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ABSTRACT: Hydrate-based carbon capture and storage (HBCS)
is a sustainable and promising approach to combating global
warming by utilizing water, which is a ubiquitous resource. Here,
we report a comprehensive study of CO2 hydrate formation in dry
water (DW), a water-in-air dispersion confined in silica particles,
for improving the kinetics of hydrate growth. Utilizing a
combination of a home-built high-pressure reactor, in situ Raman
spectroscopy, and powder X-ray diffraction (PXRD), we elucidate
the crystal structure, growth dynamics, and morphology of CO2
hydrates formed in DW, with and without the kinetic hydrate
promoter, L-tryptophan. Our analysis reveals that CO2 forms
structure I (sI) hydrate in DW, with hydrate growth occurring both on and beneath the silica shell. This results in a substantial
increase in CO2 uptake�approximately 2.8 times higher than that observed in pure water (∼134 v/v compared to ∼48 v/v).
Moreover, incorporation of L-tryptophan in DW formation markedly accelerates the DW-CO2 hydrate formation process, reducing
both the induction time and the time required to achieve 90% gas uptake at 274.65 K. These findings offer crucial insights into the
formation of CO2 hydrate in DW, highlighting its potential to improve the efficiency and scalability of HBCS technologies.
KEYWORDS: CO2 hydrates, dry water, carbon capture and storage, Raman spectroscopy, X-ray diffraction

1. INTRODUCTION
Excess CO2 emissions in the atmosphere are considered a
primary source of global warming. A 50% reduction in CO2
emissions by 2030 is required to obtain a zero-carbon
economy by 2050.1 To restrict global temperature from rising
more than 2 °C and limit CO2 emissions to 1100 gigatons
(2011−2050), it is essential to use carbon capture and storage
(CCS) techniques, along with other renewable technolo-
gies.2−4 Using gas hydrates for CCS is one of the potential
techniques, as they offer a high theoretical storage capacity of
about 180 v/v (volume of gas at STP/volume of hydrate).5,6

Gas hydrates are crystalline, nonstoichiometric host−guest
compounds that form when guest molecules are encapsulated
within hydrogen-bonded water cages under high-pressure and
low-temperature conditions.7 Moreover, gas hydrates have
been widely studied across diverse experimental conditions8−14

and through computational approaches.15−17 Gas hydrates
naturally exist in permafrost zones18,19 and are speculated to
exist in interstellar medium and within the solar system.20−22

These compounds are often classified into three distinct
structures: structure I (sI, cubic, two small 512, and six large
51262 cages per unit cell), structure II (sII, cubic, 16 small 512,
and eight large 51264 cages per unit cell), and structure H (sH,

hexagonal).23,24 Analogous to natural gas hydrates, researchers
are investigating the possibility of storing industrial CO2
emissions in the form of CO2 hydrates.25−27 However, this
faces several challenges, including the sluggish rate of CO2
hydrate formation and low water-to-hydrate conversion.28−31

To enhance clathrate hydrate formation kinetics, increasing
the contact between liquid (water) and gas (guest) is the key.7

Methods to achieve this include the use of high pressures,
vigorous mixing, ice particles, surfactants, amino acids, dry
water (DW), etc.32 Among these, DW, a powder made from
blending water, air, and hydrophobic nanosilica particles, is
noted for its high gas storage capacity and faster formation
rates.32,33 DW consists of minuscule water droplets, called
water pools, enclosed by a hydrophobic nanosilica layer that
prevents the droplets from merging.34 The enhanced storage
capacity in DW-gas hydrates can be attributed to its higher
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surface-to-volume ratio than bulk water.32,35 Recent studies
show that DW significantly accelerated the hydrate formation
kinetics of several gases (e.g., CH4, CO2, Kr, C2H6, etc.) and
should be further explored as a potential medium for
synthesizing bulk CH4 and CO2 hydrates for storage and
transportation applications.32,33,36−40 Wang et al., in one of the
initial reports, found that DW-CH4 hydrate can store about
∼175 v/v of CH4 at 273.2 K.32 Carter et al. found that DW can
speed up the formation of CO2 and Kr hydrates.33 They
observed that CO2 could be stored up to ∼150 v/v in DW at
273.2 K, while the theoretical maximum storage capacity of sI
hydrates is ∼180 v/v (STP). The lower CO2 storage capacity
in DW-gas hydrates, according to Carter et al., might be due to
the incomplete filling of the sI hydrate cages or the
cocrystallization of both sII and sI hydrates. Thus, although
several studies have examined gas hydrate formation and
growth dynamics in DW, critical aspects of DW and DW-CO2
hydrates are yet to be fully understood.

