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Crystallization Behavior of the Hydrogen Sulfide Hydrate Formed in
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ABSTRACT: There are no reports on the hydrogen sulfide
hydrate growth process and morphology in micropores due to the
toxicity of hydrogen sulfide. In this study, the experimental
measurements and dissociation enthalpies were provided to assess -
the effect of the microcapillary silica tube size on hydrogen sulfide | SES—Ew—— @
hydrate dissociation conditions. To simulate micropore sediments, L
the H,S hydrate growth processes and morphologies at different
supercooling temperatures were observed in this study. The
dissociation temperature depression of the hydrate crystal in the

microcapillary was less than 0.001 °C, which shows that the stability of the hydrate is less affected by the microcapillary pore used in
this study. The mass transfer from the gas phase to the liquid phase is easily blocked when the hydrogen sulfide hydrate shell covers
the gas—water meniscus, causing the growth of the gas hydrate to be inhibited. The hydrate crystal morphology can be divided into
fibrous, needle-like crystals and dendritic crystals when AT, > 12.7; the hydrate crystal morphology can be categorized as dendritic
crystals and columnar crystals when ATy, = 7.9—8.9, and the hydrate crystals can form polyhedral crystals when ATy, = 7.9—8.9.
Additionally, a new “bridging effect” that a hollow crystal which was filled with the gas phase can connect with two separated gas
phases was found at low supercooling temperature.
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1. INTRODUCTION

Gas hydrates are ice-like, nonstoichiometric compounds
formed from water and gas molecules (e.g., CH,, CO,, and
H,S) at low temperatures and high pressures. Stable hydrates
form when the gas molecules are trapped in the cages built by
the water molecules. Different types of cages are built by
hydrogen bonding." The main hydrate forms are sI, sII, and
sH.' Under low-temperature, high-pressure conditions, gas
hydrates easily form in gas transmission pipelines, blocking the
pipelines and corroding the equipment. As these problems
disrupt the normal operation of the oil- and gas-extraction and
transportation equipment, preventing the formation of gas
hydrates is an urgent griority in oil and gas production and
pipeline transmission."”” Gas hydrates are characterized by high
gas-storage properties, high thermal properties of generation/
decomposition, and selectivity for guest molecules. These
properties have been exploited in various hydrate technologies,
such as transportation and storage of natural gas’ gas
separation,” and heat pump/cooling based on the high
generation/decomposition heat of hydrates.’

Understanding the crystalline morphological characteristics
of hydrates is essential for developing hydrate technologies.
For example, the crystalline morphology and particle size
distribution affect the fluid properties of hydrate slurry. Studies
have shown that the slurry hydrate strongly resists flow in
pipelines, whereas the powder hydrate consumes less energy
and has lower flow resistance, so is suitable for pipeline
transport.” However, the hydrate crystallization morphology
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and growth rate depend on the thermodynamic conditions of
hydrate formation, such as the degree of supercooling (ATy,),
calculated as the difference between the phase-equilibrium
temperature T, and the experimental temperature T, (ie.,
ATy, = Teg — Te). As the degree of supercooling increases,
the number of hydrate crystals enlarges and the crystals
become smaller; conversely, a smaller supercooling degree
results in fewer but larger crystals.” Therefore, the supercooling
degree can be designed to regulate the formation character-
istics of hydrates.

Natural geological sediments possess complex surfaces and
porosities. The surface properties and porosity of solid
matrices can affect the formation of natural gas hydrates.*”""
Beltran and Servio® observed that hydrates formed on slides
can grow beyond the original water boundary and that hydrate
halos can diffuse by forming “bridges” between nucleated and
non-nucleated droplets. Nguyen et al.'’ found that the CO, gas
hydrate forms more readily on hydrophobic glass surfaces than
on hydrophilic surfaces. Park et al.'> showed that the pore size
distribution in fine-grained sediments affects the dissociation
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temperature of gas hydrates. They also found that the smaller
the pore size of the silica gel, the lower is the dissociation
temperature of the CO, hydrate in the gel.

