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� Mass transfer of CO2 into a H2O-rich phase at high pressure in a microreactor is studied.
� Volumetric kLaL and local kL mass transfer coefficients are determined.
� The influence of CO2 and H2O flow rates on the volumetric mass transfer coefficient is studied.
� kLaL and kL vary along the length of the microcapillary.
Keywords:
Mass transfer
High-pressure
Microfluidics
Two-phase flow
Colorimetric method
a b s t r a c t

This study presents a method for the experimental determination of the local volumetric mass transfer
coefficient kLaL in a high-pressure two-phase flow of water (H2O) and carbon dioxide (CO2) in a micro-
capillary using a colorimetric method. H2O and CO2 are fed continuously and co-axially injected at
high-pressure (10 MPa) and moderate temperature (303 K) into a microcapillary. Under the flow condi-
tions studied, a segmented flow of CO2 in H2O is formed. The CO2 dissolves into the H2O-rich phase,
thereby reducing the pH to about 3.3, depending on the pressure and temperature. The pH of the H2O-
rich phase is determined over the entire length of the capillary using a pH sensitive indicator coupled
with high-speed imaging and analysis. The concentration of CO2 in the water-rich phase is deduced from
this pH value using literature experimental data. The CO2 concentration data and the unit-cell model,
which has been modified to account for high pressure conditions, have then been used to determine
the volumetric mass transfer coefficient, kLaL, of CO2 into the liquid phase along the entire length of
the microreactor. The experimentally derived kLaL ranges between 1 and 13 s�1.
1. Introduction

The use of supercritical fluids (fluids under temperature and
pressure conditions above those of their critical point) in liquid-
fluid extraction (Conde-Hernández et al., 2017; Yousefi et al.,
2019), multiphase reaction (Ou et al., 2019; Labauze et al., 2018),
particle generation processes (Abuzar et al., 2018; Cheng et al.,
2017) or even in analytical chemistry (DaSilva et al., 2020; Roy
et al., 2020) is more and more widespread. Indeed, supercritical
fluids have specific properties (i.e. liquid-like density and gas-like
viscosity), which makes them just as, or even more effective than
conventional solvents in many cases. Moreover, the use of
supercritical CO2 results in cleaner and more sustainable processes
and products. Supercritical CO2 processes typically involve multi-
ple phases and the design of such processes requires knowledge
of the thermodynamic properties of the different phases at high
pressure and sometimes high temperature. These properties
include, for example, mixing density and viscosity (at saturation
or not), surface tension, as well as diffusion coefficients for tran-
sient processes. The acquisition of such data very often requires
investment in specific equipment that can withstand high temper-
ature and pressure conditions, but also long experimental cam-
paigns (for saturated data, one measurement with conventional
pressure-volume-temperature (PVT) devices takes approximately
half a day). One solution to overcome these disadvantages of con-
ventional PVT measurement methods is to use miniaturised
devices such as microreactors. The typical size of a microreactor
is about 104 times smaller than conventional apparatus and as a
result the characteristic heat and mass transfer times, which are
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Nomenclature

a specific surface area, m�1

C concentration, mol=m3

D diameter, m
K overall mass transfer coefficient, m=s
k local mass transfer coefficient, m=s
L length,m
N molar density flux, mol=m2=s
p pressure, Pa
Re Reynolds number UDq

l
S capillary cross section, m2

T temperature, K
U velocity, m=s
V volume, m3

_V volumetric flow rate, m3=s
z position in the capillary, m

Subscripts
B bubble
cap capillary
CO2 carbon dioxide
F fluid
H2O water
L liquid
S liquid slug
TP two-phase

Superscripts
* at equilibrium
� mean value
proportional to the square of the characteristic length scale, are
reduced by a factor of 108. This means that thermodynamic equi-
libria can be reached in just a few seconds, compared with several
hours in conventional equipment. In addition, the use of small
quantities of products reduces operating costs (in terms of both
raw material and energy) and increases safety when toxic products
are used.

Different kinds of pressure-resistant microreactors (which are
compatible with the use of supercritical fluids) have been devel-
oped and reviewed (Marre et al., 2010). It is now possible to man-
ufacture microreactors at low cost with various techniques, for
example with silica capillaries (Macedo Portela da Silva et al.,
2014) or polymer molding techniques (Martin et al., 2016). Super-
critical microfluidics has been developed in various fields such as
extraction (Assmann et al., 2012; Campos Domínguez and
Gamse, 2016), organic chemistry (Verboom, 2009; Quitain et al.,
2018), generation of nanomaterials (Arora et al., 2020; Jaouhari
et al., 2020) or even for the acquisition of thermodynamic data
(Liu et al., 2012; Klima and Braeuer, 2019; Gavoille et al., 2019).

Two-phase gas-liquid flows in microreactors have been widedly
studied over the last 20 years and there is a wealth of information
available in the literature (Haase et al., 2016; Sattari-Najafabadi
et al., 2018). The first studies consisted in describing the different
types of gas-liquid flow regimes depending on the operating condi-
tions such as temperature, pressure and flow rates of each of the
phases (Triplett et al., 1999; Akbar et al., 2002; Waelchli and
Rudolf von Rohr, 2006; Marre et al., 2009; Blanch-Ojea et al.,
2012; Martin et al., 2018). Several flow regimes are typically
observed, including dispersed, bubbly, confined, slug, annular and
churn flows. Among these flows, slug-flow, otherwise called ‘‘Tay-
lor flow”, is characterized by a highly regular sequence of liquid
slugs and gas bubbles, with a large interfacial area. This flow is also
characterized by flow recirculation in both the slug and bubble that
leads to the enhancement of mass and heat transfer rates and pro-
cess intensification (Luther et al., 2013; Peters et al., 2017).

In the litterature, several methods have been used to determine
the volumetric mass transfer coefficients in two-phase segmented
flow in microchannels at atmospheric pressure. These methods can
be classified into three groups:

� Global experimental methods: Solute concentration in one of
the phases is measured at the inlet and the outlet of the
microreactor and is used to obtain an average volumetric mass

transfer coefficient kLaL over the entire length of the microreac-
tor (Vandu et al., 2005; Yue et al., 2007; Ren et al., 2012).
� Online experimental methods: The gas dissolution is monitored
in the microchannel by detecting changes in fluorescence inten-
sity (Kuhn and Jensen, 2012), color (Dietrich et al., 2013), pres-
sure drop (Yue et al., 2007; Ganapathy et al., 2014; Yao et al.,
2017) or bubble size (Tan et al., 2012; Lefortier et al., 2012;
Yao et al., 2014; Zhang et al., 2018). With online methods,
kLaL can be determined at different positions along the
microcapillary.

