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To determine the ability of dimethyl sulfoxide (DMSO) to
inhibit methane hydrate formation by the thermodynamic
mechanism, we measured the pressures and temperatures of
monovariant equilibrium of three phases: gaseous methane,
aqueous DMSO solution, and methane hydrate. A total of 54
equilibrium points were obtained. Hydrate equilibrium con-
ditions have been measured for eight different concentra-
tions of dimethyl sulfoxide ranging from 0 to 55 mass%, at
temperatures of 242-289 K and pressures of 3-13 MPa. Mea-
surements were performed in an isochoric autoclave (volume
of 600 cm?, inside diameter of 8.5 cm) at a heating rate
of 0.1 K/h and intense fluid agitation (600 rpm) with four-
blade impeller (diameter of 6.1 cm, blade height of 2 cm).
The specified stirring speed for aqueous DMSO solutions at
273-293 K is equivalent to a range of Reynolds numbers of
5.3-103-3.7-10%. The endpoint of methane hydrate dissocia-
tion at defined temperature and pressure values was taken as
the equilibrium point. The anti-hydrate activity of DMSO was
analyzed on a mass% and mol% scale. Precise correlations be-
tween the thermodynamic inhibition effect of dimethyl sul-
foxide ATy, and the influencing factors (DMSO concentration
and pressure) were derived. Powder X-ray diffractometry was
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employed to examine the phase composition of the samples
at 153 K. Measurement of ice freezing points in aqueous so-
lutions of dimethyl sulfoxide (up to 50 mass%) at ambient
pressure allowed us to clarify the location of the liquidus line
in the DMSO-H,0 system and to check the hydrate equilib-
rium data for thermodynamic consistency.
© 2023 The Author(s). Published by Elsevier Inc.

This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Methane hydrate dissociation conditions corresponding to the three-phase
V-Ly-H equilibrium have been measured for the CH4-H,O-dimethyl sulfoxide
(DMSO) system over a broad range of varying factors involving temperature,
pressure, and concentration of DMSO in an aqueous solution. The
measurements were performed with a constant volume autoclave GHA350 (PSL
Systemtechnik, Germany) at a heating rate of 0.1 K/h and intense fluid
agitation (600 rpm). The reactor has a volume of 600 cm? and an inner
diameter of 8.5 cm. The four-blade impeller has a diameter of 6.1 cm and a
blade height of 2 cm. The lower edge of the blades is 0.5 cm from the bottom
of the reactor. The endpoint of gas hydrate dissociation with defined
temperature and pressure values was taken as the equilibrium point in a
single test. The amount of liquid aqueous phase to be loaded inside the
autoclave for each series at a fixed DMSO concentration was 300 cm?. At a
filling volume of 300 cm?3, the height of the liquid layer in the reactor is 5.3
cm (excluding liquid displacement due to immersion of the stirrer shaft and
four-blade impeller) and 6 cm (including the liquid displacement). The
GHA350 is instrumented with temperature (Pt100) and pressure sensors as
well as an agitation system based on a Hei-TORQUE 400 Precision overhead
motor (Heidolph, Germany), a magnetic coupling (Premex, Switzerland), and a
four-blade stirrer. The temperature control system consists of an external
autoclave jacket with connections for a Ministat 240 thermostat (Huber,
Germany) filled with ethanol. The thermostat and sensors of the GHA350
setup are connected to the control PC. After running the script in the WinGHA
software, the experiment is executed automatically. The measured values of all
parameters are recorded in a log file, which is then used to process the data
after the experiment is completed.

The phase composition of methane hydrate samples synthesized from aqueous
DMSO solutions was analyzed with a D8 Advance diffractometer (Bruker,
Germany) coupled to a low-temperature device (Anton Paar, Austria). After
synthesis, the hydrate samples were extracted from the autoclave, ground at a
temperature of liquid nitrogen, and then placed in a container of the
low-temperature device, thermally controlled at 153 K.

The ice freezing point of DMSO aqueous solutions was measured employing a
calibrated 5622-10-P temperature sensor attached to a 1524 reference
thermometer (both Fluke, USA). The sample solution (60 cm?) was stirred on a
magnetic stirrer in a glass cell cooled by circulating ethanol through the
F81-ME cryostat (Julabo, Germany). The ice freezing point was taken as the
temperature on the plateau after the spike corresponding to the onset of ice
crystallization in the supercooled aqueous solution.

