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ABSTRACT: A comparative investigation of methane hydrate formation from 0.1 wt % solutions of
an alkaline extract of humic acids (HA) and sodium dodecyl sulfate (SDS) has been carried out. It was
demonstrated that the hydrate grows as a voluminous loose mass squeezed onto the reactor walls in
both cases. It turns that about 75% of water transforms into hydrate within 15−20 min. Thus, natural
HA can act as kinetic hydrate promoters. At the same time, SDS increases the hydrate nucleation rate
compared to pure water under the studied conditions (12.5−13.0 MPa and −5 °C), while HA retards
the hydrate nucleation. Visual observation of the hydrate growth in the solutions of HA and SDS
allowed us to propose a new mechanism of hydrate growth in the form of a porous loose mass
squeezed upward over the reactor walls. The mechanism relates to overgrowing of the hydrate film
formed at the gas−solution interface into the solution volume. This results in squeezing some part of
the solution onto the reactor walls. Simultaneous contact of the gas, solution, and hydrate facilitates the rapid transformation of the
squeezing solution into a loose hydrate mass. Then this mass soaks up the solution due to the capillary forces.
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■ INTRODUCTION

Natural gas is widely used as an energy source in the power
industry and as a raw material for large-scale chemistry.
Combustion of natural gas results in relatively small emission
of carbon dioxide into the atmosphere in comparison with the
burning of petroleum-based fuels and coal. This makes the use
of natural gas environmentally friendly. Traditionally, natural
gas is transported and stored in compressed (in tanks or
through pipelines) or liquefied forms. At present, gas
transportation and storage in gas hydrates are considered an
alternative method.1 This method provides the best
perspectives in the cases when the specific density of gas in
the storage reservoir does not play a critical role, in particular
in gas supply systems for small settlements and industrial
consumers not connected to a pipeline, for building stationary
gas storage facilities, and for the natural gas transport from
small gas deposits. Substantial attention is also given to
develop gas hydrate technologies to separate gas mixtures and
for cold thermal energy storage.2−5 A critical aspect for
implementing the indicated processes is developing methods
for rapid and ecologically friendly preparation of large
quantities of gas hydrate at the lowest costs and the maximum
technological simplicity. This makes it practically relevant and
topical.
The crystalline framework of gas hydrates is composed of

hydrogen-bonded water molecules, and the molecules of gases

or readily volatile liquids occupy the cavities of this framework.
The hydrate structure, compositions, and properties were
considered in detail in refs 6−8. Almost all patented large-scale
methods of obtaining gas hydrates are based on the reaction of
gas with water/solution.9 In pure water, the reaction proceeds
at the water−gas interface, with the contact surface over-
growing by the hydrate film. This virtually blocks up further
hydrate formation.10 The following methods can be used to
eliminate the hydrate film and intensify the heat and mass
transfer: mixing, bubbling, injection of a gas into water,
employing a porous medium to increase water−gas contact
area, etc. Thus, the relative efficiency of hydrate production in
the same reactor operating in three modes(1) a gas-entry
stirrer, (2) water spraying via a nozzle and a recycle pump, and
(3) a combination of these methodshas been reported in ref
11. As it turned out, the rate of hydrate formation and the final
degree of water-to-hydrate conversion systematically increased
from regime (1) to regime (3). Hydrate formation from water
occupying the pore space of the silica sand bed was reported in
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ref 12. The hydrate was formed in several steps, with the
maximal water-to-hydrate conversion of 74−98%. A similar
system with a fixed bed consisting of glass spheres with
differently modified surfaces was investigated in ref 13. The
authors studied the influence of the degree of hydrophilicity of
the glass surface on the efficiency of the transformation of pore
water into hydrate. As it turned out, the best results were
achieved on a slightly hydrophobic surface. It has also been
demonstrated that it is possible to use other types of water-
containing media, such as clays, to accelerate hydrate
formation.14

Studies of the so-called hydrate formation promoters are of
considerable interest. According to the terms used in modern
studies, thermodynamic promoters form double hydrates, with
natural gas shifting the hydrate formation conditions to a lower
pressure and a higher temperature regarding the hydrates of
individual components. Kinetic promoters are the catalysts of
hydrate formation. It has been shown that hydrophobic
coatings of mineral particles being in contact with water
accelerate the hydrate nucleation processes (e.g., refs 15, 16).
Some studies in this field are reviewed in ref 17. The effect of
various additives to the aqueous phase on the nucleation and
growth of hydrates is being intensively studied (e.g., refs
18−20). The thermodynamic hydrate promoters, as well as
combined methods used to accelerate hydrate formation, are
also investigated (e.g., refs 21, 22).
Surfactants, most commonly sodium dodecyl sulfate (SDS),

are a type of kinetic hydrate promoters.23−28 Several
mechanisms of the promoting effect of surfactants on hydrate
formation have been proposed.24 The most probable
mechanism among them is the adsorption of surfactant
molecules on the surface of hydrate particles, which prevents
them from sticking together to form a continuous film. Instead,
a loose mass composed of hydrate crystals is formed; and it is
squeezed onto the reactor walls. Due to capillary forces, liquid
water is sucked into this mass, which is accompanied by a rapid
formation of the hydrate at the ternary contact boundary of
water−hydrate−gas.
Humic acids (HAs) are widespread natural compounds

