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Abstract

In this study, the thermodynamic inhibition of €Hch binary mixed hydrate system
(70-30mole% CH + CQy) is reported for four ammonium based ionic liquidsLs)
via experimental and modelling approaches. The decyechnique applied for the
characterization of the AlLs namely tetramethylaminm hydroxide (TMAOH),
tetraethylammonium hydroxide (TEAOH), tetrapropylmraonium hydroxide
(TPrAOH) and tetrabutylammonium hydroxide (TBAOHhe hydrate liquid-vapour
equilibrium (HL,VE) conditions of studied systems measure withe tdmperature
and pressure ranges of 275.0-286.0 K and 3.0 — MBa respectively at 10wt%
agueous AlLs solutions. All the studied AlLs excéfBAOH inflicted the THI
influence by shifting the HWE of CH, enrich mixed gas hydrates. Elongation in
AlLs alkyl chain length attributed to decrease teecrage hydrate suppression
temperature AT). At 10 wt%, TMAOH exhibited the maximum inhibificimpact
with a AT value of 1.28 K, followed by TEAOH (0.8 K), TPrAOKD.7 K), and
TBAOH (-0.84 K) respectively. Instead of hydratdilmtor, TBAOH worked as gas
hydrate promotor owing to the presence of relagivegher alkyl chain cation (butyl)
make it semi-clathrate hydrate. The study furthettemded for different
concentrations (1, 5 and 10 wt%) of TMAOH among ltlest considered AlIL in this
study. COSMO-RS investigation is also incorporatedfurther understand the
thermodynamic inhibition behaviour of AlLs via sigmprofile analysis. Additionally,
the enthalpies of hydrate dissociation for all sddAILs systems also calculated via
Clausius-Clapeyron equation in this study. The wdated hydrate dissociation
enthalpies data revealed that all the studied Adksept TBAOH show insignificant
participation in mixed gas hydrate cage formatitrerefore, do not form semi-
clathrate hydrates. However, enthalpy data of TBA®Wtaled that it participated in
hydrate crystalline structure, therefore, worked asmi-clathrate hydrate.
Furthermore, the HRVE predictions of studied systems also performed vi
electrolyte based model proposed by Dickens andnigytiHunt and found in

respectable agreement with the experimental data.

Keywords— Ammonium based lonic Liquids (AILs); alkyl chaigH, rich gas
hydrates; HWVE, ionic liquids; THI.
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INTRODUCTION

Clathrate hydrate or gas hydrate are non-stoichigensolid crystalline inclusion
compound formed due to the hydrogen-bonded watdeaules as a host and small
size (<10 A) gas as a guest molecule in thermodjcwly favourable environments.
Commonly three hydrate structures; sl, sll and gHrdte are found in nature. Small

guest gases like methane (ldnd carbon dioxide (Cpformed s1 hydrates [1].

Formation of gas hydrates or clathrate hydrateanmng the significant flow
assurance problems. Gas hydrates formation natargolaverts hydrocarbon
production it also obstructs in transportation @anocessing phases as well [2,3]. As
the gas and oil production moves to a more in-dgmbgraphical location where
encountered added thermodynamically favourable iiond for hydrate formation,
the gas exploration is getting more prone to hydhaetppenstances. Additionally, the
presence of small impurities, like GChydrogen sulphide @#$) in the CH system
leads to further hydrate happenstances. Sincenude prone to hydrate formation;
the formation pressure of Ga@s much lower than the uncontaminated,&ystems,

therefore, it significantly influenced on phase hdary of CH gas [4].

Oil and gas industry paid enormous expenses; appabtegly USD 1 million
annually per mile for the insulation of off-shorgglines and further hundreds of
million dollars spent on various conventional agatwes [5—7]. To avoid gas hydrate
formations industry typically practices four commmethods heating/insulation of the
pipeline, depressurization, removal of water togethith chemical insertion. In most
of the cases, chemical inhibition is the only véapreventive method applied for gas
hydrate mitigation[8]. The chemical inhibitors fouer divided into thermodynamic
inhibitors (THIs) and low dosage hydrate inhibit@r®HIs).

The THIs (methanol and mono-ethylene glycol (MEG@)plied in massive
compositions10-50 wt% to form effective hydrogemdbag with water molecules
thus shifts the hydrate phase equilibrium curveatols lower temperature and higher
pressure regions to enhance hydrate free zone TBg problems related to
conventional THIs are their volatile nature togetheith the large quantities
requirements leads the more extensive storagetieiin the off-shore applications.
The LDHIs used in lesser quantities 0.50-2.0 wt%ntfiHIs, and are divided into
kinetic hydrate inhibitors (KHIs) and Anti Aggloneges (AAs). KHIs typically based
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on hydrophilic polymers (Polyvinylpyrrolidone (PVPand polyvinylcaprolactam
(PVCap) which delays the nucleation and hydraten&tion by intermingling at the
water-gas interface thus offers steric hindrandsvéen the gas and water. On the
other hand, AAs belong to surfactants family; tidleynot prevent hydrate formation,
but they keep tiny hydrate particles into a formhgtirate slurry and are not allow
hydrates to agglomerate into large masses (hygraigs). The LDHIs found less
effective in higher sub-cooling conditions whichualy encounter in deeper-water
pipelines often attributed to the catastrophic hteligrowth [10].

Therefore, the quest for non-volatile, relativetywigonmentally friendly, innovative
and dual functional hydrate inhibitors leads redears towards liquid salts, i.e. ionic
liquids (ILs). Xiao and Adidharma [11] initially ed six imidazolium-based ILs
(IMILs) for dual functional gas hydrate inhibitofsr CH, hydrate. They found that
studied ILs can shift hydrate equilibrium condisotowards lower temperature
together with delayed hydrate formation. Most @& #tudied ILs for hydrate inhibition
in the literature based on IMIL studies [12—-19)mited researchers have found on the
influence of other ILs families [14,17,20-23] (migimmmonium based ionic liquids
(AILs) [24—-29]) for gas hydrate mitigation. Simikar Keshavarzet al. [21] inductee
the research on AlLs by application of tetraethyteonium chloride (TEACI) with
IMILs and found that TEACI provided better THI ingtacompare to IMILs on CH
hydrates.

Tarig et al. [30] employed five different families of AlLs &wer quantities (1 and
5 wt %) as dual-functional gas hydrate inhibitays €H, hydrates and found that all
AlLs were able to induce THI influence at modertmperature condition (3.0-7.0
MPa). However, at higher pressure, the inhibitinfluence appears to be reduced
drastically, and few of the studied AlLs discloggdmotional effect as well [30]. In
our earlier work, TMAOH was reported as an suitabkermodynamic inhibitor for
both pure CH and CQ hydrate systems. The inhibition impact, i.e., ager
suppression temperatura) of TMAOH was reported as 1.53 and 2.27 K for,CH
and CQ hydrates respectively. Recently our lab also rtepomMACI, TEAOH and
TPrAOH inhibitions up to 1.7 K, 1.6 K and 1.2 K pestively for CQ hydrates [4].
Table 1 represents th&T values of various systems for quantitative congosus

purpose.



108 Table 1: Average suppression temperatwE) (of 10 wt% considered AlLs samples
109 for different systems and comparisons with literatdata.