Raw and analyzed

Methane hydrate dissociation conditions were examined for eight distinct
concentrations of dimethyl sulfoxide in solution, including 0, 5.00, 10.00,
20.00, 30.00, 40.00, 50.00, and 55.00 mass%. A total of 54 equilibrium points

(continued on next page)
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were obtained. The volume of the liquid phase (aqueous DMSO solution)
placed into the autoclave in a single series of experiments was kept constant
at 300 cm?. Thus, the ratio of the free volume to the liquid phase volume in
the autoclave was 1:1. The resulting data on the equilibrium conditions of
methane hydrate cover the range from 242 to 289 K and from 3 to 13 MPa.
Powder X-ray diffraction patterns were obtained for 3 samples of methane
hydrate synthesized from aqueous solutions with DMSO mass fractions of 5,
55, and 20 mass%.
Ice freezing points were determined at ambient pressure for mass fractions of
DMSO in a solution of 0, 5.00, 10.00, 20.00, 30.00, 35.00, 40.00, 45.00, and
50.00 mass%. Considering several replicates, the total number of ice freezing
point measurements is 16. The resulting liquidus temperatures for the
DMSO-H,0 system are in the range of 227-273 K.

Data source location Gubkin University, Department of Physical and Colloid Chemistry.
Moscow, Russia.
55.692232°N, 37.55487°E

Data accessibility Repository name: Mendeley Data
Data identification number: 10.17632/z4hpjz9t8g.2
Direct URL to data: https://data.mendeley.com/datasets/z4hpjz9t8g

Related research article A.P. Semenov, R.I. Mendgaziev, A.S. Stoporev, V.A. Istomin, D.V. Sergeeva, A.G.
Ogienko, V.A. Vinokurov, The pursuit of a more powerful thermodynamic
hydrate inhibitor than methanol. Dimethyl sulfoxide as a case study, Chem.
Eng. J. (2021) 130227. https://doi.org/10.1016/j.cej.2021.130227. [1].

Value of the Data

The derived data on the methane hydrate equilibrium allow quantitative assessment of the
anti-hydrate activity of dimethyl sulfoxide as a thermodynamic inhibitor over a wide range
of varying factors.

The data obtained can be useful for predicting the thermodynamic stability of methane hy-
drate under specified conditions (temperature, pressure, concentration of DMSO).

The data can be incorporated into the commercial hydrate software for modification and im-
provement.

One can apply the data to calculate dimethyl sulfoxide consumption when used as a gas
hydrate inhibitor.

The resulting ice freezing point data clarifies the liquidus line’s location in the phase diagram
of the DMSO-H,0 system at organic solute concentrations of 0-50 mass%.

1. Objective

The present dataset has been produced by a comprehensive study of the physicochemical
properties of DMSO and its aqueous solutions as a possible gas hydrate inhibitor. In order to
explore the regularities of methane hydrate inhibition by a thermodynamic mechanism, the
three-phase gas-aqueous solution-gas hydrate equilibrium in the CH4-DMSO-H,0 system was
extensively measured within a broad range of dimethyl sulfoxide concentrations (0-55 mass%)
and pressures (3-13 MPa). Correlations accurately describing the thermodynamic inhibition of
methane hydrate by dimethyl sulfoxide in two different concentration scales (mass% and mol%)
within the studied range of factors have been derived from the set of experimental data. The
PXRD study of samples synthesized from aqueous DMSO solutions provided new insights into
the phase composition of clathrate hydrates formed in the CH4-DMSO-H,0 system. The diffrac-
tograms indicated the formation of sI methane hydrate [1] (non-inclusion of DMSO molecules in
the hydrate structure) in the mentioned system. The results of ice freezing point measurements
for aqueous DMSO solutions clarified the location of the liquidus line for the DMSO-H,0 system
and verified the thermodynamic consistency of the methane hydrate equilibrium data.
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2. Data Description