(components of soil, brown coal, etc.), exhibiting the
properties of surfactants.29,30 In addition to brown coal, peat,
leonardite, compost, soils, lignins, and some others can act as
sources of HAs.31 They have a complex composition.
Carboxylic, keto, and hydroxyl groups are dominant among
the functional groups of these compounds. They are soluble in
water at a high pH and precipitate in acid solutions. The effect
of HAs and related compounds on hydrate formation has not
been studied yet. We are aware of only one study32

demonstrating that fulvic acids (which are closely related to
HAs) exhibit the properties of thermodynamic inhibitors of
hydrate formation in solutions. In the present study, we
describe our recent results demonstrating the possibility to use
a cheap and ecologically friendly material30HAs as efficient
kinetic hydrate promoters.

■ EXPERIMENTAL SECTION
Materials. Methane gas (99.99 vol %), distilled water, SDS

(Galaxy, India), and an alkaline extract of HAs (in-house) were used
in this study. Brown coal (BC) from the Itat deposit (western wing of
the Kansk−Achinsk Brown Coal Basin, Russia) was a humin-
containing raw material. Mechanochemical treatment of the coal in
an AGO-2 planetary laboratory activator was employed to prepare
HA.33 A dry sample of BC (10 g) was treated at the calculated
acceleration of milling bodies at the moment of detachment from the
reactor walls of 200 m s−2. The activation time was 10 min, the weight
of the milling bodies was 200 g, and their diameter equaled 5 mm.
There were prepared using 100 g of BC with a particle size below 0.1
mm as the substance for extraction. Subsequent treatment of this
sample was carried out as follows. To remove salt impurities, the
sample was placed in a beaker and then 1 L of HCl solution with pH
= 2 was added under intense mixing (300 rpm). The sample was kept
in this solution for 24 h under stirring conditions; then, it was filtered,
washed with distilled water, and dried. The extraction of HAs was
carried out as follows. The treated sample of BC was mixed with 1 L
of distilled water under intense stirring. Extraction took 2 days, and
the solution pH was kept within the range of 7.95−8.05 by adding dry
NaOH to avoid dilution of the extract with water. After extraction,
nondissolved coal and HA solution were separated by filtering.

Characterization of the Materials. The concentrations of
dissolved substances in the resulting extract were determined by
evaporating 100 mL of the solution at 80 °C. The concentration of
the dry substance in the resulting extract turned out to be 0.11 wt %.
Elemental analysis of the dry substance was carried out using a Euro
EA 3000 analyzer (C, H, N, and S) and a GRAND spectrometer
(Russia; Si, Ca, Mg, Fe, and other microelements). It provides the
compositions expected for HA.34−36 Fourier transform infrared
(FTIR) spectra of these samples were recorded using a SCIMITAR
FTS 2000 FTIR spectrometer (USA) in the range of 4000−400 cm−1.
The characteristics of the acid−base surface functional groups (SFGs)
in the HA were determined by potentiometric titration of the
protonated samples (0.05 g of the HA in 50 mL of 0.01 M KNO3 as
the background electrolyte) with 0.1 M KOH. This procedure was
performed in duplicate under a nitrogen atmosphere in the pH range
of 2.9−10.1 at room temperature (20 ± 1 °C). The pH meter
produced by Multitest (Russia) with an uncertainty of ±0.003 pH was
used. ProtoFit2.1 software for determining the surface protonation
constants from titration data37 allowed us to calculate the pKa
constants and concentrations C (mmol g−1) of the acid−base SFGs
from the potentiometric data.

It is known that the initial BC from the Itat deposit contains 1.6
and 23.6% water-soluble and alkali-soluble HAs, respectively; the
prevailing molecular masses of the acids are 22.6, 9.7, and 3.6 kDa.33

Table 1 shows the results of the elemental analysis of humin-
containing BC and extracted HAs. These data are in agreement with
many results reviewed by Stevenson.30 A decrease in carbon content
(by more than 10%) in the sample of isolated HAs may be due to only
small-chain HAs with a high content of aromatics and oxygenated
functional groups that are dissolved at pH = 8.

FTIR spectrum of the raw BC and extracted HA is shown in Figure
1. The spectrum of HA displays typical peaks characteristic of these
substances,34−36 such as (i) a strong and very broad band at 3500−
3000 cm−1 is assigned to OH stretching of alcohol, phenol, and
carboxylic groups; (ii) bands at 2922 and 2851 cm−1 are related to
CH stretching of sp3 carbon; (iii) broad bands between 1720 and
1610 cm−1 are assigned to CO of amides, ketones, ester, and