In many solid matrices, the hydrate formation process is not
directly observed but is inferred from macroscopic measure-
ments such as gas consumption.'”"* In addition, gas hydrate
formation processes are usually studied on large substrates (on
the milli- and centiscale).">'® Relatively few studies have
reported the formation of gas hydrates on micron-scale pore
substrates, which better simulate the pore characteristics of
geological sediments. Touil et al.'” observed the formation and
growth of CO, hydrates around water—gas bending surfaces in
micron-scale thin capillary silica tubes. They explored the
effects of supercooling and mass wettability on hydrate
formation but concluded that owing to the paucity of studies
conducted under similar or related experimental conditions
(e.g, thin glass capillaries and pore networks in depositional
matrices), their results could not be compared with the existing
results. As we all know, H,S is an important component of
natural gas, but its toxicity has prevented studies on the H,S
hydrate-formation process. From the authors’ knowledge, we
have not found the report on the hydrogen sulfide hydrate
growth process and morphology. The hydrogen sulfide hydrate
crystal growth behavior and appearance in the capillary silica
tube were observed in this study. The results are helpful to
understand the formation, growth, and morphology of gas
hydrates in sediment pores.

2. RESULTS AND DISCUSSION

2.1. Raman Spectroscopic Measurement of the H,S
Hydrate. As shown in Figure 1la, the Raman spectral peaks of
different H,S phases were detected at T,, = —5 °C (experiment
1-1). The Raman shifts at 2578, 2611, and 2590 cm™ were
attributed to S—H stretching vibrations of liquid-phase H,S,
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Figure 1. Raman spectra of different phases of H,S (a) and the H,S
hydrate (b) at P = 247.6 psi and T,, = =S °C.

gas-phase H,S, and dissolved H,S, respectively. After hydrate
formation and a temperature increase to T,, = —5 °C (Figure
1b), two Raman shifts of H,S hydrate were detected. The
peaks at 2604 and 2593 cm ™' were assigned to S—H stretching
vibrations of H,S in the small cage (5'%) and large cage (5'%6?)
of the H,S hydrate, respectively. These results agree with those
of previous reports."* >

2.2, Effect of the Microcapillary Silica Tube Size on
H,S Hydrate Dissociation Conditions. The limitation of
the pore size, especially nanoscale pores, will inhibit the phase
equilibrium conditions of gas—water systems.”"** However,
there is a discrepancy in whether microcapillary silica tubes can
inhibit the formation of hydrates. Sun et al.”* observed that the
equilibrium conditions of the ethane hydrate in two different
sizes of microcapillaries (500 gm ID and 1000 um ID) were
lower than in the bulk liquid (macroreactor) at the same
pressure, where the maximum difference of equilibrium
temperature is up to 1.6 °C. However, Touil et al.'” and
Martinez de Bafios et al.”* have measured the three-phase
equilibrium temperature of the CO, hydrate and cyclopentane
hydrate in the capillary silica tube (200 ym ID and 250 ym ID,
respectively), and their measurements are in accordance with
previous studies.””> As shown in Figure 1, we have measured
the H,S hydrate in the presence of liquid water and liquid
hydrogen sulfide, and the measurements were in agreement
with our previous study and literature studies.”**’

When the temperature and pressure are controlled, the
Gibbs free energy is the thermodynamic variable of the phase
transition.”>*” The Gibbs free energy is affected by the surface
curvature at the gas—water meniscus in the microcapillary
tube, which is affected by capillary pressure.”” The change in
Gibbs free energy can be expressed by the Gibbs—Duhem
equation.

dG=-SdT + V dP+ o dA + ) u dn ()

where S, V, and ¢ dA are the entropy, volume, and surface
energy, respectively. In addition, the change in Gibbs free
energy also can be given by the Gibbs—Helmholtz equation

(6AG/T)__A_H
or ) T @)

where AH is the dissociation enthalpy of the gas hydrate which
is given in Table 1.