Wang et al. identified the potential of using second guest
molecules (thermodynamic promoters) to form DW-gas
hydrates at pressures much lower than their typical formation
pressures.32 However, attempts to achieve this using
thermodynamic promoters such as tetrahydrofuran and
tetrabutylammonium bromide were met with limited success,
as these compounds disrupted the integrity of DW. In contrast,
recent research highlights the potential of using amino acids as
kinetic hydrate promoters.41,42 For instance, Khandelwal et al.
showed that L-tryptophan (L-trp) significantly enhances both
the formation rate and CO2 uptake in hydrates, achieving up to
a 3-fold increase compared to systems without the promoter.
These findings point to the importance of exploring the
combined use of eco-friendly amino acids like L-trp with DW,
to further enhance CO2 uptake kinetics above the freezing
point.43,44

Despite the volume of research on DW-CO2 hydrates,
several fundamental aspects remain unclear, such as the crystal
structure, hydrate growth dynamics, combined effect of kinetic
hydrate promoters, morphology, and the stability of DW when
additives are introduced.45−48 In other words, comprehensive
studies on CO2 uptake kinetics in DW-gas hydrates are still
limited, highlighting the need for further macro- and
microscale study to evaluate DW’s reusability and commercial
potential. The present work examines the CO2 hydrate
formation kinetics in DW with L-trp (0−1000 ppm) at 3.5

MPa and 274.65 K. We found that DW prepared using 500
and 1000 ppm L-trp solution was stable over a few months.
The formation kinetics and morphology at the macroscale
were investigated using a high-pressure reactor. The crystal
structure and hydrate growth dynamics were analyzed at the
microscale with powder X-ray diffraction (PXRD) and in situ
Raman spectroscopy.

2. EXPERIMENTAL SECTION
2.1. Materials. Hydrophobic nanosilica particles (HDK grade

H18, 5−30 nm) and L-tryptophan (L-trp, >99% purity) were supplied
by Wacker Chemie and Sigma-Aldrich, respectively. CO2 gas (>purity
99.9%) was obtained from Air Liquide Singapore Pvt. Ltd. The
deionized water was collected from the in-house Merck Millipore
Direct-Q 3 UV system, which was used for all experimental trials and
for preparing DW.

2.2. Preparation of DW. The deionized water (95 g) was poured
into a blender (Vitamix, glass jug blender, 2 L), and 5 g of nanosilica
particles were added to it. Mixing was carried out at the highest speed
setting (average speed of ∼24,000 rpm) for 90 s, divided into three 30
s bursts. The air/water/silica volume ratio was constant for each DW
preparation. The material was produced as a free-flowing, dry, white
powder that could be easily transferred between vessels without
leaving a residue, indicating the formation of water droplets
encapsulated by a silica shell. For visual confirmation, Figure S1
presents a photograph illustrating the transfer of DW from a blender
jar to a storage bottle. DW containing L-trp was prepared in the same
way using solutions of appropriate concentrations. The DW prepared
with a solution containing L-trp was stable over a few months. It
should be noted that thermodynamic promoters like tetrahydrofuran
and tetrabutylammonium bromide were reported to destabilize the
DW.32 A schematic of the DW preparation is shown in Figure 1.

2.3. Equipment. 2.3.1. High-Pressure Reactor. A high-pressure
reactor (made of SS316) with an internal volume of about 150 mL
was used for all macro-kinetics experiments (a schematic diagram of
the setup is shown in the Supporting Information, Figure S2). Two
acrylic viewing windows, each with a diameter of 3 cm, were installed
in the reactor’s front and back to monitor the morphology of CO2
hydrate formation in DW and pure water.49 To regulate the reactor’s
temperature, coolant from an external chiller bath was circulated in
the cooling jacket of the reactor vessel. Throughout the experiments,
the temperature within the system was continuously monitored by
using a thermocouple placed at the gas−liquid/DW interface. The
pressure inside the crystallizer chamber was monitored with a pressure
transducer (PT) with an uncertainty of ±0.1% in the pressure range
of 0−3.5 MPa. A data acquisition (DAQ) device linked to the
thermocouple and the pressure sensors was used to record the

