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ABSTRACT: The effects of four deep eutectic solvents (DESs) g —
on the phase equilibrium conditions of CO, and CH, gas hydrates N R
were investigated. The mixtures of tetramethylammonium chloride
(TMAC) and tetrapropylammonium bromide (TPAB) as hydro-
gen-bond acceptors with glycerol and ethylene glycol (EG) as
hydrogen-bond donors were used to formulate the DESs. The
combinations of TMAC/glycerol, TMAC/EG, TPAB/glycerol, and
TPAB/EG were all made at a 1:3 molar ratio. The concentrations
of DESs in the aqueous solutions were 2 and 4 wt %. The hydrate
dissociation conditions for CO, and CH, systems were measured Gas hydrate
using an isochoric pressure-search method in the temperature

ranges of (277.85 to 282.97) K and (276.03 to 285.15) K,
respectively, and pressure ranges of (2.03 to 5.28) MPa and (3.71 to 10.39) MPa, respectively. All the studied DESs demonstrated
the thermodynamic gas hydrate inhibition effect on CO, and CH, hydrate formation. The gas hydrate inhibition ability ranking from
the highest to the lowest was found to be in the order of: TMAC/glycerol > TMAC/EG > TPAB/glycerol > TPAB/EG. This result
proved that DESs have great potential to be effective green thermodynamic hydrate inhibitors.
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B INTRODUCTION while the kinetic hydrate inhibitors delay the formation of gas
hydrates.” The selection criterion of the inhibition approach is
based on the economical, safety, and environmental consid-
erations.””* The conventional method for the inhibition of gas
hydrates is the thermodynamic approach; however, its
application is limited by some few drawbacks associated with
its use which include high cost and negative environmental
impact." The poor performance of KHIs at high pressure, high
subcooling, and high-water cut conditions has led researchers
to continuously search for cost-effective and environmentally
friendly THIs.>”

Ionic liquids have recently attracted interest in this research
area because of their strong electrostatic charges and tunable
properties which could be altered to form hydrogen bonding
with water.'® However, their industrial application has been
limited by their own disadvantages which include high cost,
toxicity, combustible nature, poor biodegradability, and high

viscosity related to their utilization.''~'® Consequently, deep

Gas hydrates consist of guest molecules of gas which are
entrapped inside the host molecules of water and their
formation takes place under low-temperature and high-
pressure conditions.' Some of the gases which commonly
form hydrates are methane, carbon dioxide, propane, ethane,
and hydrogen sulfide." Formation of gas hydrates is one of the
major problems in the production, processing, and trans-
portation of natural gases because of their crystalline and
nonflowing nature. Their presence may plug the gas trans-
mission lines which may pose a safety risk and lead to financial
loss.” Therefore, it is in the interest of oil and gas industry to
urgently search for cost-effective and environmentally friendly
measures to prevent their formation.

Different techniques are employed in mitigating the
formation of gas hydrates and these include thermal heating,
depressurization, dehydration, and chemical methods.’ Among
these methods, chemical inhibition is the most economical and
cost-effective approach as it prevents the formation of gas
hydrate without disturbing the normal flow inside the Received: December 30, 2024
pipeline.” Chemical inhibition is classified into two major Revised:  July 15, 2025
types which are thermodynamic hydrate inhibitors (THIs) and Accepted: August 6, 2025
kinetic hydrate inhibitors (KHIs).” The addition of thermody- Published: August 14, 2025
namic hydrate inhibitors shifts the hydrate formation
conditions to higher pressure and lower temperature regions,
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eutectic solvents (DESs) which are known for their cost-
effectiveness, nontoxicity, and biodegradable nature have been
discovered as the next generation of green solvents. These
solvents could be a sound alternative to the currently used
costly and environmentally unfriendly gas hydrate inhibitors
because they have similar physicochemical properties to ionic
liquids.'®

Generally, DESs are binary or ternary mixtures obtained
from components of quaternary ammonium salts as hydrogen-
bond acceptors (HBAs) and hydrogen-bond donors
(HBDs)."” The eutectic mixture formed usually has lower
melting point and higher density than the individual
components. DESs have been proposed by several researchers
to be potential green solvents for the removal of harmful
impurities and the prevention of flow assurance issues such as
the gas hydrate formation in oil and gas industry."® The gas
hydrate inhibition effect of DESs was first reported by Lee et
al."” They investigated the effect of choline chloride and urea-
based DESs on methane gas hydrates. The potential of the
investigated DESs as thermodynamic hydrate inhibitors was
demonstrated. In a similar study, Sivabalan et al.* identified
tetraethylammonium acetate and tetraethylammonium bro-
mide-based DESs as thermodynamic inhibitors for carbon
dioxide hydrate formation. Further work by Khoo et al.”’
displayed a dual inhibition effect of reline DES on nucleation
and formation of methane hydrates and thus acting as both
kinetic and thermodynamic inhibitors. Moreover, Rasool et
al.”* studied the effect of choline chloride and urea-based DES
on methane gas hydrates and found that the addition of DES
inhibited the hydrate formation.