The raw data from the measurements of the methane hydrate equilibrium conditions in the
methane-water-dimethyl sulfoxide system are given in the “Hydrate equilibrium (CH4-DMSO-
H,0)” archive (see https://data.mendeley.com/datasets/z4hpjz9t8g/2). For each of them, there is
a separate .xlsx file in the archive with columns of numerical values of the following parame-
ters measured by sensors of the GHA350 autoclave: time, temperature (°C), gauge pressure (bar),
stirrer speed (rpm). The file name represents the mass fraction of DMSO in an aqueous phase
and the point number. For example, the file “5% DMSO_point 13” corresponds to the raw data for
the 13th equilibrium point (numbering from Table 1) for a 5 mass% aqueous solution of dimethyl
sulfoxide. Cells D1:F3 of each file display numerical values of the masses and concentrations of
the components in the aqueous phase. An example of the P(T)-trajectory used to determine the
pressure and temperature of the hydrate dissociation endpoint for each measurement is given in
the original research paper (see Fig. 1 in ref. [1]). Table 1 contains all obtained numerical values
of equilibrium temperatures and pressures of methane hydrate coexisting with aqueous dimethyl
sulfoxide solutions (0-55 mass% or 0-22 mol%). For each equilibrium point, hydrate equilibrium
temperature suppression ATy, was calculated, which characterizes the thermodynamic inhibition
effect at a certain equilibrium pressure and shows the temperature shift of the measured equi-
librium point relative to the system without DMSO (methane-water). The experimental values
of equilibrium temperatures and pressures for all DMSO concentrations are plotted in Fig. 1.

The outcome of the application of the empirical function (Equation 4 from ref. [1]) to get
the correlation between the thermodynamic inhibition effect of dimethyl sulfoxide AT} and the
influencing factors (DMSO concentration and pressure) is graphically presented in Fig. 2 in the
form of a three-dimensional diagram. The derived magnitudes of the correlation parameters for
the DMSO anti-hydrate activity in a mass% and mol% scale are summarized in Table 2. The cal-
culated values of ATy, as well as the difference between the experimental and calculated ones
for all experimental points, are in Tables 3 and 4 and Fig. 3.

The raw data presented in the archive “PXRD analysis (CH4-DMSO-H,0)” are related to the
powder X-ray diffraction study of the phase composition of gas hydrate samples synthesized
from DMSO aqueous solutions. Diffractograms were recorded for 3 samples with a mass frac-
tion of dimethyl sulfoxide in an aqueous solution of 5, 55, and 20 mass%. For each sample, a
separate file containing numerical values of 26 (degree) and signal intensity (a.u.) is provided.
Table 5 presents numerical data on the PXRD of methane hydrate samples obtained from 5, 20,
and 55 mass% DMSO solutions. In the case of 20 mass%, preparation was carried out from a
frozen solution (see [1] for more detail).

The raw data from the determination of the ice-freezing temperatures of aqueous DMSO so-
lutions at atmospheric pressure are given in the "Ice Freezing (H,0-DMSO)" archive. The archive
contains raw data from sixteen ice freezing point measurements. The file name indicates the
mass fraction of DMSO and the point number (see Table 6). Each file has a column with the
measured temperature values of the sample at the specified time (one temperature reading ev-
ery two seconds). The experimental ice freezing points of aqueous DMSO solutions measured in
this work are reported in Table 6. The same data are plotted in Fig. 4, along with a polynomial
approximation. For comparison, Fig. 4 shows the literature values of the liquidus line tempera-
ture for the DMSO-H,O0 system [2-5].
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Table 1

Methane hydrate dissociation data for CH4-DMSO-H,0 system (equilibrium temperature T, pressure P, and suppression
of hydrate equilibrium temperature ATy, at P value relative to uninhibited system with pure H,O (sample #1)); heating
rate near the endpoint of methane hydrate decomposition was 0.1 K/h.