Figure 1. DW Preparation: 5 g of hydrophobic nanosilica was blended with 95 g of water at 24,000 rpm for 90 s to produce DW powder. The
figure shows an illustration of the blender, a photograph of the prepared DW, and an optical micrograph of DW (scale bar = 50 μm). Inset provides
a schematic representation of DW, where water is depicted in blue and silica particles in yellow. The micrograph was captured using an Olympus
SZX16 microscope.
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temperature and pressure data at regular intervals of 10 s. The HD
camera was installed at the front window to closely monitor the CO2
hydrate formation morphology in water/DW.
2.3.2. In Situ Raman Spectroscopy. The in situ Raman

spectroscopy analysis was performed using a dispersive laser Raman
spectrometer (Model: SRaman-532). The jacketed high-pressure
reactor is constructed of stainless steel with an internal volume of
about 230 mL (a schematic diagram of the setup is shown in Figure
S3). The Raman probe inside the reactor vessel has two optical fibers
that transmit the laser to the reactor and the resulting signals back to
the spectrometer. Raman experiments were performed with an
Nd:Yag laser source (wavelength = 532 nm) with a laser power of
∼42 mW. The acquired spectra span from 150 to 4490 cm−1, with a
resolution of 2.8 cm−1/pixel at 2200 cm−1. The procedure for hydrate
formation in the in situ Raman analysis was identical to that in
macroscale kinetic experiments. The Raman spectra were obtained
during the hydrate formation at 30 or 60 min intervals, with an
integration time of 1.0 s.
2.3.3. Powder X-ray Diffraction Analysis. The crystal structure of

synthesized CO2 hydrate in DW was determined by using PXRD, a
widely accepted method for analyzing hydrate samples. First, a typical
CO2 hydrate formation experiment was performed with DW at 274.65
K and 3.5 MPa without Trp. Once hydrate formation was complete,
the residual pressure inside the reactor was quickly vented, the reactor
flange was removed, and the synthesized hydrates were instantly
quenched with liquid nitrogen (∼77 K). Quenching allowed the
sample collection of the hydrates, which were then crushed into a
roughly uniform powder with a mortar and pestle in a liquid nitrogen
environment. The liquid nitrogen helped to keep the synthesized
hydrates stable while operating under atmospheric conditions. Finally,
the hydrate powder was transferred to the in-house PXRD unit for
characterization. The PXRD measurements were performed by using
a BRUKER D8 advanced diffractometer (40 kV, 30 mA). The Cu Kα
radiation (λ = 1.542 Å) was utilized as the X-ray. The PXRD patterns
were collected in the 2θ range of 10−40°, with a 0.02° step size.
Further details on the procedure used to calculate the lattice
parameter of the synthesized hydrate crystals are given in the
Supporting Information.50

2.4. Experimental Procedure. Before each experiment, the
reactor was thoroughly cleaned and rinsed three times before adding
water/DW. The reactor was then purged with CO2 gas and vented
three times to eliminate any remaining air. All experiments were
conducted at a constant temperature within a closed system. The
reactor was loaded with 40 g of pure water (density ∼1000 kg/m3),
20 g of pure DW (density ∼500 kg/m3), or 20 g of DW + 500/1000
ppm L-trp (density ∼500 kg/m3).32 Then, the system was allowed to
cool to a temperature of 274.65 K. No agitation was employed in trials
with pure water or DW. During the formation step, a pressure of 3.5
MPa was exerted on the system by introducing pure CO2 gas into the
reactor. The experimental conditions of 3.5 MPa and 274.65 K were
selected to maximize the thermodynamic driving force for CO2
hydrate formation, while ensuring that water in the DW system
remained in the liquid state. The temperature of 274.65 K was chosen
to prevent the freezing of water in DW, enabling clear observation of
DW’s kinetic promotion effects on hydrate formation with and
without a kinetic promoter. Frozen water would obscure these effects.
Upon pressurizing the system at a temperature of 274.65 K, CO2
hydrate formation was detected by a sudden increase in system
temperature and a subsequent pressure drop. The rise in temperature
phenomenon can be attributed to hydrate formation releasing heat,
which is an exothermic process. The front camera recorded the
complete process of hydrate formation. To ensure the reproducibility
of the results, each experiment was conducted at least twice. Trails
with pure water are labeled A1 and A2; those with DW are labeled B1
and B2. Trails with DW + 500 ppm L-trp are labeled C1 and C2, and
those with DW + 1000 ppm L-trp are labeled D1 and D2.