It is evident from these few studies that the phase
equilibrium data related to the gas hydrate-forming systems
in the presence of DESs is limited. This is likely to hinder the
investigation of the inhibition effect of DESs on gas hydrate
formation. Hence, more work is still required to validate DESs
as gas hydrate inhibitors. This study is aimed at investigating
the effectiveness of selected variety of deep eutectic solvents in
preventing the formation of carbon dioxide and methane gas
hydrates. Once their effectiveness is established, they could be
introduced into industrial application to address the current
gap of cost-effective and environmentally friendly inhibitors.

In this work, the effects of tetramethylammonium chloride
(TMAC) and tetrapropylammonium bromide (TPAB)-based
DESs on equilibrium conditions of carbon dioxide and
methane clathrate hydrates are investigated. There are four
DESs that are synthesized and characterized from a
combination of ethylene glycol and glycerol as the HBDs
and TMAC and TPAB as the HBAs. The combinations of
TPAB/glycerol, TPAB/ethylene glycol, TMAC/glycerol, and
TMAC/ethylene glycol were formed at a 1:3 molar ratio,
respectively. The experimental hydrate dissociation conditions
for the carbon dioxide + DES + water and methane + DES +
water systems are reported in the temperature ranges of
(277.85 to 282.97) K and (276.03 to 285.15) K, respectively,
and pressure ranges of (2.03 to 5.28) MPa and (3.71 to 10.39)
MPa, respectively. The concentrations of DES in the aqueous
solutions are 0.02 and 0.04 mass fractions. The hydrate
dissociation data was measured, and average suppression
temperatures were calculated to understand the extent of
thermodynamic gas hydrate inhibition illustrated by the
studied DESs. The dissociation enthalpies (AHg;,) for carbon
dioxide and methane gas hydrates were also estimated in this
study.
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B EXPERIMENTAL METHODS

Materials. Materials used for this study are outlined in
Table 1 and they include distilled water, carbon dioxide,

Table 1. Supplier, Purity, and CAS Registry Number of
Chemicals Used”

purity (mass
chemical supplier fraction)” CAS no.

tetrapropylammonium Sigma-Aldrich >0.980 1941-30-6

bromide
tetramethylammonium Sigma-Aldrich >0.980 75-57-0

chloride
ethylene glycol Sigma-Aldrich >0.990 107-21-1
glycerol Sigma-Aldrich >0.995 56-81-5
methane Afrox-SA 0.995"
carbon dioxide Afrox-SA 0.999" 124-38-9
water MUT >0.999 7732-18-5

“No additional purification was done; water content for TPAB,
TMAC, EG, and glycerol was 3.8 X 107%, 3.9 X 107, 4.2 X 107* and
4.5 X 107* respectively. "Mole fraction.

methane, and DESs. Distilled water was obtained from the
research laboratory at Mangosuthu University of Technology
(MUT) where this work was conducted. All the gases were
supplied by AFROX (South Africa). All the DES components
were supplied by SIGMA-Aldrich. The chemical structures of
DES constituents are shown in Table 2.

Table 2. Chemical Structures of the DES Constituents Used
in This Work

Chemical Name Chemical Chemical Structure
Formula
Hydrogen Bond Acceptors
. CHg
Tetramethylammonium CsHi2N.Cl
Chloride H4C NE CHg, cr-
CHg
HsC CHg
Tetrapropylammonium Ci2H2sN.Br \/\N+/\/
Bromide S~ N—X\
H3C CHgs
Br
Hydrogen Bond Donors
OH
Glycerol C3HsO3
HO. OH
Ethylene Glycol C:HO: HO\/\
yiene By OH

Experimental Apparatus and Procedure. Preparation
and Characterization of DESs. The DESs were prepared and
characterized at the MUT research lab, and their typical
compositions are listed in Table 3. An accurate analytical
balance, model AS220/C/2 (supplied by RADWAG, Poland)
with an uncertainty of +1 X 1077 kg in mass, was used to
prepare DESs having an uncertainty level of +£5 X 1077 m?®
gravimetrically.