Studied System T (K)
CH4 CO, 70-30  CH4tCO;,
hydrate hydrate hydrate
TMAOH 1.53 [29] 2.27 [29] 1.28 (this study)
TEAOH - 1.67 [4] 0.78 (this study)
TPrAOH - 1.22 [4] 0.70 (this study)
TBAOH - - -0.84 (this study)
Glycine [31,32] 1.78 1.83 -
Alanine [31,32] 1.55 1.68 -
Proline [31,32] 1.43 1.44 -
Serine [31,32] 1.29 1.21 -
Arginine [31,32] 0.74 1.03 -
[OH-EMIM][CI] [33] 1.70 - -
Triethylene Glycol [34] 1.28 - -
Mono Ethylene Glycol [35] 2.59 -
Mono  Ethylene  Glycol 99 2.61 2.51
(CSMGem)
Methanol [35] 4.70 - -
Methanol [36] - 6.05 -
Glycerol [37] - 1.66 -
[EMPip][BF4][38] - 1.13 -
[EMPip][Br] [38] - 1.27 -
[EMMor][Br] [38] - 1.29 -
[EMMor][BF ] [38] - 1.13 -
[BEPyrr][BF4][39] - 0.75 -
110 Most of the ILs studies encompasses pure gas leglfat CH and CQ hydrates;

111 however, insufficient literature available for mikgas hydrate systems in the open
112  literature. Ullahet al. [40] recently applied low concentrations (1 a@havt.%) of
113 Choline-Chloride as THI for Qatari natural gas met and reported that 5 wt% of
114  Choline-Chloride reduceaT up to 1.56 K. Nevertheless, 1 wt% displayed minor
115 inhibition (AT) up to 0.5 K. Additionally, Qureshiet al. [41] worked with
116  pyrrolidinium-based ILs (1-Methyl-1-Propylpyrrolidium T riflate [PMPy][Triflate]
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and Propylpyrrolidinium Chloride [PMPy][CI]) for Quntary mixture of Qatar natural
gas for dual functional hydrate inhibitors. Themt@omes revealed that both ILs
displayed dual functional impact, at 5wt%, PMPyt@ phase boundary shift up to 1
K. Similarly, it can also slightly improve the inchion time compare to pure water
[41]. Overall, an insufficient number of publicai® available for ILs with the mixed
gas system and none of the preceding studies wepbasized the impact of AlLs on

CH, riched mixed gas hydrates.

Previously COSMO-RS software was used to deterntime intermolecular
interactions of ILs-water system in hydrate syst¢f2,43]. Preceding studies
suggested that in COSMO-RS, the sigma profile ayatdgen bonding are the two
standout properties that justified the THI inhiditi performance of ILs and other
electrolytes [29,31,42,44]. Bavoh and co-workerg] [#hitially established that the
sigma profile can determine the miscibility behawiand hydrogen bonding ability of
the ILs with water molecule which are the most fameéntal properties pre-requisites

for THI behaviour.

Various modelling approaches in the presence ofhiag reported earlier in the
literature [19,39,45-49]. The THI behaviour induaiek activity of chemical in the
agueous phase. Therefore activity coefficient apginds mainly applied. Most of the
prior modelling studies only dealt with the puresgm systems like CGHand CQ.
Likewise, the modelling studies of mixed gas syst@mthe presence of ILs are scarily
intermittent. Recently, our group applied the eldgte based Dickens and Quinby-
Hunt [50] model for C@riched system [51]. Henceforth additional expentaéand
modelling investigations of ILs especially AlLs ahfferently mixed gas hydrate
systems are essential to discover the impact o§ Ath.phase behaviour.

Therefore, this work covers the THI performancdoair AlLs on CH, rich binary
mixed gas hydrates system (70-30 mole%,GHCQ,). The selection of AlLs
encompasses the elongation of the alkyl chain fengt the inhibition performance.
The thermodynamic inhibition impact of AlLs + GHCGO, for 70-30 mole % systems
are measured at a temperature and pressure rahg&6-886 K and 3.0-7.50 MPa
respectively. COSMO-RS software is used to anabis- water system interactions
via Sigma profile graph for better understanding ithibition mechanisms. Besides,
the Clausius—Clapeyron equation also applied floutaing the hydrate dissociation



149  enthalpy of each considered system. Additionalg, ¢lectrolyte model proposed by
150  Dickens and Quinby-Hunt [50] used for predictingdrte Liquid-Vapor Equilibrium
151  (HLVE) data of a considered system in the presenaguéous AlLs solutions.
152  METHODOLOGY
153  Materials
154 The details of chemicals use in this study areuayo Table 2. All the studies
155 chemicals are purchased from Merck milli-pore Gerynand applied without any
156  further purification. The mixed gas purchased frGas Walker Sdn. Bhd., Malaysia.
157  Deionized water was used to prepare desired caatiems of AILs in all samples.
158  For accurate weight measurements of the sample238RZ analytical balance was
159  used with an accuracy of = 0.3 mg.
160 Table 2: Details of chemicals employed in this work
S.No Name of Chemical Formula Purity
1 water HO Deionized
5 Mixed Gas 70.001-29.999 mole% G 70-30 mol % (Mixed gas)
(CHs + COy)
3 Tetramethyl ammonium Hydroxide T
H20O (Aqueous solution)
4 Tetraethyl ammonium Hydroxide TEAOH 40: gt% =GOS
20 (Aqueous solution)
5 Tetrapropyl ammonium Hydroxide TPrAOH 40|'_(|) gt% TEAOH, 60'9 el
20 (Aqueous solution)
6 Tetrabutyl ammonium Hydroxide BAOH 4OI._(|) gt% TEAOH, 60.0 wih
2O (Aqueous solution)
161  Experimental details and procedure
162 The high-pressure equilibrium cell with a volumetcapacity of 650 cthused in
163  this study. The apparatus can operate within thgas of 253-323 K and up to 20
164  MPa. The reactor is equipped with the pressuredarer (GP-M250) and temperature
165 sensor (Pt-100) to measure and record the pressutetemperature, respectively.
166  These sensor devices efficiently work with an utaety of +0.01 MPa and +0.1 K,
167 individually. Moreover, for providing adequate adibn, the mixture in the reactor is
168 stirred by the magnetic stirrer at 400 rpm. An sw@ pressure search
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Thermodynamic Cycle (T-cycle) technique is adoptedietect the HLVE data as
applied in earlier studies [32,52] especially witixed gas hydrate systems [53,54].
Further details about the apparatus and detailgeérarental procedure can found
elsewhere [4,24,29,53].

HL,VE data analysis

In this study average suppression temperatux®) (is calculated for the
determination of inhibition influence of AILs on rfary gas hydrateAT has
calculated via similar equation used in earlierkydr,52,55].

3 (To pi _Tl,pi)
ozt _ %M (1)
n

n

where, b, pi denotes the equilibrium temperature of theadigas in a pure water
sample (absence of AlLs), whilg,Tp is the equilibrium temperature of the mixed gas
in the presence of aqueous AlLs solutions. The esmlwf both dissociation
temperatures attained at the samarm n denotes to the number of pressure point

considered in the experiments.

Dissociation Enthalpy (AHgss) for mixed gas hydrate

Determination of hydrate dissociation enthalp¥§s) is critical for understanding
the hydrate structure and guest cage occupancyghwdirectly associated with the
size of the guest molecule and size of the caVitye AHgiss in this work is estimated

by the Clausius-Clapeyron equation as proposedbpuws researchers [4,13,56-59].

dinP _ AH o (2)
g1 R
=

WhereAH4s, T, P, R, z, are hydrate dissociation enthalpyperature, pressure,
universal gas constant and compressibility facespectively. The value dof is
calculated by using the Peng-Robinson equatioriadé¢ $19,60,61] for studied mixed

gas system.

COSMO-RS analysis of AlLs-water system

Molecular interaction through sigma profiles of Alland water molecules are
generated in COSMO-RS software to understand th&ild@HI inhibition
mechanism. The COSMO-RS predictions are performsiigu COSMOthermX,

Version C2.1 software. The sigma profiles generdigdselecting water and AlLs
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molecules in the compound list with the parametler BP_TZVP_C21 0111.ctd
(COSMOlogic GmbH & Co KG, Leverkusen, Germany) ‘e lowest energy
conformer [42,62—66].

A X(0)
ps(o) = Z';:F;I (3)

The distribution of the division given on the sigifed is calleds-profile (pse)).
The o-profile of the solvent ps{, defined as the mole fraction (xi) weighted suim o

thes -profiles of its compounds xiXprespectively in Equation 3.