2.5. Calculation Procedure. The overall CO2 uptake and the
total amount of water transformed into CO2 hydrate were estimated
using the following equations.4,51 Equation 1 was used to estimate the

number of moles of CO2 captured by CO2 dissolving in the aqueous
solution and solid hydrate phases at any given time.

=
=
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The P and T represent the pressure and temperature (recorded during
the experiments), respectively; R is the universal gas constant, and t is
any time during the experiment. Pitzer correlation52 was used to
calculate the compressibility factor z; P and T are measured at “0”
(start of the experiment) and “t” (any time throughout the
experiment) and V denotes the volume of the gas phase within the
reactor.

By dividing the gas uptake from eq 1 by the moles of water in the
system, one may determine the normalized gas uptake (mol of gas
consumed per mole of water, mol/mol). Then, the normalized molar
gas uptake (mol/mol) was converted into volumetric gas storage
capacity (volume of gas (STP)/volume of hydrate) using the
following equation50
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where the v,MCOd2hydrate and ρCOd2hydrate stand for the volume of gas at
STP (22.4 cm3/mmol), the molar mass of CO2 hydrate (1180 g) and
density of CO2 hydrate (1.1 g/cm3).26,53 Further, eq 4 was used to
determine the fraction of water converted to gas hydrates.

=
×

×n
n

n
water conversion (% )

5.75
100t t

ow
w (4)

Here, nw° (t = 0) is the total mole of water, and 5.75 is the hydration
number derived from the literature.46

3. RESULTS AND DISCUSSION
3.1. Crystal Structure of DW-CO2 Hydrate. Wang et

al.33 suggested that the reduced CO2 uptake in DW-gas
hydrates (∼150 v/v, compared to the theoretical capacity of sI
hydrates, ∼180 v/v) could result from incomplete occupancy
of the sI hydrate cages or the cocrystallization of sII with the sI
phase. To the best of our knowledge, no studies have yet
reported the structures of DW-CO2 hydrates. Therefore, it is
crucial to examine the crystal structure of DW-CO2 hydrate
using PXRD and in situ Raman spectroscopy (Figures 2 and
3).

For PXRD analysis, DW-CO2 hydrate was prepared in the
high-pressure reactor at initial conditions of 3.5 MPa and
274.65 K. Then, the hydrate sample was quenched and
harvested at a liquid N2 temperature (∼77 K). For data
collection, the sample was prepared at ∼77 K to prevent
hydrate dissociation under atmospheric pressure. Figure 2
presents the XRD pattern of pure hydrophobic nanosilica
particles and the DW + CO2 sample. The XRD pattern (black
trace) depicted in Figure 2 exhibits a precise correspondence
with the standard patterns of sI hydrates reported in the
literature.54,55 The calculated lattice parameter in the current
study was 12.010 (±0.005) Å, closely matching the reported
value of 12.070 Å.56 This strong agreement provides
compelling evidence that only sI hydrates were produced.
Details of the calculation of the lattice parameter are given in
the Supporting Information. During PXRD analysis, unreacted
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water appeared as hexagonal ice, ice Ih (marked by asterisks),
due to the sample being recovered at ∼77 K (Figure 2).
Moreover, hydrophobic nanosilica was featureless in the 2θ
range of 15−40° (blue trace in Figure 2).

Further, using in situ Raman spectroscopy (a schematic
diagram of the setup is shown in Figure S3), we independently
analyzed the CO2 hydrate formation in pure water and DW
systems on a microscale under similar experimental conditions
(3.5 MPa and 274.65 K). Figure 3 presents the Raman spectra
for (a) pure CO2 gas, (b) the CO2 hydrate formed in pure
water, and (c) the CO2 hydrate formed in DW with and
without Trp in the CO2 Fermi dyad region. The obtained
spectra for CO2 hydrates formed in pure water and in DW
(with or without L-trp) align perfectly with the Raman peaks of
sI hydrates (Figure 3).57,58 Time-dependent Raman spectra in
the CO2 Fermi dyad and the O−H stretching regions, showing
the evolution of CO2 hydrates, are detailed in Figure S4.

