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ABSTRACT: The paper elaborates the effects of ionic liquids 750 |
(ILs) on the phase equilibrium temperature, induction time, gas
consumption, gas consumption rate, and water to hydrate
conversion in the presence of 0.25, 0.63, 0.95, 1.25, 3.75, 6.25, &
and 10.00 wt % ethyltributylphosphonium hexafluorophosphate =
([P, 4 4 4)[PF¢]), tributylhexylphosphonium hexafluorophosphate =N 5
([Pg4 44][PF4]), tetraethylammonium bromide ([N, , ,,]Br), s, S »
tetraethylammonium bistrifluoromethanesulfonimide ([N, , , ,]- B > 0 - W L

i ] ':*--*\B‘ 0.00 025063 0951. 56
[NTf,]), and tetraethylammonium hexafluorophosphate [N,..JBr concentrations/ (wt%%)
([N, , 5 ,][PFs]) under a pressure of 2 MPa. The results indicate
that all five ILs could increase CO, consumption and enhance the
water to hydrate conversion. Compared with the pure water
system, [P, ;4 4][PFs] and [Pg 44 4][PF¢] shifted the phase equilibrium temperature of CO, hydrates to a slightly higher temperature
with reduced induction times by boosting CO, hydrate nucleation, showing the dual function promotion effects. In contrast,
[N, ,,,]Br, [N, ,,,][NTE], and [N, ,, ,][PF] shifted the phase equilibrium temperature of CO, hydrates to a lower temperature
and prolonged the induction time by slowing down CO, hydrate nucleation. The inhibition effects of anions on CO, hydrates follow
an order of Br™ > [NTf,]” > [PF¢] ™. Besides, the density functional theory and molecular dynamic calculations were conducted to
explain the inconsistent influences of [N, ,,,]Br and [N, , 4 ,]Br on CO, hydrate formation. It was found that the anion—cation
interaction of [N, , , ,]Br was stronger than that of [N, 4, 4]Br, and Br™ in [N, ,, ,]Br is less likely to participate in the formation of
hydrate cages in the [N, ,,,]Br + H,O + CO, system according to the intermolecular anion—water, anion—CO,, and water—water
radial distribution function in [N, ,,,]Br + H,O + CO, and [N, , ,,]Br + H,O + CO, systems.
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1. INTRODUCTION envelope the guest molecules in.”~'' The more popular
method is to add chemical additives to reduce the surface
tension of the gas—liquid interface and change the micro-
structure of the liquid, so as to promote the rapid and efficient
formation of hydrates and store more gas.'*"

Ionic liquids (ILs) have attracted extensive attention due to
their excellent properties such as extremely low vapor pressure,
high thermal stability, and adjustable ionic and anion
structure.'® In recent years, ILs have been proved by
experiments to promote the formation of CO, hydrates. Li
et al."” reported the effects of ILs containing multivariate rings
(ie, 1-(3-sulfonyl) propyl-3-methylimidazole dodecyl sulfo-
nate ([MIMPS][DBSA]), 1-(3-sulfonic acid) propyl piperidine

The combustion of fossil fuels is the main contributor to
elevated CO, concentrations in the atmosphere, as well as the
main anthropogenic contributor.' Carbon dioxide has been
identified as the main greenhouse gas causing global warming.
In order to prevent the disaster consequences caused by global
warming, the world has jointly promoted carbon capture and
storage technology.” Carbon capture and storage technology
refers to the process of separating carbon dioxide from the flue
gas generated by fossil fuel combustion, transporting it to a
designated place for storage, and isolating it from the
atmosphere for a long time.” Storing fixed carbon dioxide in
the form of hydrates is a powerful measure to reduce the
greenhouse effect.” Gas hydrate separation is a gas separation

and capture technology developed in recent years, which has Received:  October 14, 2022 0
broad application prospects.” " Natural gas hydrate is a Accepted:  December 1, 2022 &, o
clathrate crystal compound formed by guest molecules (such Published: December 24, 2022 A

as CH,, CO,, etc.) and host water molecules at low < 978
temperatures and high pressures, whereby the host water

molecules form polyhedral cavities through hydrogen bonds to
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Table 1. Experimental Materials Used in This Work

symbol CAS No chemical name purity chemical structure supplier
Zhengzhou
>99.9% Ruian Gas
CO: 124-38-9 Carbon dioxide 0—C—0
(vol%) Technology
Co., Ltd.
Jiaozuo
H20 7732-18-5 Deionized water Deionized H\o/ H Xinbolong
Co., Ltd.
Qingdao
>99.9% Orike New
Tetraethylammonium \ /
[N2222]Br 71-91-0 (mass /fN Material
bromide ) Br
fraction) Technology
Co., Ltd.
F oo Qingdao
F I/
Tetraethylammonium >99.9% S—n Orike New
¢\ o
[N2222][NTH2] 161401-26-9  bistrifluoromethanesulfonimide  (mass \\ o= . Material
\e
fraction) //’::;X”’\\f . Technology
Co., Ltd.
Qingdao
>99.9% F Orike New
Tetracthylammonium \ . F | _F
[N2222][PFs] 429-07-2 (mass \/N P Material
PR
hexafluorophosphate ;> F | F
fraction) F Technology
Co., Ltd.
Qingdao
>99.9% /—/: E Orike New
Ethyltributylphosphonium SN \ /
[P2444][PFs] 910226-51-6 (mass _/ F—pP—F Material
hexafluorophosphate F/ \F
fraction) Technology
Co., Ltd.
Qingdao
>99.9% .
Tributylhexylphosphonium . fE F Orike New
[P6444][PFs] 1049619-53-5 (mass P \ / ial
hexafluorophosphate F—p——f Materia
fraction) F/ \F Technology
Co., Ltd.

dodecylbenzene sulfonate ([PIPS][DBSA]), and 1-(3-sulfonic
acid) propylpyrrolidine dodecylbenzene sulfonate ([PYPS]-
[DBSA])) on the CO, hydrate formation. The results show
that these solutions not only can reduce the phase equilibrium
pressure of CO, hydrates but also can increase the CO, gas
consumption. It may be that multicomponent cyclic cations act
as a template for the construction of hydrate cages. Chen et
al.'® found that the consumption of CO, increased with the

1192

increased concentration of 1-butyl-3-methylimidazolium tetra-
fluoroborate ([C,mim][BF,]) in forming hydrates. Shin et
al."” investigated the kinetics of gas hydrate formation in the
presence of hydroxyethyl-methyl-morpholinium chloride
([HEMM]CI), showing that a small amount of [HEMM]CI
(20—20,000 ppm) enhanced the CH, hydrate formation. Some
tetrabutylammonium and tetrabutyl phosphonium ILs were
reported to be able to thermodynamically promote gas hydrate

https://doi.org/10.1021/acsomega.2c06621
ACS Omega 2023, 8, 1191-1205
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Figure 1. Schematic diagram of the experimental apparatus.
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formation.””~** [N, , ,,]Br can shfit the temperature and
pressure of CO, hydrates, possibly because it participates in
the construction of hydrate crystal structure. Adding
[N, 4 4 4]Br can reduce the formation pressures of hydrates
by approximately 80%.>* When the [N, , , ,]Br concentration
increases, the CO, hydrate stability zone was enlarged.”>* Its
phosphonium analogue, [P, , 4 ,]Br, has also received attention
in CO, hydrate formation.”” The CO, gas consumption in
[P, 44 4]Br solution is higher than that in [Ny, 4 ,]Br with 1.00
mol % concentration at 275.15 K.** Nadia Mayoufi stated that
mixed [P, 44 4)Br + CO, hydrates can store large amounts of
CO, and thus could be attractive for gas capture and storage
applications.”