DMSO concentration in
aqueous solution, mass%

Sample # 2 (mol%) Point # T, K" P, MPa © ATy, K
1 0 1 27425 2.89 0
2 276.96 3.79 0
3 279.26 477 0
4 28111 5.78 0
5 282.62 6.77 0
6 283.87 7.78 0
7 285.01 8.84 0
8 286.14 10.03 0
9 287.03 1114 0
10 287.65 12.01 0
1 287.85 12.32 0
12 289.02 14.22 0
2 5.00 (1.20) 13 273.69 2.98 0.88
14 278.78 498 0.91
15 28219 715 0.92
16 284.73 9.47 0.90
17 287.39 13.01 0.92
3 10.00 (2.50) 18 27244 292 1.92
19 277.79 5.01 1.95
20 28118 718 1.97
21 283.67 9.48 1.98
22 286.28 12.97 2.00
4 20.00 (5.45) 23 269.56 291 477
24 274.93 499 477
25 278.29 714 481
26 280.78 9.47 485
27 282.95 12.28 4.89
28 283.36 12.96 491
5 30.00 (8.99) 29 265.52 2.99 9.06
30 270.55 495 9.06
31 27061 496 9.03
32 273.66 6.89 911
33 276.53 9.50 9.13
34 279.08 12.99 9.21
6 40.00 (13.32) 35 258.37 2.90 15.90
36 258.42 291 15.89
37 263.83 5.00 15.90
38 26711 714 15.99
39 269.57 9.47 16.06
40 272.09 12.92 16.16
7 50.00 (18.74) 41 246.85 3.02 27.84
42 251.40 477 27.85
43 251.43 477 27.84
44 25518 718 27.97
45 25755 9.50 28.11
46 259.61 12.93 28.65
47 259.62 12.95 28.65
8 55.00 (21.99) 48 242.41 491 3713
49 245.03 6.50 3720
50 245.74 71 37.33
51 24795 9.32 37.54
52 248.82 10.92 38.04
53 249.83 12.94 38.43
54 24978 12.95 38.49

2 Expanded uncertainty of DMSO mass fraction is 0.012 mass% (k = 2).
b Expanded uncertainty is 0.1 K (k = 2).
¢ Expanded uncertainty is 0.02 MPa (k = 2).
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Fig. 1. Measured methane hydrate dissociation points (experiment) for the CH4-DMSO-H,0 system; dashed color lines
are approximations (see Table S2 in the Supplementary of the original research paper [1]) by the three-parameter func-
tion P = exp(A + BT +C In T); legend shows DMSO mass percentage in aqueous solution; error bars are smaller than

the size of the symbols.

@ mass% -
B mol%

|

Fig. 2. 3D plots of methane hydrate equilibrium temperature depression AT, vs. DMSO concentration in two scales
(mass% and mol%) and pressure, symbols are experimental AT}, values, transparent surfaces are fits by empirical equation
4 from ref. [1] (parameters are summarized in Table 2); error bars are smaller than the size of the symbols.
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Fig. 3. 3D plot of the difference between the experimental and calculated value of ATy for all experimental points by
two approximations in the mass% and mol% scales, the symbols correspond to the residuals in the rightmost column of

Tables 3 and 4.

Table 2

Parameters of the empiric function (equation 4 from ref. [1]), describing the inhibition activity of dimethyl sulfoxide
in terms of methane hydrate equilibrium temperature suppression AT}, (system CH4-DMSO-H,0) in the range of DMSO
concentration in aqueous solutions of 0-55 mass% or 0-21.99 mol% and pressure of 3-13 MPa.

Coefficient Mass% scale Mol% scale

by 620.1942569 337.8421721

by 48.269136 11.0221815

b3 -1.3723293 0.3800755

by 0.0260514 0.0026296

bs 1.9510394-104 0.0021344

bs -2.9594138-10~7 -3.470995-10-6
b; 6.0922365-108

Adjusted R?

Average absolute deviation (K)
Average absolute relative deviation (%)

0.99996
0.08
1.74

6.8334898-107
0.99998

0.05

0.52
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Table 3
Results of surface fitting by empirical function 4 from ref. [1] of the methane hydrate equilibrium temperature suppres-
sion AT, vs. DMSO content in water solution and gas pressure in mass% scale for the CH4-DMSO-H,0 system.

DMSO mass Residuals of AT,
fraction, mass% P, MPa ATy, experiment, K AT, fit, K (experiment-fit), K
0 2.89 0 0 0

