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Abstract: In this study, four ammonium hydroxide ionic liquids (AHILs) with varying alkyl chains
were evaluated for their kinetic hydrate inhibition (KHI) impact on pure carbon dioxide (CO;) and
methane (CHy) gas hydrate systems. The constant cooling technique was used to determine the
induction time, the initial rate of hydrate formation, and the amount of gas uptake for CH4-AHILs
and CO;,-AHILs systems at 8.0 and 3.50 MPa, respectively, at 1 wt.% aqueous AHILs solutions.
In addition, the effect of hydrate formation sub-cooling temperature on the performance of the
AHILs was conducted at experimental temperatures 274.0 and 277.0 K. The tested AHILs kinetically
inhibited both CH4 and CO, hydrates at the studied sub-cooling temperatures by delaying the
hydrate induction time and reducing the initial rate of hydrate formation and gas uptake. The hydrate
inhibition performance of AHILs increases with increasing alkyl chain length, due to the better surface
adsorption on the hydrate crystal surface with alkyl chain length enhancement. TPrAOH efficiently
inhibited the induction time of both CH, and CO, hydrate with an average inhibition percentage of
50% and 84%, respectively. Tetramethylammonium Hydroxide (TMAOH) and Tetrabutylammonium
Hydroxide (TBAOH) best reduced CHy and CO, total uptake on average, with TMAOH and
Tetraethylammonium Hydroxide (TEAOH) suitably reducing the average initial rate of CHy and CO,
hydrate formation, respectively. The findings in this study could provide a roadmap for the potential
use of AHILs as KHI inhibitors, especially in offshore environs.

Keywords: ammonium hydroxide ionic liquids (AHILs); CH, hydrate; CO, hydrate; alkyl chain;
ionic liquids; kinetic hydrate inhibition (KHI)

1. Introduction

Clathrate hydrates generally form by the combination of hydrogen-bonded water (host) and
gas molecules (<10 A) at certain favourable thermodynamic conditions via van der Waals force of
attractions [1]. Three types of hydrate structures exist depending on the size and shape of the guest:
structure I (sI), structure II (sII), and structure H (sH). sI consist of 5'2(2) and 5'26%(6) cages made
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46 H,0O molecules, while sII forms 5'2(16) and 5'262(8) with 136 H,O molecules. sH has 34 H,O
molecules made of 5268(1), 435°63(2), and 5'2(3) cages [2]. Gas (guest) molecules (>5 A), like carbon
dioxide (CO,) and methane (CHy), usually form sl hydrates, while larger guest molecules form either
slI or/and sH hydrates [3]. Hydrate formation is a prime flow assurance problem encountered in
the petroleum industry. Hydrate formation hinders hydrocarbon transportation, and this could stop
production operations [4,5] and drilling activities [6—8]. Since petroleum exploration and production
move towards deep offshore locations, the possibility of confronting hydrate formation risks is high
due to the thermodynamically favourable conditions. Moreover, the co-existence CO, increases the
system hydrate formation risk, due to its lower hydrate formation equilibrium pressure than CHy.
Therefore, hydrate mitigation strategies for both CO, and CH, are needed to provide safe hydrocarbon
transportation in pipelines [9,10].

The oil and gas industry spends billions of dollars per year to combating hydrate formation
via chemical inhibition [11,12]. The chemical inhibitors are classified into thermodynamic hydrate
inhibitors (THIs) and low dosage hydrate inhibitors (LDHIs) [13]. THIs are mostly organic solvents
and are highly volatile due to their vapor losses and environmental limitations [14,15]. Therefore,
the industry is focused on risk management gas hydrate additives known as LDHIs. The LDHIs are
further grouped into Anti Agglomerates (AAs) and kinetic hydrate inhibitors (KHIs). However, they
are used in smaller quantities than THIs. KHIs are generally hydrophilic polymers in nature such
as polyvinylpyrrolidone (PVP), which mainly delays hydrate nucleation time by intermingling at
the hydrate-gas surface and, as a result, provide substantial steric hindrance amid the gas and water
interface. The KHIs are ineffective at higher sub-cooling environments, which are mostly experienced
in deeper water locations where elevated sub-cooling conditions could possibly lead to the catastrophic
hydrate formation and growth [16]. Moreover, KHIs are not completely environmentally benign, thus,
their applications are discouraged [17,18].