Thermodynamic model theory

To predict the hydrate phase behaviour (ME) of the studied systems, the effect
of additives (AILs) needs to be estimated for aatairdetermination of activity
coefficient. Since AlLs are salts in the liquid pbatherefore, the electrolyte based
model proposed by Dickens and Quinby-Hunt [50] ngployed in this work. The
selected model is the amended version of the Rid6¥ model and prior applied for
several electrolytes studies like Amino acids [2] Besides other ILs by Partoeh
al. [48] and Javanmaret al. [68,69].

The model principally established from the tradiibthermodynamic conception
which assumes that the amount of gas in the agquyatase is trivial, and vice versa.
In the same way, the impact of AlLs on the mixed pgdrate phase boundary is
solitary to decrease the activity of watey)( and at minor temperature ranges, the
hydrate enthalpy of dissociationHlss) is constant. The brief derivation details have
provided by Dickens and Quinby-Hunt [50] and Pier¢&7]. Based on this model,

the outcome of AlLs on the gas hydrate dissociagomperature can denote as;

n %:%[%w_%mm} )
ne S KA ©

Where a,, denoted water activityn reflected the gas hydrate hydration number
which taken as 5.75 due to methane-dominated gedemnsy[19,52] AHgiss represents
the hydrate dissociation enthalpies of mixed gafrdtye (60.846 kJ/mol) obtained via
CSMGem software, R is the universal gas constamt, Tg and Ty s are the hydrate
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formation temperatures in pure water and AlLs sohs. AHryg;) denoted as the heat
of fusion of ice (6.008 KJ/mol), fy and T are the freezing point temperatures of
water (273.15 K) and water + AlLs solutions. Fregzpoints of AlLs () have
calculated as proposed by Dickens and Quinby-HB01 py using a cryoscopic
constant of water as 1.853 K-kg/mol. Hereafter,gingr the Eq. (4) moreover, (5),
describes the temperature offset of methane hydphtese condition and the
temperature of the ice-water equilibrium condition AILs solutions at constant

pressure as follows;

MKy R 6)

Therefore, Eq. (6) is applied to predict the hyerdissociation temperatureyl,
in the presence of aqueous AlLs solutions. Forehiability of the model predictions;

average absolute deviation (AAE) is also calculdedsing Eq. (7).

AAE = 1 D Tew ~Tea
n

i=1 i

(7)

RESULTSAND DISCUSSION

Influence of AlLs on HL,VE conditions of CH,4 riched mixed hydrate
The HL\VE for of G + HO and G + HO + AlLs in the presence of 10wt% aqueous

AlLs are reported in Table 3. To assess the impaetkyl chain elongation on the
THI; studied AlLs are evaluated at moderate pressanges (3.0-7.50 MPa), and
hydrate equilibrium curves of G +,8 + AlLs are attained in the presence and

absence of various aqueous AlLs solutions at 10 edfeentrations.

Table 3: The HL,VE points of CH rich mixed gas in the absence and the presence
10 wt% AlLs

AlLs Temperature (K) Pressure (MPa)
278.0 3.10
281.5 4.54
Pure water
284.0 6.06
286.1 7.55

AL 276.8 3.04



280.2 4.57

283.0 6.10
284.8 7.55
277.6 3.03
TEAOH 280.6 4.53
283.4 6.05
285.4 7.53
277.5 3.1
281.1 4.56
TPrAOH 283.6 6.05
285.5 7.55
278.9 3.15
282.4 4.55
TBAOH 284.9 6.05
286.9 7.59
242 Expanded uncertainties U(T) = #0.1 K; U(P)= = OMPa (0.95 level of confidence).

243  The HL,VE data of the studied binary system is depicte@igure 1. The HLVE
244  phase boundary of studied hydrate system is futherpared with the commercial
245  hydrate prediction software CSMGem and PVTsim respaly. The studied mixed
246 gas data (see Figure 1) was found in fair agreematht the HL,VE prediction
247  software (CSMGem and PVTsim) data.
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Figure 1. HL,VE data points of Ckriched mixed gas (G= 70-30 GH CQ)
G+H,O hydrates in comparisons with commercial hydratedipte®on soft wares
(CSMGem and PVTsim).

To evaluate the impact of alkyl chain elongation Dl performance; Figure 2
illustrates the HLVE data of AlLs + G + HO hydrates at 10 wt% concentration. The
results revealed that with an increase (elongatiorglkyl chain length of studied
AlLs, the inhibition impact appears to be signifidg reduced for the studied
systems. The TMAOH performed best among the coresdéILs and induced
maximum inhibition via shifting the HIVE curves towards lower temperature and
higher pressure regions (see Figure 2). TEAOH &cADH are also able to shift the
hydrate phase equilibrium towards higher pressacelawer temperature regions for
studied concentration. On the contrary, at 10 wBADH did not act as a THI in its
place shifts the HLVE curve towards lower pressure and higher tempezatgions
which considerably enhance the hydrate metasta&igienm and ultimately functioned
as gas hydrate promoter. The promotion behaviourBAOH has observed due to
the possible formation of semi-clathrate structowéng to the TBA cation which
has a tendency to be trapped in the hydrate cagesmmn-gaseous guest at milder

conditions which further discussed in later secfith 71].
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Figure 2. The HL,VE phase behaviour of GHich mixed gas hydrates at 10 wt%
AlLs solutions.

To compare the quantitive impact of AILs on THI foemance; the average
depression temperatura®) also reported for 10 wt% AILs solutions in FigieThe
THI influence of AlLs found in the following increang magnitude: TBAOH <
TPrAOH < TEAOH < TMAOH. Owing to the presence oktkhortest alkyl chain
TMAOH can deliver maximum inhibitiorAF=1.28 K) among the considered AlLSs.
On the contrary, TBAOHAT=-0.84 K) reveal promotional result attributableit®
potential semi-clathrate behaviour due to relagivedbngated alkyl chain as stated in
the previous studies [26,70,71].
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Figure 3: Average suppression temperatutd) of CH4 mixed gas hydrates for 10
wt% aqueous AlLs solutions.

The potential reasons for higher inhibition impace concealed in the structure of
TMAOH. TMAOH retains TMA cation (shortest among the studied AILs) which
merely comprises one alkyl group (methyl) in thethucture together with hydroxyl
(OH) anion which offers adequate linkage on the serfaicand water gas interface.
OH anion is already established as among the bestaitiat induce more hydrogen
bonding with water [4,14,42] owing to their smaltaiclei size (value of 0.169 nm)
which is relatively lower than all other halide amiexcept fluoride (F= 0.133
nm)[72,73]. Due to these reasons, TMAOH offer mdngdrophilic behaviour
compared to other studied AlLs (TBAOH, TPrAOH anBAIOH) resulted in more
THI inhibition [4,14,24].

To evaluate the impact of experimental pressurgheninhibition performance of
AlLs Table 4 presents the hydrate suppression teatype of 10 wt% aqueous AlLs
solutions at different experimental pressures. Re$tom Table 4 showed that at a
studied concentration (10 wt%) of aqueous AlLs sohs the inhibition performance
is dependent on pressure variations (i4l, changes with experimental pressure
conditions for all AILs). This is evident due toetipresence of the higher amount of
CH, in the studied mixed gas system [29]. Tariq e{30] also reported the similar
behaviour, as their studied AlLs provide higherilaiion performance at moderate
pressure conditions (>6 MPa) beyond that presshee imhibition performance

significantly reduced and some of them even workedgas hydrate promoters.
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Additionally, in our earlier work [29], we observduhat the inhibition performance of

TMAOH also observed similar behavioutT varies with experimental pressures) for
pure CH hydrates, however in case of pure Ltydrates there was no variation
observed. ThereforaT values are independent of experimental pressures.