0 3.79 0 0 0

0 4.77 0 0 0

0 5.78 0 0 0

0 6.77 0 0 0

0 7.78 0 0 0

0 8.84 0 0 0

0 10.03 0 0 0

0 11.14 0 0 0

0 12.01 0 0 0

0 12.32 0 0 0

0 13.01 0 0 0
5.00 2.98 0.88 0.81 0.07
5.00 4.98 0.91 0.81 0.10
5.00 715 0.92 0.81 0.11
5.00 9.47 0.90 0.82 0.08
5.00 13.01 0.92 0.84 0.08
10.00 2.92 1.92 1.93 -0.01
10.00 5.01 1.95 194 0.01
10.00 718 1.97 194 0.02
10.00 9.48 1.98 1.96 0.01
10.00 12.97 2.00 2.00 0.00
20.00 2.91 4.77 4.85 -0.08
20.00 4.99 4.77 4.86 -0.09
20.00 714 481 4.88 -0.07
20.00 9.47 4.85 492 -0.07
20.00 12.28 4.89 5.00 -0.11
20.00 12.96 491 5.02 -0.10
30.00 2.99 9.06 8.98 0.08
30.00 4.95 9.06 8.99 0.07
30.00 4.96 9.03 9.00 0.04
30.00 6.89 9.11 9.03 0.07
30.00 9.50 9.13 9.12 0.01
30.00 12.99 9.21 9.29 -0.08
40.00 2.90 15.90 15.76 0.14
40.00 2.91 15.89 15.76 0.13
40.00 5.00 15.90 15.79 0.11
40.00 714 15.99 15.86 0.13
40.00 9.47 16.06 16.00 0.07
40.00 12.92 16.16 16.30 -0.14
50.00 3.02 27.84 27.84 -0.00
50.00 4,77 27.85 27.89 -0.04
50.00 4.77 27.84 27.89 -0.05
50.00 718 2797 28.04 -0.07
50.00 9.50 28.11 28.28 -0.17
50.00 12.93 28.65 28.80 -0.16
50.00 12.95 28.65 28.81 -0.16
55.00 3.00 36.91 37.04 -0.13
55.00 491 3713 3711 0.02
55.00 6.50 37.20 37.23 -0.03
55.00 711 37.33 37.29 0.03
55.00 9.32 37.54 37.59 -0.05
55.00 10.92 38.04 37.87 0.16
55.00 12.94 38.43 38.32 0.11

55.00 12.95 38.49 38.32 0.17
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Table 4
Results of surface fitting by empirical function 4 from ref. [1] of the methane hydrate equilibrium temperature suppres-
sion AT, vs. DMSO content in water solution and gas pressure in mol% scale for the CH4-DMSO-H,0 system.

DMSO mol Residuals of AT,
fraction, mol% P, MPa ATy, experiment, K AT, fit, K (experiment-fit), K
0 2.89 0 0 0

0 3.79 0 0 0

0 4.77 0 0 0

0 5.78 0 0 0

0 6.77 0 0 0

0 778 0 0 0

0 8.84 0 0 0

0 10.03 0 0 0

0 1114 0 0 0

0 12.01 0 0 0

0 12.32 0 0 0

0 13.01 0 0 0
1.20 2.98 0.88 0.90 -0.02
1.20 4.98 0.91 0.90 0.01
1.20 715 0.92 0.90 0.02
1.20 9.47 0.90 0.91 -0.01
1.20 13.01 0.92 0.93 -0.01
2.50 292 1.92 1.96 -0.04
2.50 5.01 1.95 1.96 -0.01
2.50 718 1.97 197 -0.00
2.50 9.48 1.98 1.99 -0.01
2.50 12.97 2.00 2.03 -0.02
5.45 291 4.77 4.76 0.01
5.45 4.99 4.77 4.76 0.01
5.45 714 4.81 4,79 0.02
5.45 9.47 4.85 4.83 0.03
5.45 12.28 4.89 4.90 -0.01
5.45 12.96 491 4.92 -0.01
8.99 2.99 9.06 9.00 0.06
8.99 4.95 9.06 9.01 0.05
8.99 4.96 9.03 9.01 0.02
8.99 6.89 9.11 9.05 0.06
8.99 9.50 9.13 9.14 -0.01
8.99 12.99 9.21 9.31 -0.10
13.32 2.90 15.90 15.85 0.05
13.32 291 15.89 15.85 0.04
13.32 5.00 15.90 15.88 0.02
13.32 714 15.99 15.95 0.04
13.32 9.47 16.06 16.09 -0.03
13.32 12.92 16.16 16.39 -0.23
18.74 3.02 27.84 27.74 0.10
18.74 4.77 27.85 27.79 0.06
18.74 4.77 27.84 27.79 0.05
18.74 718 2797 2793 0.04
18.74 9.50 28.11 28.17 -0.06
18.74 12.93 28.65 28.70 -0.06
18.74 12.95 28.65 28.71 -0.06
21.99 3.00 36.91 37.08 -0.17
21.99 491 3713 3715 -0.02
21.99 6.50 37.20 37.27 -0.07
21.99 711 37.33 3733 -0.00
21.99 9.32 37.54 37.63 -0.08
21.99 10.92 38.04 37.92 0.12
21.99 12.94 38.43 38.37 0.07

