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Abstract. The success of geological storage of carbon dioxide (CO2) in depleted oil and gas reservoirs relies
among other aspects on the efficiency of CO2 injection, especially in the near-wellbore area where flow rates
are high. CO2 hydrates pressure/temperature equilibrium conditions may be reached in this zone due to cooling
associated with the Joule–Thomson effect; such CO2 hydrate formation may lead to strong injectivity loss and
impair drastically the onsite well operations. In this study, cyclopentane hydrates (CPH) were employed as CO2

hydrate proxy (i.e. formation at atmospheric pressure) to mimic CO2 hydrate formation at higher pressure. In
this study, the nucleation and growth processes were determined using a droplet-based in-house-microfluidic
device. The generation of water droplets in cyclopentane liquid using the co-flow method was achieved. Trains
of identical water droplets were stored in a serpentine channel. Each isolated droplet in this channel serves as a
separate reactor. The temperature was controlled using a Peltier module to initiate hydrate nucleation at low
temperatures. The isolated droplets provided the opportunity to statistically analyze the kinetic behaviors by
varying key parameters, such as thermal history and water salinity. Detection of the onset of crystallization in
water droplets over time and temperature allowed us to plot conversion curves based on imposed parameters.
The effect of thermal history and dissociation temperature was first compared using pure water. This study
marks the initial investigation into how NaCl influences CPH formation in microfluidic devices, focusing on iso-
lated water droplets within serpentine tubes. The progression of ice nucleation, ice melting, the onset of CPH
crystallization, CPH growth, and CPH dissociation are illustrated in water droplets exposed to changing tem-
peratures. The addition of NaCl in the water during the procedure exhibited a noteworthy impact on CPH for-
mations. With the same temperature profile, salt concentration delays nucleation (thermodynamic effect) and
slows down growth. Our findings suggest that higher subcooling accelerates nucleation and growth rates. Initial
lateral growth rates ranged from 4.22 lm/s to 2.14 lm/s, with a subcooling of 4.2 �C observed between 2 and
7 min for a pure water droplet.

Keywords: Cyclopentane hydrates, Nucleation, Crystallization kinetics, Microfluidic device, Salinity effect,
CO2 storage, Depleted reservoir.

1 Introduction

The success of the Paris Agreement could signify a crucial
turning point for carbon capture and storage (CCS) [1].
CCS is a technology that aims to capture carbon dioxide
(CO2) emissions from power plants, industrial processes,
and other sources and store them in underground reservoirs.
The injection of CO2 into a reservoir involves high CO2
injection rates in the near well bore area of depleted oil or
gas fields, or deep saline aquifers [2–4]. CO2 is injected

under pressure and is typically stored in a liquid or super-
critical state in saline aquifers [3]. In depleted reservoirs,
the pressure is low and the temperature is cold, these initial
conditions coupled with the thermodynamic aspects of flow
in the well and perforations (Joule–Thomson effect) bring
potentially the system in the CO2 hydrates zone stability
[5, 6]. The formation of CO2 hydrates at the beginning of
CO2 injection can lead to partial to complete clogging of
porous rock formations where the pressure and temperature
conditions are favorable for their formation [7, 8]. CO2
hydrates will thus reduce the injectivity and to some extent
the storage capacity of the reservoir which can pose a big
challenge for carbon storage.* Corresponding author: anne.sinquin@ifpen.fr
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CO2 hydrates are clathrate hydrates which are non-
stoichiometric crystalline compounds. They consist of hydro-
gen-bonded water (host) molecules forming a crystalline
lattice, which is stabilized by the presence of a hydrate-for-
mer (guest) in some of its cavities [7]. Guest molecules gas
hydrates can include small gas molecules such as CO2,
H2, CH4, and N2, as well as larger molecules like cyclopen-
tane (CP) and tetrahydrofuran (THF) [8]. Hydrates form
typically under low temperatures (negative to a few degrees
above 0 �C) and high pressures (some bar to several hundred
bar). In CCS as well as in various industrial applications
such as gas storage and water desalination technologies,
hydrates can potentially be formed in porous rocks that
are partially to fully saturated with water.

Molecules such as THF and CP form hydrates under
atmospheric pressure. They form SII hydrate structures at
temperatures below 3.85 and 7.2 �C, respectively [9–11].
A difference between these two compounds is that THF is
completely soluble in water, while CP has low solubility
in water (0.156 g/L at 25 �C) [12]. Research on cyclopen-
tane hydrate (CPH) has focused on understanding their for-
mation and properties, as well as their potential
applications in various industries such as gas storage and
water desalination. Many studies have been conducted on
the formation, dissociation, and phase equilibrium of
CPH. Most of them have been done in large reactors
[12–15]. These studies have provided information on the
effects of temperature, pressure, and water salinity on
CPH formation and dissociation.

Despite their potential to provide direct visual observa-
tions at the scale of pores in host rocks (below hundred
microns), the study of CPH by microfluidic is relatively
new. A few studies on CPH using microfluidics have
recently been reported. These studies have been conducted
using industrial microfluidic devices [16], or in-house-milli-
fluidic devices [11]. Microfluidic is a technology that deals
with the manipulation of small fluid volumes within a con-
fined space, usually on the microliter or nanoliter scale. This
technology is used for many experiments such as droplet
generation (T-junction, flow focusing, co-flow), mixing, or
separation [17]. Microfluidic allows precise control of fluid
flow rate, temperature, and pressure, which are important
parameters to study the formation of clathrate hydrates
[17, 18]. Atig et al. [19] introduced a method for studying
crystal nucleation under controlled pressure, and melting
processes by observing a single drop. The experiments were
conducted using CP, a hydrate-former, as the carrier oil,
and dissolved CO2, also a hydrate-former and a “help gas”
for CPH formation. In another work, Touil et al. [20] devel-
oped an experimental method to study the crystallization
and growth of gas hydrates in thin glass capillaries. This
work was conducted under a range of supercooling condi-
tions for CO2 in liquid and gaseous form. This setup allows
for detailed microscopic observations of the impact of super-
cooling and substrate wettability on hydrate growth and
their interaction with the substrate. Therefore, it is essen-
tial to directly explore the formation mechanisms of CPH.
Li et al. [16] observed the dissociation behavior of CPH in
a commercial microfluidic device, and the effects of salt
and surfactant on hydrate dissociation were considered.