The Gibbs equation makes some thermodynamic sub-
stitutions to derive the Gibbs—Thomson equation,” which
describes the change in dissociation pressure depression of the

Table 1. Measurements and Dissociation Enthalpies of the
H,S Hydrate along the H—Lw—V Phase Boundary

T, AH; m pore size

O PGs) (/g or (um) AT, (°C)
3.2 18.9 73.1 0.00096 100 9.48 x 107*
7.4 29.5 72.6 0.00092 9.68 x 107*
13.4 54.1 715 0.00087 1.01 x 1072
18.3 90.5 69.9 0.00082 1.04 x 1073
22.0 135.6 67.9 0.00078 1.09 x 1073
243 178.6 66.2 0.00075 1.13 x 1073
263 219.5 64.2 0.00072 1.17 x 1073
29.6 3229

“The temperature is out of the H-Lw—V phase boundary.
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gas hydrate crystal with the surface curvature. According to the
Gibbs—Thomson equation, the dissociation temperature
depression (AT, ) of the hydrate crystal in pore solids can
be expressed below

_ 4o T

AT =Ty — T (x) = ———= cos ¢
*AHp (3)

where T, is the hydrate dissociation temperature in bulk
liquid, T,,(x) is the hydrate dissociation temperature in pore
solids, oy is the surface tension between the hydrate and
1iq%uid, and 6y = 0.0314 J/m?, which was taken from Duan et
al’' p, is the hydrate density, p, = 1.046 g/cm’®, which was
taken from Carroll,** ¢ is the contact angle and assumed to be
cos ¢ = 1, x is assumed to be 5 nm, 50 nm, 500 nm, 10 um,
100 pum, and 300 ym in this study, and AH is the hydrate
dissociation enthalpy which can be calculated from the
Clausius—Clapeyron equation

d In(P) _ AH
d(1/T) zHZSR (4)

where zy 5 is the compressibility factor of hydrogen sulfide,

which was calculated from Duan et al.>* d In(P)/d(1/T) can
be obtained by fitting measurements in this study. As shown in
Table 1, we can see that the dissociation temperatures
depression of the hydrate crystal in the microcapillary was
less than 0.001 °C, which is less than the measurement error of
the thermocouple in the heating and cooling stage. Therefore,
the equilibrium measurements of gas hydrates in the
microcapillary used in this study are reliable. In fact, when
the pore size of the capillary silica tube is less than 0.0S ym, the
phase equilibrium conditions of hydrates will be greatly
affected (AT, > 1 °C). The porous media will cause extra
straiﬁ of the hydrate lattice when the pore size is less than 0.05
pm.

2.3. Hydrogen Sulfide Hydrate Growth Process and
Morphology. According to the authors” knowledge, there is
no report on the hydrogen sulfide hydrate growth process and
morphology. In this study, we reported the hydrogen sulfide
hydrate growth process and morphology under different
supercooling conditions. The supercooling temperature
(AT,,) is the difference between the phase-equilibrium
temperature T, and the experimental temperature T.,, which
is the isobaric extension from phase equilibrium temperature
to nucleation temperature, as shown in Figure 2.

2.3.1. Strong Supercooling Conditions. The strong super-
cooling experiments included experiment 2-1, experiment 4-1,
and experiment 4-2, and the cooling rate of all three
experiments was 5 or 10 °C/min. Figure 3 shows the
formation of the H,S hydrate at T, = 18.3 °C, AT, = 31.3
°C, and P = 90.5 psi (experiment 2-1). First, the H,S hydrate
halo formed at the gas—water interface and expanded rapidly
into the water-rich phase, and the growth rate of this halo was
840 um/s. The hydrate was a microcrystal invisible to the
naked eye (Figure 3a). Then, the hydrate crystals gradually
coarsened and were clarified under the Ostwald ripening effect
over a period of time (Figure 3b). Next, the hydrate halo at the
gas—liquid meniscus crept toward the gas-rich side, forming a
thin hydrate film (Figure 3b,c), the morphology of the hydrate
film evolved from fuzzy to clear, and tiny polyhedral crystals
were formed. The growth mechanism of the hydrate film can
be explained that the liquid water inside the hydrate film is
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Figure 2. Isobaric extensions from phase equilibrium temperature to
nucleation temperature (horizontal dashed lines).

pumped up through the pore spaces between the small hydrate
crystals under the capillary force. If the contact between the
water and gas molecules is maintained, it may help us to allow
the hydrate film to continually grow. However, after the
hydrate film grows hundreds of microns in the microcapillary
tube, its growth will gradually stop. The possible reason is that
the hydrate film cannot continue to thicken due to the
formation of a large number of hydrates in the liquid and on
the surface of the gas—water meniscus, resulting in blocked
mass transfer channels.