� Numerical methods: The volumetric mass transfer coefficient is
calculated using computational fluid dynamics to solve the
Navier Stokes equation in the liquid phase and the
convection-diffusion equation with a known value of the diffu-
sion coefficient (van Baten and Krishna, 2004; Eskin and
Mostowfi, 2012; Gupta et al., 2009). The gas is typically
assumed to behave as an ideal gas.

Amongst the online methods mentioned above, the measure-
ment of a change in size (volume) of gas bubbles has widely been
used (Yao et al., 2014, 2017; Zhang et al., 2018). This method is
well adapted at atmospheric pressure conditions since the bulk
properties of the continuous phase, such as density, are not
affected by the mixture variation and mass transfer can therefore
be considered as unidirectional (from the dispersed phase to the
continuous phase). This method is however far less suitable for
the study of high-pressure two-phase flows where the thermody-
namic mixing properties can vary greatly between the contacting
zone of the fluids and the zone where thermodynamic equilibrium
is reached. An example of such changes in fluid properties due to
the transfer of species between phases is given in Macedo Portela
da Silva et al. (2014). For a CO2-BMimPF6 system at 15 MPa and
308 K, the density and viscosity of the ionic liquid saturated with
CO2 are 1.7 times higher and 12 times smaller, respectively, than
the pure ionic liquid at these same pressure and temperature con-
ditions. Hence for high-pressure systems where there is significant
mass transfer of species between phases, other measurement
methods are required. Recently, Deleau et al. (2020) have pre-
sented a method for the experimental determination of local volu-
metric mass transfer coefficients kLaL in a high-pressure (up to
10 MPa) two-phase flow of H2O and CO2 in a microcapillary. This
method combines a thermodynamic model and Raman spec-
troscopy measurements to obtain CO2 concentrations, which are
used to calculate local kLaL values. This method does not, however,
enable information on the bubbles (e.g. surface area, velocity) to be
obtained so it is not possible to evaluate the individual contribu-
tions of kL and aL to the volumetric mass transfer coefficient.



The objective of this work is to present an alternate method for
the determination of volumetric mass transfer coefficient kLaL in
high pressure two-phase flows using a colorimetric method. This
method has been adapted from that proposed by Andersson et al.
(2018) and is based on the change in pH of a continuous H2O-
rich phase that is acidified by a dispersed phase (here a CO2-rich
phase). This method also enables the specific surface area (here
defined as the bubble surface area divided by the volume of the liq-
uid slug since the mass balance is performed in the liquid phase
only) available for mass transfer to be evaluated and hence, its
impact on the volumetric mass transfer coefficient can be assessed.
The additional novelty of the online method developed in this
study is that the classical unit-cell model used to describe the mass
transfer process has been modified in order to take into account
the drastic changes of fluid properties and related volume changes
of the phases that occur at high pressure.

The following sections describe the experimental setup, the col-
orimetric technique, the revised unit-cell model, as well as the cal-
culation of dissolved CO2 concentration and mass transfer
coefficients. The described method is then used for the determina-
tion of kLaL, kLand aL in a two-phase flow of H2O and CO2 at 10 MPa
and 303 K at various flow rates. For the sake of simplicity, in the
remainder of this paper the CO2-rich phase is referred to ‘‘fluid
phase” and the H2O-rich phase is referred to the ‘‘liquid phase”.
2. Experimental setup

The experimental setup consists in the integration of an in-
house microreactor in an environment that allows the fluids to
be fed at high pressure in order to obtain a stable two-phase seg-
mented flow. The microreactor is composed of fused silica capillar-
ies embedded in epoxy resin to improve pressure resistance; this
method was adapted from Macedo Portela da Silva et al. (2014).
The inner diameter of the main capillary is 250 mm and the capil-
lary is 38.2 cm long. CO2 and H2O are fed co-currently inside the
microreactor. CO2 is injected in the main capillary using a co-
axial capillary tube with a smaller diameter (100 mm OD, 80 mm
ID). The entire setup guarantees constant temperature and pres-
sure, and it allows image acquisition of the flow through an optical
Fig. 1. Schematic diagram of the experimental setup used to determ
window. A schematic diagram of the complete setup is shown in
Fig. 1:

Water and carbon dioxide are fed to the microreactor at con-
stant pressure using two high-pressure syringe pumps. An ISCO
260 D pump (Teledyne ISCO) is used for H2O injection and an ISCO
100 HLX pump is used for CO2 injection. A Coriolis-effect mass
micro-flowmeter (Bronkhorst) is placed between the CO2 injection
pump and the microreactor in order to measure the mass flow rate
of CO2 at the inlet. The connections between the pumps and the
microreactor are made using stainless steel tubes with an internal
diameter of 0.6 mm. The fluids are distributed using pressure-
resistant valves. The stainless-steel tubes are connected to the
bulkheads of the temperature-controlled chamber and the bulk-
heads are connected to the microreactor placed within the cham-
ber. A third pump (ISCO 260 D) is connected to the outlet of the
microreactor in order to collect the two-phase mixture and to
maintain constant pressure within the microreactor. The three syr-
inge pumps can operate with constant volumetric flow rate or con-
stant pressure. In this experimental campaign, the feeding pumps
for H2O and CO2 are operated with a fixed volumetric flow rate,
while the outlet pump is operated at constant pressure. Check
valves are present between the fluid injection pumps and the
microreactor in order to prevent back flow of H2O (or CO2) into
the CO2 pump (or H2O pump) during the generation of a stable
periodic gas-liquid flow. In addition, filters (with an average pore
diameter of 0.5 mm) are inserted at the same places as the valves
in order to prevent the contamination of the microreactor with
possible impurities from the injection pumps.

The precision of the pressure maintained by the outlet pump
(ISCO 260 D) given by the manufacturer is ±0.26 MPa, which corre-
sponds to 0.5% of the full scale (51.7 MPa). The maximum pressure
drop in the system has been calculated for the worst-case scenario,
i.e. when the outer capillary tube of the microreactor and the
stainless-steel tubes are filled with water and when the total flow
rate in the system is at the maximum value used in the experimen-
tal campaign (350 mL min�1). For this case, the maximum possible
pressure drop does not exceed 350 hPa, therefore pressure drop is
considered negligible in this study and no impact of pressure drop
on fluid properties is expected.
ine mass transfer coefficients in high-pressure two-phase flows.