The preparation and purification of DESs were carried out
using the procedure described by several researchers in the

https://doi.org/10.1021/acs.jced.4c00744
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Table 3. Compositions and Abbreviations for the Studied
DESs

molar ratio abbreviation
1 TPAB:3 glycerol DES 1
1 TPAB:3 ethylene glycol DES 2
1 TMAC:3 glycerol DES 3
1 TMAC:3 ethylene glycol DES 4

literature.”* > The investigated DESs were prepared by
mixing the hydrogen-bond acceptor (HBA) with hydrogen-
bond donor (HBD) according to the desired HBA-to-HBD
molar ratio. The two components were thoroughly mixed at a
specified temperature using a magnetic stirrer until a clear
homogeneous liquid was obtained. The prepared DES was
purified by subjecting it to a temperature of 373.15 K in an
oven for 8 h to remove traces of impurities and moisture. The
obtained solution was stored in an airtight container to prevent
exposure to moisture.

Density, viscosity, and refractive index measurements were
used to characterize each DES that had been prepared.
Measurements of density and refractive index were carried out
according to the methods outlined in the literature.”~** The
refractive index and density were measured using an Atago
refractometer (model RX-7000) and an Anton Paar density
and sound velocity meter (model DSA SO00M), respectively.
Prior to DES property measurements, calibration of both
pieces of equipment was undertaken by measuring the
refractive index and density of ultrapure water at specified
temperature.

Measurements of viscosity were carried out according to the
method described by Mbatha et al.”” The viscosity of DES was
measured using an Anton Paar AMVn rolling-ball viscometer.
Prior to the experimental analysis, ethanol was used to clean
the cell, and acetone was used for drying using the automatic
Xsample 452 Module. Prior to the viscosity measurements, the
water calibration was done at 298.15 K to ensure that the
equipment will produce valid results. The uncertainty of
+0.004 was obtained.

Hydrate Liquid—Vapor Equilibrium (HLVE) Data
Measurements. Apparatus. A schematic diagram of the
experimental apparatus which was used in this study is shown
in Figure 1. This experimental set up is similar to that which
was used by Nkosi et al.>” The main part of the apparatus is a
high-pressure equilibrium cell made of stainless steel (SS
316L) material (supplied by Biichi, Switzerland) with an
internal volume of 100 mL. The interior of the cell was
hydrophobically coated with an alloy (nickel—chromium—
iron—molybdenum) which was capable of withstanding
temperatures and pressures up to 473.15 K and 10 MPa,
respectively. A four-wire Pt-100 thermocouple (supplied by
Grant Instruments, United Kingdom), with an uncertainty of
+0.3 K, was fitted within the cell to monitor the temperature
of the system. A pressure transducer (supplied by ESI
Technology, United Kingdom) having an uncertainty of
+0.25% of full scale was used to measure the inside pressure
of the cell. A magnetic stirrer with a capacity of 1000 rpm was
installed to ensure proper mixing of the contents of the cell. A
temperature-controlled unit named LTC4 (supplied by Grant
Instruments, United Kingdom) consisting of a TX150 Optima
circulating bath and an R4 tank/refrigeration unit was used. It
allowed to set and control the system temperature,
corresponding to the liquid bath temperature. The coolant
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Figure 1. Schematic diagram for the high-pressure equilibrium
apparatus: (A) magnetic stirrer; (B) neodymium magnet stir bar; (©)
high-pressure equilibrium cell; (D) cooling coil; (E) thermostated
bath; (F) gas cylinder; (G) pressure regulator; (H) vacuum pump; (1)
vent valve; (J1 and 2) temperature probes (Pt-100); (K) needle valve
for loading; (L) relief valve; (M) LTC4 unit; (N) LTC4 unit built-in
circulating bath; (O) circulating thermostat; (P) data acquisition
system; (Q) computer; (R1—R3) shut-off valve; (S1 and S2) pressure
transducers. Reproduced from ref 30. Copyright [2022] American
Chemical Society.

was the aqueous solution of glycerol water. Any trapped air
inside the cell was removed by a vacuum pump (supplied by
Gardner Denver, United States). The apparatus was connected
to an SQ2020-1F8 data acquisition unit (supplied by Grant
Instruments, United Kingdom) and interfaced with a computer
to monitor pressure and temperature data at intervals using
SquirrelView software.