Raman spectroscopy can be used to monitor the growth and
thickening process of gas hydrate films.”> As shown in Figure
3d, the peaks at 2593 and 2604 cm™' represent the large-cage
and small-cage H,S hydrate structures at focus A in Figure 3b,
respectively, and no ice was found. The intensity ratios are
close to 3.0, indicating that the hydrate at focus A is an sI H,S
hydrate film without free gas interference. In addition, H,S
hydrate Raman spectroscopy at focus B in Figure 3d is shown
in accordance with focus A. As shown in Figure 3¢, we can
observe some coarse-grained hydrate crystals on the hydrate
film. Furthermore, the Raman shift of 2613 cm™ in Figure 3e,
which is the S—H stretching vibrations of the H,S gas molecule
and indicated that the hydrate film at point C was interfered
with the gas phase, is corresponding to focus C in Figure 3c. It
shows that the thickness of the hydrate film in the
microcapillary is thin and indicates that the hydrated crust
film is porous.

As shown in Figure 4a, the H,S hydrate formed at the gas—
water meniscus in fibrous appearance for experiment 4-1 (T,
= 7.7 °C and P = 32.5 psi), where the crystal growth rate
exceeded 450 pm/s, and then expanded radially into the
solution at AT, = 18.7 °C. A similar CO, hydrate crystal
appearance was reported in the literature.'” As given in Figure
4b, the H,S hydrate crystals showed a needle-like form and the
crystal growth rate exceeded 281 ym/s at AT, = 12.7 °C in
experiment 4-2 (T, = 7.7 °C and P = 32.5 psi). In addition, we
also found that the hydrate can crystallize in the dendritic form
under strong supercooling conditions (see Video S1). Such
needle-like and dendritic crystalline morphologies of hydrates
under strong supercooling conditions have been reported by
previous studies.'®*

2.3.2. Moderate Supercooling Conditions. The hydrate
crystal growth at the interface of gas—liquid is a common
phenomenon. We also observed the growth of the hydrate in
columnar crystals at the interface between H,S and aqueous
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Figure 3. Representative optical microscopy images and Raman spectra of the H,S hydrate film growth process (AT, = 31.3 °C). (a) Initial
formation of hydrates; (b) coarsening of hydrate crystal particles; (c) hydrate halo growth; and (d,e) hydrate and H,S vapor Raman spectra.
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Figure 4. Formation of fibrous (a) crystals at AT, = 18.7 °C and
needle-like (b) crystals in microcapillary silica tubes at AT, = 12.7
°C.

solutions under moderate supercooling conditions in experi-
ment 3-1. As shown in Figure 5b, the hydrogen sulfide hydrate
was formed at the gas—liquid meniscus, and it was covered
with a hydrate crust within 3 s. Next, the mass transfer channel
from gas to solution will be blocked since the solubility of gas

(b)

mass transfer
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—— 0=
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Figure S. Columnar polyhedral hydrate crystals formed on the liquid
surface of the gas—water meniscus at AT, = 8.9 °C: (a) unnucleated
images; (b) hydrate nucleation at the gas—water meniscus; (c)
hydrate growth from the gas—water meniscus; and (d) columnar
polyhedral crystal.

14291

in aqueous solutions without gas hydrates is different from that
of gas in aqueous solutions with gas hydrates. According to the
mechanism of mass transfer,’”” when the hydrogen sulfide
hydrate is not formed, the concentration at point A is equal to
the concentration at point B, CgA = CgB, as shown in Figure Sa.
When the hydrogen sulfide hydrate is formed, the concen-
tration at point A is greater than that at point B, Cgs > Cyp,
resulting in a concentration difference that allows the dissolved
hydrogen sulfide at point A to diffuse to point B, thus
promoting the growth of hydrate crystals from the hydrate film
in the meniscus toward bulk of the liquid water, as shown in
Figure Sb,c. When the concentration at point A is in
accordance with the concentration at point B, Cyy = Cyp, the
hydrogen sulfide hydrate will no longer grow, as given in
Figure 5d. In addition, the formation of different columnar
crystals in Figure 5d may be due to the different surface
roughnesses of the hydrate crust in Figure Sb.