The temperature for the experimental setup is controlled at two
strategic locations. Firstly, the microreactor is placed in a
temperature-controlled chamber, as shown in Fig. 1. This chamber
is connected to a thermostatically controlled bath (Lauda RE
2025G) using heat-insulated plastic tubes. The temperature in
the bath is regulated at ±0.01 K. Heat losses along the insulated
tubes give an uncertainty on the water temperature of ±0.1 K.
The CO2 syringe pump is also temperature controlled. A jacket con-
nected to an external bath (Lauda RE 104) surrounds the pump in
order to maintain the CO2 in a liquid state (282 K).
2.1. Operating conditions

The operating conditions for pressure and temperature are
10 MPa and 303 K, respectively. As previously mentioned, the inlet
ISCO pumps are set to deliver a constant volumetric flow rate.
However, since there is a temperature change – and therefore a
density change of CO2 – between the pumps and the microreactor
inlet, the volumetric flow rates have to be recalculated to take into
account the change in density. Hence, the volumetric flow rates
given in this paper are calculated at 303 K and 10 MPa. The ranges
of flow rates used during the experimental campaign are
_VH2O ¼110–350 mLmin�1 (ReL ¼ qLULD

lL
¼ 11:7� 37:2) and

_VCO2 ¼59–112 mLmin�1 (ReF ¼ qFUFD
lF

¼ 49:5� 94). Further details

on the operating conditions are given in Appendix A.
2.2. Camera setup

The microreactor is illuminated by transmitted light using a
lighting system consisting of four LEDs (CXB3590 3000 K 80 CRI).
The images of the flow inside the microreactor are obtained using
a high-speed camera (Baumer HXC13, 2000 fps, 1280 � 1040 pix-
els2) with a band pass filter (590 nm ± 2 nm), which is placed
directly above the LED system and the microreactor. Images cover-
ing 1.8 mm of capillary length were taken at 600 fps. The microre-
actor has four viewing windows, each comprising four
measurement spots where the capillary (stripped of its protective
coating) is visible. The device is shown schematically in Fig. 2.
The camera-LED assembly is placed on a mobile rail in order to
focus on the different measurement spots whilst maintaining the
same lighting quality for each image.
Fig. 2. Schematic overview of the optical measurement setup. A translating syst
Four high-intensity LEDs (CXB3590 3000 K 80 CRI, 10,000 lm
each) are arranged to provide a strong signal since the pass band
filter greatly reduces light intensity. These four LEDs are positioned
in a concave manner to achieve maximum illumination in the cap-
illary tube. In addition, these LEDs deliver maximum intensity at
the wavelength of the band pass filter (590 nm). Each of the LEDs
are placed on a static fan, which is placed on a dynamic fan in order
to dissipate the heat produced by the LEDs. Two rectangular reflec-
tors are located on either side of the lighting system and parallel to
the capillary. These reflectors allow to better define the contours of
the capillary and the bubbles. A macro-extension tube with a 2x
teleconverter is set to the high-speed camera for macro photogra-
phy. The distance between the camera lens and the capillary is
120 mm. The field of view of the camera is a rectangle of 1.8 mm
length, which corresponds to an image resolution of 6.8 mm per
pixel. The distance between the object inside the capillary and
the lighting system is adjusted to obtain uniform illumination over
the entire viewing field of the camera. The iris opening is adjusted
to f/2.4 (where f is the focal length) in order to decrease the depth
of focus and obtain a clear image in the capillary plane only. The
camera shutter is set at 300 ms, which is short enough to avoid
motion blur due to the speed of the slugs in the flow.
3. High-pressure unit-cell model

In a two-phase segmented flow of water and carbon dioxide, a
unit cell is composed of one CO2 segment considered here as a bub-
ble, one H2O-rich liquid segment, considered here as a slug, and a
liquid film surrounding the bubble and the slug. At low capillary
numbers, the liquid film thickness can be approximated by the cor-
relation proposed by Bretherton (1961)

d
R ¼ 1:34CaB

2=3 where R is the CO2 bubble radius, d is the liquid

film thickness and CaB ¼ UBlF=r. In this work where CaB < 10�3,
the correlation estimates the liquid film thickness to be less than
1.3 % of the capillary tube radius, i.e. less than 2 mm thick. There-
fore, the liquid film can be considered as negligible and the unit-
cell model of the two-phase flow can be depicted as in Fig. 3. In this
model, a unit-cell is composed of one CO2 segment with volume Vb

delimited by the surface Sb, and one H2O-rich liquid segment of
volume VL, which is delimited by its surface SL composed of Scap,
Sin, Sout and Sb.
em makes it possible to acquire images at the different measurement spots.



Fig. 3. Presentation of the unit-cell model, which is composed of one CO2 segment
with volume Vb delimited by the surface Sb , and one H2O-rich liquid segment of
volume VL , which is delimited by its surface SL composed of Scap , Sin , Sout and Sb .
Fig. 4 presents the direction of the molar flux Nb
CO2

at the inter-
face between the bubble and the liquid slug due to convection and
diffusion, as well as the combined molar flux between two consec-

utive unit-cells (Nin
CO2

and Nout
CO2

). The volumetric mass transfer coef-
ficient kLaLðzÞ can then be determined by integrating the partial
mass balance of CO2 over a finite volume of the H2O-rich slug,
The result is presented in Equation (1) and the demonstration is
shown in detail in Appendix B:

kLaL zð Þ ¼ UTP

C�
CO2

T; Pð Þ � hCCO2 iðzÞ
� dhCCO2 i

dz
ð1Þ

In this equation, kLaLðzÞ is a function of the two-phase velocity

UTP ¼ _VH2O þ _VCO2

� �
=S, the average concentration of CO2 in the liq-

uid slug hCCO2 iðzÞ, the first derivative of this concentration
dhCCO2

i
dz

and the equilibrium concentration of CO2 in the liquid slug
C�
CO2

ðT; PÞ, where z is the axis location inside the microreactor
(z ¼ 0 corresponds to the point where CO2 and H2O are contacted).
The volumetric mass transfer coefficient kLaL is hence computed at
different axial positions along the capillary tube and to do this,

hCCO2 i and
dhCCO2

i
dz are determined at each position using the colori-

metric method.
It should be pointed out, however, that Equation (1) may not be

valid in some situations, as follows:

� If the density of the liquid mixture varies along the capillary
tube due to the dissolution of CO2 in the liquid phase, which
modifies the convective term of the total flux.