For that reason, the quest for innovative, environmentally friendly, non-volatile, and dual functional
hydrate inhibitors, led to the introduction of ionic liquids (ILs). Xiao and Adidharma [19] reported
imidazolium-based ILs (IMILs) as dual-functional gas hydrate inhibitors. There are several gas hydrate
studies on IMILs [20-30]. However, the effect of different classes of ILs on gas hydrate formation is
limited [23,26,31-34], especially ammonium based ILs (AILs) [35—40]. Keshavarz et al. [32] found that
tetraethylammonium chloride (TEACI) was the best THI when compared with IMILs systems.

In other to evaluate the dual functional performance of AlLs, Tariq et al. [41] investigated the
different families of AlLs at 1 wt.% and 5 wt.% for CHy hydrates. Their findings revealed that the
dual functional ability of AlLs is affected by their anion and alkyl chain length [41]. Moreover, in our
earlier works, tetramethylammonium hydroxide (TMAOH) [40] and tetramethylammonium chloride
(TMACI) [42] were also reported as suitable THIs for both CO, and CH, hydrate. Although there
are several reported studies [23,36,41,43—46] on AILs” THI behaviour, their KHI performance is less
reported in the literature. Most of the reported systems mainly dealt with the IMILs families, and few
focused on the kinetic behaviour of AILs on CH, and CO, hydrates formation. Moreover, none of the
prior discuss the impact of AHILs alkyl chain length on their KHI performance.

Thus, in this present work, an attempt is made to extend our previous work on mixed gases of
CH4 and CO; to their respective pure gas systems. Herein, the KHI evaluation of four Alkyl Hydroxide
Ammonium Ionic Liquids (AHILs) on pure CHy and CO; gas hydrate systems is presented. The KHI
impact of AHILs are evaluated at two different temperature conditions, (277.0 and 274.0 K) to study
the sub-cooling effect at 1 wt.%, which could represent a moderate to high hydrate prone conditions.
The selection of AHILs was done to allow the evaluation of their alkyl chain length effect. To evaluate
the KHI performance of the AHILs in extreme environments, all the experiments are performed at
high-pressure conditions of 8.0 and 3.50 MPa for CH4 and CO; hydrates, respectively. Moreover,
the experiments were further conducted with the commercial inhibitor (PVP) at high sub-cooling
conditions, and the obtained results were compared with AHILs and other ILs systems for both studied
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gaseous systems. The findings in this work would provide more insight into the implementation of
ionic liquids as gas hydrate inhibitors in gas production and processing operations.

2. Materials and Methods

2.1. Materials

The tested chemicals (AHILs) were supplied by Merck milli-pore (Germany) and used without
further purification, as outlined in Table 1. Deionized water was used to prepare the concentrations of
AHILs solutions for all the studied samples. The CH, and CO, were purchased from Gas Walker Sdn.
Bhd. (Malaysia).

Table 1. Chemicals used in this study.

No. Chemical Chemical Formula Purity

1 Water H,O Deionized

2 Methane CHy 99.995 mol%

3 Carbon Dioxide CO, 99.995 mol%

4 Tetramethylammonium Hydroxide TMAOH 40 wt.% in aqueous solution
5 Tetraethylammonium Hydroxide TEAOH 40 wt.% in aqueous solution
6 Tetrapropylammonium Hydroxide TPrAOH 40 wt.% in aqueous solution
7 Tetrabutylammonium Hydroxide TBAOH 25 wt.% in aqueous solution

2.2. Experimental Setup and Methods

The high-pressure volumetric equilibrium cell having a maximum capacity of 650 mL was used in
this study. The apparatus can efficiently operate within the temperature and pressure ranges from
253.0 to 323.0 K and up to 20.0 MPa, respectively. Details about the equipment setup can be found
in our earlier reported articles [9,35,40,47]. The setup has a PID controlled thermostat bath, which is
used to control the temperature in the cell during experimentation. In addition, an upper and lower
temperature sensor is installed in the cell to measure the cell temperature. A pitch impeller stirrer is
used to provide enough mixing in the liquid phase at 400 rpm. The pressure in the cell is controlled
and monitored with a pressure transducer of accuracy + 0.01 MPa. The detailed schematic diagram of
the apparatus is shown in Figure 1.