On the other hand, when the AT, was equal to 7.9 °C, we
observed a phenomenon in experiment 3-2 that the hydrogen
sulfide hydrate formed at the substrate of the microcapillary,
which can be seen in Video S2. According to Kvamme et al,”*
the mineral surface will have a water molecule adsorption layer
and water on substrate surfaces is structurally close to liquid
water. In addition, H,S will be able to compete with water for
some direct adsorption on the mineral surface, which makes it
possible for H,S hydrates to nucleate in water molecules on
substrate surfaces. As shown in Figure 6b,c, after the hydrogen
sulfide hydrate forms on the substrate, the hydrate then grows
in two different directions in the form of a “zigzag crystal” and
the growth rate was estimated at 113 pm/s. As shown in Figure
6d, when the hydrogen sulfide hydrate reaches the gas—water
meniscus, it will quickly form a hydrated crust, causing the
mass transfer from the gas phase to the liquid phase to be
blocked. In addition, there are a lot of raised cellular structures
on the “zigzag crystal” form. Moreover, the surplus gas that
dissolved in water can promote the secondary side branches of
the like-dendrite crystal evolved from the raised cellular
structure. According to the mechanism of mass transfer,”’ the
surplus gas dissolved in water can promote the raised cellular
structure to evolve into the like-dendrite crystal which is a
secondary side branch of the “zigzag crystal” form, as shown in
Figure 6d.

https://doi.org/10.1021/acsomega.1c01051
ACS Omega 2021, 6, 14288—14297


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01051/suppl_file/ao1c01051_si_003.mp4
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01051?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01051?rel=cite-as&ref=PDF&jav=VoR

ACS Omega

http://pubs.acs.org/journal/acsodf

N
Growth direction

Width (um)
Width (um)

N BE
0 100 200 300 400 500 600
Length (um)

0
0 100 200 300 400 500 600
Length (um)

£
=
<
el
2

Width (pm)

0 " m— - :
0 100 200 300 400 500 600

Length (um) Length (um)

Figure 6. Zigzag crystal growing in the substrate of the silica tube at
ATy, = 7.9 °C: (a) unnucleated images; (b) hydrate formation at the
substrate of the silica tube; (c) hydrate growth in a zigzag form; and
(d) hydrate crust formation at the gas—water interface.

2.3.3. Low Supercooling Conditions. To the authors’
knowledge, there are only a few studies that report the
formation and morphology of the hydrate in microscale
pores.'”***? As shown in Figure 7, we observed in this study
the radiation growth of floating gas hydrates in aqueous
solutions at AT, = 3.9 °C (experiment 3-3), and its growth
rate was close to 3.1 um/s. As shown in Figure 7b,c, the
hydrates grow in different directions and form radial
polyhedral crystal clusters due to the presence of concentration
differences. On the other hand, a variety of floating polyhedral
crystals in this study were observed under the low supercooling
conditions at AT, < 1.0 °C (experiment 6-1) and AT, = 0.6
°C (experiment 6-2). As given in Figure 8, possible crystal
morphologies observed in this study include the polyhedral
crystal (Figure 8a), cubic crystal (Figure 8b), and hexagonal
crystal (Figure 8c).

We reported the hydrogen sulfide hydrate growth process
and morphology under different supercooling conditions in
this study. The hydrate crystal morphology can be divided into
fibrous, needle-like crystals and dendritic crystals when AT, >
12.7; the hydrate crystal morphology can be categorized as
dendritic crystals and columnar crystals when ATy, = 7.9—8.9,
and the hydrate crystals can form polyhedral crystals when
ATy, = 7.9—8.9. What is more, the growth of hydrate crystals
is affected by mass transfer. When the hydrogen sulfide hydrate
reaches the gas—water meniscus, it will quickly form a hydrated
crust, causing the mass transfer from the gas phase to the liquid
phase being blocked, so that the growth of the gas hydrate was
inhibited.