� If the length of the liquid slug in the segmented flow is signifi-
cantly greater than the length of the gas bubble (at least one
order of magnitude higher).
Fig. 4. (a) Unit-cell and combined molar flux of CO2 transferring through the H2O-rich
surfaces. (c) CO2-rich bubble shrinkage where v i

b is the bubble interface velocity vector
� If the solute from the liquid phase is soluble within the gas
phase (therefore global and local coefficients are different and
KL–kL).

� If the caps of the bubble are not hemispherical.
� If the liquid film thickness is non-negligible.

Is this study, the above-mentioned situations do not occur.
4. Colorimetric method

The colorimentric method used in this work to determine mass
transfer is based on the change in colour of a pH indicator due to
the dissolution of CO2 in water.

4.1. Bromophenol blue

Bromophenol blue (BPB) is a pH sensitive indicator and is
employed here to follow the acidification of water by CO2. The
absorbance of BPB is a function of the pH of the aqueous solution,
as shown in Fig. 5, which presents the visible absorbance spectra of
BPB solutions at different values of pH.

The absorption spectrum of BPB shows an acidic form with a
maximum absorbance at 410 nm and a basic form with a maxi-
mum absorbance at 590 nm. These absorbance maxima are a func-
tion of the pH of the solution. An aqueous solution of BPB that
observed in the capillary tube, therefore exhibits a variation in
absorbance and color, which are depicted by a variation in grey-
scale, if the pH changes. In a two-phase flow of carbon dioxide
and water mixed with BPB, the acidification of water due to the
dissolution and transfer of carbon dioxide is detected by means
of a change in greyscale. This change in greyscale is detectable
since the camera filter only allows light of a wavelength equal to
the maximum absorbance peak of the basic form of BPB to pass
through.

4.2. Calibration curve

The variation in greyscale is correlated with a variation of pH
using a calibration curve, which is determined with BPB buffer
solutions. Ten buffer solutions composed of citric acid, sodium
citrate and BPB are prepared for pH values ranging from 1.88 to
6.23, for a concentration [BPB] = 0.8 mmol�L-1. These solutions
are injected inside the microreactor and the greyscale values are
liquid slug surface. (b) Unit-cell and normal vectors of each H2O-rich liquid slug
.



Fig. 5. Visible absorbance spectra (Agilent Technologies Cary 8454) of pH buffer aqueous solutions (citric acid + sodium tri-citrate) with a bromophenol blue concentration
equals to 0.03 mmol�L�1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
extracted from camera images. A blank image has been removed
from each of the images of the BPB solutions in order to take into
account the differences in color intensity across the radius of the
tube due to the variation of depth of fluid. The calibration curve
is shown in Fig. 6. A logistic regression is used to fit the experimen-
tal points. It can be observed that for pH values higher than 5, the
error on pH increases. However, in this study, the H2O-rich phase is
acidified by CO2 directly at the bubble generation process, and
therefore pH values that are greater than 5 are not encountered.

4.3. Image analysis

1800 images of the two-phase flow are taken for each set of
experimental conditions and at each of the 10 measurement spots
(from the contacting zone up to an axial position z = 19 cm). The
images are processed using a Matlab code that allows bubble and
slug velocities, lengths, surface areas and volumes, as well as the
Fig. 6. Calibration curve linking the pH of the buffer solutions (citric acid + sodium
tri-citrate) with the greyscale of the images of these solutions placed inside the
microreactor. [BPB] = 0.8 mmol�L�1, shutter opening time = 300 ms.
greyscale value in the liquid slugs to be obtained. Fig. 7 presents
an example of the evolution of the greyscale value of the water-
rich phase at the center of the capillary as a function of the position
along the z-axis of the capillary tube. A total of 1.8 billion of grey-
scale values are analysed for each experiment and a simple
exponential-type model is fitted for each data set that provides a
relationship between greyscale and the axial position along the
capillary tube, z. Fig. 8 presents various greyscale profiles obtained
with this method.
4.4. Determination of pH

The greyscale values along the microreactor are converted to pH
values using the calibration curve presented previously. Example
results are presented in Fig. 9. It can be observed that the pH
decreases exponentially along the channel as CO2 is transferred
from the bubble to the water-rich liquid slug. The pH tends to a
constant value when thermodynamic equilibrium is reached. In

addition, as the volumetric flow rate ratio _VCO2
_=VH2O

increases,
thermodynamique equilibrium is reached closer to the gas-liquid
generation zone. Uncertainty calculations are presented in Appen-
dix C.
4.5. Determination of CCO2

When carbon dioxide is dissolved in an aqueous solution, it is
present under different forms: CO2;carbonic acid H2CO3, bicarbon-
ate ions HCO�

3 and carbonate ions CO2�
3 . Hence, different chemical

equilibria occur simultaneously. A speciation model can enable
the concentration of CO2 dissolved in water to be determined from
the concentration of H+, which is obtained from pH values. How-
ever, the speciation model commonly employed in the litterature
(see Toews et al., 1995 for example) overestimates the concentra-
tion of CO2 dissolved at high-pressure. Since the model is not well
adapted for high-pressure studies, the experimental data obtained
at temperatures between 308 K and 423 K for pressures up to
15 MPa in the work of Peng et al. (2013) are used in this work to
correlate the measured pH values with the CO2 concentration in
the H2O-rich phase.



Fig. 7. Greyscale at the center of the capillary inside the liquid slugs along the entire microreactor. The operating conditions are P = 10 MPa, T = 303 K, _VCO2 = 58.9 mL�min�1,
_VH2O= 150 mL�min�1. The color scale represents the number of greyscale values out of all 1800 values obtained at the specific axial position. The dashed line corresponds to an
exponential type model for the greyscale value along the microreactor that is weighted by the number of points (color level).

Fig. 8. Greyscale profiles (0–255) obtained in the H2O-rich slugs versus the z-axis
position at 10 MPa and 303 K where _VCO2 = 58.9 mL�min�1 at various _VH2O flowrates.