Procedure. The dissociation conditions for this study were
measured using an isochoric pressure-search method (graph-
ical technique) as described by Sloan and Koh' and Tumba et
al.® The equilibrium cell was evacuated before being fed with
the aqueous solution and the gas. After initial evacuation, the
appropriate quantity of the aqueous solution (approximately
40 cm’® with an uncertainty level of +0.5 cm®) was injected into
the equilibrium cell which was then immersed into the
temperature-controlled bath. The gas was then supplied into
the cell from a gas cylinder through a pressure regulation valve
for gas hydrate formation. After obtaining the stability of
temperature and pressure, the valve for the gas line was closed.
The system temperature was slowly reduced from the vapor—
liquid region which resulted in a slight decrease in pressure. A
certain temperature was reached in which the hydrate was
formed, and this was detected by a remarkable drop in
pressure. After the formation of the hydrate, the temperature
was slowly increased in steps of 0.1 K to initiate the
dissociation process, and this resulted in a quick rise in
pressure. At every temperature step, the temperature was kept
constant for a sufficient time to achieve the state of equilibrium
within the cell. For each experimental run, a pressure versus
temperature diagram was drawn, from which the hydrate
dissociation point was obtained. The hydrate dissociation point
was the point where the hydrate dissociation trace intersected
with the initial cooling trace as shown in Figure 2.

Average Suppression Temperature Calculation. The
average suppression temperatures (AT,,) of the DESs were
calculated to determine the thermodynamic inhibition effects

https://doi.org/10.1021/acs.jced.4c00744
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Figure 2. Pressure versus temperature trace for formation and
dissociation of the gas hydrate.

of the studied deep eutectic solvents. The inhibition effect is
shown in the following equation:"

AT = ZAT — Zrzo(’l—b_ T)
e n n (1)

where AT is defined as the difference between the hydrate
dissociation temperature in the absence (T,) and presence (T)
of DESs. The n denotes the number of hydrate dissociation
points considered. The values of both dissociation temper-
atures were obtained from the same dissociation pressure.
Gas Hydrate Dissociation Enthalpy Calculation. The
hydrate dissociation enthalpy (AHy,) represents the inter-
action between the host and the guest molecules. A significant
change in its magnitude generally indicates a substantial
alteration in the hydrate crystalline structure. The hydrate
liquid vapor equilibrium data obtained in this worked was used
to calculate the gas hydrate dissociation enthalpies according

to the Clausius—Clapeyron equation:'

d(In P) _ AHg
1) =R

4(5) : @
The left-hand side represents the slope obtained by plotting
In(P) versus (1/T) values, where P, T, AHy,, z, and R are the
pressure (MPa), temperature (K), dissociation enthalpy (kJ/
mol), compressibility factor, and universal gas constant (J/mol
K), respectively.

The compressibility factor (z) was calculated using Pitzer’s
method:*

z =2+ wz' (3)

where z° and z' are functions of both the reduced temperature
(T,) and the reduced pressure (P,) and @ is the acentric factor
of the gas. The values of z° and z' were obtained from the
Lee—Kesler generalized correlation.”® For carbon dioxide and
methane, the values of 0.239 and 0.011 for @ were used,
respectively.”*

B RESULTS AND DISCUSSION

Characterization of DESs. The characterization of studied
DESs was done by measuring their density, viscosity, and
refractive index as a function of temperature. The regressions
of these properties were performed to explore the effect of
temperature on the synthesized DESs. Density is an important
property for determining diffusion and miscibility of a solvent
with other liquids. The densities of all synthesized DESs were
measured at different temperatures that range from 293.15 to
323.15 K and are depicted in Table 4 and Figure 3a. The
density of the DES decreased, as the temperature increased for
all the DESs. The decrease of the density of the DES as the
temperature increased is explained by the increase in the
mobility of the DES molecules and the thermal expansion of
the DES volume because of the temperature increase. As
shown in Table S, the relationship between the density and
temperature is linear with an R value of more than 0.994 for
all the DESs. This behavior of density with temperature was
also reported for other DES systems in the literature.”

Table 4. Density (p), Viscosity (#), and Refractive Index of Tested DESs at a Mole Ratio of 1:3 at T = (293.15—323.15 K) at
Atmospheric Pressure”

DES 1 DES 2
T/K p/g cm™? pu/mPa s RI p/g cm™ p/mPa s RI
293.15 1.2094 910.18 1.48861 1.1393 88.31 1.47669
298.15 1.2064 712.05 1.48765 1.1366 73.08 1.47556
303.15 1.2034 544.47 1.48658 1.1335 59.75 1.47435
308.15 1.2003 407.43 1.48542 1.1302 48.33 1.47304
313.15 1.1973 300.94 1.48417 1.1266 38.83 1.47165
318.15 1.1943 225.00 1.48281 1.1227 31.23 1.47017
323.15 1.1913 179.60 1.48136 1.1185 25.54 1.46860
DES 3 DES 4
T/K p/g cm™ pu/mPa s RI p/g cm™ p/mPa s RI
293.15 1.1692 535.97 1.46690 1.0621 37.39 1.45451
298.15 1.1661 374.94 1.46594 1.0596 30.56 1.45357
303.15 1.1631 268.77 1.46489 1.0571 24.50 1.45253
308.15 1.1594 196.94 1.46375 1.0546 19.21 1.45139
313.15 1.1563 146.83 1.46251 1.0522 14.71 1.45017
318.15 1.1524 112.35 1.46118 1.0498 10.97 1.44884
323.15 1.1497 88.81 1.45975 1.0475 8.01 1.44743