2.4. Bridging Effect in the Microcapillary Silica Tube.
So far, a variety of “hydrate bridge” effects have been reported
in previous literature studies.”** Beltran and Servio® first found
that the hydrate can diffuse between separated droplets by a
bridging effect that causes hydrate formation in both nucleated

and non-nucleated droplets. Sun et al.”’ observed the ethane
hydrate formation, which is regard as a bridge, between the
adjacent bubbles in aqueous solutions. In this study, we
observed that the gas hydrates under low supercooling
conditions in the microcapillary can provide a bridging
function that connects with two separated gas phases in a
hollow crystal form, as shown in Figure 9. The growth process
of the hollow crystal in the microcapillary tube is provided in
Video S3.

We conducted experiment 5-1 (T,, = 7.0 °C and P = 29.9
psi) under low supercooling temperature conditions, AT, =
3.9 °C. As shown in Figure 9a, the floating hydrogen sulfide
hydrate crystal of the gas—water meniscus in the microcapillary
silica tube was obtained by repeated heating and cooling
operations. As shown in Figure 9b, the gas hydrate in the
conical crystal form starts from the gas—water meniscus to
grow toward the liquid phase under the driving force, and the
growth rate is close to 1.7 pm/s. As shown in Figure 9¢,d, it is
noteworthy that the hydrogen sulfide hydrate during the
growth process is not in the solid crystal but in the hollow
crystal. The highlighted line in Figure 9 can be determined as
the boundary of the hydrate crystal, and the conical hydrate
crystal was gradually evolved into cylindrical hollow crystals. In
addition, the shaded portion surrounded by the highlighted
lines is consistent with the optical phenomenon of the gas-
phase hydrogen sulfide on the right side. Touil et al.'”
demonstrated using Raman spectroscopy that the hollow
hydrate crystal was filled with the gas phase. Karanjkar et al.*’
found that the cyclopentane hydrate can grow in a hollow
conical crystal form from the cyclopentane—water interface
into the liquid.

As shown in Figure 9d, we can see that the cylindrical hollow
crystal has a smooth surface, indicating that it is a completely
hollow crystal. Surprisingly, when the hollow crystal reached
the gas—water meniscus at the left side, a new hollow crystal
which is in fact integrated with the hollow crystal in the right
side occurs in the gas—water meniscus in the left side (see in
Figure 9e¢). We believe that the growth process of the hollow
crystal represents the hydrate bridging effect, and the diagram
concerning on the hollow hydrate crystal growth between the
adjacent gas phase in the microcapillary is shown in Figure 9f.
According to the Yang—Laplace equation, the gas—water
interface exhibits a form of meniscus shape because the gas-
phase pressure (P,) is greater than the liquid-phase pressure
(P;). We speculate that the formation of hydrates at the gas—
water meniscus reduces the contact surface area of the gas—
water interface, causing the molecules to become more
crowded with each other and resulting in an increase in the
pressure difference between the gas—water phases, forcing the
hydrate shell to tend to grow into the liquid phase.
Additionally, the hydrate film adsorbs gases under interfacial
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Figure 7. Floating H,S hydrate crystals at AT, = 3.9 °C. (a) Unnucleated images; (b) hydrate formation in water; and (c) polyhedral crystals

evolved from hydrates.
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Figure 9. Hollow hydrate crystal growth between the adjacent gas phase in the microcapillary silica tube at AT, = 0.5 °C: (a) hydrate seed at the
gas—water meniscus; (b) hollow hydrate at gas—water meniscus; (c) growth of hollow hydrate crystals; (d) hollow hydrate connecting with two
sides of the gas phase; (e) new hollow hydrate formation; and (f) schematic diagram of the hollow hydrate crystal growth process.

tension and forms slowly coarsening and thickening hollow

crystals during annealing.
The average growth rates of the hydrogen sulfide hydrate in

the microcapillary silica tube are given in Figure 10, including
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Figure 10. Average growth rate of the H,S hydrate (V in pum/s) vs
supercooling degree (ATy,).