Fig. 9. pH profiles obtained in the H2O-rich slugs versus the dimensionless position
along the axis at 10 MPa and 303 K where _VCO2 = 58.9 mL�min�1 at various _VH2O

flowrates.
4.6. Determination of kLaL

The CO2 concentrations obtained in this work correspond to dis-
crete values due to the use of experimental data from Peng et al.
(2013). In order to obtain concentration curves, which are required
to calculate the first derivative of the concentration for the deter-
mination of the volumetric mass transfer coefficient, the CO2 con-
centration values along the microchannel are filtered with a fast
Fourier transform (FFT) algorithm as presented in our previous
work (Deleau et al., 2020). The normalized concentration profiles
obtained with the FFT algorithm are then used to compute the first

derivative of CO2 concentrations,
dCCO2
dz . Using the values of CCO2 and

dCCO2
dz at various z axis-locations, the volumetric mass transfer coef-

ficient kLaL is then finally determined using Equation (1).
5. Results and discussion

This section presents the CO2concentration profiles and the vol-
umetric mass transfer coefficient kLaL along the capillary tube
obtained with the colorimetric method. The impact of CO2 and
H2O flow rates on the transport process at 10 MPa and 303 K is
explored. Prior to this, the characteristics of CO2-H2O two-phase
segmented flow (i.e. bubble and liquid slug lengths, specific liquid
surface area and bubble velocity) are analysed since these are nec-
essary for understanding the transport phenomena.

5.1. Characteristics of CO2-H2O two-phase segmented flow

Figs. 10–12 present photos of the generation of CO2 bubbles in
H2O with BPB indicator at 10 MPa and 303 K. As the CO2 bubbles
move along the capillary tube from left to right, CO2 dissolves into
the water-rich slug and the BPB indicator changes colour due to the
decrease in pH. This is depicted by the change in greyscale, from
black to light grey in the direction of the flow.

The characteristics of the segmented flows in Figs. 10–12 are
analysed to determine the bubble velocity (UB), the bubble length
(LB) and the liquid slug length (LS) as a function of volumetric flow



Fig. 10. Generation of a two-phase segmented flow of CO2 and BPB=H2O for 10 MPa and 303 K where _VCO2 = 58.9 mL�min�1: (a) _VH2O = 150 mL�min�1, (b) _VH2O = 200 mL�min�1

and (c) _VH2O = 300 mL�min�1 .

Fig. 11. Generation of a two-phase segmented flow of CO2 and BPB=H2O for 10 MPa and 303 K where _VH2O = 350 mL�min�1: (a) _VCO2 = 76.6 mL�min�1, (b) _VCO2 = 94.2 mL�min�1

and (c) _VCO2 = 111.9 mL�min�1 .

Fig. 12. Generation of a two-phase segmented flow of CO2 and BPB=H2O for 10 MPa and 303 K where _VCO2 = 82.5 mL�min�1: (a) _VH2O = 110 mL�min�1, (b) _VH2O = 150 mL�min�1,
(c) _VH2O = 200 mL�min�1 and (d) _VH2O = 300 mL�min�1.
rate ratio _VCO2
_=VH2O

. In addition, the specific surface area, aL,
defined by the bubble surface area divided by the volume of liquid
slug of the same unit-cell, is calculated. The image analysis method
presented previously allows around 18,000 values of each of the
parameters (speed, lengths and specific area) to be obtained for
each measurement spot.
Fig. 13 presents the bubble velocity, UB, as a function of the two-
phase flow velocity UTP . The bubble velocity increases linearly with
the velocity of the two-phase flow and is slightly greater than the
velocity of the two-phase flow. Indeed, following a simple mass
balance across a unit cell it can be shown that UB = UTP , when there
is no liquid film. Here, UB ¼ 1:1UTP , which confirms that a very



Fig. 16. Specific surface area aL at z = 2.95 cm at 10 MPa and 303 K versus
_VCO2 =ð _VCO2 þ _VH2O). Note that _VCO2 =ð _VCO2 þ _VH2O) increases with _VCO2 =

_VH2O.
Fig. 13. Bubble velocity UB as a function of the two-phase velocity
UTP ¼ ð _VH2O þ _VCO2 Þ=S for all experiments at 10 MPa and 303 K.
thin liquid film is present around the bubbles, as predicted by
Bretherton’s correlation, and that the liquid film can be considered
as negligible in this work. The limit UB = 2UTP corresponds to ‘‘free”
bubbles flowing at the center of the capillary with a Poiseuille
velocity profile.

Figs. 14–16 show the influence of the volumetric flow rates
_VCO2 ;

_VH2O on the bubble length LB, the slug length LS and the speci-
Fig. 15. Normalized slug length LS at z = 2.95 cm at 10 MPa and 303 K versus the
volumetric flow rate ratio _VH2O=

_VCO2 .

Fig. 14. Normalized bubble length LB at z = 2.95 cm at 10 MPa and 303 K versus of
the volumetric flow rate ratio _VCO2 =

_VH2O.
fic surface area aL measured z = 2.95 cm. Firstly, it is observed that

when the volumetric flow rate ratio _VCO2
_=VH2O

increases, the bub-
ble length LB and the specific surface aL increase, whilst the liquid
slug length LS decreases. It can be seen in Fig. 14 that the bubble
length LB is linearly dependent on the volumetric flow rate ratio
_VCO2

_=VH2O
; this is in agreement with the well-known Garstecki

model for bubble and drop generation in T-junctions (Garstecki
et al., 2006; van Steijn et al., 2007). Fig. 15 shows that the liquid
slug length LS, increases linearly with _VH2O=

_VCO2 , which corre-
sponds to the slug formation described by (Völkel, 2009). Fig. 16
shows that the specific surface area aL increases linearly with

_VCO2=ð _VCO2 þ _VH2OÞ. This is due to the fact that LS
D � 1þ d

_VH2O
_VCO2

with

d a constant and aL � D2

DLS
¼ D

LS
).
5.2. CO2 concentration profiles

Fig. 17 (a, b, c) shows the impact of the gas-to-liquid flow rate
ratio on the the normalized concentration profiles for different
constant gas or liquid flow rates along the capillary tube. It is
observed in Fig. 17 (a, b) that when the volumetric flow rate ratio
_VCO2=