However, the influence of the ammonium and phosphonium
ILs on CO, hydrate formation depends on the alkyl chain
length, anion structure, and the functional groups. It was
reported that the hydroxylation of the alkyl side chain on the
cation plays an inhibition role in CH, hydrate formation.*
Tariq et al’' reported that the hydroxyl-functionalized
ammonium ones, i.e., choline butyrate, choline iso-butyrate,
choline hexanoate, and choline octanoate, exhibited dual
functionally inhibitory effects on CH, hydrate formation. In
addition, CO, hydrates were inhibited more strongly with the
increasing concentration of tetramethylammonium chloride
([N;; 11]Cl), tetraethylammonium hydroxide ([N,, ,,]-
[OH]), and tetrapropylammonium hydroxide ([Nj; ;;]-
[OH]).>* These results show that the presence of hydroxyl
groups in the IL structure could strengthen the hydrogen
bonding between ILs and water, resulting in the destruction of
hydrogen bonds between water molecules and thus effectively
inhibiting the hydrate formation.”>**

Nevertheless, there are still few data on the effect of ILs on
hydrate formation.”> Previous studies on the effects of
quaternary ammonium and quaternary phosphine ILs on
hydrate formation mainly focused on [N,, ,4]Br and
[P, 4 4 4)Br. Here, three tetraethylammonium ILs, tetraethy-
lammonium bromide ([N,, ,,]Br), tetraethylammonium
bistrifluoromethanesulfonimide ([N, , ,,][NTf,]), and tetrae-
thylammonium hexafluorophosphate ([N, , ,,][PFs]), and
two quaternary phosphonium hexafluorophosphate ILs with
different lengths of cationic alkyl side chains, ethyltributyl-
phosphonium hexafluorophosphate ([P, 4 44][PF¢]) and
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tributylhexylphosphonium hexafluorophosphate ([P 4 44]-
[PF,]), will be applied to affect CO, hydrate formation. In
this work, the thermodynamic and kinetic characteristics of
CO, hydrate formation will be measured and discussed by
analyzing the phase equilibrium temperatures, induction times,
gas consumptions, gas consumption rates, and water to hydrate
conversions.

2. EXPERIMENTAL SECTION

2.1. Experimental Materials. Table 1 shows the symbols,
chemical names, purities, chemical structures, and suppliers of
the experimental materials used here. [N, , , ,]Br is soluble in
water with a solubility of about 3.152 g/g H,O (298.15 K),*
while other ILs are insoluble in water under the experimental
conditions. IL concentrations of 0.25, 0.63, 0.95, 1.25, 3.75,
6.25, and 10.00 wt % are prepared for each experimental set.

2.2. Experimental Apparatus. The schematic diagram of
the experimental apparatus for generating CO, hydrates is
shown in Figure 1, and the physical picture of the experimental
apparatus is shown in Figure 2. It mainly consists of a visual
cylindrical high-pressure reactor, a magnetic stirrer, a chiller,
and a gas storage tank. The visual cylindrical high-pressure
reactor of 100 mL can withstand a maximum pressure of 20
MPa. The magnetic stirrer can reach a maximum speed of

s get bR sARSRLL

Figure 2. Physical picture of the experimental apparatus for gas
hydrate formation.

https://doi.org/10.1021/acsomega.2c06621
ACS Omega 2023, 8, 1191-1205


https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

1500 rpm. The chiller is used to cool the agitation reactor
through circulating a coolant within a temperature range of
258.15~378.15 K. The gas storage tank is submerged into the
glycol cooling bath to pre-cool the inputting gas. An automatic
gas compensation valve (S115121-NC, Shenzhen Siteke
Pneumatic Hydraulic Co., Ltd.) is employed to adjust the
pressure in the reactor to be about 2 MPa. The temperature
transducers (Pt-100 thermocouple) and pressure transducers
(HQ-1000), with an uncertainty of 0.01 K and 0.01 MPa,
respectively, are used to measure the temperature and pressure
of the high-pressure reactor and the gas storage tank during the
experiments. All materials are weight by an electronic balance
with an uncertainty of 0.1 mg.

2.3. Experimental Procedure. Before the experiment, 55
mL of deionized water was measured by a graduated cylinder
so that the gas—liquid interface of the reactor was located in
the visible range. The electronic balance was used to weigh ILs
with different mass fractions, then poured them into a beaker,
and mixed with deionized water evenly. The sample systems
containing different concentrations of ILs were prepared. The
air tightness of the autoclave needed to be checked to ensure
that the system was well sealed. The reactor was washed with
deionized water three times, and then, the prepared sample
was loaded into the reactor after drying. The reactor was
purged with 0.1 MPa CO, gas after sealing it, and then, the
pressure was released. This operation was repeated three times
to remove the residual air. The cooling reactor was driven by a
chiller that lowered the temperature of the glycol bath at a
cooling rate of 1 K/h. Afterward, the reactor was pressurized
with CO, to 2 MPa, and the pressure compensation valve was
opened to keep the pressure in the reactor constant during the
experiment. When the temperature of the reactor was steady,
the magnetic stirrer was opened at a speed of 800 rpm.’” The
data acquisition system was then switched on to record the
temperature and pressure inside the reactor, and the
experiment started. The reaction was accomplished when the
pressure in the gas storage tank no longer dropped and CO,
hydrates were fully formed. To ensure the accuracy and
reproducibility of the experimental results, each experiment
should be repeated at least three times.

2.4. Calculation Methods. 2.4.1. Gas Consumption. Gas
consumption (n,) is defined as the millimole of gas consumed

per mole of water, and the expression is shown as eq 1.*°
1000 X An,
n = ——
"H,0 (1)

where ny o represents the initial number of moles of water; An,

is the mole of gas consumption at time ¢, which is calculated
from eq 2.

_ ( 4% ) ( PV )
ZrT ), \zRrT),
where V, P, and T are the volume, pressure, and temperature of
the gas storage tank, respectively; Z stands for the gas
compressibility factor obtained from the Peng-Robinson state
equation;39R is the universal gas constant; the subscripts 0 and
t represent the reaction time of 0 and t minutes, respectively.
2.4.2. Gas Consumption Rate. The gas consumption rate

represents millimole CO, per mole of water per unit time and
is calculated by eq 3.