21.99 12.95 38.49 38.37 0.12
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PXRD data for methane hydrate samples obtained from aqueous DMSO solutions. The data were acquired at 153 K.

5 mass% DMSO

55 mass% DMSO

20 mass% DMSO

Calculated data on sI methane

hydrate and ice Ih *

Wexy |
10.517
14.932
16.707
18.288
22.804
24307
25.884
27.077
28.106
30.098
31.031
31.965
34.602

16.696
18.277
22.810
24.273
25.909
27.061

28.103

31.025

10.569
14.941
16.711
18.313
22.810
24.295
25.930
27.078
28.112
30.104
31.051
31971
34.608
35.437

2ecalc / °
10.540
14.927
16.700
18.307
22.813
24.291
25.889
27.085
28.128
30.114
31.064
31.988
34.629
35.471

hkl/phase
011/sI ¢
200/sl
201/sl
112/s1
010/lh ®
002/1h
011/1h
302/sl
213/sl
400/sl
104/sl
033/114/s1
412/s1
323/sl

2 Pm3n cubic structure I.
b P63/mmc hexagonal ice.* See the Experimental design, materials, and methods section for details.

Table 6
Measured ice freezing points T at 0.1 MPa for aqueous solutions of dimethyl sulfoxide; each freezing point given
corresponds to a single measurement.
DMSO concentration in
Sample # aqueous solution, mass% Point # Tice [°C Tice | K AT | K
[ 0 1 0.00 273.15 0
Il 5.00 2 -1.34 271.81 134
3 -1.34 271.81 134
11 10.00 4 -2.95 270.21 2.94
5 -2.94 270.21 2.94
v 20.00 6 -7.14 266.01 714
7 -714 266.01 714
\% 30.00 8 -13.86 259.29 13.86
9 -13.88 259.27 13.88
VI 35.00 10 -18.75 254.40 18.75
1 -18.73 254.42 18.73
VIl 40.00 12 -25.02 248.13 25.02
13 -25.04 24811 25.04
VIII 45.00 14 -34.20 238.95 34.20
15 -34.19 238.96 3419
IX 50.00 16 -46.47 226.68 46.47
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Fig. 4. Ice freezing points of DMSO aqueous solutions at 0.1 MPa (symbols are values measured in this work and litera-
ture data [2-5]; the dashed line is the fourth-degree polynomial approximation based on our experimental data); error
bars are smaller than the size of the symbols.

3. Experimental Design, Materials and Methods

High-purity methane (>99.99 vol%), purchased from the Moscow Gas Processing Plant
(Moscow Region, Russia) in 40 L cylinders at 15 MPa pressure, was used as the hydrate-forming
gas. Aqueous solutions were made by using 18.2 MQ2-cm deionized water produced in the labo-
ratory via Simplicity UV (Millipore, USA), and dimethyl sulfoxide qualified as "chemically pure"
(>99.8 mass%), received from the ECOS-1 company (Moscow, Russia). To verify the purity, the
refractive index of DMSO at the sodium D-line was measured in our laboratory with Abbemat
650 refractometer (Anton Paar, Austria) and amounted to 1.479376 + 0.000001 at 293.15 K.

Aqueous solutions were prepared by a gravimetric technique by sequentially dosing the com-
ponents in a glass flask in the amount necessary to achieve the desired concentration of DMSO.
The masses of water and dimethyl sulfoxide were metered with a resolution of 0.001 g us-
ing PA413C balance (Ohaus Pioneer, USA) with a maximum error not exceeding + 0.01 g. The
amount of aqueous solution sample for methane hydrate measurements was 300-318 g and a
fixed volume of 300 cm? (since the DMSO solutions have different densities; see Supplementary
of ref. [1]).