_VH2O
increases with a constant CO2 flow rate, thermodynamic

equilibrium is reached closer to the bubble generation zone (z/
D = 0), i.e. in a shorter distance along the tube. This can be
explained by the physical characteristics of the two-phase flow.
Indeed, as shown in Fig. 14 and Fig. 16, when the ratio _VCO2=

_VH2O

increases, both the bubble length LB and the specific surface area
aL increase, thereby increasing area for mass transfer. In addition,
the liquid slug length LS decreases when _VCO2=

_VH2O increases and
therefore, the amount of water to be saturated (i.e. the liquid slug
volume) is smaller. As a result, the mass transfer rate increases and
the liquid slugs are saturated more quickly, and hence thermody-
namic equilibrium is reached in a shorter length (and time). The
same effect is observed in Fig. 17 (c) where the volumetric flow
rate of water is constant, however, since the two-phase velocity
UTP varies very little ( _VH2O � _VCO2 Þ in these experiments, the resi-
dence time as well as the location where the thermodynamic equi-
librium is reached hardly change.
5.3. Volumetric mass transfer coefficient profiles

Fig. 18 (a, b, c) show the evolution of the volumetric liquid mass
transfer coefficient kLaL, determined with Equation (1), along the



Fig. 17. (a) Normalized fitted concentration profiles of CO2 in the H2O-rich phase versus the normalized position along the length of the capillary tube at 10 MPa and 303 K at
_VCO2 = 58.9 mL�min�1. (b) _VCO2 = 82.5 mL�min�1. (c) _VH2O = 350 mL�min�1.
capillary tube for different volumetric flow rate ratios. Firstly, it
can be seen that kLaL is not constant along the microreactor;
depending on the operating conditions, the volumetric mass trans-
fer coefficient is 5–15 times higher close to the bubble generation
zone compared with at the end of the tube. This is similar to what
was found by (Deleau et al., 2020; Tan et al., 2012; Abolhasani
et al., 2015) for various gas-liquid systems at both high and ambi-
ent pressure. Using the measured values of aL obtained via image
analysis, it is possible to deduce the value of kL at different posi-
tions along the capillary tube to better understand why kLaL is
higher in the bubble generation zone. Table 1 presents values of
kLaL, kL and aL at two positions (z/D = 6 and z/D = 100) along the
tube. It can be observed that the kLaL values decrease between z/
D = 6 and z/D = 100. Indeed, from this data, it can be seen that both
aL and kL decrease between these two axial locations. However, on
average, aL is about 40% higher close to the bubble generation zone
compared with at the end of the capillary, whilst kL is 125% greater.
This significantly higher value of kL close to the bubble generation
zone may be explained by the transient nature of the bubble for-
mation process and the associated changes in local velocity gradi-
ents, compared with the more stable, pseudo-stationary flow
occurring further along the capillary tube (z/D = 100). This may also
be explained by the increased effectiveness of the liquid film in the
bubble generation zone for mass transfer compared with that in
developed Taylor flow further along the capillary tube. Indeed, dur-
ing the bubble formation process, the velocity gradients in the liq-
uid film surrounding the bubble are continually changing (Van
Steijn et al., 2007), which may result in the enhancement of the liq-
uid phase mass transfer coefficient kL. The combination of both
higher aL and kL close to the bubble generation zone explains
why 20–40% of the total mass transfer process occurs in this zone
under the operating conditions investigated in this paper. This
observation agrees with the study by Tan et al. (2012) where the
duration of the bubble generation process is of the same order of
magnitude. Indeed, if the bubble generation process is faster, the
enhancement of mass transfer at the contacting zone can be
reduced to 2–10% compared with at the end of the channel
(Abolhasani et al., 2015). Mass transfer in the bubble generation
zone also highly depends on the duration of the generation process
and the inlet geometry. Indeed, mass transfer during the bubble
generation process can also be lower or almost equal to the mass
transfer occurring in developed Taylor flow further in the



Fig. 18. Volumetric liquid mass transfer coefficient profiles versus the normalized z-axis location at 10 MPa and 303 K at (a) _VCO2 = 58.9 mL�min�1. (b) _VCO2 = 82.5 mL�min�1. (c)
_VH2O = 350 mL�min�1.

Table 1
Decoupling of the specific surface aL and the local mass transfer coefficient kL effects on the volumetric mass transfer coefficient kLaL .

kLaL (s�1) aL (mm�1) kL (mm � s�1)

_VCO2
_VH2O

z/D = 6 z/D = 100 z/D = 6 z/D = 100 z/D = 6 z/D = 100

_VCO2 ¼ 58:9 lL �min�1

0.39 5.12 1.25 4.80 3.90 1.07 0.32
0.24 4.95 1.51 2.80 1.92 1.77 0.79
0.2 3.93 1.58 2.25 1.49 1.75 1.06

_VH2O ¼ 350 lL �min�1

0.32 5.67 1.95 5.50 4.26 1.03 0.46
0.27 5.37 1.88 4.70 3.41 1.14 0.55
0.22 4.82 1.77 3.67 2.55 1.31 0.69
microchannel depending on these parameters (Liu et al., 2021;
Zhao et al., 2021)

The impact of the volumetric flow rate ratio on mass transfer is
also observed from Fig. 18. The graphs show that for constant _VCO2

or _VH2O, an increase in _VCO2=
_VH2O leads to an increase in kLaL. This is

in agreement with the results obtained by Deleau et al. (2020). As
shown in Fig. 16, an increase in _VCO2=

_VH2O results in an increase in
aL (so there is more interfacial area available for mass transfer). It
can be seen in Table 1 that an increase in _VCO2=

_VH2Oresults in a

decrease in kL: Therefore, the increase in kLaL with _VCO2=
_VH2O(for

constant _VCO2 or _VH2O) is driven by the increase in specific surface
aL.