An,
()
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b = (%) _ Ny te At — By
Clar At (3)
where v, is the gas consumption rate at time ¢; 11,4, and n,, are
gas consumption at time t + At and t, respectively; At is the
time step.

2.4.3. Water to Hydrate Conversion. Water to hydrate
conversion is defined as the mole number of water converted
to the hydrate per mole of feed water, as shown in eq 4.

M X n,

conversion =
"u,0

(4)

where M is the hydration number. CO, gas forms simple
hydrates with structure I (sI), and the expression of M for
simple sI hydrates is shown in eq 5.

46

M=—"_
60, + 6 (5)

where 0 and 0 are the fractional occupancies of large pores
and small pores, respectively, and are calculated by eq 6.

_ Cifco2
1+ Cfeo, 6)
In this equation, fco, represents the fugacity of CO, in the gas
phrase; C; is the Langmuir constant™”*' of CO, in type i cavity
and is formulated as eq 7:
e
L= —e —_
e b (7)

where A, and B; are constants,”” for small cavities: A; = 2.474 X
107* K/atm, B; = 3410 K; for large cavities: A; = 4.246 X 1072
K/atm, B; = 2813 K. The fugacity of the pure component is
calculated using eq 8.*

f

A Z + 2.414B
hi=Z-1-In(Z-B)- 1
" p n( ) 22B n(z - 0.4143]
(8)
_amp o _bP
RT?’ RT (9)
a(T) = a(T) X a(T, w); b(T) = b(T) (10)
R’T? RT.
a(T.) = 0.45724—=; b(T.) = 0.07780—
F, F (11)
a(Tr) w)
= [1 + (0.37464 + 1.54226w — 0269920*)(1 — T.)T?
(12)
T
T (13)

where T, and P. are the critical temperature and pressure of
CO,:PT, = 304.12 K, P, = 73.74 bar; o is the eccentricity
factor of CO,, @ = 0.225; T, is the contrast temperature.

3. RESULTS AND DISCUSSION

3.1. P—T—t Curves of CO, Hydrate Formation. Figure 3
shows the typical P—T—t curves of CO, hydrate formation in
the presence of ILs (0.25 wt % [N,, ,,]NTf,) under a

https://doi.org/10.1021/acsomega.2c06621
ACS Omega 2023, 8, 1191-1205
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Figure 3. P—T—t variation curves in the process of CO, hydrate
formation at 2 MPa in the [N, ,,,][NTf,] + CO, + H,O system.

constant pressure of 2 MPa. It is observed that the pressure of
the gas storage tank dropped rapidly due to the continuous
dissolution of gas in the solution during the f,—t; stage (i.e.,
gas dissolution stage). Meanwhile, the temperature of the
stirred reactor decreased dramatically by the cooling effect of
the circulating coolant. In the t;—t, stage (i.e., nucleation
induction stage), CO, in the solution became saturated, and
the pressure of the gas storage tank and the temperature of the
reactor both showed a linear and slow downward trend. At
time t,, the reaction system enters the hydrate growth stage,
and the temperature and pressure here are defined as the phase
equilibrium temperature and pressure. The pressure of the gas
storage tank decreased frequently, and the pressure of the

Table 2. Experimental Results of CO, Hydrate Formation in the Presence of Ammonium and Phosphonium ILs under 2 MPa“

exp. induction gas water to hydrate
no. experimental system Teq (K) (stdev) time (min) (&stdev) consumption (mmol CO,/mol H,0) (+stdev) conversion (%) (%stdev)
1 pure water 276.25(+0.68) 324(%13) 37.32(£2.56) 27.56(%0.43)
2 0.25 wt % [N, ,,,)Br + CO, + H,O  274.45(+0.37) 491(£29) 43.29(£1.52) 31.53(%0.75)
3 0.63 wt % [N,,,,)Br + CO, + H,O  275.55(+0.42) 420(+12) 54.93(+4.90) 41.10(+£2.00)
4 0.95 wt % [N, ,,,]Br + CO, + H,0  273.45(+0.63) 477(+83) 43.70(+5.77) 31.79(x2.34)
S 1.25 wt % [N,,,,]Br + CO, + H,O  276.15(+0.18) 390(x19) 51.61(+0.58) 37.86(+0.24)
6 375wt % [N,,,,]Br + CO, + H,0  275.65(+0.32) 422(+70) 50.64(+9.15) 36.51(x+3.21)
7 625 wt % [N, ,,,)Br + CO, + H,O  273.25(+0.54) 572(+48) 47.36(+10.83) 35.02(%3.56)
8 10.00 wt % [N, ,,,)Br + CO, + H,O0  270.65(+0.65) 712(+90) 42.88(£5.25) 31.42(%2.12)
9 0.25 wt % [N, ,,,][NTE] + CO, + 273.35(+0.62) 569(+52) 40.18(+3.64) 29.53(+0.63)
H,0
10 0.63 wt % [N, ,,,][NTf] + CO, + 275.65(£0.20) 350(%15) 48.03(%1.27) 35.51(%0.11)
H,0
11 0.95 wt % [N, ,,,][NTE] + CO, + 273.45(+0.58) 532(+63) 41.60(+1.82) 30.12(+0.77)
H,0
12 125 wt % [N, ,,,][NTf] + CO, + 275.35(+0.31) 414(+59) 47.65(x1.75) 34.95(+0.51)
H,0
13 3.75 wt % [N, ,,,][NTf,] + CO, + 273.95(+0.12) 541(20) 44.70(%1.07) 32.08(+0.37)
H,0
14 6.25 wt % [N, ,,,][NTf,] + CO, + 274.02(£0.54) 514(+98) 43.62(+0.49) 31.66(+0.23)
H,0
15 10.00 wt % [N, ,,,][NTf,] + CO, +  273.05(+0.24) 529(+73) 38.29(x8.59) 28.98(+2.87)
H,0
16 025wt % [N, ,,,][PFs] + CO, + H,O 272.75(+0.14) 584(+30) 37.89(+4.47) 27.95(+1.42)
17 0.63 wt % [N, ,,,][PFs] + CO, + H,O 276.15(+0.50) 389(x12) 44.21(+5.25) 32.09(+1.87)
18 0.95 wt % [N, ,,,][PF¢] + CO, + H,O  272.95(+0.63) 590(+65) 39.21(+3.18) 28.66(+1.29)
19 1.25 wt % [N, ,,,][PFg] + CO, + H,O  276.25(+0.67) 355(%33) 42.71(%0.16) 30.79(x£0.24)
20 3.75 wt % [N, ,,,][PF¢] + CO, + H,O 275.45(+0.48) 396(+48) 41.41(+3.89) 29.63(+0.66)
21 625wt % [N, ,,,][PF¢] + CO, + H,O 275.15(+0.27) 365(+21) 40.17(£5.61) 28.84(+1.55)
22 10.00 wt % [N, , ,,][PF,] + CO, + 274.85(+0.62) 406(+30) 36.43(+8.61) 26.86(+2.56)
H,0
23 0.25 wt % [P, 44 4][PFs] + CO, + H,O  273.95(+0.72) 495(+43) 53.23(+2.21) 38.57(%0.62)
24 0.63 wt % [P, 4,4 4][PF¢] + CO, + H,O 276.35(+0.11) 362(£35) 55.75(+1.98) 40.02(+0.15)
25 0.95 wt % [P, 44 4][PF¢] + CO, + H,O  275.35(+0.71) 393(+26) 51.15(+6.65) 37.44(+1.72)
26 1.25 wt % [P, 44 4][PF¢] + CO, + H,O  276.15(£0.29) 303(+48) 54.20(+4.02) 39.01(+1.38)
27 3.75 wt % [P, 44 4][PF¢] + CO, + H,O  276.95(+0.48) 265(£27) 64.63(+4.93) 47.50(x1.46)
28 6.25 wt % [P, 44 4][PF¢] + CO, + H,O  277.05(+0.39) 284(+14) 70.04(£5.22) 51.86(£1.58)
29 10.00 wt % [P, 44 4][PFq] + CO, + 277.15(%0.50) 260(+58) 67.61(+£4.93) 48.08(+1.49)
H,0
30 0.25 wt % [Py 4 4 4][PFs] + CO, + H,O  273.65(+0.52) 526(+58) 49.10(+4.44) 35.99(+0.64)
31 0.63 wt % [Py 4 4 4][PF¢] + CO, + H,O  276.75(+0.40) 285(+30) 51.40(0.88) 37.77(x0.34)
32 0.95 wt % [Py 4 4 4][PFs] + CO, + H,O  274.65(+0.12) 435(+54) 47.55(+3.86) 34.87(x0.74)
33 1.25 wt % [Pg 44 4][PFg) + CO, + H,O  276.65(+0.62) 295(+47) 49.88(+1.65) 36.39(x0.79)
34 3.75 wt % [Pg 44 4][PF¢] + CO, + H,O  277.15(£0.60) 255(+56) 63.51(£7.95) 46.34(+2.32)
3s 6.25 wt % [Py 4 4 4][PFs] + CO, + H,O 276.95(+0.24) 287(£51) 68.09(+5.96) 48.55(%1.96)
36 10.0 wt % [Py 44 4][PE¢] + CO, + H,O  276.55(+0.53) 297(£16) 65.18(%0.23) 47.94(+0.18)