Gas hydrate equilibrium measurements were conducted utilizing a GHA350 (PSL Systemtech-
nik, Germany) in a 600 cm? constant volume autoclave (an inner diameter of 8.5 cm) at a heat-
ing rate of 0.1 K/h and intense agitation of the fluids (600 rpm). The GHA350 is equipped with
temperature (Pt100, accuracy +0.1 K) and pressure (accuracy +0.02 MPa) sensors and a stir-
ring mechanism based on a Hei-TORQUE 400 Precision overhead motor (Heidolph, Germany), a
magnetic coupling (Premex, Switzerland), and a stirring unit with four blades on the shaft. The
four-blade impeller has a diameter of 6.1 cm and a blade height of 2 cm. The lower edge of the
blades is 0.5 cm from the bottom of the reactor. The temperature control system is an external
autoclave jacket with connections for a Ministat 240 thermostat (Huber, Germany) filled with
ethanol. The thermostat can keep the coolant temperature stable within + 0.02 K. 300 cm? of
DMSO solution was introduced into a GHA350 high-pressure chamber. This filling volume equals
the height of the liquid layer in the reactor of 5.3 cm (excluding liquid displacement due to im-
mersion of the stirrer shaft and four-blade impeller) and 6 cm (including liquid displacement).
The empty space of the vessel was purged thrice with gaseous methane. Measurements of hy-
drate equilibria were performed according to the technique previously analyzed in detail [6].
The validity of this technique has been confirmed for various systems with thermodynamic in-
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hibitors such as DMSO [7,8], urea [9], methanol [10,11], and glycols [12]. The coordinates of the
equilibrium point in each experiment were the pressure and temperature of the complete dis-
sociation of methane hydrate under ramp heating at a slow rate of 0.1 K/h. At this point, there
was a drastic decrease in the P(T)-trajectory slope during isochoric ramp heating.

We evaluated the flow regime in the autoclave during the operation of the stirring system
[13,14]. Reynolds numbers were calculated for aqueous DMSO solutions (0-55 mass%), consid-
ering density and viscosity data (see supplementary to the original research paper [1]) and the
geometric characteristics of the stirrer. A stirring speed of 600 rpm for aqueous DMSO solutions
at 273-293 K yields a range of Reynolds numbers of 5.3-103-3.7-10%.

The phase composition of methane hydrate samples synthesized from aqueous DMSO so-
lutions was analyzed with a diffractometer D8 Advance (Bruker, Germany) coupled to a low-
temperature device (Anton Paar, Austria). Methane hydrate samples were obtained under quies-
cent conditions at 10.4 MPa and temperatures of 275 K (for 5 mass% DMSO) and 238 K (for
55 mass% DMSO), corresponding to the same 10 K supercooling for the two concentrations
of dimethyl sulfoxide. In the case of the 20 mass%» DMSO sample, methane hydrate was ob-
tained from an aqueous solution previously frozen and ground at liquid nitrogen temperature.
The frozen powder of the DMSO solution was then heated and held in a methane atmosphere
at 274 K and 10.4 MPa. After synthesis, the hydrate sample was extracted from the autoclave,
ground at the temperature of liquid nitrogen, and then placed in a container of low-temperature
apparatus, thermally controlled at 153 K. Diffractograms of the samples were recorded at a con-
stant temperature of 153 K. Hexagonal ice reflections present in all patterns were used as an
internal standard. Thus, the positions of the hydrate reflections were corrected, considering the
shift in the ice peaks positions. The calculated values (26 ,.) were determined based on the unit
cell parameters of ice [15] and methane hydrate [16] at a given temperature.

The freezing point temperatures of aqueous solutions were determined in an 80 cm? double-
walled glass cell with lateral outlets for connection to an F81-ME cryostat (Julabo, Germany).
The sample solution was continuously stirred on a magnetic stirrer at 600 rpm during the mea-
surements using a PTFE-coated stirring rod. The sample temperature was monitored using a
calibrated fast-response probe PRT 5622-10-P (Fluke, USA) connected to a 1524 reference ther-
mometer (Fluke, USA). This combination of instruments allows the temperature to be measured
with an error of no more than #+ 0.04 K. The coolant temperature was reduced in increments of
1 K; the sample was held for at least 10 min at each step. The ice freezing point was determined
as the plateau temperature after the spike representing the onset of ice crystal formation in a
supercooled aqueous solution.
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