The values of the volumetric mass transfer coefficients mea-
sured here for a CO2-H2O system are between 1 s�1 and 13 s�1. This



order of magnitude is similar to that obtained for the same system
using the Raman spectroscopy method (0.2 s�1 to 4 s�1) described
by Deleau et al. (2020). This difference between the results is, at
least in part, due to the slightly larger capillary diameter
(300 mm) employed in Deleau et al. (2020) compared with
250 mm capillary tube diameter used in this study. Indeed, the
mass transfer characteristic time, which is proportional to the
square of the diameter, is 1.4 times higher with a diameter of
250 mm compared with that obtained in a capillary tub with a
diameter of 300 mm.
6. Conclusion

In this study, a method was developed to determine the liquid
volumetric mass transfer coefficient in a two-phase segmented
flow at high pressure in a microcapillary tube. This method is
based on the use of a colorimetric indicator and involves high-
speed image acquisition, image processing, statistical analyses,
pH calibration, FFT, a thermodynamical model for two-phase mix-
tures and the revised unit-cell model. Since the method is mainly
based on flow visualization, it also allows the physical characteris-
tics of the two-phase flow (i.e. bubble, slug and unit-cell lengths,
bubble velocity and specific surface area) to be determined along
the microchannel length simultaneously with mass transfer data,
unlike the Raman spectroscopy method presented in Deleau et al.
(2020). This colorimetric method can be applied to any aqueous
system that can be acidified with carbon dioxide and therefore
offers a means to investigate the underground geological carbon
capture processes, whereby salt water is acidified by carbon diox-
ide at high-pressure conditions. The methodology developed in
this study can also be easily adapted for for any other gas–liquid
systems where mass transfer is observable with a color change.

The colorimetric method developed in this study has been
applied to the flow and mass transfer in a H2O-CO2 system at
10 MPa and 303 K. The values obtained for the volumetric mass
transfer coefficient were in the range 1 s�1 to 13 s�1, which are
in agreement with the study by Deleau et al. (2020) for similar con-
ditions. It was observed that the volumetric mass transfer coeffi-
cient kLaL decreases along the capillary tube and for the
operating conditions studied here, it was found that kLaL is 2.5 to
4 times higher in the bubble generation zone, compared with at
the end of the tube. It has been shown that the higher value of
kLaL in the bubble generation zone is due to an increase in the
specific surface area aL available for mass transfer, but more specif-
ically an increase in kL. This increase in kL is explained by the
changing velocity gradients due to the transient nature of the bub-
Table A1
Operating conditions employed during the experimental campaign at 10 MPa and 303 K.

_VH2O
_VCO2

UL UF ReL ReF

_VH2O

S

_VH2O

S

qLULD
lL

qF U
lF

mL�min�1 mL�min�1 cm�s�1 cm�s�1 – –

150 58.9 5.1 1.7 15.9 49.
200 58.9 6.8 1.7 21.3 49.
250 58.9 8.5 1.7 26.6 49.
300 58.9 10.2 1.7 31.9 49.
350 76.6 11.9 2.2 37.2 64.
350 94.2 11.9 2.7 37.2 79.
350 111.9 11.9 3.2 37.2 94.
110 82.5 3.7 2.4 11.7 69.
150 82.5 5.1 2.4 15.9 69.
200 82.5 6.8 2.4 21.3 69.
300 82.5 10.2 2.4 31.9 69.
ble generation process. It was also found that kLaL increases with
increasing gas-to-liquid volumetric flow rate ratio and this
increase was shown to be solely due to an increase in aL.

In comparison with the Raman spectroscopy method presented
in our previous work (Deleau et al., 2020), the equipment and
materials used in the method presented here are less expensive
and more accessible. On the other hand, the calibration of pH with
greyscale, the image analysis and the fine-tuning of optimal
parameters (e.g. shutter opening, lighting power, BPB concentra-
tion, capillary diameter and operating conditions) is more time
consuming compared with the Raman spectra processing method.
The current colorimetric method also has the advantage of provid-
ing data on both mass transfer and the physical characteristics of
the two-phase flow simultaneously, thereby enabling the impact
of operating conditions on both kL and aL to be analysed separately.
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Appendix A. Operating conditions

Table A1
104CaL 105CaF UTP UB
_VCO2
_VH2O

FD ULlL
r

UFlF
r

UL þ UF

– – cm�s�1 cm�s�1 –

5 14 3.8 6.8 7 0.33
5 18 3.8 8.5 9 0.25
5 23 3.8 10.2 11 0.20
5 27 3.8 11.9 12 0.17
3 32 4.9 14.1 15 0.19
2 32 6.0 14.6 16 0.23
0 32 7.1 15.1 17 0.27
3 10 5.3 6.1 7 0.64
3 14 5.3 7.5 8 0.47
3 18 5.3 9.2 10 0.35
3 27 5.3 12.6 14 0.23



Appendix B. Derivation of the expression for mass transfer
using the unit-cell model

Considering a finite volume of the H2O-rich slug, the partial
molar balance of CO2 can be written as Equation (B.1) where CCO2

is the concentration of CO2 in the liquid volume and NCO2 the com-
bined molar flux (convective and diffusive) of CO2 passing through
the surface of this volume.

@CCO2

@t
¼ �r � NCO2 ðB:1Þ

Equation (B.1) is integrated over the entire volume of the H2O-
rich slug, VL:ZZZ

VL

@CCO2

@t
dV ¼ �

ZZZ
VL

r � NCO2dV ðB:2Þ

Using the Green-Ostrogradski theorem, the right term is written
as a flux passing through the boundary of volume VL, i.e. the sur-
face SL, which is decomposed into Sb; Sin; Sout and Scap

�
ZZZ

VL

r � NCO2dV ¼ �
ZZ

SL

NCO2 � ndS

¼ �
ZZ

Sb

Nb
CO2

� nbdS�
ZZ

Sin

Nin
CO2

� nindS

�
ZZ

Sout

Nout
CO2

� noutdS�
ZZ

Scap

Ncap
CO2

� ncapdS ðB:3Þ

The integral on Scap is zero since there is no transfer through the
capillary tube wall. The integrals on Sin and Sout are determined by
considering a random cross-sectional surface S in the liquid slug
that is moving with the mean flow velocity (Lagrangian approach),
and the total flux through this surface is written by Equation (B.4):ZZ

S
NCO2 � ndS ðB:4Þ

This total flux is non-zero even in a Lagrangian approach since
the concentration of CO2 in the liquid phase at the end of the capil-
lary is higher than the concentration at the inlet. Considering the
surfaces before and after this surface S, spaced by one unit-cell (like
Sin and Sout), it is reasonable to say that if the surfaces are far enough
from the bubble generation zone, the total flux through these sur-
faces are almost equal. Applying this argument to the surfaces Sin
and Sout of the unit-cell, the integral on Sin and Sout are removed from
Equation (B.3) since they are negligible compared with the integral
on Scap. The validity of this hypothesis can be altered if the length of
the liquid slug is significantly greater than the length of the gas
bubble (which is at least one order of magnitude higher) or if the
variation of the liquid mixture density along the capillary due to
CO2 dissolution in the liquid phase is too high since it modifies
the convective term of the total flux. For the CO2-H2O system, this
hypothesis is valid and it gives Equation (B.5):