“Note: T, refers to the phase equilibrium temperature when CO, hydrates are generated. The value of each parameter represents the average value
of the repeated systems, and the parameter variations of the repeated systems are determined by calculating the standard deviation of the data and

reflect the degree of dispersion of repeated experiments.
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Figure 4. CO, hydrate phase equilibrium temperature scatter diagrams of IL samples with different concentrations at 2 MPa. (a) [N, ,,]Br/
[N, ,,,][NTE]/[N, 5, ,][PF¢] and (b) [P, 44 4][PF¢]/[Pg 4 4 4][PF]. The dotted line in the figure denotes the phase equilibrium temperature of

the pure water system, which is 276.15 K.

reactor changes rapidly, while the temperature in the reactor
rose sharply (about 0.5 K) which can be see from the blue
curve, which indicates that a large number of CO, hydrates
were generated instantly. This is due to a factor that the
hydration process is an exothermic reaction, and the reaction
heat cannot be removed immediately, which leads to a increase
of temperature. The CD section is the rapid growth stage, and
after point D, the hydrate formation rate was slowed down.
Also, the pressure dropping rate gradually decreased over time.
After time f;, the pressure decrease of the gas storage tank
tended to be constant, indicating that the hydrate reaction was
completed and the experiment was over.

3.2. Phase Equilibrium Temperature. The equilibrium
temperatures, induction times, gas consumptions, and water to
hydrate conversions during CO, hydrate formation in the
presence of ammonium and phosphonium ILs are included in
Table 2. Each parameter variation is expressed by error bar
representing the standard deviation of the data in the following
figures.

In order to determine the effect of the concentration and
type of IL on the phase equilibrium temperature of CO,
hydrates, the phase equilibrium temperature scatter diagrams
of ILs + CO, + H,O systems with various concentrations are
shown in Figure 4. The phase equilibrium temperature of CO,
hydrates was reported to be 277.4 K at 1.85MPa,”” and 276.5
K was reported in another paper.** Within the error allowed,
the phase equilibrium conditions in the pure water system in
this work were close to the data reported by Seo™ which are
277.16 K at 2 MPa, which also confirmed the reliability of the
experiment equipment and experimental method adopted in
this work. Figure 4a presents the phase equilibrium temper-
atures of CO, hydrates in the presence of [N,, ,,]Br,
[N,, ,,][NTf,], and [N, , ,,][PFs] with concentrations of
0.25, 0.63, 0.95, 1.25, 3.75, 6.25, and 10.00 wt %. As noticed in
Figure 4, the phase equilibrium temperatures of all ammonium
IL systems are lower than that of the pure water system
(276.25 K), indicating that [N, , ,,]Br, [N, ,,,][NT£], and
[N, ;5 2][PFs] make thermodynamic inhibition roles, shifting
the phase equilibrium temperature of CO, hydrates to lower
temperatures. When the concentration of [N, ,,]Br is less
than 1 wt %, the phase equilibrium temperature fluctuates and
there are no obvious changing regularities. However, when the
concentration is greater than 1 wt %, the phase equilibrium
temperature decreases with an increase of [N2 2 2 z]Br
concentration. This also occurs in the case of [N, ,,,][NTf]
and [N, ,, ,][PF¢] with a concentration of lower than 1 wt %.
It is worth noting that when the concentration is greater than 1
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wt %, the differences of the phase equilibrium temperature of
three ammonium IL systems gradually expand. Under a
pressure of 2 MPa, the phase equilibrium temperatures of CO,
hydrates in the presence of 10.00 wt % [N,, ,,]Br,
[N,, ,,][NTE], and [N,, ,,][PF¢] are reduced by S5.60,
3.20, and 1.40 K, respectively. Arguably, the anions do affect
the thermodynamic inhibition on CO, hydrates and conform
to an order of Br~ > [NTf,]” > [PF4]~ with the same cation.
This indicates that the inhibitory effect increased as anion size
decreased or anion charge density increased.*® Thus, the
presence of Br™ results in increasing electrostatic and van der
Waals interactions between IL and water molecules, which
leads to a shift in the hydrate phase equilibrium curves to low
temperatures. The results are also consistent with the
inhibitory effect of several imidazolium ILs reported by Xiao
et al,”” stating that a single halide anion has stronger ability to
form a hydrogen bond with water which has greater chance to
disrupt the hydrogen bonding between water molecules.
Therefore, [N,, ,,]Br has great application potential in
hydrate inhibition and should be paid more attention in the
future work.