Injection and storage of CO2 in deep saline aquifers or
depleted reservoirs require an understanding of the effect
of salts (composition and amount) on hydrate formation.
Many experimental studies have been reported in bulk
(typically a few hundreds of mL). Cai et al. [21] followed
the kinetics of the formation of CP-methane hydrates in a
450 mL stainless steel reactor by measuring the evolution
of temperature and pressure phase equilibrium conditions
at three salinity levels (0, 3.5%, and 7.0% (w/w) in NaCl)
and within the pressure range of 1–3 MPa. Martinez de
Baños et al. [11] visualized the kinetics of CPH crystalliza-
tion in an in-house millifluidic device, and examined sub-
cooling required for different dissociation temperatures of
primary CPH and then they plotted conversion curves
(secondary CPH formation) as a function of subcooling to
study the effect of water salinity with a concentration of
5 g/L [0.1 M NaCl].

The onset of hydrate formation is a stochastic phe-
nomenon and nucleation elementary process is very difficult
to catch and study. The stochastic character of this process
requires a statistical approach with many data. As a conse-
quence, there’s a strong interest to using microfluidic
devices and performing simultaneous tests on multiple sam-
ples (each droplet is considered an isolated system) on a
micro or nano-liter scale. In this experimental study, CPH
was studied to provide a statistical view of the CPH nucle-
ation at the pore scale. Data on the hydrate growth rate will
also be given at this scale. An in-house droplet-based
microfluidic device was designed and built to study the
nucleation and growth processes of hydrates. This setup
allowed for the simultaneous observation of CPH formation
in approximately 60 droplets under constant temperature
conditions. This large number of droplets (where each iso-
lated droplet in this channel serves as a separate reactor)
provided the opportunity for minimizing repetitive experi-
mental durations and also statistical analysis of kinetic
behaviors by varying parameters such as thermal history
and salinity. The conversion curves were plotted based on
the onset of crystallization in water droplets over time
and subcooling. The impact of thermal history was first
compared using pure water. The effect of water salinity
(NaCl brine) on the onset of CPH formation was then
investigated by testing four different salt concentrations:
5 g/L, 17.5 g/L, 23.4 g/L and 32 g/L.

2 Experimental method

2.1 Development of the experimental setup

Figure 1 illustrates a schematic of the developed experimen-
tal setup. Two syringe pumps (a) were employed to inject
water and CP simultaneously, producing identical droplets
stored in a serpentine tube with a specified distance apart
(b–d). The temperature of the storage section was regulated
using a power source and thermostatic bath to control the
cold side of the Peltier module (e–g). The formation of CPH
was observed by a microscope and recorded by a high-speed
camera (h, i). Videos and images were saved on a computer
(j). The details of the setup are described below.
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To develop the experimental setup, several key steps
were considered:

1. A microfluidic droplet generator was required to pro-
duce reproducible small water droplets, ranging in
diameter from 700 lm to 900 lm (Fig. 2b). The dro-
plet size must be maintained the same for all droplets
in the channels and should be adjustable for each test.

2. A capillary tube was required to generate water droplets
within an oil flow (water-in-oil) or on a hydrophobic sur-
face. The fluid behavior is significantly impacted by the
hydrophilic or hydrophobic nature of the inner surface of
the microchannel. If the surface is hydrophilic, the pro-
duction of reproducible small water droplets in CP will
not be possible [19, 22].

3. The generated droplets must be directed towards the
droplet storage section, which should feature a

compact design to allow optimal placement under a
microscope and accommodate a maximum number
of serpentine tubes. This will ensure efficient utiliza-
tion of limited space, with a capacity ranging from
150 to 200 water droplets stored in a space of 40 �
40 mm (Fig. 2c).

4. The type of droplet storage tube should be chosen
based on specific system requirements, such as trans-
parency for imaging under a microscope, compatibil-
ity between the injected phases (CP and water), and
ability to form a spiral or a serpentine configuration
within the droplet storage section.

5. The microfluidic system should be designed to inte-
grate into other devices, such as syringe pumps for
injecting two-phase liquids and a temperature control
system capable of rapidly, efficiently, and adjustably
cooling the droplet storage section (Fig. 2a).

Figure 1. Experimental setup: (a) syringe pumps, (b) microfluidic design-droplets generation, (c) microfluidic design-droplets
storage, (d) Overview of the serpentine tubes containing the immobile water/CP, (e) power supply, (f) Peltier module + heat
exchanger, (g) thermostatic bath, (h) Greenough stereo microscope, (i) high-speed camera and (j) data and image acquisition system.

Figure 2. Schematic of the microfluidic system: (a) syringe pumps, (b) schematic of droplet formation by co-flow geometry in the
dripping regime, the tapered inner capillary in the outer capillary and (c) layout of a microfluidic device with serpentine channel.