Table 4. Suppression TemperatureAT) of mixed gas hydrate at different
experimental pressures in the presence of 10 wi%acs AlLs solutions

Pressure . TMAOH (10%) TEAOH (10%) TPrAOH (10 %) TBAOH (10 %)

P (MPa) T (K) T (K) T (K) T (K)
3.0 0.46 0.05 0.05 -0.81
4.50 151 1.05 1.02 -0.77
6.0 1.40 0.90 0.82 -1.03
7.50 0.92 0.37 0.25 -0.73

AT (K) 1.28 0.78 0.70 -0.84

Expanded uncertainties U(T) = 0.1 K (0.95 levetofifidence).

The acquired THI data of studied AlLs are also carad with different commercial
inhibitors, i.e., Methanol, Mono Ethylene Glycol B&) and Ethanol in Figure 4. The
HL.VE data of commercial inhibitors are generated \tEMGem. The obtained
results exposed that commercial inhibitors accoshell superior THI impact
compared to the considered AlLs (see Figure 4)yethee suggesting that the more

research on new combinations of ILs especially Adtssindispensable.
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315  Figure 4: Comparison of THI impacA¥) of 10 wt% studied AlLs with (CSMGem
316  software predicted) commercial inhibitors data.
317 As it observed from the Figure 3, TMAOH displayg thetter inhibition among the
318 considered AlLs for CHriched mixed gas hydrate systems. Therefore,rtfhieence
319  of different TMAOH concentrations (1, 5 and 10 wt%tther investigated, and
320 tabulated in Table 5 and depicted in Figure 5.
321 Table5: HL,VE data of mixed gas hydrate in the presence bfand 10 wt%
322  concentrations of aqueous TMAOH solutions
TMAOH Concentration
Owt% 10 wt% Swt% 1 wt%
System P P
TK) MPa) T((K) (MPa) T(K) PMPa) T(K) P(MPa)
G +H,0 278.0 3.10 276.8 3.04 277.2 3.05 2775 3.05
+TMAOH 281.5 4.54 280.2 457 280.6 451 281.0 4.51

284.0 6.06 283.0 6.10 2834 6.10 283.7 6.05
286.1 7.55 284.8 7.55 285.2 7.51 285.6 7.55
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Expanded uncertainties U(T) = £0.1 K, U(P) = +OMRa (0.95 level of confidence).

8.5
E- ® - water (this study)
7210 TMAOH (10 wt%) D’fz'
. s
5651 ¢ TMAOH( wi%) K
= ] Oeaw
S..]a TMAOH( wt%) ’
$55 ] -
z L
S .1 g
A 45 1 Oepr®
3.5 4 o7
CeA ®
2_5|||||||||||||||||||||||||||||
276 278 280 282 284 286 288

Temperature (K)

Figure 5. HL,VE phase boundaries of GHich mixed gas in the presence of the

various aqueous TMAOH concentrations.

Moreover, Table 6 reflects the suppression temperatAT) of different
concentration of the TMAOH at various experimenpaessures for mixed gas
hydrates. Results reveal that the inhibition impattTMAOH is pressure and
concentration dependent. T& value of 10 wt% (1.28 K) concentration stretch
more inhibition compares to lower concentration® ¢0.72 K) and 1 wt% (0.39 K).
It is also noticeable that the inhibition impactalvaries with the experimental
pressures for each studied system (1, 5 and 10 WbfdMAOH. The higher
inhibition (AT) found at moderate pressure ranges (4.50 aniiB#&) perhaps due to
the presence of CHn the mixed gas. Subsequently, previous AlL;Gkudies also
stated the similar behaviour for methane hydra®#s30] as mentioned above. For
further investigations, COSMO-RS study is also mpooated in next section to
further investigate the alkyl chain elongation dL# by molecular interaction with
water.

Table 6: Suppression TemperaturdT) of CH, rich mixed gas hydrate in the
presence of different concentrations (1, 5 and L%yof TMAOH solutions.

TMAOH concentrations
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Pressure

(MPa) 10 wt% S wt% 1 wt%
3.0 0.46 0.29 0.05
4.50 151 1.22 0.87
6.0 1.40 0.98 0.63
7.50 0.92 0.37 0.02

AT (K) 1.28 0.72 0.39

Expanded uncertainties U(T) = +0.1 K, (0.95 lesfetonfidence).

Enthal py of hydrate dissociation (AHgss) for CH4 mixed gas hydrates in the presence
of AlLs

The AHgiss values for all studied systems are presented bleTa and Table 8. It is
already well recognized that both pure L£Hnd CQ form structure | hydrate
[8,74,75]. Therefore, their CHriched binary mixtures are likewise only formed
structure 1 hydrates as reported in prior studle$9] as well. The participation of
AlLs in the hydrated crystalline structure idemdi via changes observed in the
obtained AHyss. As earlier discussed by Sloan and Koh [1] tha émthalpy of
hydrate dissociation is predominantly affected bg tcage occupancy of guest
molecule. Thus, as th#Hys of studied AlLs are not altered in the presencealbf
AlLs except TBAOH, it could be established that Alare not contributing to the
hydrate crystalline structure. However, in case TBFAOH AHgs IS noticeable
changes in-comparisons with pure water which isibatied owing to the semi-
clathratic nature of TBAOH as reported by the poasi studies [70,71]. This
enlightened the contribution of TBAOH moleculestle formation of hydrate cages
to form semi-clathrate hydrates due to the preseofe TBA® cation as
comprehensively define by Shimada and co-workersr gF6]. Moreover, as the
AHgss is in the range of sl hydrate, it could be conellidhat apart from TBAOH,
only s1 hydrates are formed during these experisnent

Table 7: Calculated molar enthalpiesHgiss (kJ/mol) of hydrate dissociation in the

presence and absence of 10wt% aqueous AlLs solddiorCH, rich mixed gas
hydrates at various equilibrium pressures

Pressure 10 wt% aqueous AlL s solutions
(MPa) Water TMAOH TEAOH TPrAOH TBAOH
30 64.50 65.56 65.82 65.01 75.88

4.50 61.26 61.96 61.02 61.52 72.14
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6.0 58.09 58.72 56.31 58.39 67.67
7.50 55.37 55.93 52.03 55.57 63.28
Average AHuss 5980 60.54 58.80 60.12 69.74

Expanded uncertainties U(T) = +0.1 K, U(P) = +OMRa, U(mass fraction) = +0.0001 g, U(H) = + 1.2rkdl-1 (0.95 level of

confidence).

Table 8: Calculated molar enthalpieaHgss (kJ/mol) of TMAOH at different
concentrations (1, 5 and 10wt %) for £lch mixed gas hydrates at various
equilibrium pressures

TMAOH composition

Pressure (M Pa)
0O wt% 1 wt% Swt% 10 wt%
3.00 64.50 65.23 65.42 65.56
4.50 61.26 61.87 62.01 61.96
6.00 58.09 58.64 58.79 58.72
7.50 55.37 55.83 56.02 55.93
Average AH giss 59.80 60.39 60.56 60.54

Expanded uncertainties U(T) = +0.1 K, U(P) = +OMRa, U(mass fraction) = +0.0001 g, U(H) = + 1.2rkdl-1 (0.95 level of
confidence).

COSMO-RS Analysis of AlLs-Water System

Commonly, the chemicals which can form efficientllogen bonding with water
are apparently better thermodynamic inhibitors. Trren idea to apply COSMO-RS
in this study to acquires the sigma profile datahaf studied systems (AlLs-water).
The sigma profile data are generated to facilithéebetter understanding of the alkyl
chain elongation impact on the hydrophilicity anglfogen bonding interaction of
studied AlLs as illustrated in Figure 6. Moreovéére sigma profiles of commercial
THI inhibitors, i.e., methanol, MEG and ethanol aiso added in Figure 6 to
understand the THI behaviour. According to Klan8][4he Sigma profile can divide
into three (3) interactions regions. The first cegat the left side outlines the most
electropositive area (i.e. H-bond donor). Whereasppolar area is the lies in the
middle (between -1.0 e/fmand 1.0 e/nR) and the right side represents highly
electronegative, i.e. act as H-bond acceptor refl@,62,66,77] as shown in Figure
6.
It is a observe from sigma profile resultsknror! Reference source not found.6
that water possessed extraordinary H-bonding damokr acceptor affinity in both
polar regions; this tendency ascends due to theepoe of lone pairs of the oxygen

besides the two hydrogen atoms in its structurgm&i profiles of conventional
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inhibitors revealed that they possess extendedsenitar sigma profile peaks length
like water (mainly methanol) which can efficienthteract with water with dominant

hydrogen-bond exchange which ensued in higher higgi
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Figure 6: COSMO-RS generated sigma profiles and sigma cesfaf studied AlLs,
conventional inhibitors and water systems.