@
1
Data Recording System
Magnetic
Mixer Gas Booster
Hydrate Reactor @
Water Bath Gas
Vacuum Pump Cylinder

=

i
a7

Temperature
Control System

Figure 1. Schematic diagram of the experimental setup.
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2.3. Kinetic Measurement Procedure

Table 2 presents the experimental kinetic details of gaseous systems together with the temperature
and pressure conditions in the absence and presence of aqueous AHILs solutions. The KHI experimental
testing pressures and temperature conditions were selected to represent the typical hydrate plugs
challenges encountered in gas transmission lines. Additionally, to assess the effect of sub-cooling
(driving force) on CH4 and CO, hydrate formations, the KHI experiments were performed at two (2)
different experimental temperatures of 274.0 and 277.0 K. In addition, the performance of the AHILs
was compared with PVP at 1 wt.% at for both CO, and CHy4 hydrate systems.

An isochoric constant cooling technique was employed in all the kinetic experiments for KHI
evaluation. Prior to all experimental runs, the cell is cleaned to remove contaminants, after which
100 mL of the AILs solution is poured into the hydrate cell. The hydrate cell is placed in the water
bath and simultaneously placed on a vacuum. The target gas was then compressed to the necessary
experimental running pressure inside the hydrate cell. Afterward, the system was left to stabilize
by allowing it to cool for almost an hour to the appropriate initial test temperature and pressure
limits. The stirrer is switched on at 400 rpm and the data logging program is begun continuously upon
initiation of the experiment. The experimental testing pressure was 8.00 MPa for CHy and 3.50 MPa for
CO; systems. All the systems were tested at 274.15 and 277.15 K and repeated thrice with their mean
then presented. At the stage or time when there is constant pressure in the hydrate cell (for about five
hours), the testing is terminated and considered complete, as illustrated in Figure 2. The observation
of a sharp decrease in the system’s pressure signifies the formation of hydrates.
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Figure 2. Pressure and Temperature—time plot recorded during hydrate formation testing.

Table 2. The details of hydrate testing experimental conditions.

Gas Pressure Ranges (MPa) Temperature (K)

CHy 8.0 274.0 and 277.0
CO, 3.50 274.0 and 277.0
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2.4. Hydrate Kinetic Parameters

2.4.1. Nucleation/Induction Time

The time required for an additive to perform poorly, or for hydrate crystal to appear is
called the hydrate nucleation time, t;. The nucleation time in this study was calculated using the
temperature/pressure versus time profile shown below (Figure 2) as

ti=ts—tp, @
where ¢ is the time at initial hydrate testing conditions, and ¢}, is the time when hydrates began to form.

2.4.2. Total Gas (CH4 and CO;) Uptake

The total CHy and CO, uptake or moles consumed into hydrates were estimated by employing
the real gas equation (see Equation (2)).

s = [, = ], @

where, T, P, V, z, and R are system temperature, pressure, gas-phase volume, compressibility factor,
and the gas constant, respectively.

2.4.3. Initial Hydrate Formation Rate

The initial hydrate formation rate was determined using the description expressed in Equation (3)

adopted from Nashed et al. [48].
rate = L1 (©)]
dt

where 7; is the moles of methane uptake converted to hydrate at time ¢ of initial rapid hydrate growth
with respect to the sharp pressure drop in the system, and #; is the moles of methane uptake at
induction time, and dt is the time difference between n; and .

2.4.4. Relative Inhibition Efficiency (RIE)

The relative inhibition efficiency (RIE) was determined to comparatively evaluate the inhibition
efficiency of the kinetic inhibition parameters (induction time, methane uptake, and rate of hydrate
formation) [14,17,42,49]. The values for RIE are calculated relative to pure water and AILs solution
samples as fractional inhibition. Positive RIE values represent hydrate inhibition, whereas negative
values present hydrate promotion. The RIE values for all the kinetic hydrate inhibition parameters
were calculated using Equation (4).