The identification of sI hydrates was determined by the
presence of two Fermi dyad peaks at ∼1380.3 and 1275.3
cm−1, as established in the literature.57−59 This confirms the
formation of exclusively sI hydrates in the CO2-DW systems
under the experimental conditions of 3.5 MPa and 274.65 K.
Thus, the current work provides the first-ever comprehensive
in situ Raman and PXRD analysis for the formation of DW-
CO2 hydrate. So, the reduced CO2 uptake in DW systems may
primarily be due to incomplete occupancy of the hydrate cages,
given that CO2 forms only sI hydrates in these systems. The
incomplete occupancies or reduced gas uptake may also be
linked to the decreasing pH of the water content in DW, which
results from the dissolution of CO2 over time. However, this
hypothesis must be confirmed by further research.

3.2. CO2 Hydrate Growth Dynamics in DW. DW is a
water-in-air dispersion primarily composed of water and
stabilized by hydrophobic nanosilica particles (Figure 1).
DW accelerates hydrate formation compared to bulk water by
increasing the surface area for gas−water contact, which
enhances gas dissolution and promotes the formation of
hydrate nuclei and water-guest clusters.32,60 According to Li et
al.,37 gas hydrate formation in DW involves two consecutive
steps. Initially, the guest gas permeates a hydrophobic silica
shell and enters the water core, and then the interaction
between the guest gas and water molecules results in the
formation of a gas hydrate.

However, there are conflicting reports about whether
hydrate shells form on or beneath the silica shell (Figure
4).35,48,61 To understand the hydrate growth dynamics in DW,
Zhang et al.61 used a modified shrinking core model by
incorporating the effects of dissolved gas, capillary effects of the
porous hydrate shell, and the volume change from water to
hydrate. They found that the hydrate film initially forms on the
outer surface of water droplets beneath the silica shell, where
the gas concentration is the highest. Then, as gas diffuses
through the hydrate shell, the hydrate grows inward at the
hydrate−water interface. Additionally, due to water moving
outward through capillaries (because of volume expansion
upon hydrate formation), hydrates grow on the outer surface
of the preformed hydrate shell (at the hydrate−gas interface)
within the silica shell, causing the outer radius of DW to grow
continuously (Figure 4a). Conversely, Park et al. utilized
PXRD and Raman spectroscopy to conclude that the hydrate
shell forms on the surface of DW above the silica shell.35 They
attributed this to the chemical potential difference between
water molecules in hydrate cages and free water molecules in

Figure 2. PXRD pattern of the DW + CO2 sample (black trace) and
of pure hydrophobic nanosilica particles (blue trace). After hydrate
formation under initial conditions of 3.5 MPa and 274.65 K, DW-CO2
hydrate was harvested at ∼77 K for PXRD analysis. The peaks
corresponding to the sI hydrate are marked by their corresponding
(hkl) values, while the asterisks indicate the presence of ice Ih.
Hydrophobic nanosilica was featureless in the 2θ range of 15−40°.

Figure 3. In situ Raman spectra of (a) CO2 gas, (b) CO2 hydrate
prepared with pure water, and (c) CO2 hydrate prepared with DW
(0−1000 ppm L-trp). CO2 hydrate, in all cases, was achieved at 3.5
MPa and 274.65 K.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c17727
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c17727/suppl_file/am4c17727_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c17727/suppl_file/am4c17727_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17727?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17727?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17727?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17727?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17727?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17727?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17727?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c17727?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c17727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


DW particles, causing water to migrate out and form an
external hydrate shell (Figure 4b). However, our current work

reveals a different scenario. We found that the CO2 hydrate in
DW forms both on and beneath the silica shell. Unlike Park et

Figure 4. Physical model of the hydrate growth dynamics in DW systems. The top left corner displays the reaction scheme for the interaction
between the guest gas and DW. Schematic (a) depicts the modified shrinking core model, indicating hydrate formation beneath the silica shell.
Schematic (b) illustrates hydrate growth on the surface of DW particle. Schematic (c), based on PXRD and Raman analysis from the current work,
demonstrates hydrate growth both on and beneath the silica shell. Key components of DW and DW-gas hydrates are labeled in (a). According to
the shrinking core model, CO2 diffuses through a porous hydrate shell in the water core and forms a hydrate at the hydrate−water interface, while
water migrates out through capillaries and forms a hydrate at the hydrate−gas interface.