840, 454, 281, 113, 3.1, and 1.7 um/s. The dependence of the
growth rate of the hydrogen sulfide hydrate on supercooling
temperature is shown in eq 5

V = —45.4985 + 21.5612 X AT, + 02223 X AT,>
R* =098 ()

where V is the growth rate of the gas hydrate, um/s. The
empirical equation is not universally applicable. Comparing the
growth rate of the hydrogen sulfide hydrate at different
supercooling temperatures, it can be seen that the growth rate
of the hydrogen sulfide hydrate increases with the increase in
supercooling temperatures.

3. CONCLUSIONS

In this study, we applied microcapillary silica tubes to simulate
the formation and growth characteristics of gas hydrates in
sediment pores. The Raman spectra of different hydrogen
sulfide phases were provided in this study, and the Raman shift
at 2604 and 2593 cm™' was attributed to S—H stretching
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vibrations of H,S in the small cage (5'%) and large cage (5'6?)
of the H,S hydrate, respectively. The measurements and
dissociation enthalpies were provided to assess the effect of the
microcapillary silica tube size on hydrogen sulfide hydrate
dissociation conditions. The dissociation temperature depres-
sion of the hydrate crystal in the microcapillary was less than
0.001 °C, which shows that the stability of the hydrate is less
affected by the microcapillary pore used in this study.

We have reported the hydrogen sulfide hydrate growth
process and morphology at different supercooling temper-
atures. The experimental results show that the gas hydrate may
be formed in fibrous, needle-like crystals and dendrite-like
crystals at AT, > 12.7 °C, and dendrite-like crystals and
columnar crystals form at AT, = 7.9-8.9 °C, as well as
polyhedral crystals at AT, < 3.9 °C. It can be found that the
growth rate of the hydrogen sulfide hydrate increases with the
increase in supercooling temperatures. The growth of hydrate
crystals is greatly affected by mass transfer. The mass transfer
from the gas phase to the liquid phase is blocked when the
hydrogen sulfide hydrate shell covers the gas—water meniscus,
causing the growth of the gas hydrate to be inhibited.
Furthermore, a new “bridging effect” that connects with two
separated gas phases in a hollow crystal form was found at low
supercooling temperature.

4. MATERIALS AND METHODS

4.1. Materials and Apparatus. The experimental setup is
shown in Figure 11, and the purities and suppliers of the

3 5 9

Figure 11. Apparatus for observing H,S hydrate formation. (1)
Heating—cooling stage (blue box); (2) desktop computer; and (3)
temperature controller; (4) microscope with a Raman spectrometer;
(5) liquid N, dewar; (6) pressure transducer; (7) high-pressure
optical cell; (9) pressure generator; (10,11) high-pressure valves; and
(12) syringe with distilled water.

experimental media (deionized water, hydrogen sulfide, and
liquid mercury) are listed in Table 2. A Chou—Burruss—Lu
high-pressure optical cell (HPOC), a kind of transparent
microcapillary silica tube (Polymicro Technologies Co, Ltd.,
American) which can withstand pressures more than 80 MPa,
was regarded as a reactant cell for hydrate formation.*"** The
inner diameter (ID), outer diameter (OD), and length of the
experimental silica tube were 300 ym, 665 um, and 24 cm,

Table 2. Suppliers and Purities of the Materials

material supplier purity
distilled deionized Sichuan Ulupure Technology Co., 1825 MQ:-cm
water Ltd
hydrogen sulphide Wuhan Newradar Special Gas Co.,  99.99 mol %
Ltd
mercury Shanghai Macklin Biochemical 99.9 wt %
Co., Ltd

respectively (see Figure Sl in the Supporting Information).
The capillary silica tube was filled with 20 cm of deionized
water, and one of its ends was sealed by hydrogen flame. The
deionized water was then displaced to the sealed end of the
capillary tube by centrifugation. The open end of the capillary
silica tube was inserted into a stainless-steel tube with an
approximate outside diameter of 4 cm (1/16 in.) and was
glued with the adhesive. As H,S is highly toxic, the sample
containing H,S—water in the silica tube was sealed with
mercury, see the Supporting Information on how to inject
H,S—water and liquid mercury into the silica tube. The sealed
end of the capillary silica tube was placed on a silver block in a
Linkam CAPS00 heating—cooling stage, and the temperature
was increased and lowered using a Likam T95 temperature
controller and a PE9S nitrogen pump. The temperature was
measured using a platinum sensor (+0.1 °C) placed in a silver
block, and its accuracy was periodically checked by monitoring
the melting point of the ice. Deionized water was supplied
from a pressure generator (HIP Co, Ltd., American) through a
stainless-steel line. The system pressure was measured using a
digital pressure transducer (Setra Co, Ltd., American). The
hydrate formation and decomposition processes were observed
with computer software and a microscope. Please see our
previously published literature for information on how to
prepare the HPOC sample.'®***