Indution time;,ppiror — Indution timepyre water

, (4)

RIE ducti ti - . )
Hauction time Indution timepyre water

3. Results and Discussion

3.1. Effect of AHILs on the Induction Time of CHy and CO, Hydrates

The kinetic formation measurements of CH, and CO, hydrates in the presence of AHILs were
assessed at moderate experimental pressures (8.0 and 3.5 MPa) to evaluate their inhibition strength in
simulated seabed sub-cooling conditions. Both the CH4 and CO, hydrate systems were investigated at
277.0 and 274.0 K in the absence and presence of the AHILs to study the influence of sub-cooling on
hydrate formation.

Figure 3 illustrates the effect of 1 wt.% AHILs on the average induction time of CH, hydrates at
different experimental temperatures (277.0 and 274.0 K). The induction time of water (without AHILs)
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was 29.8 min and 37.9 min at 274.0 and 277.0 K, respectively. The variation in the induction times was
controlled by the different sub-cooling effect. Thus, hydrate formed faster in the system with a higher
sub-cooling than the system with a lower sub-cooling degree.
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Figure 3. Effect of AHILs on the measured CH,y hydrate induction times at different experimental

temperatures at 1 wt.%: (a) Induction time at 274.0 and 277.0 K; (b) RIE for the CH4 hydrate system;
(c) Effect of AHILs concentrations on the methane hydrate formation induction time at 274.15 K;

o
W

The black line symbolizes pure water values; No hydrate formation was observed for PVP at 277.0 K.

The measured average induction time of AHILs increases with the increasing alkyl chain length
of their cations up to TPrA* (TMAOH < TEAOH < TPrAOH), then decreases in the presence of TBA*
cation. Therefore, apart from TBAOH, the induction time of AHILs at 1 wt.% and 277.0 K was found in
the following decreasing order: TPrAOH > TEAOH > TMAOH > TBAOH > water. It was expected
that TBAOH should exhibit the best AHILs inhibitor to delay the CH4 hydrate nucleation time because
it has the longest alkyl chain, since longer chain ionic liquids are known to effectively inhibit hydrate
formation [50]. However, TBAOH trail as the best inhibitor compared with the other AHILs because
of its long carbon chain causing the formation of micelles within the studied concentration range.
According to Tariq et al. [41], ammonium-based ILs with longer chains (>C3) have the tendency to
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form micelles at low concentrations (<2 wt.%) in aqueous solution. These micelles act in a mild
surfactant nature to slightly prevent aggregation at the gas/liquid interface for CHy hydrate systems,
which reduces the inhibition strength of the chemical (TBAOH). Though the inhibition impact of
TBAOH in Figure 3 slightly increases with concentration, the presence of micelles formation reduces
its performance compared with the other tested AHILs at all concentrations. The micelles formations
in the TBAOH aqueous systems were considered as mild for all the tested concentrations (<2 wt.%)
in this study, as suggested by Tariq et al. [41]. However, it can be observed in Figure 3 that the
inhibition strength of TBAOH retards with concentration as compared with other AHILs. For example,
at 1 wt.% the CHy hydrate inhibition impact is about 73%. When the concentration is doubled (2 wt.%),
the induction time inhibition impact further increased by only 43%. This decrease in inhibition strength
with concentration could probably be due to the mild system micelle formation and/or the hydrate
nuclei crystallization orientation with the aqueous TBAOH solution [51]. Further studies on the
effect and quantification of micelles formation of AILs with varying concentrations on CH, hydrates
are recommended.

In addition, the subcooling effect on TBAOH is found to be unusual with regards to its induction
time and rate of hydrate formation. The induction time and rate of hydrate formation (Figures 3-6)
of CHy hydrate are high at 277 and lower at 274 K. In both systems, the TBAOH micelle formation
behavior affects the surface activity of the system via the reduction of the hydrophilic effect of the
system, as discussed by Zielinski et al. [52]. This guarantees the possibility of hydrate forming during
the cooling stage for both systems based on the complex nucleation stochasticity of hydrate formation.
It must be stated that, for most of the system in this work, the onset of hydrate formation occurs
during the constant cooling stage before reaching the experimental temperatures, which in effect
could initiate the hydrate formation arbitrary once the meta-stability in either systems is overcome
in the hydrate stability region as cooling continues. Hence, the varying inhibition effect at different
experimental temperatures is mainly attributed to the nucleation probabilistic effect, which is described
by Sowa et al. [51], has been solely system dependant, i.e., gas type, concentration and temperature
dependant. However, it is also possible that the system cooling rate might lead to such an unusual
nucleation phenomenon [53]. Subsequently, the gas dissolution in the lower subcooling system might
be undersaturated and delay its hydrate formation time as compared to the higher subcooling system.