In case of AlLs, the AlLs are having differencetle peak height in the same regions
provide better miscibility with each other, increas peak difference results towards
lesser miscibility among them. The AlLs cation mayishortest alkyl chain, i.e.
TMA™ shows the highest H-bond donor ability due to giggasome area in the H-
bond donor region together with lowest peak diffieee (21.818) among water in
nonpolar regions. On the contrary, The ‘@HKion shows a peak on the extreme right
side of Figure 5 which indicated its powerful H-lomacceptor ability. Another
essential reason makes Ohhore suitable anion is there lowest peak diffeeenc
(2.931) in H-bond acceptor region with a water mole. The minor difference
among peaks together higher H-bond acceptor affingsults in the form of
potentially better hydrate inhibition performandéoreover, the presence of TMA
cation rises the hydrophilicity of TMAOH consequent higher thermodynamic
inhibition impact compared to the other studied #lIL Furthermore, TMAOH
possesses TMAcation which contains only one alkyl group (mejhwihich also
offer sufficient linkage at the surface of gas amdhter interface, display
comparatively hydrophilic behaviour compared tohieigalkyl chain AlLs [25,29].
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The peak difference further extended as the alkgirclength of the AlLs increases
as in the case of TEAOH, TPrAOH and TBAOH [12].telestingly, the trend of
sigma profile data analysis further justified theHITinhibition behaviour of
considered AlLs.

Preceding Literature [14,25] has previously recpegdithat the THI behaviour is
favourably reliant on the hydrogen bonding abitifyanion like OH together with the
elongation of cations alkyl chain length as conédrvia sigma profile analysis (see
Figure 5. Apparent thermodynamic inhibition of Allssvery sensitive to the change
in cation, primarily due to microscopic level hydem bonding interactions of
between AlLs and water molecules [78]. The hydrodpemds and electrostatic
interactions of AlLs considerably lower the actuitoefficient of water, and therefore
lead to robust THI inhibition [79]. Thus the bettgrdrate inhibition performance of
TMAOH (as witnessed in Figure 3, and FigureA¥= 1.28 K) is due to the presence
of shortest alkyl chain cation (methyCH,) [TMA "] among all the studied system as
confirmed by the Figure 5. Additionally, Kurneh al.[80], stated the increase in the
size of alkyl chain length increase the aliphatimigties associated with the cation
core of AlLs leads towards the hydrophobicity oL.Aland hence to decline the AlLs
mutual miscibility with water which attributed due the influence of cations in the
considered AlLs. Moreover, the presence of Gthctional group, significantly
increases the nonideality of the system by altetivegchemical potential as revealed
by elsewhere [21]. Nevertheless, both conventiortabitors and AlLs show peaks in
all the sigma profile regions like water. HoweveEOSMO-RS data further

corroborated the superior THI impact of conventianeer studied AlLs.

Thermodynamic modelling of CH,4 riched mixed gas hydrate in the presence of AlLs

The considered electrolyte model (Dickens and Quidbnt [50] model) is
utilize to predict the HLVE data for studied systems with AlLs solutionsac®i the
considered model use freezing poiff) (depression temperatures of the electrolyte,
the Ty of the studied AlLs solutions are calculated asppsed by Dickens and
Quinby-Hunt [50] and reported in Table 9.

T, =—k; (M)(i) (8)

where ks represents the cryoscopic constant of water as31k8kg/mol, m denoted

the molality of the AlLs, andrepresents the ionic strength of the AlLs.



442  Table9: The calculated freezing point temperatufe@<) of studied AlLs solutions.

AlLs concentrations TMAOH TEAOH TPrAOH TBAOH
1 wt% 272.77 K - - -
Swt% 271.87 K - - -
10 wt% 270.73 K 271.60 K 271.99 K 272.20 K
443 Expanded uncertainties U(T) = +0.1 K, (0.95 levietanfidence).

444  As is observed from Table 9 that the freezing poihthe AlLs systems increased
445  with the elongation of the alkyl chain. As a resUIMAOH offers the lowermost
446  freezing point which endorsed in the form of supeifiHI inhibition. The predicted
447  and experimental HIVE data points for 10 wt% aqueous AlLs solutionpidid in
448  Figure 6. Furthermore, the modelling is extendedh various concentrations of

449  TMAOH solution and presented in Figure 7.

F @ 10 wt% TMAOII
75 I'redicted 10 wito T MAOH @
@ 10wt TEAOH
] Predicted 10 wt% TEAOH
[ = 10 wt% TPrAOH
0.5 “====-Predicted 10 wt % TPrAOH
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= ¢
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451  Figure 7: Experimental and predicted R\E data points for 10 wt% AILs systems
452  with CH, riched mixed gas.
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Figure 8: Experimental and predicted R\E data for 1, 5 and 10 wt% TMAOH with
CH, riched mixed gas.

As demonstrated in the above figures, the predietieg/E modelling results are in
satisfactory agreement with experimental data. 8 40l further presented the average
absolute error for prediction of GHich mixed gas HLVE points of studied systems.
Also, robust correlations with Rvalues < 0.99 at 95 % confidence level attained
among the experimental and predicted,ME data in the presence of shorter alkyl
chain AlLs (TMAOH, TEAOH and TPrAOH). Owing to sefliathratic nature of
TBAOH, the existing model is not capable of peniinthe TBAOH behaviour. As
stated earlier, the considered electrolyte modtdbéished upon the freezing point
depression temperatures of the AlLs. Ideally, TBAGHpposes to provide slight
inhibition at 10wt% concentration instead it detsehydrate promotional impact
attributed due to its semi-clathratic nataaeised in overprediction as evident in AAE
value of 1.28 K (see Table 10). The enthalpy of TBA data in this study also
confirmed the semi-clathratic nature of TBAOH whigheviously reported for
different gases systems [26,70,81,82]. It can atswlude from TBAOH result that
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the existing model is not appropriate for semifulate hydrates. Moreover, the
accuracy of the model at low concentration (i.et%WMAOH) is found least precise
than other concentrations perhaps owing to a smaligent of freezing point
depression at 1 wt% aqueous TMAOH solution. Ovethls can be concluded that,
in hydrate formation conditions, aqueous AlLs hatlee same behaviour as
electrolytes. Therefore, the existing model couttpyed efficiently or modified for
the modelling of the HLVE conditions in the presence of different ioniguiids for
other hydrate formers.

Table 10: Predicted HLLVE points in the presence of studied AlLs systems.