“Standard uncertainties are u(T) = 0.05 K, u(P) = 0.1 kPa, u(p) =2 X 107> g em™>, and u(RI) = 1.2 X 107,
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Figure 3. Thermophysical properties of DESs against the temperature range (293.15—323.15) K. (a) Density, (b) viscosity, (c) plot of In
(viscosity) vs 1/T, and (d) refractive index hydrate liquid—vapor equilibrium (HLVE) data.

Table 5. Regression Analysis of Density (p), Viscosity (1),
and Refractive Index versus Temperature Data for Tested
DESs over the Temperature Range (293.15—323.15 K)

RZ
DES density viscosity refractive index
DES 1 1.0000 0.9984 0.9952
DES 2 0.9948 0.9989 0.9968
DES 3 0.9987 0.9972 0.9953
DES 4 0.9998 0.9915 0.9952

Similarly, the viscosity is also strongly affected by changes in
temperature. The viscosities of DESs were also measured as a
function of temperature and are shown in Table 4 and Figure
3b. It is observed that the viscosity values decrease as the
temperature increases from 293.15 to 323.15 K. This is due to
the mobility of ions as a result of increased temperature which
weakens the intermolecular interaction between the molecules
and ions within the fluid.*® The regression analysis for viscosity
as a function of temperature was based on graph plotting of In
(viscosity) versus 1/T, as shown in Figure 3c. There is a strong
relation (R* >0.991) between the viscosity and temperature for
all DES samples, as shown in Table 5. This behavior of
viscosity with temperature was also reported for other DES
systems in the literature.’”
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Refractive index (RI) is a physical property that is used to
characterize a new solvent due to its association with the
electrical permittivity and magnetic permeability of the
materials. It is a critical property that reflects the purity of a
solvent or concentration of components. For pure DESs, RI is
found to decrease linearly with temperature.”” The RIs of all
the studied DESs were measured as a function of temperature
and are presented in Table 4 and Figure 3d. Like the
observation in the case of density and viscosity, the Rls for all
the DES decreased with an increase in temperature. This is
because the density decreases with an increase in temperature,
thus allowing more freedom of the movement of light that
reduces the refractive index. A strong linear relationship (R®
>0.995) between RI and temperature was exhibited by all DES
samples, as shown in Table S. This behavior of RI with
temperature was also observed for other DES systems in the
literature.*”

Hydrate Liquid-Vapor Equilibrium (HLVE) Data. All
the measured hydrate liquid—vapor equilibrium data are
reported in Table 6 and plotted in Figures 4 and 5. Some
selected experimental data from the literature on the
dissociation conditions of carbon dioxide and methane
clathrate hydrates in the presence of pure water are also
presented.’””” The reliability of the experimental procedure
used was examined before producing the hydrate phase

https://doi.org/10.1021/acs.jced.4c00744
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Table 6. Phase Equilibrium Data of CO, and CH, in Water with and without 2 wt % and 4 wt % Aqueous DES Solutions”

water DES 1 DES 2 DES 3 DES 4
T (K) P (MPa) T (K) P (MPa) T (K) P (MPa) T (K) P (MPa) T (K) P (MPa)
CO, + 2 wt % DES + water
277.85 2.03 277.98 222 278.29 227 277.90 2.41 278.00 2.32
279.19 242 279.40 2.81 279.59 2.80 279.16 291 279.42 292
280.69 3.14 280.83 3.45 280.64 3.28 280.17 3.36 280.40 3.35
281.76 3.67 281.84 3.94 282.20 4.02 281.55 4.09 281.94 4.18
282.77 4.20 282.85 4.49 282.89 4.35 282.97 491 282.88 4.71
CO, + 4 wt % DES + water
277.85 2.03 278.13 2.57 277.96 2.40 277.90 2.35 278.05 2.64
279.19 2.42 278.80 2.86 279.29 2.93 279.66 3.51 278.93 3.00
280.69 3.14 279.78 331 280.25 3.37 280.64 4.01 280.59 3.79
281.76 3.67 280.89 3.85 281.09 3.80 281.73 4.64 281.47 4.29
282.77 4.20 282.66 4.81 282.75 4.75 282.80 5.28 282.75 5.02
CH, + 2 wt % DES + water
276.92 3.81 277.04 4.08 276.89 3.81 276.54 4.03 276.70 3.94
279.22 4.77 278.68 5.03 278.45 4.66 279.16 5.62 279.38 5.57
281.42 6.06 280.45 6.11 280.72 6.03 281.35 7.08 281.94 7.26
282.52 6.77 282.55 7.49 282.37 7.10 282.23 7.70 282.84 7.88
284.21 8.12 283.50 8.16 283.45 7.83 283.14 8.36 283.78 8.56
285.15 8.90 284.85 9.05 284.80 8.75 284.98 9.76 285.00 9.44
CH, + 4 wt % DES + water
276.92 3.81 276.25 3.92 276.18 3.71 276.03 4.06 276.53 422
279.22 4.77 27792 4.94 278.73 5.28 278.33 5.58 278.21 5.32
281.42 6.06 279.64 6.02 280.48 6.34 280.89 7.38 279.93 6.48
282.52 6.77 281.58 7.25 281.50 6.99 282.37 8.48 281.87 7.81
284.21 8.12 283.19 8.40 283.50 8.36 283.88 9.64 283.48 9.0S
285.15 8.90 284.78 9.53 284.70 9.22 284.85 10.39 284.80 10.06