Figure 5. (a) Normalized CO2 uptake achieved in trails A1 (pure water and orange trace), B1 (DW, green trace), C1 (DW + 500 ppm L-trp, violet
trace), and D1 (DW + 1000 ppm L-trp, blue trace). CO2 uptake in each case was estimated based on the experimentally observed changes in
temperature and pressure, starting from initial conditions of 3.5 MPa and 274.65 K. Normalized gas uptake is depicted in volumetric gas storage
capacity (volume of gas (STP)/volume of hydrate, v/v). (b) Morphology of CO2 hydrate formation in pure water without L-trp and without
mechanical agitation at 3.5 MPa and 274.65 K. Comparison of the (c) CO2 uptakes and (d) water-to-hydrate conversions obtained for pure water
(trails A1, and A2), DW (trails B1, and B2), DW + 500 ppm L-trp (trails C1, and C2), and DW + 1000 ppm L-trp (trails D1, and D2). In each
experiment, the results from both trials were consistent, ensuring reliability.
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al., who did not observe a broad signal from silica particles in
the 2θ range of 10−15° in their PXRD analysis�interpreting
this as evidence of a hydrate shell covering DW particles. We
observed a broad signal in our PXRD pattern (Figure S5a),
indicating hydrate formation within the silica shell of DW.
Additionally, the reduction in peak intensity of the Si−O−Si
stretching band in Raman spectra (Figure S5b) suggests that a
small fraction of the hydrates was also formed above the silica
shell (Figure 4c). However, Park et al. noted a complete
disappearance of the Si−O−Si stretching band in the Raman
spectra after hydrate formation. This PXRD and Raman
analysis confirms our findings and provides a nuanced
understanding of hydrate formation in the CO2-DW systems.
All three scenarios of hydrate growth dynamics in DW are
depicted in Figure 4(a−c).

Previously, DW-gas hydrates have been tested for reusability
through multiple hydrate formation-dissociation cycles.33,35

Notably, the hydrate shells that form on DW will convert to
free water upon dissociation and will not re-enter DW without
high-speed reblending. Park et al.35 observed that in the first
formation-dissociation cycle, approximately 80% of the water
was converted to hydrate covering the silica shell, meaning this
80% will become free water after dissociation. This indicates
that only about 20% of the water remains inside the DW for
the second cycle. However, in their second cycle with the same
sample, they found that around 50% of the water converted to
hydrate, which cannot be explained by the hypothesis that
hydrate shells form solely above the silica shells. Our
hypothesis provides a more comprehensive explanation:
hydrates can grow on and beneath the silica shell, and only
the fraction of hydrates formed above the silica shell converts
to free water, while the remaining water stays inside DW. This
means that during hydrate dissociation, while the hydrate
formed above the silica shell accounts for the free water, the
hydrate formed beneath the silica shell retains water within the
silica shell, ensuring the stability and reusability of DW. This
dual hydrate growth dynamics�hydrates forming both on and
beneath the silica shell�explains the observed reusability and
water retention in DW, offering a better understanding of the
hydrate formation-dissociation processes.

3.3. Formation Kinetics and Morphology of CO2
Hydrates in Pure Water, DW, and DW + L-trp.
Understanding the kinetic characteristics of hydrate formation
is crucial for evaluating the potential of hydrate-based carbon
capture and storage (HBCS) technology. This study
investigates the CO2 hydrate formation kinetics and morphol-
ogy in three systems: pure water, DW, and DW with 500 and
1000 ppm of L-trp. Here, L-trp is used as a kinetic hydrate
promoter. All experiments were conducted with an initial
temperature of 274.65 K and a pressure of 3.5 MPa, and each

was repeated twice to ensure reliable results. From the
recorded temperature and pressure data, we estimated the
CO2 uptake, water-to-hydrate conversion, induction time, and
time required to reach 90% gas uptake (t90) for all systems,
providing a comprehensive comparison of their kinetic
performance. To establish a baseline for CO2 hydrate
formation kinetics, initial experiments were conducted using
pure water. Changes in the pressure and temperature during
the hydrate formation process are shown in Figure S6a. The
CO2 gas uptake kinetics for pure water are presented in Figure
5a (orange trace), while the morphology of hydrate formation
is illustrated in Figure 5b. In two experimental trials with pure
water, normalized gas uptake was 48.1 v/v with a 28.75%
water-to-hydrate conversion in trial A1 and 46.9 v/v with a
28.11% conversion in trial A2 (Figure 5c,d). Induction time
and t90 are detailed in Table 1.