�
ZZ

SL

NCO2 � ndS ¼ �
ZZ

Sb

Nb
CO2

� nbdS ðB:5Þ

The total flux can be written using the global liquid mass trans-
fer coefficient KL. Furthermore, since H2O is almost insoluble in the
CO2-rich phase, the global liquidmass transfer coefficient is equal to
the liquid local mass transfer coefficient kL. It gives Equation (B.6)
where Sb is the bubble surface,C�

CO2
the concentration of CO2 in

the H2O-rich slug when the thermodynamic equilibrium is reached
and hCCO2 i the mean concentration in the liquid slug volume VL:

�
ZZ

Sb

Nb
CO2

� nbdS ¼ �
ZZ

Sb

Nb
CO2

�nbð Þ � nbdS

¼ kLðC�
CO2

� hCCO2 iÞSb ðB:6Þ
The left term of Equation (B.2) is decomposed using the Leibnitz
theorem where vs is the velocity vector of the moving surface SL:ZZZ

VL

@CCO2

@t
dV ¼ d

dt

ZZZ
VL

CCO2dV �
ZZ

SL

CCO2vs � ndS ðB:7Þ

The first term of Equation (B.7) is decomposed in Equation
(B.8):

d
dt

ZZZ
VL

CCO2dV ¼ hCCO2 i
dVL

dt
þ VL

dhCCO2 i
dt

ðB:8Þ

The second term of Equation (B.7) is separated with the four
contributions of SL in Equation (B.9):

�
ZZ

SL

CCO2vs � ndS ¼ �
ZZ

Sin

CCO2v in � nindS�
ZZ

Sb

CCO2vb � nbdS

�
ZZ

Sout

CCO2vout � noutdS�
ZZ

Scap

CCO2vcap � ncapdS ðB:9Þ

The term on Scap is zero since the velocity of the surface vcap is
zero. The terms on Sin and Sout are calculated by assuming that the
mean concentrations on both surfaces are equal to the mean con-
centration in the entire liquid slug VL (this assumption is not valid
for long liquid slugs or near the bubble generation zone). The term
VUC corresponds to the entire unit-cell volume VL +VB:

�
ZZ

Sin

CCO2v in � nindS�
ZZ

Sout

CCO2vout � noutdS

¼ �hCCO2 i
dVUC

dt
ðB:10Þ

The term Sb is calculated by assuming that the concentration at
the bubble interface is uniform over the entire bubble surface and
equal to the concentration at equilibrium C�

CO2
. Moreover, it is

assumed that the velocity vector vb is collinear to the bubble nor-
mal vector nb. The validity of these assumptions can be altered
when the bubble has a non spherical shape (Silva, 2014) or when
the surface tension is not constant over the entire surface (i.e. Mar-
angoni effect).

�
ZZ

Sb

CCO2vb � nbdS ¼ C�
CO2

dVb

dt
ðB:11Þ

Equations (B.6), (B.8), (B.10) and (B.11) are substituted into
Equation (B.2) and to give Equation (B.12) :

VL
dhCCO2 i

dt
þ ðC�

CO2
� hCCO2 iÞ

dVb

dt
¼ kLðC�

CO2
� hCCO2 iÞSb ðB:12Þ

The term ðC�
CO2

� hCCO2 iÞ dVb
dt is only neglected when the variation

of the bubble size is not significant (which is the case in the
CO2-H2O system). Equation (B.13) is then obtained with aL ¼ Sb

VL

the specific surface:

dhCCO2 i
dt

¼ kLaLðC�
CO2

� hCCO2 iÞ ðB:13Þ

The Lagrangian approach enables the time derivative to be con-
verted into a spatial derivative by assuming that the unit-cell
model is moving at the mean velocity UTP:

dhCCO2 i
dz

¼ kLaL
UTP

ðC�
CO2

� hCCO2 iÞ ðB:14Þ

Finally, kLaL is extracted and it gives Equation (1).

Appendix C. Uncertainty calculations

The uncertainty calculation on the CO2 concentrations in the
colorimetric method is performed with the following steps. For



fixed operating conditions, all the greyscale values of all the mea-
surement spots are standardized ((value-average)/standard devia-
tion) and a normal distribution test is performed. The result is
presented in Fig. C.1. It can be seen that the greyscale standardized
distribution is not scattered and follows a normal law.

A Monte Carlo statistical method is applied at a fixed position
along the axis of the capillary tube and a random draw of 1000 val-
ues are taken from the distribution of the greyscales. For each grey-
scale value obtained, a random draw in the corresponding possible
pH values from the calibration curve is performed. This method
allows to take into account the uncertainty in the calibration curve.
An example is given In Fig. C.2, which presents the pH distribution
obtained at z = 33.7 mm for the experiment at 10 MPa, 303 K
where _VCO2 = 58.9 mLmin�1, _VH2O = 150 mLmin�1.

The standard deviation of the pH distribution in Fig. C.2 is equal
to 0.036. The same analysis has been performed for 100 values of
axial positions that are linearly spaced between z = 0 and
Fig. C1. Standardized class distribution of greyscale values of all the measurement
spots at 10 MPa, 303 K, _VCO2 = 58.9 mL�min�1 and _VH2O = 150 mL�min�1.

Fig. C2. pH class distribution at z = 33.7 cm, 10 MPa, 303 K, _VCO2 = 58.9 mL�min�1 and
_VH2O = 150 mL�min�1.
z = 18.9 cm. The maximum standard deviation obtained was
0.15; this value was in the bubble generation zone. This method
provides uncertainty on the pH values obtained. However, since
the CO2 concentrations are interpolated with experimental values
from Peng et al. (2013), it is not possible to give an uncertainty
on the CO2 concentrations in the H2O-rich phase. Nevertheless,
average errors on the CO2 concentration filtered curves obtained
with the Fast Fourier Transform of discrete values were calculated
and the average error (square root of the sum of the square resid-
uals between the experimental and filtered curves) did not exeed
5%.
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