4.2. Procedure. All experiments were conducted under
constant pressure with a cooling rate of 5 or 10 °C/min. As the
solubility of the gas increases with decreasing temperature, the
movement of the gas—water meniscus was observable during
the annealing process, and then, the hydrate formation process
may occur at the gas—water meniscus. Next, the capillary silica
tube was heated at S or 10 °C/min to observe the
decomposition process of the formed hydrate. The exper-
imental procedure is shown in Figure 12.

As shown in Figure 12a, the temperature and pressure
should be fixed to keep the system under a stable condition.
Next, keeping the pressure constant, the system temperature is
lowered from ambient temperature to T, When the system
temperature has been cooled to T,,, the hydrate may form on
both sides of the gas—water meniscus over a period of time, as
shown in Figure 12b. When the hydrogen sulfide hydrate is
formed at the gas—water meniscus, the temperature is
gradually heated to T,. When the temperature increases from
Ty to T, (T, < Tgy), the gas hydrate crystals will undergo
coarse graining, which is typical of Oswald ripening, as shown
in Figure 12c. When the system temperature has been
increased to Ty, (Ty, > Ty), dissociation of the hydrate crystals
will continually occur, as given in Figure 12d. To facilitate the
observation, we obtained isolated hydrate crystals by repeated
heating and cooling operations, as shown in Figure 12e.
Finally, the dissociation conditions of isolated gas hydrates
were determined by adjusting the temperature at constant
pressure. We provide a video to show the process of hydrate
dissociation (see in Videos S4 and SS5). Table 3 lists the
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Figure 12. Experimental temperature profile of hydrogen sulfide
hydrate formation and dissociation (the size order: T}, > T > T, 2
T.,), (a) initial state, (b) hydrate formation, (c) state of the hydrate
during the heating process, (d) hydrate dissolved process, and (e)
isolated hydrate crystal.

thermodynamic experiments of H,S hydrate formation in this
study.

Table 3. Thermodynamic Experiments of Hydrogen Sulfide
Hydrate Formation

experiment P (psi) T, (°C) T,, (°C) AT, (°C)
1-1 2479 27.4 -5.0 324
2-1 90.5 18.3 —-13.0 313
3-1 58.2 139 5.0 8.9
3-2 58.2 13.9 6.0 79
3-3 58.2 13.9 10.0 3.9
4-1 32.5 7.7 —-11.0 18.7
4-2 32.5 7.7 -5.0 12.7
S-1 29.9 7.0 6.5 0.5
6-1 <1.0
6-2 76.4 16.0 154 0.6

4.3. Raman Spectroscopy Analysis. As a complement to
optical microscopy, laser Raman spectroscopy can provide in
situ information on the properties and composition of
substances. In this study, Raman spectra of the hydrogen
sulfide hydrate at different locations in the capillary were
obtained using JY/Horiba LabRam HR Evolution micro
confocal Raman spectroscopy. The spectrometer uses a Nd/
YAG laser with an excitation wavelength of 532 nm and an
output power of 100 mW. The output power of the lens was
measured as approximately 14 mW. The Raman spectra were
acquired through a 50X telephoto objective with a grating of
1800 scintillations/mm, a micrometer-level spatial resolution,
and a spectral resolution of 0.2 cm™'. Before the experiment,
peak calibration was using a single silicon (520.7 cm™"). The
integration time for spectral acquisition was set to 3—100 s,
and the cumulative number of spectral scans was set to 2. The
acquired Raman spectra were processed using PeakFit
software.
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Hydrate crystallizes in the dendritic form under strong
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