The impact of the AHILs on the induction time of CHy hydrate at higher sub-cooling temperature
274.0 K (higher sub-cooling = 10.8 K) confirms their hydrate inhibition potentials in Figure 3a.
Interestingly, the induction time delaying ability of the AHILs for CH, hydrate at 274 K was similar to
PVP (commercial KHI). The measured induction time of all the AHILs were less at a high sub-cooling
temperature (274.0 K) compared to the lower sub-cooling condition (277.0 K), except for TBAOH.
The presence of a strong driving force at high sub-cooling explains the short hydrate nucleation time at
274.0K. At the 274.0 K condition, the induction times of AHILs are established in a following decreasing
orders: TPrAOH > TEAOH > PVP > TBAOH > TMAOH > water. Results also suggested that the
KHI performance is immensely dependant on the structure of the AHILs. It had been reported earlier
in the literature that the longer alkyl chain cations enhance the kinetic hydrate inhibition effect more
than the shorter ones (for instance, [BMIM]* exhibited better kinetic inhibition than [EMIM]*) [23].
Nashed et al. [54] reported a similar trend when they studied the KHI behaviour of imidazolium-based
ILs by varying their alkyl chains. They reported that an increasing IL alkyl chain improves gas hydrate
formation nucleation time. However, in the case of ammonium salts, a chain length increment above
TPrA* results in the formation of micelles at low concentrations, thus, causing the induction time of
TBAOH to be less as expected.

Moreover, the kinetic inhibition of the anion is also evident in the comparison between TMACI [42]
and TMAOH. At a higher sub-cooling condition (274.0 K), TMAOH (41.55 min) delays hydrate
formation nucleation time more efficiently than TMACI (31.25 min). This enhanced inhibition of
TMAOH over TMAC] is probably due to the ability of the OH™ functional group to form hydrogen bond
cleavages owing to its high hydrogen bonding affinity with water molecules [23]. The hydrogen-bonded
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network slightly stemmed from the sub-cooling temperature resulted in a lowered driving force, thus
shelving hydrate formation.

The relative inhibition efficiency (RIE) values in Figure 3b quantitatively confirm the kinetic
inhibitory efficacy of the tested AHILs. Koh and coworkers [55] proposed a method known as the
relative inhibition efficiency (RIE), which could be used to effectively compare the kinetic hydrate
inhibition impact of different kinds of systems independent of their experimental conditions. RIE values
greater than zero (0) denote the superior inhibitory performance of the KHIs. The RIE data of the
AHILs at different experimental conditions are presented in Figure 3b. The RIE results add more
clarity to the KHI performance of the AHILs. The effect of sub-cooling was also evident in the RIE
attained data. For instance, the RIE of the AHILs is lower at a higher sub-cooling condition (274.0 K),
than a lower sub-cooling condition (277.0 K). This is due to the existence of high hydrate formation
driving forces induced by the higher sub-cooling temperature at 274.0 K. The KHI performance (RIE)
of TPrAOH (0.89) appears to be superior to the PVP (0.78) (commercial KHI). Furthermore, RIE data of
considered AHILs were compared with previous studies (with a different class of ILs), as reported by
Nashed et al. [54] and Khan et al. [42] in Table 3. All the considered AHILs possess better RIE values
than the earlier imidazolium-based ILs studied by Nashed et al. [54].

Table 3. The comparisons of RIE data for 1 wt.% CHy/CO, -ILs system.