The Author(s): Science and Technology for Energy Transition 78, 36 (2023) 3



2.1.1 Droplets generation

The co-flow method was used to generate mono-
disperse water droplets by flowing a continuous phase of
CP and a dispersed phase of water in the same direction
(Figs. 2b–3a). In co-flow geometry, the dispersed and con-
tinuous phase fluids meet in parallel streams. The microflu-
idic chip consists of a round external hydrophobic
perfluoroalcoxy-alcane (PFA) tube, (outer diameter of
1.59 mm and inner diameter of 0.75 mm) and a square
internal capillary glass (inner section of 0.2 � 0.2 mm).
The square capillary glass was connected to the first
nano-port to dispense the water phase. The round PFA
tube was used for the continuous phase of CP injection.

To produce uniform droplets, the flow rate of the con-
tinuous phase must be consistent on both sides of the inner
tube. To achieve this, the inner tube was chosen to be
square and placed at the center of the PFA round tube.
Two syringe pumps were used to inject water through the
first nano-port and CP through the second nanoport.
Two ring gaskets were utilized to seal the nano-ports on
the microscope slide, and then they were affixed to the glass
substrate using epoxy glue.

2.1.2 Droplets storage

According to the dimensions of the Peltier module, a ser-
pentine form must be created to maximize the number of
tubes in a small space. Two adjustable metal clamps were
fixed onto the second glass (Fig. 3b). The droplet genera-
tion tube PFA was passed through these clamps to create
a serpentine form between the two metal clamps. In this

section, there are nine PFA tubes providing 360 mm of
observation length (i.e. 9 meanders of 40 mm) (see
Supplementary Information Video 1 for an overview of
the serpentine tubes and the generation of identical water
droplets by maintaining equal cyclopentane volume
between the droplets). The tubes were then assembled par-
allel to each other, stretched on both sides and securely
fixed to a glass surface to have a homogeneous temperature
in all of the tubes. A small glass pool was created around
the droplet storage, it will be described in the next section.

2.1.3 Temperature control and measurement

A Peltier module (TEC1-12706) with dimensions of
40 � 40 � 3.6 mm was used to control the temperature
of the droplet storage. A power supply (EL302T, Triple
Output, 2�30V/2A+5V/1A) was employed to provide
the necessary voltage and current for the thermoelectric
effect of the Peltier module. A heat exchanger made of pure
copper with dimensions of 40 � 40 � 10 mm was used to
cool the hot side of the Peltier module. A wired digital ther-
mometer (RS PRO RS55-II, with an accuracy of ±0.7 K)
was integrated to measure the temperature of the droplet
storage.

The top section of the Peltier module (cold face) was
placed in direct contact with the microchip droplets stor-
age, and the bottom section (hot face) was placed on a heat
exchanger for cooling, as shown in Figure 4. The hot face
must be cooled as much as possible to achieve very low
temperatures.

A heat exchanger made of pure copper, which functions
as a cooling water block, was used (Fig. 4). The internal

Figure 3. Photograph of the microfluidic chip, (a) microfluidic design-droplets generation with a view of the co-flow injection in the
dripping regime and (b) droplets storage section.

The Author(s): Science and Technology for Energy Transition 78, 36 (2023)4

https://stet-review.org/10.2516/stet/2023034/olm


flow channel, which was connected to a thermostatic bath,
has a diameter of 6 mm and a double U-shaped design. The
heat generated on the hot side of the Peltier device was
evacuated through a cooling circuit that circulates a mix-
ture of water and glycol (60% water, 40% glycol) at a tem-
perature of –3 �C. This temperature was set based on
the cold face temperature (Tc) required (–25 �C) and con-
sidering the thermal gradient of the Peltier module
(DT = 70 �C) corresponding to the difference between
the temperature of the hot and the cold faces
(DT = Th – Tc). Additionally, two insulating jackets were
placed around the input and output tubes between the
heat exchanger and the thermostatic bath to minimize frig-
ories loss [23, 24]. A layer of silicon heat sink paste (5 W/
(m�K)) was placed between the heat exchanger and the hot
face of the Peltier to enhance thermal conductivity (Fig. 4).

A direct current was applied to the Peltier module,
which transferred heat from one side to the other. By
adjusting the current applied to the module (in this case,
2A), the temperature of the droplet storage can be
decreased to –35 �C.

A small glass pool was created around the droplet stor-
age to enable the injection of glycerol into it (Fig. 4). This
method allowed maintaining the image quality by the cam-
era at low temperature. Glycerol has high transparency and
it covers the serpentine tube up to a height of 2–3 mm, pre-
venting the formation of dews on the cold tube surface.
It also helps to homogenize the temperature in the pool.
A wired digital thermometer was integrated for tempera-
ture measurement within the microchip droplet stor-
age pool allowing for precise control of differential
temperature between probes 1 and 2, T1 and T2, respec-
tively (Fig. 4).

2.2 Experimental procedure

Deionized water (here as pure water) with a resistivity of
18.2 mX/cm was prepared using Milli-Q (IQ-7000) and
CP (HPLC grade) was supplied by Alfa Aesar. To investi-
gate the effect of water salinity, four NaCl solutions (NaCl
provided by Fisher Scientific, purity 99.5%) were prepared
at the following concentrations: 5 g/L [0.1 M], 17.5 g/L
[0.3 M], 23.4 g/L [0.4 M] and 32 g/L [0.55 M].

The procedure consists of three crystallizations (ice then
two CPH formations). Ice was first formed and then melted
by heating at a temperature slightly above 0 �C. This melt-
ing initiates the first CPH formation. In practice, nucleation
can occur spontaneously (homogeneous nucleation) or be
induced by impurities (heterogeneous nucleation) or resid-
ual crystal networks due to recent hydrate dissociation (sec-
ondary nucleation) [25–27]. The formation of hydrates in
static systems is difficult and can take an extremely long
time, even with intense subcooling [28]. Afterward, CPH
is dissociated and the system is brought once again into
the hydrate stability zone for the second CPH formation.
This procedure can shorten the induction time, particularly
in cases of crystallization without agitation in very small
reactors or in microfluidic systems [11].