Table 1. Composition of the Raw BC and Extracted HAs

content, wt %

material C H N Oa S Si Ca Mg Fe Na P

BC 54.3 4.4 0.8 28.7 <0.2 3.6 3.5 0.48 1.36 4.5 0.14
HA 43.5 3.6 0.8 41.0 <0.2 6.0 1.0 0.3 0.6 2.3 0.4

aContent of O calculated as the difference between 100% and the amounts of other elements.
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carboxylic acid groups; (iv) other broad bands at 1600−1500 cm−1

are assigned to COO− symmetric stretching frequencies and CC
aromatic groups; (v) the broad bands between 1410 and 1300 cm−1

attributed to CC aromatic groups, OH deformation, and COO−
antisymmetric stretching are characteristic for HA molecules; (vi)
broad bands between 1290 and 1100 cm−1 correspond to aromatic C
and C−O stretching frequencies of phenol and aliphatic groups and
also assigned to OH deformation of COOH; and (vii) peaks between
1120 and 1000 cm−1 are attributed to C−O of polysaccharides. The
main absorbance bands and the corresponding assignments obtained
for our sample of HA are listed in Table 2. The appearance of a band

at 2062.5 cm−1 (ν(CCO)cetene and ν(CCC)alene) and
distinct changes in the bands at 1610.5 and 1402.5 cm−1 (ν(C
C)aromatic) confirm the assumption concerning the dissolution of the
lightest and most reactive fractions of HA.
The concentrations and nature of the acid−base SFGs are essential

characteristics of the hydrophilic−hydrophobic surface of particles in
the colloidal solutions of HA. The comparison of the attributes of
SFGs determined by treating the potentiometric titration curves using
ProtoFit 2.1 software37 with the similar data for initial BC28 is
summarized in Table 3. The total concentration ∑SFGs of all HA
groups titrated within this pH range turned out to be 4.34 mmol/g.
Six species of acid−base SFGs differing from each other in pKa values
were identified in the obtained HA. Two kinds (pKa within the range
of 3.69−5.45) can be attributed to carboxylic groups in aliphatic
chains, the other one with pKa within the range of 6.3−6.86
corresponds to carboxylic groups in aromatic rings, and the latter
three kinds with higher pKa can be assigned to amine, phenol, and
polyphenol groups.38,39 In general, pKa values coincide with the
titration results obtained previously. However, we observed a
substantial increase in the concentration of the groups that directly
relates to the assumption that extraction from BC at pH = 8 involves
the dissolution of the most active fraction of HA. This assumption
also correlates with the changes in the FTIR spectra of HA before and
after extraction (Figure 1) and the results of CHN analysis (Table 1).
Experimental Methods. Experiments for preparing methane

hydrate from the solutions of HA and SDS under static conditions

were performed in an autoclave made of stainless steel. The inner
volume and diameter of the autoclave are 250 mL and 56 mm,
respectively. The autoclave is equipped with a cooling jacket, a
circulating thermostat CRYO-VT-12 (Russia), a lock valve, an
electronic manometer, and a thermocouple socket. The pressure
was measured with an accuracy better than 0.25%, with the
manometer sensitivity better than 0.001 MPa. The K-type
thermocouple measured the temperature with an error less than 0.2
°C. The experiment was carried out as follows. We loaded a solution
(50 mL) into the rinsed autoclave, blew the free volume of the
autoclave with methane (three times up to 1 MPa), and set the
starting pressure at 14.5−14.7 MPa. Then the temperature of the
autoclave was decreased to 1.5 °C. The computer recorded the
pressure and temperature changes in the autoclave.

The experiments with continuous video recording of hydrate
formation were performed using the experimental setup described in
refs 40, 41. The temperature was controlled with a circulating
thermostat CRYO-VT-12 (Russia) and measured with a K-type
thermocouple with an accuracy of ±0.2 °C. The pressure in the
chamber was measured using a Bourdon manometer with an accuracy
of ±0.1 MPa. The sample (0.2 mL of SDS or HA solution) was placed
in an optical cuvette with parallel walls with inner dimensions of the
cell being 3 mm × 18 mm (thickness and width, respectively). The
cuvette was made of Schott Glass BK7-type optical glass with both
inner and outer surfaces of the cuvette having an optical-class
roughness. Then the cuvette was mounted into a high-pressure cell,
and the cell was purged and pressurized with methane in the same
way (see above). The sample was kept for 6−12 h at room
temperature to saturate the water/aqueous solution with methane.
Then we set the temperature in the chamber at −5.0 °C. These
experiments were performed at a temperature of −5 °C, that is, 6.5 °C
lower than that for the autoclave experiments described above. This is
because the sample volume in this experiment is 300 times less than
that for the autoclave experiments. Because of this, at a temperature of
1.5 °C, the induction time of hydrate formation increases sharply; the
experiment lasts an unacceptably long time. The temperature of the
experiments was chosen by a trial and error procedure to ensure an
acceptable duration of the experiment and almost eliminate the
possibility of ice formation. Experiments in an autoclave had to be
carried out at a small positive temperature to prevent freezing. We
believe that such a decrease in temperature does not qualitatively
change the process of hydrate growth. The experiments were carried
out at 12.5−13.0 MPa. The processes in the chamber were recorded
using a video camera connected with the microscope optical system
(magnification up to 120×).

An apparatus that allowed parallel experiments with 12 samples was
employed to study the nucleation of methane hydrate in pure water
and both solutions.42 The mass of the emulsion samples was 0.700 ±
0.002 g. A junction of K-type thermocouples was placed into each cell,
which allowed us to record the sample temperature every 5 s with an
error less than 0.2 °C. The pressure in the autoclave was measured
with an electronic manometer with an error below 0.05 MPa. The
autoclave loading procedure was as described above. Then the
autoclave was placed in the bath of a programmable fluid thermostat,

Figure 1. FTIR spectrum of the raw BC (black line) and extracted
HAs (red line).