Figure 5b reveals the morphology of the CO2 hydrate
formed in pure water. We observed that initially, as CO2
dissolves, the solution turns from translucent to milky white.
After ∼420 min, a thin hydrate film forms at the gas−water
interface and grows slowly until ∼1200 min. At this stage, a
branch-like crystal emerges from the reactor’s edge, causing the
thin film to rupture due to volume expansion. This rupture
triggers spontaneous, rapid hydrate formation throughout the
reactor aided by enhanced CO2 diffusion. By 1800 min, bulk
hydrates with a “glacier-like appearance” are visible (Figure 5b
and Video S1). This overall process occurs in three stages:
nucleation, film formation, and film breakup with bulk hydrate
growth.13,53 While, Dhamu et al.13 reported different types of
CO2 hydrate morphologies, which included fine caladium-like
crystalline growth, hydrate dendrites, hydrate glaciers, and
atrichous-hydrate branchlets. In the present case, we observed
an atrichous-hydrate branchlet at ∼1500 min and a glacier-like
morphology at ∼1800 min.27

The next set of experiments was conducted by using DW
and DW + L-trp. The changes in pressure and temperature
during CO2 hydrate formation in these systems are shown in
Figure S6b−d. Figure 5a,c,d presents the CO2 gas uptakes and
water conversions achieved with DW + (0−1000 ppm) L-trp.
The CO2 uptake in DW was estimated to be 133.9 v/v with a
water-to-hydrate conversion of 80.1% for trail B1 and 132.3 v/
v with a water-to-hydrate conversion of 79.2% for trail B2
(Figure 5c,d). Hence, the CO2 gas uptake in DW was about
∼2.8 times higher than that of pure water (∼48 v/v).

To optimize the DW-CO2 hydrate formation kinetics above
the freezing point, L-trp was used as a kinetic promoter in DW.
L-trp concentrations of 500 and 1000 ppm were tested, and
DW prepared with L-trp-doped solutions remained stable for
over 1 month. The CO2 uptake and water-to-hydrate
conversion in DW with 500 ppm L-trp (C1 and C2) and

Table 1. Estimated Water Conversion, Gas Uptake, Induction Time, and t90, for Each Trial

system trails
estimated water conversion

(%)
estimated gas uptake (volume of gas at STP/volume of

hydrate)
induction time

(min)
t90

(min)

pure water A1 28.7 48.1 212.5 164.3
A2 28.1 46.9 714.3 295.3

DW + 0 ppm L-trp B1 80.1 133.9 64.2 439.2
B2 79.2 132.3 85.4 1085.2

DW + 500 ppm L-trp C1 79.7 133.3 48.8 192.7
C2 78.7 131.4 52.5 175.7

DW + 1000 ppm L-trp D1 78.6 131.4 7.8 209.7
D2 78.3 130.9 4.3 192.7
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1000 ppm L-trp (D1 and D2) were comparable to those
observed in pure DW, as presented in Table 1 and Figure 5c,d.
This demonstrates that both L-trp-doped and pure DW exhibit
high CO2 uptake and rapid hydrate formation compared with
pure water. Further, Figure 6a,6b present the induction time
and t90 for CO2 hydrate formation in DW with and without L-
trp. We observed that the addition of L-trp leads to a roughly
linear decrease in induction time with increasing L-trp
concentration (Figure 6a). Although L-trp doping in DW
significantly reduces t90, the values for 500 and 1000 ppm of L-
trp are similar (Figure 6b). Furthermore, the nucleation and
growth of CO2 hydrates in pure DW at 274.65 K exhibited
stochastic behavior (Figure 6a,b), meaning that the process
was less predictable and highly variable, similar to hydrate
formation in pure water. While the variability is not fully
understood, incorporating additives like L-trp (as observed in
this study) or lowering the formation temperature33 can reduce
this stochastic behavior. Future studies will focus on
understanding the behavior of pure DW at higher temper-
atures. Table 1 summarizes the CO2 uptake, water-to-hydrate
conversion, induction time, and t90 values for each
experimental trial.