The phase equilibrium temperatures of [P,, ,,][PFs]/
[Ps 4 4 4][PFs] + CO, + H,O systems are shown in Figure 4b.
There are no significant differences in the phase equilibrium
temperatures between [P,, 4,][PFs] and [Pg, 4 4][PF¢]
systems for all concentrations. Except in the presence of 0.25
and 0.95 wt % phosphonium ILs, the phase equilibrium
temperatures of CO, hydrates after adding [P, 4, 4][PF¢] and
[P 4 4 4][PFq] are slightly higher than those of the pure water
system. When the concentrations are larger than 1 wt %,
increasing the [P, 4 4 4][PF¢] and [Pg 4 4 4]J[PFs] concentration
makes no significant change to the phase equilibrium
temperatures. The phase equilibrium temperatures of CO,
hydrates of 10.00 wt % [P, , ,4][PFs] and [Pg, 4.][PF¢]
systems only increased by 0.90 and 0.30 K, respectively.
However, increasing the concentration of phosphonium ILs,
the equilibrium temperatures are not decreased, indicating that
the two phosphonium ILs are more favorable for the
thermodynamic formation of CO, hydrates compared to the
ammonium congeners which lowered the equilibrium temper-
atures with higher concentrations. This may be because
[P, 4 4 4][PF¢] and [P4, 44][PFs] have longer alkyl chains.
Xiao"" and Chu et al.* found that the increase of alkyl chain
length would weaken the inhibition effect on the hydrate
formation. In the presence of [N,, ,,]Br’”*"*" and
[P, 44Br]>' ™ signifcant improvement occurred in the
conditions of CO, hydrate formation. Phosphonium-based ILs
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showed less steric effect and higher charge transfer and
cation—anion interaction energy than ammonium-based ILs.>*
This may lead to the formation of semi-cage hydrates in the
presence of phosphonium-based ILs, more stable spatial
structure, and better thermodynamic promotion effect.

3.3. Induction Time. Induction time is an important
evaluation index of formation kinetics of gas hydrates,
indicating the speed of hydrate nucleation. The induction
time is defined as the time interval from the beginning of the
reaction to the sudden increase of the temperature in the high-
pressure reactor, which can be determined from the P—T—t
curve. Figure S shows the induction times of CO, hydrate
formation in the systems of IL + CO, + H,O with different
concentrations under 2 MPa.

In Figure Sa, the induction times of CO, hydrate formation
of 0.25, 0.63, 0.95, 1.25, 3.75, 6.25, and 10.00 wt % [N, ,, ,]Br
aqueous solutions were 491, 420, 477, 390, 422, 572, and 712
min, respectively. Compared with the pure water system (324
min), the induction time increased by 51.54, 29.63, 47.22,
20.37, 30.25, 76.54, and 119.75%, respectively. This implies
that [N, ,, ,]Br can be used as a kinetic inhibitor to delay the
nucleation of CO, hydrates. Furthermore, the concentration of
ILs is an important factor affecting the induction time. When
the added [N, , , ,|Br concentration is less than 1 wt %, there
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was no obvious correlation between the concentration of ILs
and the induction time. However, when the concentration was
greater than 1 wt %, the induction time was prolonged with the
increase of concentration, which indicates that for the range of
1.25 wt % ~ 10.00 wt %, the large IL concentration inhibits the
kinetic formation on CO, hydrates.

For [N, ,,,][NTf,] and [N, ,, ,][PF¢] systems, Figure Sb,c
demonstrates that the induction times of all concentration
samples are also longer than that of the pure water system,
which indicates that both are also kinetic inhibitors. When the
concentration was less than 1 wt %, the rule between induction
time and concentration was almost the same as [N, , , ,|Br.
However, when the concentration was greater than 1 wt %, the
induction time did not improve with the increase of the
concentration but fluctuated around a certain value. The
reason for this phenomenon may be that [NT£,]™>° and
[PE¢] ™% are hydrophobic, and both of these ILs exist in solid
form in water and cannot be solvated. The number of ions in
water does not seem to change greatly with the increase of IL
concentration, so the hydrogen bond destruction effect of ILs
on the formation of hydrate cages does not change obviously.
Therefore, the induction time does not show a significant
difference with the increase of concentration. Additionally, the
induction times in 0.25 wt % [N,, ,,][NTf,] and
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[N, , 5 2][PFq] systems were longer than those in 10.00 wt %
samples, cations and anions were subjected to the strong force
of ionic bonds, and ILs were in the solid state. In addition,
because of the asymmetry of the cation and anion, the volume
difference is large, so that the freedom of ion movement is
relatively high.”” The higher the concentration, the more
hydrate nucleation points and the shorter the induction time,
suggesting that the increased nucleation sites may make some
compensation for the inhibition effect, allowing that highly
concentrated ILs are not advantagous in delaying CO, hydrate
nucleation.

In Figure 5d, the induction times of 0.25, 0.63, 0.95, 1.25,
3.75, 6.25, and 10.00 wt % [P, , 4 ,][PFs] systems at 2 MPa
were 495, 362, 393, 303, 265, 284, and 260 min, respectively.
The rules were consistent with [N, ,, ,]Br/[N,,,,]/[NTf,]/
[N, , 5 ,][PF4] when the concentration was less than 1 wt %.
Compared with the pure water system, the induction times at
0.25, 0.63, and 0.95 wt % increased by 52.78, 11.73, and
21.30%, respectively, indicating that low concentration
[P, 4 44][PFs] inhibited the nucleation of CO, hydrates.
When the concentration was higher than 1 wt %, the induction
time at 1.25, 3.75, 6.25, and 10.00 wt % decreased by 6.48,
18.21, 12.35, and 19.75% compared to the pure water system,
respectively, showing that the induction time did not change
significantly with the increase of concentration and the
formation of CO, hydrates was promoted in this concentration
range. As expected, the results of [Py, ,4][PFs] were
analogous to [P, , 4 ,][PFs] from Figure Se.

Figure 6 presents the induction times of five ILs at different
concentrations under 2 MPa. The overall observation shows
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Figure 6. Comparison chart of induction times of five ILs with
different concentrations at 2 MPa.

that the induction times of the ammonium IL systems are
longer than that of the pure water system, indicating that
[N 22]Br, [Ny, 5,][NTF], and [N, ,,][PF] can inhibit
the nucleation of CO, hydrates. For further analysis, the
induction times of the low concentration ammonium IL
systems were not much different, and only when the
ammonium IL concentration was greater than 3.75 wt %, the
induction time was significantly different. For example, when
the concentrations of [N,, ,,]|Br, [N,, ,,][NTf,], and
[N, 5 ,][PFs] were 625 and 10.00 wt %, the prolongation
effect of anions on induction time decreased in the following
order: Br™ > [NTf,]™ > [PF¢] . This result clearly justifies that
Br™ has the strongest kinetic inhibitory effect on the nucleation
of CO, hydrates. It has been reported that the inhibition effect
of anions on hydrate formation increases with decreasing size
or increasing charge density.** Therefore, compared with
[NTf,]” and [PF4]~, the smallest size and highest charge
density Br™ is most conducive to inhibiting the formation of
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CO, hydrates. By analyzing the phosphonium IL systems, it
was found that the induction times with the same
concentration of [P, , ,,][PFs] and [Ps, 4 4][PFs] systems
were similar and generally lower than that of the pure water
system, implying that they had a slight promoting effect on
CO, hydrate nucleation. Therefore, [P,, ,4][PFs] and
[Ps 4 4 4][PF¢] can promote the formation of hydrates rather
than inhibition.