Table 2. FTIR Peak Assignments for HAs Used in This
Work

wavenumber assignment

3440.8 ν(OH), ν(NH)
3224.6 ν(OH), ν(NH)
2934.6 vas(CH)
2872 vas(CH)
2627 δ(OH)
2062.5 ν(CCO)cetene and ν(CCC)alene
1708.9 ν(CO)carboxylic acid
1610.5 ν(CC)aromatic

1402.5 ν(CC)aromatic

1387.7 ν(C−N) and (−CH)bending in plane

1112.9 ν(CO)
1045.6 ν(CO) and δ(COH)

Table 3. Characteristics of SFGs in the Initial and Extracted
HAs

BC HA

pKa C (mM/g) pKa C (mM/g)

4.05 0.49 4.13 0.97
5.27 0.46 5.26 0.97
6.51 0.52 6.27 0.63
6.80 0.50
7.88 0.19 7.62 0.4
8.45 0.30 8.91 0.42
9.89 0.74 10.03 0.95
∑SFGs 3.21 ∑SFGs 4.34
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Huber CC410 (Germany). It was kept for 12 h at room temperature
to saturate the solutions with methane. After that, the temperature
was set at −5 °C, and the pressure inside the apparatus was set at 12.4
MPa. The temperature of each sample and pressure in the system
were recorded continuously. Hydrate nucleation in a sample was
registered as the appearance of exothermic effects; the corresponding
supercooling (ΔT) values were calculated from the known phase
diagram of methane hydrate.6 Ice crystallization was excluded by the
absence of its melting effect at the heating stage.
X-ray powder diffraction experiments were performed using a

Bruker D8 Advance diffractometer (Cu Kα radiation, λ = 1.5418 Å)
equipped with a TTK450 Anton Paar refrigerating and heating device.
Samples for powder diffractometry were obtained in the same
nucleation experiment. After hydrate formation, the autoclave was
cooled down to liquid nitrogen temperature. The quenched samples
were put out and ground in a mortar and a pestle at liquid nitrogen
temperature and placed into a sample holder precooled to −100 °C.

■ RESULTS AND DISCUSSION
The solution of HA was used to carry out the experiments of
three types. For comparison, similar parallel experiments were
performed with SDS, which is most frequently used as a
hydrate formation accelerating surfactant. First, we studied
hydrate formation using the solutions of HA and SDS under
static conditions. Typical dependencies of temperature and
pressure in the reactor on time and the photographs of the
formed hydrates are shown in Figure 2. One can see that the

processes taking place during hydrate formation in the
solutions of HA and SDS have many similar features. In
both cases, hydrate growth proceeds quickly from the solutions
preliminarily saturated with methane, which manifests as a
sharp increase in the temperature inside the autoclave
accompanied by a rapid decrease in gas pressure. These
processes are explained by the heat evolution and gas
absorption during hydrate formation, respectively. Pressure−
temperature curves for the experiments with HA and SDS are
shown in Figure 3. It can be seen that during hydrate
formation, the temperature at the point of the thermocouple

junction increased to the equilibrium value for methane
hydrate. This shows that, in our case, the rate of hydrate
formation is limited by heat transfer.
In all cases, there were two or more maxima on the

temperature curve; as a rule, the amplitude of the first
maximum was smaller than that of the second one (Figure 2).
We suppose that the first maximum corresponds to the
formation of a hydrate film on a solution surface, and
subsequent maxima are due to the growth of a hydrate
voluminous mass. To exclude the formation of metastable
phases from other structures at the initial moment, we checked
the structures of hydrates formed at different stages by powder
X-ray diffractometry (Figure 4). It revealed that even the first

stage results in an expected methane hydrate of cubic structure
I (sI). After the first and second stages of hydrate formation,
the powder patterns of the samples do not differ qualitatively;
however, after the second stage, the hydrate peaks become
more intense, while those of the ice weaken (Figure 4).
Typical examples of the dependencies of water-to-hydrate

conversion on time are shown in Figure 5. In the experiment
with SDS, 75% transformation of water into hydrate occurred
within 18 min after nucleation. In four experiments with HAs,
the same transformation degree was achieved within 16−19
min, and in one experiment, it was achieved after 153 min. In
all cases, the maximal (10 and more hours since the hydrate

Figure 2. Pressure and temperature dependencies in the experiments
on methane hydrate formation from 0.1 wt % solutions of HAs (left)
or 0.1 wt % (∼60 ppm) solution of SDS (right). The appearance of
the obtained hydrate samples is shown at the bottom of the figure.

Figure 3. Pressure−temperature curves for the experiments with HA
and SDS solutions. The arrows correspond to the increase in time
elapsed since the beginning of the run. The dashed line is the
equilibrium curve of methane hydrate formation. Curves are shown
for the same experiments as in Figure 2.