“Standard uncertainty: u(T) (0.95 level of confidence) = +0.08 K, u(P) (0.95 level of confidence) = +0.0234 MPa K, and u (DES molar ratio) =

0.00S.
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Figure 4. Thermodynamic stability condition curves for the CO, + H,O system in the presence and absence of DESs: (a) 2 wt % DES and (b) 4 wt

% DES. The pure water data was taken from the literature.>

equilibrium data reported in this study and it is demonstrated
by the reasonable agreement between the experimental data
from this study and those reported in the literature as shown in
Figures 5 and 6. The HLVE data were measured at 2 and 4 wt
% concentrations of DES in an aqueous solution. The
inhibition effect of a thermodynamic hydrate inhibitor is
evident through the shifting of hydrate dissociation conditions
to higher pressure and lower temperature regions.”® It is
observed from Figures S and 6 that all four studied DESs have
thermodynamic inhibition effects on clathrate hydrates of

carbon dioxide and methane by moving HLVE to higher
pressure and lower temperature regions in comparison to that
of a pure water HLVE curve. This thermodynamic inhibition
effect on carbon dioxide and methane hydrates is dependent
on the concentration of DES in the aqueous solution and is
independent of the type of clathrate hydrate former. The
activity of DES in the aqueous phase is increased due to the
increase in concentration of the solution. Higher inhibition
ability is observed at 4 wt % concentration in comparison to
that of 2 wt % because of the increased activity of DES. From
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Figure 5. Thermodynamic stability condition curves for the CH, + H,O system with and without DES inclusion: (a) 2 wt % DES and (b) 4 wt %

DES. The pure water data was taken from the literature.*”
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Figure 6. Average temperatures of the studied DESs for the CO, gas
system.

all four DESs, DES 3 showed the maximum shift of the
equilibrium boundary of water with DES 2 displaying the
minimum shift. The gas hydrate inhibition ability arranged
from the highest to the lowest is TMAC/glycerol (DES 3) >
TMAC/EG (DES 4) > TPAB/glycerol (DES 1) > TPAB/EG
(DES 2). The superiority of DES 3 over the rest of the DESs
could be due to the nature of its pure components. From the
pattern observed, it is evident that for HBAs, TMAC is
superior to TPAB, while glycerol is superior to ethylene glycol
for HBDs. A fundamental requirement for a substance to be an
effective thermodynamic hydrate inhibitor is its potential to
form hydrogen bonds with water molecules.'” These DESs
have great potential to be effective thermodynamic hydrate

inhibitors because they have tunable properties which can be
designed to form hydrogen bonding with water.

Average Suppression Temperatures (AT,,.). To
compare the impact of studied DESs on thermodynamic
hydrate inhibition performance on carbon dioxide and
methane gas hydrates, the average suppression temperatures
(AT,,.) were also calculated for 2 and 4 wt % DES solutions.
The results are tabulated in Tables 7 and 8 and graphically
presented in Figures 6 and 7.