Author Studied System RIE

CH,4 CO,

Nashed et al. [54] [BMIM][CF3S03] 0.35 -

Nashed et al. [54] [BMIM][CH3S04] 0.39 -

Nashed et al. [54] [OH-EMIM] [Br] 0.45 -
Chun et al. [12] [EMIM][BF4] - 0.27
Bavoh et al. [56] [EMIM][CI] - 1.06
Khan et al. [42] TMACI 0.063 2.0
This study TMAOH 0.41 0.30
This study TEAOH 0.85 1.00
This study TPrAOH 0.89 3.50
This study TBAOH 0.77 3.80
This study PVP 0.78 1.90

Figure 3c illustrates the influence of the AHILs concentration on the induction time of CHy4 hydrate.
From the induction time data, it can be deduced that almost all the studied AILs systems (except 0.5 wt.%
TBAOH) increase the methane hydrate formation induction time with an increasing concentration.
This suggests that the hydrate delay (nucleation) seems to be concentration dependent. The improved
inhibition performance is found to be attained with increased AHIL concentrations, perhaps attributed
due to the enhanced activity of water and AHILs solutions (with increases AHILs concentrations).
Therefore, considering Figure 3, TPrAOH was the best KHI inhibitor at all studied concentrations
among the AHILs. The reason for improved KHI inhibition of TPrAOH is perhaps due to the optimum
alkyl chain length, which can provide sufficient adsorption on gas-liquid and hydrate—gas interfaces
together with proficient hydrogen bonding ability to hinder the hydrate formations [57]. The kinetic
hydrate inhibition impact is concentration and guest (gas) molecule type dependent [42,51]. Hence,
the hydrate inhibition effect on CO, was different for CHy. The formation pressure of CO, hydrates is
significantly less compared to CH, hydrates due to the bigger diameter size of CO, (CO, = 5.12 A or
CH, = 4.36 A) [58] together with the higher solubility of CO, in water [42,59], making CO, prone to
hydrate formation.

The average induction time of AHILs on CO, hydrates for 1 wt.% concentration at different
experimental temperature conditions at 274.0 and 277.0 K is presented in Figure 4. CO, generally form
hydrates quite fast compared to the CH4 hydrates at the same experimental temperature conditions,
owing to proneness to hydrate formation at smaller driving forces [17,42]. The average induction time
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of CO; hydrates without AHILs is found to be 12.35 and 14.35 min at 277.0 and 274.0 K temperatures,
respectively. The extent of AHILs’ kinetic inhibition on CO; hydrates is different from CHy hydrates,
as observed in Figures 3 and 4. This means that inconsistent inhibition trends for hydrate nucleation
time exist between CH, and CO, hydrates in the presence of AHILs, thus, suggesting the effect of
guest (gas) molecule type on the kinetics of hydrate formation [51]. These findings are consistent with
Sowa et al. [51] who indicated that hydrate nucleation or kinetics are greatly influenced by the guest or
gas molecule type. Therefore, based on the type of gas and chemical, the hydrate inhibition mechanism
could either be via surface adsorption [55] or crystal perturbation activities by a hydrogen bonding
effect [60]. For instance, TBAOH in the CHy4 system performs relatively less compared with other
AHILs (see Figure 3) because of its micelles formations behavior which reduces its surface activity
causing the enhancement of CH, dissolution into the liquids phase, thus reducing its performance.
However, in the presence of polar gases, such as CO;, which could possibly interact with aqueous
TBAOH solution, leads to the perturbation of the water structures and delay hydrate nucleation (see
Figure 4). According to Zielinski et al. [52], the formation of micelles in ammonium salts favors their
hydrophilic effect, which enables them to perturb the local water structure via hydrogen bonding; this
then causes the nucleation process in the CO; system to increase more than in the CHy system [60].
On the contrary, in the CHy system a strengthened hydrophilic surface of the TBAOH solutions
affects their hydrophobic shield which weakens the gas/liquid interface and causes a favorable CHy
dissolution in the liquid phase and reduces the hydrate inhibition impact of TBAOH.

Among the tested AHILs aqueous solutions, TBAOH was the most effective kinetic inhibitor
in both experimental conditions at 1 wt.%. All the AHILs could prolong the induction time. In the
presence of the CO, hydrates at 277.0 K, the induction times of AHILs are in the increasing order of
water < TMAOH < TEAOH < TPrAOH < TBAOH at 1 wt.%.