Figure 4. Typical powder X-ray diffraction patterns of the methane
hydrate formed from HA solutions after first (solid black line) and
second (dashed red line) stages of hydrate formation. Vertical sticks
correspond to reflections expected for methane hydrate (marked sI)
and ice (marked Ih). To facilitate comparison of the peak intensities,
the dashed red line is shifted by 0.2° toward larger angles.
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nucleation) degree of water transformation into hydrate did
not exceed 82−84%. This corresponds to a cumulative gas
storage capacity of 0.138 mol of methane per one mole of
water. That is several times higher in comparison with the
storage capacities achieved with the use of a combination of
thermodynamic (tetrahydrofuran and tetrabutylammonium
bromide) and kinetic (SDS) promoters.43,44 At the end of
the process, the hydrate appeared as a loose mass, with the
volume exceeding the initial solution volume by at least three
times. This type of hydrate formation was observed many
times for the solutions of various surfactants (e.g., see ref 45).
In the literature, this type of hydrate formation is related to the
displacement of the loose mass composed of hydrate crystals
onto reactor walls, the capillary lift of water into the
intercrystallite space of this mass, and rapid hydrate formation
at the ternary lines of water−hydrate−gas contacts inside this
mass. Thus, hydrate formation from HA solutions under static
conditions exhibits all the features of hydrate formation from
surfactant solutions. In the literature studies,46,47 such a regime
of hydrate growth was called “catastrophic.” We speculate that
in the case of HA, the “catastrophic” regime of hydrate growth
is caused by adsorption on hydrate crystallites of low molecular
weight components of HA, which have properties of
surfactants. Additional studies are necessary to confirm or
refuse this hypothesis.
The features of hydrate formation at the boundaries of

methane−HA solution (Figure 6) and methane−SDS solution
(Figure 7) were studied visually. The main stages occurring in
both systems are described in Table 4; the frames illustrating
these stages are shown in Figures 4 and 5. In both cases, the
initial stages of hydrate formation correspond to those studied
previously (e.g., see refs 40, 48). At first, a hydrate film grows
over the solution−methane interface, and needle-like crystals
start to grow from the hydrate film into the solution volume
(rows (1)−(3) in Table 4). After that, the relatively slow
accretion of the hydrate film on cell walls occurs (row (4) in
Table 4). Subsequent processes are rather similar to those
described previously for the solutions of malonic acid.48 Water
consumption for the formation of the hydrate film on cell walls
causes drawdown of water level in the cell and fracture of the
hydrate film lying on the solutions (row (5) in Table 4). As a
result, a solution−gas−freshly cleaved hydrate contact line
arises, which leads to the water−gas interface to be readily
covered with a hydrate film. The growth of this film causes the
mechanical force component, which is perpendicular to the

solution−gas contact surface. As a result, the growing hydrate
film takes a specific bubble-like shape, expanding into the
aqueous phase and displacing the liquid solution on cell walls
(row (6) in Table 4).
Interestingly, the so-called bubble growing into the water

volume as described in ref 48 captures a relatively small
fraction of solution volume, while the bubbles growing in the
HA and SDS solutions substitute almost the whole solution
volume (row (7) in Table 4). The formation of the
voluminous porous hydrate mass on the walls and in the cell
volume occurs directly due to the mechanical displacement of
a water part onto the walls by the growing bubble. This is
preceded by the slow overgrowth of the hydrate film over the
glass surface. This overgrowth was most probably due to the

Figure 5. Dependence of water-into-hydrate conversion on the time
elapsed after the hydrate nucleation for experiments with HA and
SDS solutions. For comparison, the results of an experiment with pure
water are also shown. Curves for HA and SDS are shown for the same
experiments as in Figure 2.

Figure 6. Different stages of methane hydrate growth from 0.1 wt %
HA solution. The time marked at the frames corresponds to the time
elapsed since the start of hydrate formation. The red arrow shows the
point of hydrate nucleation. The designations hh.mm.ss correspond to
the number of hours, minutes, and seconds after the moment of
nucleation, respectively. The designation stg (N) means that the
process stage depicted in this picture is described in line N of Table 4.
In the frames 00.04.03 and T = 20 °C (stg (7) and (8)), the sample is
illuminated from both sides; in other cases, the illuminator is located
behind the sample. For more comments, see the text.

Figure 7. Different stages of methane hydrate growth from 0.1 wt %
SDS solutions. The time marked at the frames corresponds to the
time elapsed since the start of hydrate formation. The designations
hh.mm.ss correspond to the number of hours, minutes, and seconds
after the moment of nucleation, respectively. The designation stg (N)
means that the process stage depicted in this picture is described in
line N of Table 4. For more comments, see the text.
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capillary water inflow to the growth site and mutual extrusion
of growing crystals onto the reactor walls.46 As is known, the
main mechanism of “catastrophic” growth of hydrate crystals is
considered to be a capillary inflow of water along the
previously formed mass of hydrate crystals (e.g., refs 46, 47).
The formation of the voluminous hydrate mass discussed
above (as in Figure 2) can be one more modus operandi of
surfactant solutions. It is related to the rapid growth of hydrate
film into solution volume; such growth may not be visible in
the case of improper positioning of the used video camera
relative to the growing hydrate. This mechanism may be
implemented in many experiments, and it requires additional
investigation. It should be stressed that the discovered two-
stage mechanism of hydrate growth in the solutions of HA and
SDS is in good agreement with the thermal curves discussed
above (Figure 2). The first peak on the temperature curve
corresponds to the rapid growth of hydrate film (stage a),
while the second one (stage b) corresponds to an overgrowth
of the film into solution volume and rapid transformation of
replaced water to a loose hydrate mass on cell walls. It can be
noted that in experiments with SDS (Figure 7), the stages (a)
and (b) are significantly spaced in time, while during autoclave
experiments, this time gap was absent. This may be due to
differences in the material of the reactor walls. The issue needs
further study.
We discussed the reasons for the formation of these bubbles