2.2.1 Test procedure

Figure 5 displays the temperature of the droplet storage sec-
tion (measured by the digital thermometer) versus the
elapsed time corresponding to this procedure which includes
four steps:

1. temperature is decreased from the ambient one to
�25 �C to convert the liquid water droplets into ice;

2. temperature is increased from �25 �C to 7.2 �C in two
stages: (i) from �25 �C to 0 �C at a heating rate of
5 �C/min and (ii) from 0 �C to 7.2 �C at a heating rate
of 0.5 �C/min. The primary CPH formation can occur
during the second stage;

3. temperature is maintained at a dissociation value
(Tdis) higher than the equilibrium temperature
(Teq = 7.2 �C) during an exposure time (tdis) to disso-
ciate primary CPH;

4. temperature is decreased from Tdis to 0 �C at a cooling
rate of 0.5 �C/min to initiate the secondary CPH for-
mation. The high-speed camera recorded the onset of
the secondary CPH formation during this step.

2.2.2 Test program

Table 1 presents the test program, it consists of two parts.
The parameters associated with each test are illustrated in
Figure 5. The first part includes Tests A1–A5, which were
conducted from 0 g/L (A1 and A2) to 32 g/L (A5) with
varying concentrations of NaCl. The second part includes
Tests 1–8, which were performed to investigate the onset
of secondary CPH formation. Tests 1–4 were performed
with pure water. In these conditions, the equilibrium tem-
perature of CPH hydrates dissociation is 7.2 �C [11]. To

Figure 4. Design of temperature control and measurement.
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dissociate CPH the temperature plateau applied to dissoci-
ated the CPH crystals must be higher than this value. Tdis
for Tests 1 and 2 have been set at 7.5 �C and 8.3 �C, respec-
tively (with a duration of dissociation tdis = 90 min). Simi-
larly, for Tests 3 and 4, dissociation durations of 20 min and
90 min, respectively, were applied at a temperature
Tdis = 8.8 �C.

The salts are thermodynamic inhibitors like alcohols.
Consequently increasing the salt concentration in the water
leads to displacing the equilibrium temperature towards a
lower temperature. Tests 5–8 involved an incremental
increase of the salinity, resulting in a shift of the equilibrium
dissociation temperature to 7.1 �C, 6.4 �C, 6.2 �C and

5.9 �C [29], respectively for 5, 17.5, 23.4 and 32 g/L NaCl.
For all four salinity tests, the dissociation temperature and
dissociation time were set at 7.5 �C and 20 min. The droplet
size (length) for all of the tests was 875 ± 25 lm. Given that
the microfluidic device has the capacity to store between
150 and 200 water droplets, depending on their size and
spacing, it was necessary to limit the number of droplets
(60 droplets) for manual image analysis, as no automated
method was utilized. This approach enabled the completion
of image analysis within shorter time intervals. Also, to
ensure maximum accuracy of manual image analysis for salt
tests, the number of droplets was significantly reduced
(compared to the capacity of the device).

Figure 5. Sequence of temperature variations (1) ice nucleation, (2) primary hydrate zone, (3) primary CPH dissociation and (4)
secondary hydrate zone.

Table 1. Test program.

Type of test Test
number

Salinity
NaCl (g/L)

Teq (�C) Tdis (�C) tdis (min) Tmax (�C) Number of
droplets produced

Ice nucleation A1 0 – – – �25 41
A2 0 – – – �25 44
A3 5 – – – �25 17
A4 17.5 – – – �25 17
A5 32 – – – �25 17

Onset of secondary
CPH formation

1 0 7.2 7.5 90 – 39
2 0 7.2 8.3 90 – 34
3 0 7.2 8.8 20 – 39
4 0 7.2 8.8 90 – 50
5 5 7.1 7.5 20 – 17
6 17.5 6.4 7.5 20 – 17
7 23.4 6.2 7.5 20 – 56
8 32 5.9 7.5 20 – 17
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2.3 Image analysis

Optical components, including binocular vision, a high-
speed camera, and light sources, were used to visualize
the droplets moving through the microfluidic chip. A Gree-
nough stereo microscope (ZEISS STEMI 508) with an 8:1
zoom range (0.63� to 5�) was employed to observe all
the serpentine tubes at magnifications of 1� or 2�. This
microscope was connected to a high-speed camera (i-speed
230) with a maximum frame rate of 225,000 fps to capture
magnified images of the water droplets. A light source
(CL4500 LED CRI90) with a maximum light flux of
450 lm was used to provide illumination for the optical
components.

The onset of secondary CPH formation in a single water
droplet was detected when the hydrate crystals became vis-
ible within the resolution of the optical setup. The forma-
tion of hydrates occurs in two steps: (i) nucleation, which
is a microscopic and stochastic phenomenon: small nuclei
appear in the droplets; (ii) and crystal growth process,
which occurs when nuclei reach a critical size [28]. It was
assumed that the statistical behavior of both steps is similar
[11].

It is worth emphasizing that the refractive index of the
pool glass was altered upon the injection of glycerol. This
phenomenon is illustrated in Figure 6, which demonstrates
the distinct forms of droplets under conditions of air (refrac-
tive index = 1) versus glycerol (refractive index = 1.47) as
the medium through which light passes.