3.4. CO, Consumption. Gas consumption is another
important parameter of hydrate formation kinetics. In this
work, the real-time gas consumption in the hydration process
was calculated by the pressure change of CO, in the gas
storage tank. Figure 7a—e shows the kinetic curves of CO, gas
consumption of gas hydrate systems in the presence of ILs with
different concentrations under 2 MPa within 800 min. As
shown in these figures, the CO, consumption variation trends
of all systems are basically similar, broadly showing the two-
stage gas consumption features. In the first stage, the gas
consumptions rise almost vertically within 20 min owing to the
dissolution of CO, in the aqueous systems, and the gas
consumption approaches 15 mmol CO,/mol H,0. In the
second stage, the substantial increase in gas consumption was
attributed to the formation and growth of large amounts of
hydrates.

As depicted in Figure 7a, the final CO, capture values in
[N, ,, ,]Br aqueous solution with concentrations of 0.25, 0.63,
0.95, 1.25, 3.75, 6.25, and 10.00 wt % were 43.29, 54.93, 43.70,
51.61, 50.64, 47.36, and 42.88 mmol CO,/mol H,O,
respectively. Compared with the pure water system (37.32
mmol CO,/mol H,0), the CO, consumption increased by
16.00, 47.19, 17.10, 38.29, 35.69, 26.90, and 14.90%,
respectively. Apparently, after adding [N, , ,,]Br, the CO,
consumptions were greatly enhanced compared to the pure
water system, which implied that [N, , ,,]Br could improve
the CO, capture. In Figure 7b,c, CO, consumption in
[N,, ,,][NTf,] and [N,, ,,][PFs] systems varied with
concentration in a similar way to those of [N, , , ,]Br systems.

CO, consumption of all ammonium IL-containing systems is
different and follows an order of 0.63 wt % > 1.25 wt % > 3.75
wt % > 6.25 wt % > 0.95 wt % > 0.25 wt % > 10.00 wt % >
pure water. It is clearly seen that the concentration does not
have a linear relationship with the final CO, consumption.
However, in general, CO, consumption decreases with the
increasing IL concentration, indicating that increasing the
concentration of ammonium ILs is not favorable for the
formation of CO, hydrates, which might be due to the
hydrogen bond interaction between the anions and water
molecules.

Combined with Table 2 and Figure 7d, it was found that the
final CO, consumptions of [P, , 4 4][PFs] systems with 0.25,
0.63, 0.95, 1.25, 3.75, 6.25, and 10.00 wt % were 53.23, 55.75,
51.15, 54.20, 64.63, 70.04, and 67.61 mmol CO,/mol H,0,
respectively. Compared with the pure water system, the CO,
consumption increased by 42.63, 49.38, 37.58, 45.23, 73.18,
87.67, and 81.16%, respectively. In addition, as Figure 7e
shows, CO, consumption of [P, 4 4][PF¢] systems changed
with concentration with a similar regularity to the
[P, 4 4 4][PF¢] systems. CO, consumption of [P, , ,,][PF¢]/
[Pg 44 4][PF¢] systems followed an order of 6.25 wt % > 10.00
wt % > 3.75 wt % > 0.63 wt % > 1.25 wt % > 0.25 wt % > 0.95
wt % > pure water. The CO, consumptions of all
phosphonium IL systems were higher than pure water, which
indicated that [P, , 4 4][PFs] and [Py, 44][PF4] could also
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Figure 7. CO, real-time gas consumption kinetic curves under different IL concentrations during the formation of CO, hydrates at 2 MPa, (a)
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improve the CO, capacity. Different from the ammonium IL
systems, high concentration [P, 44 4][PF¢] and [Pg 4 4 4][PF¢]
usually have larger CO, consumption, and CO, consumptions
in the 10.00, 6.25, and 3.75 wt % systems are very close and
much higher than those of other concentration systems. This
indicates that the high-concentration phosphonium IL system
was more conducive to CO, absorption.

The final CO, consumptions of the different IL systems are
shown in Figure 8. The gas consumptions of ammonium IL
systems with the same concentration are close, and the
influencing order of anions on CO, consumption followed an
order of Br™ > [NTf,]™ > [PF4]™. Besides, the [P, , 4 4][PF]
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Figure 8. Comparison chart of CO, gas consumption of five IL
systems with different concentrations under 2 MPa.
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system has slightly higher CO, uptake than [Py , 4 4][PFs] with
the same concentration. When the concentrations of
ammonium and phosphonium ILs were larger than 1.25 wt
%, the CO, capture capacity of phosphonium IL systems was
much higher than those of ammonium ILs.

3.5. CO, Consumption Rates. Gas consumption rates are
often used to characterize the rate of gas hydrate formation.
Figure 9a—e shows the gas consumption rate kinetic curves of
five IL systems with different concentrations in 0~20 min
under 2 MPa. The gas consumption in the first 20 min mainly
depends on the CO, solubility of the IL mixed system, and in
this period, all gas consumption rates are very close, reaching a
range of 2.00—2.50 mmol CO,/(mol H,O-min).

In order to more explicitly identify the variation character-
istics of gas consumption rates during the CO, hydrate growth
process, the real-time gas consumption rate curves within
200—800 min under 2 MPa are shown in Figure 10a—e. In
these figures, the changing trend of the gas consumption rate
of each system is consistent, and a strong peak appears during
the hydrate growth stage. As the hydration reaction weakens,
the gas consumption rate gradually decreases until it tends to
about 0.00 mmol CO,/(mol H,O-min).

Figure 10a—c respectively demonstrates the real-time CO,
gas consumption rate kinetic curves of [N, ,,,]Br, [N, ,,,]-
[NTf,], and [N, , ,,][PF] systems with different concen-
trations. In Figure 10a, the peak value of the CO, consumption
rate of the pure water system was 0.31 mmol CO,/(mol H,0O-

https://doi.org/10.1021/acsomega.2c06621
ACS Omega 2023, 8, 1191-1205


https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06621?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

by
=)

—o—0.25wt%
——0.63wt%
——0.95wt%
——1.25wt%
——3.75wt%
——6.25Wt%
——10.0wt%

N
W
T

I
=3
T

(mmol CO, /(mol H,0-min))

o}
-
8
g
8 L5 —o— pure water
3 g'10F
2
<
~ 05}
0.0 1 L L L L
0 5 10 15 20
t/min

——0.25wt%
——0.63wt%
——0.95wt%
——1.25wt%
——3.75wt%
——6.25Wt%
——10.0wt%
—— pure water