System Temperature No. datapoint  AAE (K) R?
range (K)
10 wt% aqueous AlL s solutions
TMAOH 276.7-284.7 4 0.10 0.998
TEAOH 277.2-285.3 4 0.18 0.997
TPrAOH 277.5-285.5 4 0.08 0.999
TBAOH 277.6-285.7 4 1.26 0.999
TMAOH solutions

1wt% 278.0-286.1 4 0.40 0.999

5wt% 277.4-285.5 4 0.20 0.998
10 wt% 276.7-284.7 4 0.10 0.998

CONCLUSION

In this study, the HLVE behaviour of CH rich binary mixed gas in the presence of
four AlLs are reported via experimental and modellapproaches. Results indicated
that in the presence of shorter alkyl chain AILMMAOH, TEAOH and TPrAOH at
10wt % concentration) the hydrate phase boundary i@Hed gas moves to higher
pressure and lower temperature regions. Converd@AOH displayed hydrate
promotional influence in this studylThe average suppression temperatukd) (
between 10wt% AlLs systems ranged between 1.28 KIAQH) to -0.84 K
(TBAOH) within the studied pressure range (1.9009MPa). It is apparent from the
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accomplished results that the THI inhibition praidly linked to the alkyl chain
length of cation (elongation) of AlLs. Thus, shortdkyl chain delivers enhanced
thermodynamic inhibition in comparison to highekyhlchain length AlLs. The THI
impact of TMAOH (best found AIL in this study) alsextended to various
concentrations (1, 5 and 10 wt %) and found that Tribition reduced with
decreased concentrations of TMAOH. Sigma profileadaf considered AlLs from
COSMO-RS provide additional justification on thdluence of alkyl chain length
(elongation) of AlLs on THI inhibition. Moreoverhé¢ dissociation enthalpy of GH
riched mixed gas (CH+ CO, + AlLs-water) also reported for all the studiedteyns.
Apart from TBAOH (semi-clathrate), the enthalpyalaf all other (considered) AlLs
are in the range of the structure | hydrate. Appidyethis also endorses that shorter
alkyl chain AlLs do not partake in the hydrate caeictures. Furthermore, the
electrolyte based thermodynamic model applied tipt the HLVE data of CH
riched mixed gas hydrates in the presence of sludlies; except for TBAOH, all the
considered AlLs exhibited a good agreement witheeixpental data.

Acknowledgement
PETRONAS Research Sdn Bhd (PRSB) supported thidystunder TD Project

(MRA) Grant No. 053C1-024. The authors would like recognized Chemical
Engineering Department, Universiti Teknologi PETR&BNfor providing facilities
throughout the studies.

References

[1] E.D. Sloan, C.A. Koh, Clathrate Hydrates of iWal Gases, 3rd edition, CRC
Press Taylor & Francis, Boca Raton; London; Newky@008.

[2] C.E. Taylor, J.T. Kwan, eds., Advances In thedy of Gas Hydrates, 1st ed.,
Kluwer Academic Publishers New York, Boston, Doddie London, Moscow,
2004.

[3] M.L. Zanota, C. Dicharry, A. Graciaa, Hydratkig prevention by quaternary
ammonium  salts, Energy and Fuels. 19 (2005) 584-590
doi:10.1021/ef040064l.

[4] M.S. Khan, C.B. Bavoh, B. Partoon, B. Lal, M.Bustam, A.M. Shariff,
Thermodynamic effect of ammonium based ionic ligumh CQ hydrates
phase boundary, J. Mol. Lig. 238 (2017) 533-539.
doi:10.1016/j.molliq.2017.05.045.



521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565

[5]
[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Z.D. Patel, J. Russum, Flow Assurance: Cheniidabition of gas hydrates in
deepwater production systems, Multi-Chem. (200@)0410.4043/14010-MS.
L.K. Chun, A. Jaafar, lonic liquid as low dosagydrate inhibitor for flow
assurance in pipeline, Asian J. Sci. Res. 6 (201374-380.
doi:10.3923/ajsr.2013.374.380.

D. Sloan, C. Koh, A. Sum, Natural gas hydratesflow assurance, Gulf
Professional Publishing, 2010.

Q. Nasir, K.K. Lau, B. Lal, K.M. Sabil, Hydrat®issociation Condition
Measurement of C©- Rich Mixed Gas in the Presence of Methanol / Ethgl
Glycol and Mixed Methanol / Ethylene Glycol + Elextyte Aqueous Solution,
J. Chem. Eng. Data. 59 (2014) 3920-3926.

A.K. Sum, C.A. Koh, E.D. Sloan, Clathrate Hythst From Laboratory
Science to Engineering Practice, Ind. Eng. Chens. R8 (2009) 7457—-7465.
doi:10.1021/ie900679m.

M. Cha, K. Shin, Y. Seo, J.Y. Shin, S.P. Ka@gptastrophic growth of gas
hydrates in the presence of kinetic hydrate inbisitJ. Phys. Chem. A. 117
(2013) 13988-13995. d0i:10.1021/jp408346z.

C. Xiao, H. Adidharma, Dual function inhibisofor methane hydrate, Chem.
Eng. Sci. 64 (2009) 1522-1527. doi:10.1016/j.ce3821P.031.

X. Peng, Y. Hu, Y. Liu, C. Jin, H. Lin, Sep&om of ionic liquids from dilute
aqueous solutions using the method based onh@@rates, J. Nat. Gas Chem.
19 (2010) 81-85. d0i:10.1016/S1003-9953(09)60027-X.

K.M. Sabil, O. Nashed, B. Lal, L. Ismail, Aagper-Jaafar, A. Japper-, et al.,
Experimental investigation on the dissociation ¢oods of methane hydrate
in the presence of imidazolium-based ionic liquidlsChem. Thermodyn. 84
(2015) 7-13. d0i:10.1016/}.jct.2014.12.017.

M. Tarig, D. Rooney, E. Othman, S. Aparicio, Ktilhan, M. Khraisheh, Gas
hydrate inhibition: A review of the role of ioniguids, Ind. Eng. Chem. Res.
53 (2014) 17855-17868. d0i:10.1021/ie503559k.

O. Nashed, K.M. Sabil, B. Lal, L. Ismail, A.Jaafar, Study of 1-(2-
Hydroxyethyle) 3-methylimidazolium Halide as Themiyoamic Inhibitors,
Appl. Mech. Mater. 625 (2014) 337-340.
doi:10.4028/www.scientific.net/ AMM.625.337.

V.R. Avula, R.L. Gardas, J.S. Sangwai, Modgliof Methane Hydrate
Inhibition in the Presence of Green Solvent fordbffre Oil and Gas Pipeline,
Isope-I-14. 3 (2014) 49-54.

T.E. Rufford, S. Smart, G.C.Y. Watson, B.FaGam, J. Boxall, J.C. Diniz da
Costa, et al.,, The removal of g@nd N from natural gas: A review of
conventional and emerging process technologidzet].Sci. Eng. 94-95 (2012)
123-154. doi:10.1016/j.petrol.2012.06.016.

K. Nazari, ANN. Ahmadi, A Thermodynamic Studyf Methane Hydrate
Formation In The Presence Of [BMIM][BF4] and [BMINs] lonic Liquids,
in: Proc. 7th Int. Conf. Gas Hydrates (ICGH 202D11.

O. Nashed, D. Dadebayev, M.S. Khan, C.B. Bah Lal, A.M. Shariff,
Experimental and modelling studies on thermodynammethane hydrate



566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

inhibition in the presence of ionic liquids, J. Mdlig. 249 (2018) 886—891.
doi:10.1016/j.molliq.2017.11.115.

J.H. Cha, C. Ha, S.P. Kang, J.W. Kang, K.SnKirhermodynamic inhibition
of CO2 hydrate in the presence of morpholinium aoipleridinium ionic
liquids, Fluid Phase Equilib. 413 (2016) 75-79.
doi:10.1016/j.fluid.2015.09.008.

L. Keshavarz, J. Javanmardi, A. EslamimaneghH. Mohammadi,
Experimental measurement and thermodynamic modelingethane hydrate
dissociation conditions in the presence of aquesmlation of ionic liquid,
Fluid Phase Equilib. 354 (2013) 312-318. doi:106pfluid.2013.05.007.

X. Shen, L. Shi, Z. Long, X. Zhou, D. Liangxferimental study on the kinetic
effect of N-butyl-N-methylpyrrolidinium bromide o@O, hydrate, J. Mol. Liq.
223 (2016) 672—-677. doi:10.1016/j.molliq.2016.08.11

K.-S. Kim, J.W. Kang, S.-P. Kang, Tuning ioniguids for hydrate inhibition,
Chem. Commun. 47 (2011) 6341-6343. doi:10.1039(EECOf.