3 Results

3.1 Ice nucleation

According to Figure 5, the ambient temperature was
decreased to �25 �C to convert the water droplets from liq-
uid to ice. During this step, after the production of station-
ary pure water droplets (Fig. 7a), the moment when ice
nucleation was observed (Fig. 7e) was considered as the
point of ice nucleation and used to determine the number
of transformed droplets versus time. It should be noted that
this event happens very fast and the duration between
Figures 7b and 7e was in a range of milliseconds. However,
when salt was added, the detection of this event was differ-
ent compared to pure water.

Figures 8 and 9 illustrate graphically the ice nucleation
of respectively pure water droplets and saltwater droplets.
Figure 8 presents the percentage of pure water droplets
turned to ice for each minute for the Tests A1 and A2 per-
formed in the same conditions. The total number of dro-
plets in these two tests was 41 and 44 for Tests A1 and
A2, respectively. During the first minute, no droplet was
turned into ice. During the second minute, only 2% of dro-
plets in Test A1 were turned into ice. The maximum dro-
plets were turned to ice during the 4th minute. It
represents the main peak in this histogram (about 40% of
droplets). Although the decline is not precisely the same
in both histograms, the water-to-ice droplet conversion
exhibits a decreasing trend within the next few minutes.

Figure 6. The distinct forms and diameter size of droplets under conditions of air versus glycerol with refractive index equals 1 and
1.47, respectively, (a) the Teflon tube containing a water droplet fully immersed in glycerol, (b, c) Teflon tube half immersed in
glycerol and the other part in contact with air, (d) Teflon tube entirely in air.

Figure 7. (a) Storage of the pure water droplets in an empty bath at ambient temperature, (b–e) snapshots of ice nucleation in the
glycerol bath.

The Author(s): Science and Technology for Energy Transition 78, 36 (2023) 7



During the 5th minute, 24% and 34% of the droplets turned
into ice for Tests A1 and A2, respectively. A small percent-
age of these droplets turned into ice during the last two
minutes (7th and 8th minutes).

Figure 9 presents the percentage of salted water droplets
that turned into ice for three concentrations of NaCl versus
time. The main peak, representing 50% of droplets crystal-
lized was reached during the 4th minute for 5 g/L NaCl
(Test A3). For the concentrations of 17.5 g/L (Test A4)
and 32 g/L (Test A5) NaCl, the main peaks were reached
during the 5th minute with respectively 47% and 41% of
droplets transformed. At 32 g/L NaCl (Test A5) the dro-
plets took a longer time to transform into ice. Respectively
10% and 6% of the droplets formed ice during the 7th and
8th minutes.

3.2 Primary CPH formation

The purpose of this experiment was to improve our under-
standing of the CPH crystallization phenomenon with the
different elementary processes (hydrate’s nucleation and
growth) and of the CPH dissociation. A first test was per-
formed to observe precisely these hydrates crystallization/
dissociation processes on a single water droplet. Figure 10
depicts the primary formation and dissociation of CPH
for a pure water droplet at various temperatures. The illus-
tration provides an overview of the correlation between the
progression of the primary CPH formation phases in a
water droplet. The process was conducted by first decreas-
ing the temperature to �25 �C and then increasing it above
0 �C to initiate the CPH first formation.

Step (a) displays a water motionless droplet of pure
water at ambient temperature. Steps (b–d) show tempera-
ture reduction to�25 �C: the water droplet turns into ice at
�17 �C. Step (e) illustrates the ice melting (possibly with
hydrate) at +1 �C. Upon passing this ice melting step,

the onset of hydrate crystallization (primary CPH forma-
tion) is apparent at 3 �C (f) and the crystal growth contin-
ues until the system reaches the CPH equilibrium
temperature, Teq = 7.2 �C (g–i). After passing this equilib-
rium temperature (j), hydrate dissociation begins slowly
and as the temperature increases the crystal structure dis-
appears quickly (k). As long as the increase in temperature
rate is not negligible, the temperature corresponding to
crystal disappearance is measured above the CPH equilib-
rium of dissociation (Tdis = 7.2 �C) (j, k).

3.3 Onset of secondary CPH formation

Figures 11a–11e depicts the progression of crystallization in
one pure water droplet as an example. In Figure 11b the
onset of crystallization is localized with an arrow. This

Figure 8. Ice nucleation in Tests A1 and A2: percentage of pure water droplets transformed into ice during each minute.

Figure 9. Ice nucleation in Tests A3–A5, percentage salt water
droplets transformed into ice during each minute.

The Author(s): Science and Technology for Energy Transition 78, 36 (2023)8



event was detected in all the droplets as a function of the
subcooling applied for all tests. The influence of tempera-
ture of dissociation (Tdis) and of the dissociation duration
(tdis) on the formation of the secondary CPH were explored
in this study. Four tests were conducted to dissociate the
primary CPH with pure water at various Tdis and tdis (Tests
1–4, see Tab. 1). The secondary formation was achieved in
the same conditions for these tests where the temperature
was lowered at an identical rate (0.5 �C/min). The final
temperature was set slightly above 0 �C. The results are
plotted in Figures 12–15.