Rate of CO, uptake

25 —o—0.25wt%
=~ ——0.63Wt%
g ——0.95Wt%
o £20 —— 1.25Wt%
o) ——3.75Wt%
s ——6.25W1%
g TS ——10.0t%
GENe] ”
8 é —o— pure water
bt \NI.O
° O
2 0
3 T§:5;0.5
Sooff =
0 5 10 15 20
t/min
3.0
——0.25wt%
_ ——0.63wt%
e 251 ——0.95wt%
g —— 1.25wt%
i) S 20F ——3.75wt%
S “a ——6.25Wt%
g T 15k ——10.0wt%
ON g N —o— pure water
2 <o}
° O
L 0
S E 0.5F
E 00}
0 5 10 15 20
t/min
3.0
@ 25F
g
< o201
2
=, g L5k
S &
< W 1OF
: ¢
5 = 05F
2
E
E 0.0}

——0.25wt%
——0.63wt%
——0.95wt%
——1.25wt%
—o—3.75wt%
——6.25Wt%
——10.0wt%
—— pure water

Figure 9. Real-time CO, consumption rate curves in the presence of different IL concentration systems within 0~20 min under 2 MPa. (a)

[N, ,,,]Br, (b) [N, ,,][NTL], (C) [N, 2, ,][PF], (d) (P, 44 4] [PF4], and (e) [Ps 44 4] [PF].

min), and the peak values of [N, , ,,]Br systems were 0.13,
021, 0.17, 0.26, 0.50, 0.12, and 0.05 mmol CO,/(mol H,0-
min) at 0.25, 0.63, 0.95, 1.25, 3.75, 6.25, and 10.00 wt %,
respectively. It could be seen that except for the 3.75 wt %
system, the peak values of the CO, consumption rate of the
other [N, , ,,]Br systems were lower than that of the pure
water system, implying that [N, ,, ,]Br could reduce the CO,
consumption rate and was not conducive to the growth of CO,
hydrates. As observed in Figure 10b,c, the gas consumption
rates of all [N, ,,,][NTf,] and [N, , ,,][PF] systems were
also lower than that of the pure water system during the
hydrate growth phase, indicating that [N,, ,,][NTf] and
[N, ,,][PFs] also made a kinetic inhibitory effect on the
growth of CO, hydrates.

In Figure 10d, the peak values of the gas consumption rate in
[P, 4 4 4][PF¢] systems with concentrations of 0.25, 0.63, 0.95,
1.25, 3.75, 6.25, and 10.00 wt % were 0.14, 0.52, 0.26, 0.44,
0.42, 0.40, and 0.41 mmol CO,/(mol H,O-'min), respectively.
Except for 0.25 and 0.95 wt % systems, [P, 44][PFq] with
other concentrations could effectively enhance the gas
consumption rate compared with the pure water system. As
shown in Figure 10e, [Py, 44][PFs] systems demonstrate
similar gas consumption rate rules, indicating that adding
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[P, 4 4 4J[PFq] and [Pg 4 4 4][PF¢] made a kinetic promoting
effect on the growth of CO, hydrates.

3.6. Water to Hydrate Conversion. Figure 11 shows the
water to hydrate conversion of all IL experimental systems.
Compared with the pure water system (27.56%), the systems
with ILs had higher conversion. Combined with Table 2, the
change rules of conversion with IL concentrations were
consistent with gas consumption. In the ammonium ILs,
conversion decreased with the increase of IL concentration
except for 0.25 and 0.95 wt % systems. However, conversion
roughly increased with the increasing concentration of
[P,, 44][PFs] and [Pg, 44][PFg]. The conversion of
ammonium IL systems at the same concentration was slightly
different, and the influence order of anions on conversion
followed Br~ > [NTf,]~ > [PF¢]”. Additionally, the
[P, 4 44][PFs] systems had slightly higher conversion than
[Ps 4 4 4][PFg]. When the concentrations of ammonium and
phosphonium ILs were larger than 1.25 wt %, the conversion
of phosphonium IL systems (45—50%) was much higher than
those of ammonium ILs (30—40%).

4. INFLUENCE OF IL STRUCTURES

From the above experimental results, it is found that
[P, 44][PF¢] and [Pg, 44][PFs] ILs are generally more
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favorable for improving CO, hydrates to create, kinetically
increase CO, consumption, and fasten the hydrate growing
rate compared to their ammonium congeners.

This may be due to the fact that the phosphonium and
ammonium ILs have different charge distribution character-
istics. It was reported that the P atom of the tetraalkylphos-
phonium-based IL cation is more positively charged than the
N atom in the tetraalkylammonium-based analogous IL cation,
and a noticeable charge delocalization occurred in the
tetraalkylammonium cation, when compared with the
respective phosphonium congener. This charge delocalization
is responsible for the enhanced polarity observed on the
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ammonium-based ILs, which leads to the stronger hydrogen
bonding ability with water when more ammonium ILs were
added. Overall, it is theoretically believable that the quaternary
phosphonium ILs are better promoters while the ammonium
ones performed inhibition effect.>®

Another problem worthy to be noted is that [N,, ,,]Br
actually plays an inhibition role in CO, hydrate formation,
which is distinctly different from the performance of its
analogue counterpart [N,, 4,]Br. It was reported that
[Ny, 4 4)Br can form semi-clathrate hydrates under 0.1 MPa
and 12 °C,°”*° and small gas molecules can be trapped in the
dodecahedral cavities (5'?) at favorable temperatures and
pressures.%’61 Adding [N, 44 4)Br can alter the equilibrium to a
lower pressure at a given temperature for CO, hydrates which
indicates that [N, 4 4 4]Br is a thermodynamics promoter for
CO, hydrates.”>*%>%°

In order to investigate the differences of the effect of
[N, ,,,]Brand [N, 44 4)Br on the formation of CO, hydrates,
the interaction forces between anions and cations of [N, ,, ]
Br and [N, ,, 4,]Br were calculated by Dmol. In addition, large-
scale atomic/molecular massively parallel simulator
(LAMMPS) molecular dynamics simulation was carried out
to quantify the strength of interaction forces between
molecules in different systems, and the radial distribution
function (RDF) between molecules in the two systems was
analyzed to explain the difference between the effects of
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Figure 12. Radial distribution functions between the center of mass of H,O molecules and Bromine atoms and between the center of mass of CO,
molecules and Bromine atoms and between the center of mass of H,O molecules in the two systems at 263 K under a pressure of 20 MPa,
respectively. (a) [N, ,,,]Br + H,0 + CO, and (b) [N, 4, ,]Br + H,O + CO,.

[N, ,,,]Br and [N, 44 ,]Br on the formation of CO, hydrates
from the microscopic scale.

4.1. Cation—Anion Interaction. From the reported
mechanism of gas absorption in room-temperature ionic
liquids, symmetric characteristics, alkyl chain length, polarity
of ILs, and the size and quadrupole moments of gases make
contributions to the sorption and selectivity.”*™®” In order to
get a deep insight of the molecular reason for the above
experimental results, quantum chemistry computations were
conducted based on density functional theory (DFT). All these
calculations were performed using the Dmol3 module of
Material Studios, applying Grimme-corrected BLYP to
describe the interaction between the cation and anion. All
geometries were calculated with a complete optimization
without any constraints at a basis set of DNP.