M.S. Khan, B. Lal, B. Partoon, L.K. Keong, M.Bustam, N.B. Mellon,
Experimental Evaluation of a Novel Thermodynamiailhitor for CH, and
CO, Hydrates, Procedia Eng. 148 (2016) 932-940.
doi:10.1016/j.proeng.2016.06.433.

M.S. Khan, B. Lal, C.B. Bavoh, L.K. Keong, Austam, Influence of
Ammonium based Compounds for Gas Hydrate MitigatiBnShort Review,
Indian J. Sci. Technol. 10 (2017) 1-6. doi:10.174§8&52017/v10i5/99734.

O. Nashed, J.C.H. Koh, B. Lal, Physical-cheahi®roperties of Aqueous
TBAOH Solution for Gas Hydrates Promotion, Procefliag. 148 (2016)
1351-1356. d0i:10.1016/].proeng.2016.06.586.

A. ESLAMIMANESH, Thermodynamic Studies on Se@lathrate Hydrates
of TBAB + Gases Containing Carbon Dioxide, 2012.

B.S. Shin, E.S. Kim, S.K. Kwak, J.S. Lim, K.Xim, JW. Kang,
Thermodynamic inhibition effects of ionic liquidsnothe formation of
condensed carbon dioxide hydrate, Fluid Phase Bq@82 (2014) 270-278.
doi:10.1016/j.fluid.2014.09.019.

M.S. Khan, B. Partoon, C.B. Bavoh, B. Lal, N.Blellon, Influence of
tetramethylammonium hydroxide on methane and cadioxide gas hydrate
phase equilibrium conditions, Fluid Phase Equitelume 440 (2017) 1-8.
doi:10.1016/j.fluid.2017.02.011.

M. Tarig, E. Connor, J. Thompson, M. Khraishéh. Atilhan, D. Rooney,
Doubly dual nature of ammonium-based ionic liquids methane hydrates
probed by rocking-rig assembly, RSC Adv. 6 (20163827/-23836.
doi:10.1039/C6RA00170J.

C.B. Bavoh, B. Partoon, B. Lal, L. Kok Keonlylethane hydrate-liquid-
vapour-equilibrium phase condition measurementthénpresence of natural
amino acids, J. Nat. Gas Sci. Eng. 37 (2017) 425-43
doi:10.1016/j.jngse.2016.11.061.

C.B. Bavoh, B. Partoon, B. Lal, G. Gonfa, $oKhor, A.M. Sharif, Inhibition
Effect of Amino Acids on Carbon Dioxide Hydrate, €h. Eng. Sci. (2017).



611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

doi:10.1016/j.ces.2017.05.046.

Z. Long, X. Zhou, X. Shen, D. Li, D. Liang, &we Equilibria and Dissociation
Enthalpies of Methane Hydrate in Imidazolium lonigquid Aqueous
Solutions, Ind. Eng. Chem. Res. 54 (2015) 117016817
doi:10.1021/acs.iecr.5b03480.

M.J. Ross, L.S. Toczylkin, Hydrate dissociatipressures for methane or
ethane in the presence of aqueous solutions dfytene glycol, J. Chem. Eng.
Data. 37 (1992) 488-491. doi:10.1021/je00008a026.

A.H. Mohammadi, D. Richon, Phase Equilibria Mdethane Hydrates in the
Presence of Methanol and/or Ethylene Glycol AqueSahkitions, Ind. Eng.
Chem. Res. 49 (2010) 925-928. d0i:10.1021/ie901357m

D.B.R. Heng-Joo Ng, H.J. Ng, D.B. Robinson,drBte formation in systems
containing methane, ethane, propane, carbon diaritydrogen sulfide in the
presence of methanol, Fluid Phase Equilib. 21 (198B45-155.
doi:10.1016/0378-3812(85)90065-2.

E. Breland, P. Englezos, Equilibrium hydradenfation data for carbon dioxide
in aqueous glycerol solutions, J. Chem. Eng. Data. (1996) 11-13.
doi:10.1021/je950181y.

J.-H. Cha, C. Ha, S.-P. Kang, J.W. Kang, K.4dm, Thermodynamic
inhibition of CO2 hydrate in the presence of moiptiom and piperidinium
ionic liquids, Fluid Phase Equilib. (2015) 2-6.:d6i.1016/j.fluid.2015.09.008.
X.-D. Shen, Z. Long, L. Shi, D.-Q. Liang, Plkasquilibria of CQ Hydrate in
the Aqueous Solutions &f -Butyl- N -methylpyrrolidinium Bromide, J. Chem.
Eng. Data. 60 (2015) 3392-3396. doi:10.1021/act 5t¥0652.

R. Ullah, M. Atilhan, B. Anaya, M. Khraishely. Garcia, A. EIKhattat, et al.,
A detailed study of cholinium chloride and levutiracid deep eutectic solvent
system for CQ@ capture via experimental and molecular simulaéipproaches,
Phys. Chem. Chem. Phys. 17 (2015) 20941-2096QL.@&D39/C5CP03364K.
M.F. Qureshi, M. Atilhan, T. Altamash, M. TgriM. Khraisheh, S. Aparicio,
et al., Gas Hydrate Prevention and Flow Assuraiyddging Mixtures of lonic
Liquids and Synergent Compounds: Combined Kinetied Thermodynamic
Approach, Energy & Fuels. 30 (2016) 3541-3548.
doi:10.1021/acs.energyfuels.5b03001.

C.B. Bavoh, B. Lal, O. Nashed, M.S. Khan, Kllau, M.A. Bustam, COSMO-
RS: An ionic liquid prescreening tool for gas hydranitigation, Chinese J.
Chem. Eng. 24 (2016) 1619-1624. doi:10.1016/j.cRbES5.07.014.

A. Klamt, COSMO-RS for aqueous solvation amdeifaces, Fluid Phase
Equilib. 407 (2016) 152-158. doi:10.1016/.fluid13005.027.

M.S. Khan, C.S. Liew, K.A. Kurnia, B. CornediuB. Lal, Application of
COSMO-RS in Investigating lonic Liquid as Thermodygmic Hydrate
Inhibitor for Methane Hydrate, Procedia Eng. 14801@) 862-869.
doi:10.1016/j.proeng.2016.06.452.

V.R. Avula, R.L. Gardas, J.S. Sangwai, An iomyed model for the phase
equilibrium of methane hydrate inhibition in theepence of ionic liquids, Fluid
Phase Equilib. 382 (2014) 187-196. doi:10.1016igf2014.09.005.



656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

V.R. Avula, R.L. Gardas, J.S. Sangwai, An@ént model for the prediction of
CO, hydrate phase stability conditions in the presesfcahibitors and their
mixtures, J. Chem. Thermodyn. 85 (2015) 163-170.
doi:10.1016/j.jct.2015.01.0089.

J. Palomar, J.S. Torrecilla, J. Lemus, V.RiréeF. Rodriguez, Prediction of
non-ideal behavior of polarity/polarizability scslef solvent mixtures by
integration of a novel COSMO-RS molecular descrigtod neural networks,
Phys Chem Chem Phys. 10 (2008) 5967-5975. doi:20/h807617Kk.

B. Partoon, N.M.S. Wong, K.M. Sabil, K. Nastf M.R. Ahmad, A study on
thermodynamics effect of [EMIM]-CI and [OH-®IM]-ClI on methane
hydrate equilibrium line, Fluid Phase Equilib. 32013) 26-31.

H.Y. Chin, B.S. Lee, Y.P. Chen, P.C. Chen,.3.if, L.J. Chen, Prediction of
phase equilibrium of methane hydrates in the p@seai ionic liquids, Ind.
Eng. Chem. Res. 52 (2013) 16985-16992. doi:10.1&127023.

G.R. Dickens, M.S. Quinby-Hunt, Methane hydratability in pore water: A
simple theoretical approach for geophysical appbos, J. Geophys. Res. 102
(1997) 773-783. d0i:10.1029/96jb02941.