earlier in ref 48. Their appearance is probably caused by partial
adsorption of the dissolved substances on the surface of
hydrate crystals. This weakens the interactions between the
crystallites, and the hydrate film becomes easily deformable
than in pure water. The damage to the integrity of the
previously formed hydrate film leads to the rapid growth of the
new hydrate from the water−hydrate−gas contact line formed
due to fracturing. The crystallites growing in the film push each
other aside and create mechanical stress. If this force has a
component perpendicular to the surface of the previously
formed hydrate film, the growth of the bubbles takes place. An
alternative mechanism to weaken the forces of interactions
between the crystallites may be related to the displacement of
dissolved substances to the periphery of the growing hydrate

crystals, where they form intercrystalline inclusions of
concentrated brines that cannot form hydrate under the
experimental conditions or solid particles. Due to this, the
hydrate film generally remains impermeable to the liquid. An
argument favoring these assumptions is the large number of
recently published studies in which the acceleration of hydrate
formation and an increase in the degree of water-to-hydrate
transformation have been observed in the solutions of various
substances, from boric acid,20 amino acids,26 and kinetic
hydrate inhibitors49 to brewed tea and components of tea and
other herbs.50,51 In all these cases, the solutions used for
hydrate formation contained polar or ionic substances that can
adsorb on the surface of hydrate particles and inhibit hydrate
formation in the case of high concentrations in solutions. Thus,
the promoting effect may not be related to additive chemical
features but caused by the same impact both on the formation
of hydrate film and properties of this film.
To reveal the effect of obtained HA on methane hydrate

nucleation, three series of experiments were performed to
determine the induction period of hydrate formation with (a)
pure water (36 experiments), (b) the HA solution (12
experiments), and (c) the SDS solution (12 experiments). The
constructed survival curves are presented in Figure 8.
Nucleation rates of the methane hydrate were calculated
using eq 1.52

− = − + = −F N
N JStln(1 ) ln(1 ( 1))

0 (1)

Here F is a probability function, N is the number of samples
in which nucleation has occurred up to time moment t
(experimental data), N0 is the total number of the samples, J is
the nucleation rate; and S is the water−gas contact area. The
rates of hydrate nucleation turned out to be equal to 0.56, 0.25,
and 0.95 s−1 m−2 for pure water, the solution of HA, and SDS
solution, respectively. For pure water, the nucleation rate
reasonably agrees with the data reported in refs 53, 54. For
SDS solution, the nucleation rate turned out to be 1.7 times
higher than for pure water. This also agrees with the literature
data. The data indicating acceleration of hydrate nucleation in
the presence of SDS were reviewed in ref 24, while it is stated
in ref 55 that “SDS promoted the formation of gas hydrates
only at the highest concentration and at the highest gas
pressures studied.” The conditions of our experiments
approximately correspond to the maximal concentrations and

Table 4. Main Stages of Hydrate Growth in Solutions of HA
(Figure 6) and SDS (Figure 7)a

frames taken at

stages
Figure 6,

HA
Figure 7,
SDS

(1) initial state of the samples 00.00.00 00.00.00

(2) hydrate film growth 00.00.01

(3) hydrate film covering the water−gas contact
surface

00.00.11 00.00.16

(4) thin hydrate film grows along the walls of the
cuvette

00.02.52 00.16.40

(5) the appearance of a defect in the hydrate film at
the water−gas interface and the onset of “bubble”
growth into the volume of the aqueous phase

00.03.07 14.16.00

(6) the growth of the “bubble” into the aqueous phase
volume, the squeezing out of liquid onto the wall,
and the growth of hydrate porous mass

00.03.15 14.16.22

00.03.25 14.16.32

00.03.31 14.16.57

(7) the end of hydrate rapid growth and the aqueous
phase is completely extruded onto the walls of the
cuvette

00.04.03 14.18.55

(8) sample after melting T = 20 °C
aThe designations hh.mm.ss correspond to the number of hours,
minutes, and seconds after the moment of nucleation, respectively.

Figure 8. Survival curves for pure water (black symbols), 0.1 wt %
solutions of HAs (blue triangles), and SDS (red circles). The
experiments were performed at −5.0 °C (ΔT = 19.8 °C). The lines
were obtained by linear approximation of the experimental points (eq
1).
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pressure of methane used in ref 55. Finally, the rate of methane
hydrate nucleation in the solution of HA turned out to be
more than 2 times lower compared to pure water. The amount
of presently available information is not enough to discuss the
possible reasons for the observed differences at the molecular
level. At the same time, it is interesting that despite the similar
promoting effect of HA and SDS on hydrate growth (as
discussed above), regarding hydrate nucleation, HA acts as a
weak inhibitor while SDS exhibits a promoting effect at the
studied conditions.