According to the Dmol3 calculation, the cation—anion
intramolecular interaction force of [N, ,,]Br (—367.57 kJ/
mol) is stronger than that of [N, 4 4,]Br (—341.32 kJ/mol).
Therefore, the anion Br~ of [N, ,, ,]Br is difficult to crosslink
with water molecules to form semi-clathrate hydrates
compared to [N, 4, 4]Br.

4.2. RDF Analysis. Molecular dynamics (MD) simulation
provides a good way for the study of microscopic interactions
between gas and water. The structures of the IL and CO, are
optimized based on the DFT level, using the B3LYP/DNP
(3.5) basis set in Dmol3. MD simulations are performed by the
LAMMPS module of the Materials and Processes Simulations
(MAPS) platform.”® The amorphous structures were con-
structed using the MAPS platform with an initial structure size
of 47 A X 47 A X 47 A, and the density was set to be 1 g
cm™3(40 water molecules, 20 carbon dioxide molecules, and 10
IL molecules were randomly placed in the simulation). The
time step used in the MD simulation process was set to be 1 fs,
and the Nose—Hoover thermostat was applied to control the
temperature and pressure.”” The Ewald-summation method
was set with a cut-off radius of 1.2 nm for the electrostatic
interaction calculations. Long-range dispersion for van der
Waals interactions was considered, and the dreiding umbrella
force field was applied. The energy minimization and annealing
processes were performed on the system to obtain the reliable
initial configurations on a basis of canonical ensemble (NVT)
from 278.18 to 498 K and then 498 to 273 K. After annealing,
the configuration with the lowest total energy was extracted for
the further isothermal—isobaric (NPT) calculation with a
runnin% time of 2 ns at 263 K under a pressure of 20 MPa.

RDE” is a conditional probability density function for
finding an atom at a distance, r, from a given atom located as
the origin. RDF is normalized so that they approach unity as r
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approaches infinity. RDF is routinely used to characterize
structure at the atomic level. Here, RDF was applied to
characterize the ordered distribution of the interaction
distances of anion—water, anion—COQO,, and water—water in
[N,, ,,]Br + H,O + CO, and [N,, ,.,]Br + H,O + CO,
systems. The peak of RDF is high and sharp, indicating a
strong order and close connection between atoms, as well as
the strong interaction between molecules.

From the RDF diagram of [N, ,,]Br + H,0O + CO, and
[Ny 44 4]Br + H,O + CO, (Figure 12), it can be seen that the
peak value of gipo_g(r) in the [Ny, 4,]Br + H,O + CO,
system is significantly higher than that in the [N,, ,,]Br +
H,0 + CO, system. This indicates that the strength of
interaction force between Br~ and water in the [N, , 4 4]Br +
H,0 + CO, system is high, which is due to the participation of
Br™ in the formation of semi-clathrate hydrates. In addition,
the first peak of gy,0_p(r) in the [N, 4, 4]Br + H,O + CO,
system is located at 2.85 A, which may be caused by hydrogen
bonds formed between water molecules and Br~ anions,
forming the semi-clathrate hydrates where the water molecules
together with Br~ build a polyhedral host framework of the
cages.”"”’"’? In comparison, the first peak of gio_p(r) is
located at 3.05 A with weak interaction force between H,0O
and Br7, indicating that Br™ is less likely to participate in the
formation of cages in the [N, ,,,]Br + H,O + CO, system.

Besides, it is clearly seen that the first peak of CO,—Br~ of
the [N, ,,]Br + H,O + CO, system appeared earlier than
that of the [N, 4, 4]Br + H,O + CO, system, and the [N, 5, ]
Br + H,0 + CO, system has more peaks than the [N, 4, 4,]Br +
H,0 + CO, system. This indicates that in the [N, ,,,]Br +
H,0 + CO, system, there are many interacting sites between
CO, and Br™, which means that Br™ anions are relatively more
dispersed. However, the [Ny 4, 4]Br + H,O + CO, system has
fewer CO,—Br peaks due to the engagement of Br™ in hydrate
cages, leading to limited sites for CO,—Br™ interaction. This
also confirms that Br™ in [N, ,, ,]Br is less likely to participate
in the creation of cages. The longer first peak of CO,—Br™ also
may be due to a fact that for the semi-clathrate hydrates in the
presence of [Ny, 4 4]Br, [Ny, 4 4] will be incorporated as a
guest molecule which competes with CO,.°"""7>

In addition, the first peak of gi0_pa0(r) in the [N, 44 4]Br +
H,0 + CO, system locates at 2.75 A, which corresponds to the
distance between the O atoms of the hydrogen-bonded water
molecules.”” A shorter distance indicates a stronger hydrogen
bond, and a higher peak means a larger probability of hydrogen
bond formation between water molecules. The strong
interaction forces between water molecules are favorable for
adjusting the distance and angle between water molecules to
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create hydrogen bonds which are required for cage structures’”
and then attracting CO, molecules through the hydrogen bond
net structures. In comparison, the first peak of gipo_mo(r) in
the [N,, ,,]Br + H,O + CO, system locates at 2.95 A,
indicating that a weaker hydrogen bonding strength.
Furthermore, the higher probability of H,O—H,O hydrogen
bonding in [N, , ,]Br + H,O + CO, implies a less possibility
of creating semi-clathrate hydrates involving Br™.

5. CONCLUSIONS

The phase equilibrium temperatures, induction times, CO,
consumptions and consumption rates, and water to hydrate
conversions of CO, hydrates were studied under 2 MPa in the
presence of [N,, ,,]Br, [Ny, 5,][NTR], [N,, ,,][PF],
[P, 44 4][PF¢], and [Pg 4, 4][PF¢] with concentrations of 0.25,
0.63, 0.95, 1.25, 3.75, 6.25, and 10.00 wt %.

All five ILs could increase CO, consumption and enhance
the water to hydrate conversion. [P,, ,,][PFs] and
[Pg 4 4 4)[PF4] shifted the phase equilibrium temperature of
CO, hydrates to a slightly higher temperature and shortened
the induction time, showing their dual function promotion
effects. [N} 55 ,]Br, [Ny 55,][NTf], and [N, ,, ,][PF¢] made
the dual thermodynamics—kinetics inhibition effects. The
inhibition effects of anions on CO, hydrates follow an order
of Br™ > [NTf,]™ > [PF4]~, which shows that [N, ,, ,]Br is the
most promising dual hydrate inhibitor.

According to DFT and MD calculations, it is found that the
anion—cation interaction in [N, ,, ,|Br is stronger than that in
[N,4 44]Br, which may lead to the weakening of the
interaction between the anion and water for [N, , , ,|Br. The
results of RDF show that in the [N, 4,]Br + H,O + CO,
system, the hydrogen bonding force between water and Br™ is
obviously stronger than that in the [N, ,,,]Br + H,0 + CO,
system. Therefore, the Br™ anion of [N, ,, ,]Br is less likely to
crosslink with water molecules to form semi-clathrate hydrates,
which may be the main reason for the different roles of
[Ny 2,]Brand [Ny 44 4]Br.
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