The morphology of the CO2 hydrate formation in DW +
(0−1000 ppm) L-trp is shown in Figure 6c. The initial
arrangement of the DW particles inside the high-pressure
reactor changes slightly during the CO2 pressurization, as
evidenced by the column heights for different trials shown in
Figure 6c. During the formation of the CO2 hydrate in DW,
detected by a simultaneous rise in temperature and drop in

pressure, a slight change in DW arrangement or increase in the
height of the DW column was observed (Figure 6c, Videos S2,
S3, and S4). The change in the DW arrangement before and
after hydrate formation can be realized by seeing between
black and green dotted lines in Figure 6c. However, compared
to pure water, the morphological growth pattern of CO2
hydrates in DW is difficult to observe as both DW-CO2
hydrate and DW have a similar white appearance.

From the foregoing, we understand that DW offers clear
advantages for CO2 storage in hydrates by eliminating the need
for mechanical stirring or additional promoters. Our findings
indicate that incorporating L-trp into DW significantly
accelerates hydrate formation, reducing both induction time
and t90 at 274.65 K. L-trp, well-established for its kinetic
promotion of CO2/CH4 hydrate formation in liquid water,
operates through its amphiphilic structure, which (i) lowers
interfacial tension, (ii) facilitates gas transfer, and (iii) arranges
water molecules to accelerate nucleation and stabilize hydrate
structures.41 Since the current set of DW experiments were
conducted above freezing point (274.65 K, water inside silica
shell will remain in liquid phase), we anticipate similar
promotion effects of L-trp in DW as observed in liquid water
systems. Previous studies, like the one by Khandelwal et al.,43

reported a maximum CO2 uptake of approximately 116 v/v in
water doped with L-trp. In contrast, our study demonstrates
that pure DW achieves a CO2 uptake of about 134 v/v. This
distinction is critical for assessing the commercial potential of
DW in CO2 storage applications. Our future research will focus
on screening new thermodynamic promoters for enhancing

Figure 6. Comparison of the (a) induction time, and (b) the time required to reach 90% completion of gas uptake (t90) for DW (trails B1, and B2),
DW + 500 ppm L-trp (trails C1, and C2), and DW + 1000 ppm L-trp (trails D1, and D2). (C) Comparison of the DW-CO2 hydrate morphology
before (initial) and after (final) the hydrate formation in (i) DW, (ii) DW + 500 ppm L-trp, and (iii) DW + 1000 ppm L-trp systems at 3.5 MPa and
274.65 K. Changes in DW can be visualized between the black and green dotted lines, drawn at the lowest and highest heights of the initial
morphology, respectively. During hydrate formation, an increase in the height of the DW column was observed with a simultaneous change in the
temperature and pressure. During pressurization, the initial arrangements of DW change, unlike in liquid water.
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DW stability to improve hydrate formation kinetics further at
lower pressures and ambient temperatures.

4. CONCLUSIONS
We conducted a detailed experimental investigation into the
formation of CO2 hydrates in both pure water and DW doped
with L-trp (0−1000 ppm) under conditions of 3.5 MPa and
274.65 K, without mechanical agitation. Through a compre-
hensive analysis employing a high-pressure reactor, PXRD, and
in situ Raman spectroscopy, we explored critical aspects of
DW-CO2 hydrate, including crystal structure, hydrate growth
dynamics, morphology, and gas uptake kinetics. The PXRD
and Raman spectroscopy data unequivocally confirm the
formation of sI hydrate in DW, revealing the incomplete
occupancy of hydrate cages, which could be one of the reasons
for the reduction in CO2 uptake in DW systems. Our findings
notably demonstrate the existence of hydrate shells both on
and beneath the silica shell. This insight into hydrate growth
dynamics is crucial for understanding the reusability of DW.
Moreover, kinetic studies demonstrated that the CO2 gas
uptake in DW is approximately three times higher than in pure
water, highlighting the suitability of DW for CCS. Our findings
also indicate that doping DW with L-trp does not significantly
enhance CO2 uptake, though it effectively reduces stochas-
ticity, induction time and t90. These characteristics emphasize
DW’s potential as an energy-efficient and suitable solution for
CO2 storage, with significant implications for large-scale
deployment.
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