The CPH nucleation results for two melting condi-
tions of the primary CPH, Tdis equals to 7.5 �C (Test 1)
and 8.3 �C (Test 2) with the same dissociation duration
of tdis = 90 min, are presented in Figure 12 where the

conversion fraction is presented as a function of the subcool-
ing DT = Teq � Texp. The conversion fraction is defined as
the percentage of droplets transformed into CPH. Note that
the subcooling is related to the driving force for the crystal-
lization and is defined as the difference between the exper-
imental temperature (Texp, which is the temperature of
the droplets storage measured by the digital thermometer)
and the equilibrium temperature (Teq) [30]. For pure water,
Teq was 7.2 �C [13]. The results of Test 1 (Tdis = 7.5 �C)
show that the onset of crystallization was detected on all
droplets within subcooling of 3.1–4.2 �C. For Test 2
(Tdis = 8.3 �C), CPH crystallization was not observed in
all the droplets. The conversion fraction reached 79%
within a subcooling of 7.2 �C. Test 4 (Tdis = 8.8 �C) shows
that the onset of crystallization was detected within

Figure 10. Snapshots of a pure water droplet versus temperature. (a) Initial liquid water droplet, (b–d) ice nucleation, (e, f) ice
melting and onset of primary CPH crystallization, (g–i) CPH growth, (j, k) CPH dissociation and (l) final liquid water droplet.

Figure 11. Example of progression of CPH crystallization in a pure water droplet – secondary CPH formation.
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subcoolings of 5.1–7.2 �C and the conversion fraction
reached 66%.

Figure 13 displays the results of CPH secondary hydrate
nucleation for two different dissociation durations
tdis = 20 min (Test 3) and tdis = 90 min (Test 4) at an iden-
tical temperature of dissociation Tdis = 8.8 �C. The onset
of crystallization for all isolated droplets at tdis = 20 min
(Test 3) was observed between subcooling of 3.2 �C and
6.2 �C.With tdis = 90 min (Test 4), only 66% of the droplets
were able to initiate crystallization between subcooling of
5.1 �C and 7.2 �C.

Figure 14 depicts the onset of crystallization at various
NaCl concentrations. In Tests 5–8, the equilibrium dissoci-
ation temperature (Teq) was considered to be 7.1 �C, 6.4 �C,
6.2 �C, and 5.9 �C, respectively. At NaCl 5 g/L (Test 5), the
crystallization onset occurs within the subcooling range
of 0.4–4.1 �C. At the concentration of NaCl of 17.5 g/L

(Test 6) hydrate onset was detected on a much broader
range of subcooling from 5 �C to 15.1 �C. In the presence
of a NaCl concentration of 23.4 g/L (Test 7), the onset of
crystallization occurs within the subcooling range of 1.7–
13.2 �C. Finally, at a concentration of NaCl to 32 g/L (Test
8), the subcooling range was observed to be much broader
between 5.7 �C and 20.9 �C.

3.4 Measurement of crystal growth rate

In this study, the optical microscopy method was used for
crystal growth rate measurements. This method is suitable
for crystals that are large enough to be visible with the used
microscope. The size of the droplets was 850 lm. High-
quality Imaging was performed at 25 fps with a 4� micro-
scope zoom to detect the onset and the end of the crystal
growth in droplets. Lateral growth of secondary CPH for-
mation was measured at the surface of the water droplet.
This method measures the external growing front of the
crystals, which is probably not representative of the internal
hydrate crystal growth [31]. However as CPH formation
requires water and CP and as the CPH crystals are not per-
meable to CP or water, it can be supposed that the growth
is perpendiculat to the interface. As a fast crystallization
takes place outside the droplet the growth is probably
rapidly stopped inside the droplet due to the lack of one
of the constituents (CP or water).

The lateral crystal growth rate evolution is illustrated in
Figure 15 for a pure water droplet. The secondary CPH was
formed at a subcooling of 4.2 �C, meaning the tempera-
ture was decreased from 7.2 �C to 3 �C at a cooling rate
of 0.5 �C/min. The microscope was then focused on one dro-
plet and the hydrate growth over time was recorded using a
video. The size of the crystals was measured using the image
analysis software ImageJ�. The growth rate of the crystals
was calculated using the hydrate front measurements and
the time intervals between each measurement.

The initial lateral growth occurred at the apex of the
water droplet, which exhibited an ascending pattern with

Figure 12. Secondary CPH nucleation of Tests 1 (pure water),
Test 2 (pure water) and Test 4 (pure water): conversion fraction
versus subcooling DT = Teq � Texp with various hydrate
dissociation temperatures (Tdis of the primary CPH, dissociation
duration tdis = 90 min).

Figure 13. Secondary CPH nucleation Tests 3 (pure water)
and 4 (pure water): conversion fraction versus subcooling
DT = Teq � Texp, with various dissociation durations (tdis),
hydrate dissociation temperature of the primary CPH Tdis =
8.8 �C.

Figure 14. Secondary CPH nucleation Test 5 (5 g/L NaCl),
Test 6 (17.5 g/L NaCl), Test 7 (23.4 g/L NaCl) and Test 8
(32 g/L NaCl): conversion fraction versus subcooling
DT = Teq � Texp, with dissociation durations (tdis = 20 min),
hydrate dissociation temperature of the primary CPH
Tdis = 8.8 �C.

The Author(s): Science and Technology for Energy Transition 78, 36 (2023)10



growth rates ranging from 3.98 lm/s (at 1.2 min),
4.16 lm/s (at 1.5 min), and 4.25 lm/s (at 1.8 min). After
this constant increase, a long decrease in the growth rate,
ranging from 4.22 lm/s to 2.14 lm/s, is measured between
times 2 min and 7 min. Ultimately, a new increase in the
growth rate is measured during the last minutes, from
2.21 lm/s to 2.35 lm/s.