■ CONCLUSIONS

An alkali extract of natural HAs acts as kinetic promoters of
methane hydrate growth under static conditions. HAs are
readily available, cheap, and friendly to the environment. We
suppose that a new class of hydrate formation promoters can
be developed based on HAs. Indeed, the HAs change the form
of hydrate growth from a continuous film on a pure water−gas
contact surface to a porous mass of hydrate crystals squeezed
onto reactor walls in the HA solutions. This effect on hydrate
formation is characteristic of surfactants; in particular, similar
processes take place during hydrate formation from SDS
solution. The visual observation of hydrate growth in the
systems with SDS and HAs allowed us to propose a new
mechanism that may play an essential role in the promoting
action of surfactants. This mechanism implies a rapid
overgrowth of the surfactant-modified hydrate film in the
form of bubbles growing into the liquid-phase volume. The
growth of these bubbles causes displacement of a portion of
liquid onto reactor walls, where this liquid forms a loose mass
composed of hydrate crystals. It is also revealed that HAs and
SDS have quite opposite effects on methane hydrate
nucleation. HAs inhibit hydrate nucleation, while SDS
accelerates it. These observations point to the necessity of an
additional detailed investigation of hydrate formation in such
systems.
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■ NOMENCLATURE

Abbreviation
BC brown coal from the Itat deposit
FTIR Fourier transform infrared
HA an alkaline extract of humic acids
Ih hexagonal ice
sI cubic structure I
SDS sodium dodecyl sulfate
SFGs surface functional groups
Symbols
F probability function
J nucleation rate
N number of samples in which hydrate formation has

occurred
N0 the total number of the samples
P pressure
pKa acidity constant
S water−gas contact area
t time
T temperature
ΔT supercooling of water relative to hydrate
∑SFGs total concentration of all groups titrated within a pH

range
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Tiete ̂ river, Saõ Paulo State, Brazil. J. Braz. Chem. Soc. 2001, 12, 109−
116.
(40) Adamova, T. P.; Stoporev, A. S.; Manakov, A. Y. Visual Studies
of Methane Hydrate Formation on the Water-Oil Boundaries. Cryst.
Growth Des. 2018, 18, 6713−6722.
(41) Adamova, T. P.; Manakov, A. Y.; Stoporev, A. S. Laboratory
Reactor for Visual Examination of Formation/Decomposition of Gas
Hydrates in Water-Oil Systems. Russ. J. Appl. Chem. 2019, 92, 607−
613.
(42) Sagidullin, A. K.; Stoporev, A. S.; Manakov, A. Y. Effect of
temperature on the rate of methane hydrate nucleation in water-in-
crude oil emulsion. Energy Fuels 2019, 33, 3155−3161.
(43) Mech, D.; Sangwai, J. S. Phase Equilibrium of the Methane
Hydrate System in the Presence of Mixed Promoters (THF + TBAB)
and the Effect of Inhibitors (NaCl, Methanol, and Ethylene Glycol). J.
Chem. Eng. Data 2016, 61, 3607−3617.
(44) Mech, D.; Gupta, P.; Sangwai, J. S. Kinetics of methane hydrate
formation in an aqueous solution of thermodynamic promoters (THF
and TBAB) with and without kinetic promoter (SDS). J. Nat. Gas Sci.
Eng. 2016, 35, 1519−1534.
(45) Molokitina, N. S.; Nesterov, A. N.; Podenko, L. S.;
Reshetnikov, A. M. Carbon dioxide hydrate formation with SDS:
Further insights into mechanism of gas hydrate growth in the
presence of surfactant. Fuel 2019, 235, 1400−1411.
(46) Sundramoorthy, J. D.; Sabil, K. M.; Lal, B.; Hammonds, P.
Catastrophic Crystal Growth of Clathrate Hydrate with a Simulated
Natural Gas System during a Pipeline Shut-In Condition. Cryst.
Growth Des. 2015, 15, 1233−1241.
(47) Sundramoorthy, J. D.; Hammonds, P.; Sabil, K. M.; Foo, K. S.;
Lal, B. Macroscopic Observations of Catastrophic Gas Hydrate
Growth during Pipeline Operating Conditions with or without a
Kinetic Hydrate Inhibitor. Cryst. Growth Des. 2015, 15, 5919−5929.
(48) Stoporev, A. S.; Adamova, T. P.; Manakov, A. Y. Insight into
Hydrate Film Growth: Unusual Growth of Methane Hydrate Film at
the Interface of Methane and the Aqueous Solution of Malonic Acid.
Cryst. Growth Des. 2020, 20, 1927−1934.
(49) Lee, J.-D.; Englezos, P. Unusual kinetic inhibitor effects on gas
hydrate formation. Chem. Eng. Sci. 2006, 61, 1368−1376.
(50) Wang, S.; Zeng, Y.; Cai, Y.; Niu, X.; Zhu, Z.; Lei, D.; Wang, W.
Chinese herbs: treasure troves for the discovery of environmentally
friendly promoters for methane hydrate formation. Sustainable Energy
Fuels 2020, 4, 5947−5951.
(51) Wang, W.; Zeng, P.; Long, X.; Huang, J.; Liu, Y.; Tan, B.; Sun,
L. Methane storage in tea clathrates. Chem. Commun. 2014, 50,
1244−1246.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c07024
ACS Sustainable Chem. Eng. 2022, 10, 521−529