The thermodynamic hydrate inhibition impact is found to
be in the order of: TMAC/glycerol (DES 3) > TMAC/EG
(DES 4) > TPAB/glycerol (DES 1) > TPAB/EG (DES 2).
From this pattern, it is also evident for HBAs that TMAC
performs better than TPAB, while for HBDs, glycerol is better
than ethylene glycol. For the carbon dioxide system, the degree
of suppression achieved by the combination of TMAC and
glycerol (DES 3) is 1.05 K at 2 wt % and 1.85 K at 4 wt %,
whereas for the CH, system, it is 1.43 K at 2 wt % and 2.18 K
at 4 wt %. The best performance of TMAC can be attributed to
its shorter alkyl chain as compared to TPAB. The results are in
line with the previously reported data for quaternary
ammonium salts and ionic liquids, alkyl chain lengths of
these substances affect the phase stability of hydrate
formation.””*" The main reason for this is that the longer
alkyl chain length leads to hydrophobicity and it does not allow
the cationic part of ionic liquid to bond with the hydroxyl ion.”*
The superiority of glycerol over ethylene glycol is based on the
presence of three hydroxyl (OH) groups in glycerol as
compared to two in ethylene glycol. Increasing the number of

Table 7. Average Suppression Temperature Data at Different Pressure Conditions for the CO, Gas System

DES 1 DES 2 DES 3 DES 4

P (MPa) AT (K) AT (K) AT (K) AT (K)
2 wt % 4 wt % 2 wt % 4 wt % 2 wt % 4 wt % 2 wt % 4 wt %
2.0 0.55 1.21 0.14 0.78 0.88 1.73 0.52 1.30
2.5 091 1.42 0.51 1.17 1.24 2.04 0.66 1.67
3.0 0.72 1.29 0.37 0.96 1.04 1.90 0.79 1.48
3.5 0.65 1.31 0.36 0.97 1.05 1.83 0.78 1.48
4.0 0.69 1.27 0.32 1.02 1.06 1.82 0.82 1.48
4.5 0.58 1.10 0.16 0.99 1.01 1.79 0.76 1.42
AT,,, (K) 0.68 1.27 0.31 0.98 1.08 1.85 0.72 1.47
3671 https://doi.org/10.1021/acs.jced.4c00744
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Table 8. Average Suppression Temperature Data for the CH, Gas System

DES 1 DES 2 DES 3 DES 4

P (MPa) AT (K) AT (K) AT (K) AT (K)
2 wt % 4 wt % 2 wt % 4wt % 2 wt % 4 wt % 2 wt % 4 wt %
4.00 0.46 0.98 0.13 0.70 0.89 1.43 0.57 1.18
4.75 0.97 1.5S 0.57 1.28 1.45 2.09 1.14 1.83
5.50 1.07 1.67 0.68 1.39 1.57 2.32 1.27 2.04
6.25 1.08 1.71 0.65 1.38 1.62 242 1.29 2.11
7.00 0.94 1.62 0.59 1.29 1.58 2.46 1.26 2.12
7.75 0.83 1.47 0.42 1.10 1.45 2.36 1.10 1.97
AT, (K) 0.89 1.50 0.51 1.19 1.43 218 111 1.88
2.5
2 wt.% 2.18

DES1

DES 2 DES 3 DES 4

Figure 7. Average temperatures of the studied DESs for the CH, gas
system.

hydroxyl groups on a molecule generally enhances its ability to
inhibit gas hydrate formation. This is because hydroxyl groups
can form hydrogen bonds with water molecules in the hydrate
structure, disrupting the lattice, thereby hindering hydrate
formation.

Table 9 shows the average suppression temperatures of
commercial thermodynamic inhibitors (methanol and ethylene

Table 9. Average Suppression Temperature Data of
Commercial Thermodynamic Inhibitors (Methanol and
Ethylene Glycol) for the CH, Gas System

methanol ethylene glycol
4.2 wt % (2.40 mol %) 6.9 wt % (2.10 mol %)
P (MPa) AT (K) AT (K)
4.00 1.74 1.95
4.75 1.77 1.96
5.50 1.63 1.82
6.25 1.71 1.72
7.00 1.69 1.73
7.75 1.66 1.60
AT, (K) 1.70 1.80

glycol) calculated from the ghase equilibrium data that was
obtained from the literature.*” For comparative analysis, Figure
8 represents the average suppression temperatures at 4 wt % of
the studied systems with the commercial thermodynamic
inhibitors. The inhibition performance of DES 3 and DES 4
seems to be superior to the commercial THIs; however,
various combinations of DESs in future studies would give
comparable results in the light of relevant concentration levels.
A better performance of these DESs may be attributed to the
synergistic effect which arises due to the combination of two

3672

DES 1

DES 2 DES 3 DES 4 Methanol EG

Figure 8. Comparison of the inhibition effects of the studied DESs on
CH, hydrates with commercial THIs, methanol, and ethylene glycol
(obtained from the literature*). The mass and molar concentrations
of inhibitors are DES 1—4 wt % (0.68 mol %), DES 2—4 wt % (0.97
mol %), DES 3—4 wt % (0.78 mol %), DES 4—4 wt % (1.07 mol %),
methanol—4.2 wt % (2.40 mol %), and ethylene glycol—6.9 wt %
(2.10 mol %).

inhibitors which produces an inhibition effect that is greater
than the sum of their individual behavior.