It should be noted that hydrate formation induced a
change in the size of water droplets from 850 lm to
1057 lm at the end of the crystal formation process at
the subcooling of 4.2 �C. Martinez de Baños et al. [11] mea-
sured lateral growth rates of 2.2 lm/s and 6.7 lm/s, corre-
sponding to a subcooling of 3.1 �C and a subcooling of
7.2 �C, the growth durations of approximately 7 min and
2.5 min, respectively. They observed that the crystal
growth rate primarily depends on subcooling. Touil et al.
[22] investigated velocities in the direction of CP halo
growth for various subcooling levels. They reported
hydrate growth rates of 1.86 lm/s for a subcooling of
5 �C, 2.82 lm/s and 3.47 lm/s for a subcooling of 5.7 �C
and growth rates of 3.59 lm/s and 3.69 lm/s for a subcool-
ing of 6 �C. The findings showcased within this paper
demonstrate an average growth rate of 3.2 lm/s for a sub-
cooling of 4.2 �C within a water droplet. The presented
results are consistent with the results above [11, 22].

High-quality observation of the crystallization can be
achieved through a magnification of 4� (4–6 droplets) or
5� (1–2 droplets) (Fig. 16b). Such observations are essen-
tial to study the crystal morphology and determining its
lateral growth rate, which will be further discussed in the
following section. The microfluidic device facilitates the
study of crystal morphology, as depicted in Figure 16c,
where CPH crystals can be observed. The image quality
presented in this figure confirms the feasibility of studying
crystal morphologies. For instance, Sakemoto et al. [17] con-
ducted a series of observations on CPH formation at the
interface of NaCl aqueous solution to investigate the impact
of high salt concentration on CPH crystal growth. The
experiment was carried out using a glass test tube measur-
ing 10 mm in external diameter, 8 mm in internal diameter,

and 90 mm in height. They explored the correlation
between crystal morphology and subcooling in the presence
of varying salt concentrations. Our findings indicate that it
is feasible to calculate the growth rate and morphology of
hydrates as a function of subcooling through high-quality
video monitoring using the microfluidic system.

4 Discussion

Compared to the laboratory reactor scale, microfluidic
devices offer a higher surface-to-volume ratio and allow also
tests’ parallelization. In addition, these devices enable to
conducting of tests at sizes comparable to porous rock scale.
Moreover, a wide choice of geometries is commercially avail-
able, and/or “on-demand” geometries can be easily realized
with a high degree of accuracy. Additionally, chips working
at low temperature and high pressure are available for stud-
ies of CO2 hydrate formation. Using a microfluidic device
allows to follow the hydrate formation or dissociation at
the droplet level and enables high-resolution imaging of
hydrate crystallization. This provides valuable insights into
the mechanisms of hydrate nucleation, growth versus time,
and subcooling. Despite the advantages of microfluidic sys-
tems, there are also drawbacks such as channels clogging or
fouling by impurities that can reduce the efficiency of the
system for hydrate formation tests.

4.1 Ice nucleation

The formation of CPH was initiated by a prior ice forma-
tion. The histograms show approximately Gaussian distri-
butions (Fig. 8). These distributions illustrate the
stochastic behavior of ice crystallization. The peak distribu-
tions as well as the global distributions of the events indi-
cate that the two Tests A1 and A2 with pure water are
similar, which confirms the repeatability of the experimen-
tal procedure.

The thermodynamic effect of salt was also detected by
observing the main conversion peak. The transformed dro-
plets start at the 2nd and 3rd minute for pure water (Fig. 8)
and 4th minute for low salt concentration (Test A3, 5 g/L
NaCl) and increase to the 5th minute for higher salt concen-
trations (17.5 and 32 g/L, Tests A4 and A5, respectively,
Fig. 9). In conclusion, when salt was added, the patterns
remained relatively Gaussian, but the nucleation time and
the main conversion peak were delayed.

4.2 Image analysis

The difference between the two images (Fig. 17a and 17b)
could be readily observed through visual analysis, charac-
terized by fluctuations in gray pixel intensity. Figure 17a
exhibited grayscale shading toward white, while Figure 17b
displayed grayscale shading toward black. In addition, the
difference observed between the ice state of pure water
(Fig. 10b) and salt water (Fig. 17b) was primarily due to
the presence of salt. The onset of ice nucleation from
Figures 17a to 17b was recorded at a rate of 3000 fps

Figure 15. Evolution of the lateral crystal growth rate of
secondary CPH formation on the surface of a pure water droplet
at a subcooling 4.2 �C.
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(frames per second). The video illustrating these observa-
tions is available in Supplementary Information Video 2.

4.3 Secondary CPH formation

The effect ofTdis and tdis were first assessed in pure water sys-
tems. The results showed that Tdis had a significant impact
on secondary CPH formation. The comparison between Test
1, Test 2, and Test 4 shows that when Tdis increased from
7.2 �C to 8.8 �Cwith tdis = 90 min, the required range of sub-
cooling necessary to form CPH increased from 3.1 �C to 7.2 �
C. The fraction of transformed droplets for Test 1, Test 2,
and Test 4 reached 100%, 79%, and 66%, respectively. Tests
3 and 4 showed that tdis also influences the CPH formation
and the fraction of transformed droplets (tdis = 20 min
100% droplets transformed and tdis = 90 min 66% droplets
transformed). These results indicate that the memory effect
becomes less prominent for higher melting temperatures
and/or longer durations of the melting sequence, consistent
with previous observations reported by Martinez de Baños
et al. [11] and Sefidroodi et al. [32].

With saltwater conditions, first, the salt displaces the
stability of CPH (as the stability of ice) to lower tempera-
ture. NaCl is a thermodynamic inhibitor of hydrates. The
presence of salts decreases the equilibrium dissociation tem-
perature. As long as the presence of dissolved salt results in
an increase in the interaction of ions with the water mole-
cules that tends to increase the energy required to stabilize
hydrates [33].