At 274.0 K, the induction times of CO,-AHILs are reduced when compared to the 277.0 K
experimental condition. The induction time delays for CO, hydrates at 274 K are in an increasing order,
as follows: water < TMAOH < TEAOH < PVP < TPrAOH < TBAOH. The AHILs with longer alkyl
chains (TBAOH, TPrAOH) prolong CO, hydrates inhibition similar to the CHy system; however, there
is no critical inhibition chain length for the AHILs in CO, hydrate system at 1 wt.%. A comparison
between studied anions (OH™ and C17) for CO; hydrates, TMACI [42] (42.6 min) provide better
induction time inhibition than TMAOH (19.0 min) potentially, due to the better surface adsorption of
CI™ on the surface of the water, as mentioned by the earlier study [56].

Table 3 shows the RIE results studied for 1 wt.% CO;-ILs systems. Atlower temperature conditions
(274.0 K), the KHI impact (RIE) of longer alkyl chain AHILs (TBAOH (3.8) and TPrAOH (3.5)) was
found to be superior to the PVP (1.9) (commercial KHI). Moreover, RIE data of studied AHILs are
comparable with prior studies like Chun et al. [12], Bavoh et al. [56], and Khan et al. [42] as shown in
Table 3. In fact, most of the considered AHILs (TEAOH, TPrAOH, and TBAOH) possess better RIE
values compared to the earlier studied ILs systems. In the case of hydroxyl anions (OH™), the influence
of the alkyl chain can also be observed from the induction time data at 277.0 K. With an increase in the
AHILs alkyl chains; the induction time is enhanced. This is due to the better adsorption of the cation
at the surface of the gas-liquid and hydrate-liquid interface, reducing the dissolution of gas into the
liquid phase [61].

The RIE results of AHILs at lower sub-cooling (277.0 K) temperature show higher RIE values at
lower sub-cooling than higher sub-cooling temperature (274.0 K) owing to the less significant driving
force (see Figure 4b). The RIE values at lower sub-cooling were related to the alkyl chain of the
AHILs [14,42,62,63]. In Table 3, the induction time inhibition performance of AHILs is more evident
and effective in the CO; hydrate system compared with CHj. In addition, the hydrate induction time
inhibition time is delayed more as AHILs concentrations increase in both CH4 and CO, hydrate systems.



Energies 2020, 13, 3272

10 0of 18

16.0
2300 140 BTMAOH
. g%ﬂﬁgy&[ ' BTEAOH
2200.0 T QrpraoH 12.0 OTPrAOH
£ [ @TBAOH 10 | BTBAOH
2 150.0 1 apvp o : apPvP
= [ = 8.0
= [ m .
= [
21000 1 i 60
= : N 20 3.503-80
£ 500 § § % |
-
I v |\ 20 4 540
0.0 [ = N 0.0 LR
2]57;4t '%rli<mental tem %nggrg 2740 K
b P Experimental temperature
(a) (b)
80
70 - .
60 -
£ 7
£ 50 -
(]
E T =} @ TMAOH
=40 BTEAOH
~§ =TPrAOH
S 30 ] ©TBAOH
o
k=
20
Q
10 @ @
0 , :
0.5 1 1.5 9

AHILs concentration (wt.%)

Figure 4. Effect of AHILs on the measured CO, hydrate induction times at different experimental
temperatures at 1 wt.%: (a) Induction time at 274.15 and 277.15 K; (b) RIE for CO, hydrate system;
(c) Effect of AHILs concentrations on the CO, hydrate formation induction time at 274.15 K; The black
line symbolizes pure water values; No hydrate formation was observed for PVP at 277.0 K.

3.2. Effect of AHILs on the Initial Formation Rate of CHy and CO, Hydrates

According to Sloan and co-workers [58], hydrate crystal growth periods (initial formation rates) are
technically more rational than induction time information due to the intricacy of the hydrate nucleation
process. The rate of hydrate formation of CH; and CO, hydrate in the presence of 1 wt.% AHILs at
different experimental temperatures (274.0 and 277.0 K) are considered and reported in Figure 5a.
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Figure 5. (a) Effect of AHILs on the measu