Gas Hydrate Dissociation Enthalpies (AHg). To
evaluate the participation of DESs in the hydrate crystalline
structure, the gas hydrate dissociation enthalpies (AHg,) of all
studies systems were calculated via the Clausius—Clapeyron
equation. The AHy,, data of carbon dioxide and methane
systems are presented in Tables 10 and 11, respectively.

It is well known that carbon dioxide and methane form
structure 1 gas hydrates.””** The dissociation enthalpy of
hydrates is mainly altered by the hydrogen bonding of the
clathrate structure and cage occupancy of the guest molecule.**
As displayed in Tables 10 and 11, it is evident from the results
obtained that DES molecules did not contribute to the hydrate
crystallization process as the dissociation enthalpy values did
not significantly change in their presence as compared to pure
water. Thus, it can be inferred that the thermodynamic hydrate
inhibition behavior shown by the studied DESs is primarily
due to their hydrogen-bonding ability.

B CONCLUSIONS

In this work, the thermodynamic inhibition behavior of four
DESs has been investigated for carbon dioxide and methane
gas hydrates. The DESs were made at a 1:3 molar ratio for the
combinations of TPAB/Glycerol, TPAB/EG, TMAC/Glycer-
ol, and TMAC/EG. It was shown that all four studied DESs
have inhibition effects on the clathrate hydrates of carbon
dioxide and methane in the concentration ranges investigated
in this work. This inhibition effect was dependent on the

https://doi.org/10.1021/acs.jced.4c00744
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Table 10. Dissociation Enthalpies (AHy,,) of DESs in the CO, Gas System

DES 1 DES 2 DES 3 DES 4
P (MPa) pure H,O 2 wt % 4 wt % 2 wt % 4 wt % 2 wt % 4 wt % 2 wt % 4 wt %
2.0 84.81 83.33 82.05 83.87 85.72 84.59 82.76 88.36 84.09
2.5 81.99 80.47 79.24 81.02 82.77 81.68 79.89 85.38 81.18
3.0 79.17 77.70 76.48 7823 79.92 78.86 77.09 82.38 78.35
3.5 76.42 75.00 73.78 75.51 77.11 76.09 74.36 79.50 75.58
4.0 73.72 7231 71.13 72.84 74.33 73.3§ 71.66 76.64 72.85
4.5 71.04 69.69 68.54 70.23 71.59 70.65 68.99 73.84 70.15
AH,,. (Kj/mol) 77.86 7642 75.20 76.95 78.57 77.54 75.79 81.02 77.05

Table 11. Dissociation Enthalpies (AHy,,) of DESs in the CH, Gas System

DES 1 DES 2 DES 3 DES 4
P (MPa) pure H,O 2wt % 4wt % 2 wt % 4wt % 2 wt % 4wt % 2 wt % 4wt %
4.00 62.21 64.73 65.89 64.54 65.13 66.82 70.96 66.65 69.36
4.75 61.24 63.67 64.80 63.50 64.05 65.72 69.77 65.55 68.20
5.50 60.28 62.64 63.74 62.48 63.01 64.65 68.61 64.49 67.08
6.25 59.33 61.65 62.71 61.49 62.00 63.60 67.49 63.46 65.98
7.00 58.40 60.68 61.72 60.53 61.03 62.59 66.39 62.45 64.91
7.75 57.48 59.72 60.74 59.58 60.07 61.60 65.31 61.47 63.88
AHy. (KJ/mol) 59.82 62.18 63.27 62.02 62.55 64.16 68.09 64.01 66.57

concentration of DES in the aqueous solution but independent
of the type of clathrate hydrate former. The gas hydrate
inhibition ability ranked from the highest to the lowest was
found to be in the order of: TMAC/glycerol (DES 3) >
TMAC/EG (DES 4) > TPAB/glycerol (DES 1) > TPAB/EG
(DES 2). The superiority of DES 3 over the rest of the DESs
could mainly be due to the nature of its pure components.
From the pattern observed, it is evident that for HBA
components, TMAC was superior to TPAB, whereas for HBD
components, glycerol was superior to ethylene glycol. The best
performance of TMAC as HBA compared to its counterpart
TPAB can be attributed to its shorter alkyl chain. The average
suppression temperatures ranged between 0.31 and 2.18 K.
This study demonstrated the potential of DESs to be an
ultimate alternative to the currently available conventional
THIs. Therefore, further studies are needed for enhanced
tuning of DESs as thermodynamic hydrate inhibitors.
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