The experimental findings suggest that the correlation
between subcooling and salinity was not uniform among
various salinity levels. Notably, Test 5 displayed a signifi-
cant deviation towards lower subcooling values in compar-
ison to pure water. Additionally, the results from Tests 6
to 7 indicated an inadequate positioning in the diagram
when considering the salinity. As the salinity of the droplets
increased, there was no logical pattern observed in the dia-
gram. It has been observed that the reproducibility of
results is diminished when salt is dissolved within the aque-
ous phase. This phenomenon may be attributed to potential
inhomogeneities in salt concentration within a water dro-
plet, as well as other factors that remain yet to be compre-
hensively elucidated.

Two hypotheses can be proposed to explain the effect of
NaCl, which are listed here:

1. The hydration reaction consumes water molecules and
leads to salt exclusion/precipitation, which can increase
the local salt-ion concentration and drive the diffusion of
salt ions. Besides, as the salt ions concentration can
influence guest molecules solubility, the change in the
local salt ions concentration also inevitably affects the
concentration gradient and the diffusion of guest mole-
cule in brine [30, 34, 35]. Therefore, we can consider that
even during the primary CPH formation, the salt con-
centration is not homogeneous in the droplets, and this
phenomenon will be repeated once the formation of the
secondary CPH begins;

Figure 16. Pictures of CPH morphology using high-quality camera. (a) Displays the distance between two crystallized water
droplets, while (c) provides a zoomed-in image of this particular region. Additionally, (b) highlights one of these droplets for further
analysis.

Figure 17. Visualization of the liquid-to-ice phase change in a water droplet: (a) saltwater droplet at 3 �C, (b) ice saltwater droplet
at �25 �C.
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2. In this condition, the equilibrium dissociation temper-
ature of droplets with high salinity can shift to lower
values, causing a reduction in subcooling and a
decrease in hydrate growth rate. Conversely, certain
droplets may have lower salinity levels during dissoci-
ation, leading to higher Teq values [30].
Based on those results, it can be inferred that the forma-

tion of secondary CPH in saline water droplets is primarily
controlled by the exclusion of NaCl during both primary
and secondary CPH formation. The NaCl excluded from
the hydrate affects the solution’s salinity. However, varia-
tions in salinity induced by the experimental procedure
can hinder the accurate assessment and study of the effects
of high-salinity salts. Similar variations can occur in real
reservoir rocks during hydrate formation/dissociation,
which may complexify the evaluation of the associated risks
due to the unknown minimum salinity of the system. There-
fore, precise salinity measurements are necessary to compre-
hend the behavior of high-salinity systems and the
associated hazards of hydrate formation.

5 Conclusions

Experiments on the kinetics of CPH formation were con-
ducted using an in-house droplet-based microfluidic device.
The device was able to store trains of identical water dro-
plets, and was equipped with a high-quality optical observa-
tion platform; this system allows precise control of the
conditions at which hydrate formation takes place, such
as temperature and fluid composition. Additionally, the
small size of microfluidic channels allows the application
of rapid heating/cooling cycles and good mass transfer,
which can accelerate hydrate formation and improve the
efficiency of the process. The procedure consisted of three
crystallizations (ice then two CPH formations). First, ice
was formed and then melted by heating. This melting initi-
ated the first CPH formation. Finally, the temperature was
increased up to above Teq to melt the CPH and then low-
ered to below Teq to initiate the secondary CPH formation
by the memory effect.

CPH formations in pure water and salt water exhibit
differences due to the influence of the salt (NaCl) on ther-
modynamic equilibrium and on kinetics. In pure water,
hydrate formation was mainly influenced by temperature,
and the absence of other dissolved ions (salts) in water
allowed repeatable and logical results. This study repre-
sented the initial endeavor to investigate the impact of
NaCl on CPH formation at the microfluidic scale for iso-
lated water droplets. The presence of NaCl in water in
the procedure used had a significant impact on the ice
and CPH formations. The results did not follow the same
pattern when NaCl concentration was changed. Further-
more, the observed results do not exhibit a consistent trend
versus NaCl concentrations. This study provides important
insights into the complex role of salts in the CPH forma-
tion probably because of the concentration variations/
precipitation of salt in the droplets when the procedure is
applied. The kinetics of clathrate hydrate formation, specif-
ically nucleation and growth, are influenced by several
parameters. This study aimed to investigating the impact

of subcooling and the presence of salt (NaCl) on the CPH
formation. Our results indicate that increasing subcooling
leads to faster nucleation and a higher growth rate. Con-
versely, the concentration of salt had an inhibiting effect
on nucleation and growth. Increasing salt concentration
leads to slower nucleation and growth rates due to the
change in the equilibrium stability of the CPH and conse-
quently to the subcooling’s decrease imposed on the
systems.

In conclusion, repeatable and comparable results require
constant and homogeneous NaCl concentration in all the
water droplets from the beginning till the end of a test.
The procedure must be adapted in order to avoid these salt
variations. Subsequent research efforts could replicate this
study utilizing Raman microscopy to explore and study
the water droplets during hydrate formation. This work will
be continued and will focus on the study of CO2 hydrate
formation using microfluidic devices. It will allow a deeper
understanding of hydrate formation in the presence of salt.
It will provide knowledge and data for carbon storage in
porous rocks in depleted hydrocarbon reservoirs, deep saline
aquifers, or unconventional reservoirs such as coal seams or
basalts.

Supplementary Information

The supplementary information of this article is available at
https://stet-review.org/10.2516/stet/2023034/olm.
Supplementary Information Video 1: An overview of ser-
pentine tubes and the generation of uniform and isolated
water droplets.
Supplementary Information Video 2: The onset of ice nucle-
ation at a frame rate of 3000 fps.
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