528

https://doi.org/10.3390/molecules26123615
https://doi.org/10.3390/molecules26123615
https://doi.org/10.3390/molecules26123615
https://doi.org/10.1021/ef900542m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef900542m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b01952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b01952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c00758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c00758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cite.201800002
https://doi.org/10.1002/cite.201800002
https://doi.org/10.1016/j.fuel.2014.10.005
https://doi.org/10.1016/j.fuel.2014.10.005
https://doi.org/10.1021/acs.energyfuels.0c01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.energy.2020.117424
https://doi.org/10.1016/j.energy.2020.117424
https://doi.org/10.1016/j.energy.2020.117424
https://doi.org/10.1016/j.jngse.2020.103211
https://doi.org/10.1016/j.jngse.2020.103211
https://doi.org/10.1016/j.jngse.2020.103211
https://doi.org/10.1039/D0SE00640H
https://doi.org/10.1039/D0SE00640H
https://doi.org/10.1039/D0SE00640H
https://doi.org/10.1021/acssuschemeng.1c00807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c00807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c00807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apenergy.2020.115142
https://doi.org/10.1039/C9TA07071K
https://doi.org/10.1039/C9TA07071K
https://doi.org/10.1016/j.apenergy.2019.114373
https://doi.org/10.1016/j.apenergy.2019.114373
https://doi.org/10.3389/fchem.2020.00514
https://doi.org/10.3389/fchem.2020.00514
https://doi.org/10.1016/j.jcrysgro.2007.05.037
https://doi.org/10.1016/j.jcrysgro.2007.05.037
https://doi.org/10.1016/j.cej.2017.12.020
https://doi.org/10.1016/j.cej.2017.12.020
https://doi.org/10.1016/j.msec.2015.12.001
https://doi.org/10.1016/j.msec.2015.12.001
https://doi.org/10.1016/j.msec.2015.12.001
https://doi.org/10.1088/1757-899X/1154/1/012044
https://doi.org/10.1021/acs.jced.8b00884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.8b00884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.8b00884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S1070427214050206
https://doi.org/10.1134/S1070427214050206
https://doi.org/10.1016/j.jcis.2007.06.006
https://doi.org/10.1016/j.jcis.2007.06.006
https://doi.org/10.1016/j.supflu.2016.08.018
https://doi.org/10.1016/j.supflu.2016.08.018
https://doi.org/10.1016/j.cageo.2005.12.005
https://doi.org/10.1016/j.cageo.2005.12.005
https://doi.org/10.1016/j.jece.2017.01.022
https://doi.org/10.1016/j.jece.2017.01.022
https://doi.org/10.1016/j.jece.2017.01.022
https://doi.org/10.1590/S0103-50532001000100015
https://doi.org/10.1590/S0103-50532001000100015
https://doi.org/10.1590/S0103-50532001000100015
https://doi.org/10.1021/acs.cgd.8b00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S1070427219050045
https://doi.org/10.1134/S1070427219050045
https://doi.org/10.1134/S1070427219050045
https://doi.org/10.1021/acs.energyfuels.9b00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jngse.2016.06.013
https://doi.org/10.1016/j.jngse.2016.06.013
https://doi.org/10.1016/j.jngse.2016.06.013
https://doi.org/10.1016/j.fuel.2018.08.126
https://doi.org/10.1016/j.fuel.2018.08.126
https://doi.org/10.1016/j.fuel.2018.08.126
https://doi.org/10.1021/cg501626h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg501626h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.5b01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.5b01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.5b01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b01605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b01605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b01605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ces.2005.08.009
https://doi.org/10.1016/j.ces.2005.08.009
https://doi.org/10.1039/D0SE01273D
https://doi.org/10.1039/D0SE01273D
https://doi.org/10.1039/C3CC47619G
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c07024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(52) Stoporev, A. S.; Manakov, A. Y.; Altunina, L. K.; Strelets, L. A.;
Kosyakov, V. I. Nucleation rates of methane hydrate from water in oil
emulsions. Can. J. Chem. 2015, 93, 882−887.
(53) Maeda, N. Nucleation curves of methane hydrate from constant
cooling ramp methods. Fuel 2018, 223, 286−293.
(54) Adamova, T. P.; Stoporev, A. S.; Semenov, A. P.; Kidyarov, B.
I.; Manakov, A. Y. Methane hydrate nucleation on water-methane and
water-decane boundaries. Thermochim. Acta 2018, 668, 178−184.
(55) Sowa, B.; Maeda, N. Probability Distributions of Natural Gas
Hydrate Formation in Sodium Dodecyl Sulfate Aqueous Solutions.
Energy Fuels 2015, 29, 5692−5700.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c07024
ACS Sustainable Chem. Eng. 2022, 10, 521−529

529

https://doi.org/10.1139/cjc-2014-0507
https://doi.org/10.1139/cjc-2014-0507
https://doi.org/10.1016/j.fuel.2018.02.099
https://doi.org/10.1016/j.fuel.2018.02.099
https://doi.org/10.1016/j.tca.2018.08.021
https://doi.org/10.1016/j.tca.2018.08.021
https://doi.org/10.1021/acs.energyfuels.5b01246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.5b01246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c07024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://solutions.acs.org/solutions/institute/acs-essentials-of-lab-safety-for-general-chemistry/?utm_source=pdf_stamp&utm_medium=digital_ads&utm_campaign=PUBS_1221_MCF_NPI_Essentials_Jrnl_PDFs&ref=pdf

