temperature or 
QIL/QMD, the adverse effect of an increased IL film thickness on mass 
transfer is counteracted by the positive contribution from other factors, 
eventually leading to a better desulfurization efficiency. These findings 
may provide useful guidelines for the design and operation of micro-
reactors towards an improved EDS performance thereof. 
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