M.S. Khan, C.B. Bavoh, B. Partoon, O. Nashgdl.al, N.B. Mellon, Impacts
of ammonium based ionic liquids alkyl chain on thedynamic hydrate
inhibition for carbon dioxide rich binary gas, JoMLiq. 261 (2018) 283-290.
doi:10.1016/j.molliq.2018.04.015.

C.B. Bavoh, O. Nashed, M. Saad Khan, B. Partd Lal, A.M. Sharif, The
Impact of Amino Acids on Methane Hydrate Phase Blauy and Formation
Kinetics, J. Chem. Thermodyn. 117 (2018) 48-53.
doi:10.1016/j.jct.2017.09.001.

B. Partoon, K.M. Sabil, H. Roslan, B. Lal, L.Keong, Impact of acetone on
phase boundary of methane and carbon dioxide ntiyedates, Fluid Phase
Equilib. 412 (2016) 51-56. doi:10.1016/j.fluid.2018.027.

M.S. Khan, C.B. Bavoh, B. Partoon, O. Nashgdl al, N.B. Mellon, Impacts
of ammonium based ionic liquids alkyl chain on thedynamic hydrate
inhibition for carbon dioxide rich binary gas, J.oM Lig. (2018).
doi:10.1016/j.molliq.2018.04.015.

C. Xiao, N. Wibisono, H. Adidharma, Dialkylie@zolium halide ionic liquids
as dual function inhibitors for methane hydratee@h Eng. Sci. 65 (2010)
3080-3087. doi:10.1016/j.ces.2010.01.033.

P. Babu, P. Paricaud, P. Linga, Experimentehsurements and modeling of
the dissociation conditions of semiclathrate hyesanf tetrabutyl ammonium
nitrate and carbon dioxide, Fluid Phase Equilib.3 4{2016) 80-85.
doi:10.1016/j.fluid.2015.08.034.

P. Babu, P. Linga, R. Kumar, P. Englezos, %ee of the hydrate based gas
separation (HBGS) process forcarbon dioxide prekxgtion capture, Energy.
85 (2015) 261-279. doi:10.1016/j.energy.2015.03.103

G.K. Anderson, Enthalpy of dissociation anddiation number of methane
hydrate from the Clapeyron equation, J. Chem. Thdym. 36 (2004) 1119-
1127. doi:10.1016/}.jct.2004.07.005.



701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

W. Lin, a. Delahaye, L. Fournaison, Phaseildgium and dissociation
enthalpy for semi-clathrate hydrate of COTBAB, Fluid Phase Equilib. 264
(2008) 220-227. d0i:10.1016/j.fluid.2007.11.020.

K. Tumba, P. Reddy, P. Naidoo, D. Ramjugernth Eslamimanesh, A.H.
Mohammadi, et al., Phase equilibria of methane @ardon dioxide clathrate
hydrates in the presence of aqueous solutionsitmitgfmethylphosphonium
methylsulfate ionic liquid, J. Chem. Eng. Data. f8011) 3620-3629.
doi:10.1021/je2004629.

L. li Shi, D. ging Liang, Thermodynamic modelf phase equilibria of
tetrabutyl ammonium halide (fluoride, chloride, lmomide) plus methane or
carbon dioxide semiclathrate hydrates, Fluid PHzpailib. 386 (2015) 149-
154. doi:10.1016/}.fluid.2014.12.004.

A. Klamt, F. Eckert, W. Arlt, COSMO-RS - An #rnative to Simulation for
Calculating Thermodynamic Properties of Liquid Misds, Annu. Rev. Chem.
Biomol. Eng. 1 (2010) 101-122. doi:10.1146/annwkembioeng-073009-
100903.

A. Klamt, F. Eckert, COSMO-RS: A novel andieiint method for the a priori
prediction of thermophysical data of liquids, Fluthase Equilib. 172 (2000)
43-72. doi:10.1016/S0378-3812(00)00357-5.

A. Klamt, The COSMO and COSMO-RS solvation reksd Wiley Interdiscip.
Rev. Comput. Mol. Sci. 1 (2011) 699—709. doi:10 2/8&ms.56.

C. Loschen, A. Klamt, Prediction of solubidi§ and partition coefficients in
polymers using COSMO-RS, Ind. Eng. Chem. Res. 834 11478-11487.
doi:10.1021/ie501669z.

M. Diedenhofen, A. Klamt, COSMO-RS as a tami property prediction of IL
mixtures-A  review, Fluid Phase Equilib. 294 (201081-38.
doi:10.1016/j.fluid.2010.02.002.

A.P. Pieroen, Gas hydrates- approximate @tatibetween heat formation,
composition and equilibrium temperature lowering ibkiibitors, Rec. Trav.
Chim. 74 (1955) 955-1002.

J. Javanmardi, M. Moshfeghian, R.N. Maddox, Awccurate model for
prediction of gas hydrate formation conditions inxtures of aqueous
electrolyte solutions and alcohol, Can. J. Cheng. £8 (2001) 367-373.

J. Javanmardi, M. Moshfeghian, R.N. Maddoxnfle Method for Predicting
Gas-Hydrate-Forming, Energy & Fuels. 28 (1998) 2P2-

Y. Su, D.J. Searles, L. Wang, Semiclathratedrbtes of methane +
tetraalkylammonium hydroxides, Fuel. 203 (2017) -@%.
doi:10.1016/j.fuel.2017.05.005.

O. Dolotko, A.A. Karimi, D. Dalmazzone, The & Behaviours in Mixed G +
Tetra — N-Butylphosphonium Borohydride and G + &éti-Butylammonium
Hydroxide Hydrates (Where G =H\), in: Proc. 7th Int. Conf. Gas Hydrates
(ICGH 2011), Edinburgh, Scotland, United KingdomlyJL7-21, 2011, 2011.
F. Franks, Water, A Comprehensive Treatiseluwee 2: Water in crystalline
hydrates; aqueous solutions of simple noneleces|yt Springer
Science+Business Media, 1973. doi:10.1007/978-1/-46P58-6_2.



746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

N.N. Nguyen, A. V. Nguyen, Hydrophobic Effemt Gas Hydrate Formation in
the Presence of Additives, Energy & Fuels. (201¢8.energyfuels.7b01467.
doi:10.1021/acs.energyfuels.7b01467.

Q. Nasir, K.M. Sabil, K.K. Lau, Measurement igbthermal (vapor+liquid)
equilibria, (VLE) for binary (CH+CQO,) from T=(240.35 to 293.15) K and
CO2 rich synthetic natural gas systems from T=(2380 279.15) K, J. Nat.
Gas Sci. Eng. 27 (2015) 158-167. doi:10.1016/jgrif315.08.045.

E. Dendy Sloan, C.A. Koh, Gas Hydrates of Malt@ases, third edition, CRC
Press LLC, 2000 Corporate Blvd., N.W., Boca Ratén 33431, USA Orders
from the USA and Canada (only) to CRC Press LLCndam; New York,
2008.

W. Shimada, Y. Kamata, H. Oyama, T. EbinumaJ&keya, T. Uchida, et al.,
Gas Separation Method Using Tetra-n-butyl Ammoni@romide Semi-
Clathrate Hydrate, Japanese J. Appl. Physics, P&egul. Pap. Short Notes
Rev. Pap. 43 (2004) 362—365. doi:10.1143/JJAP.£2A81 1

G. Gonfa, M.A. Bustam, T. Murugesan, Z. Man,l.. Mutalib, COSMO-RS
Based Screening lonic Liquids for Separation of Z#e and Cyclohexane,
Int. J. Chem. Environ. Eng. 3 (2012) 244-254.

T. Kavitha, P. Attri, P. Venkatesu, R.S.R. eév. Hofman, Influence of alkyl
chain length and temperature on thermophysical gtgs of ammonium-
based ionic liquids with molecular solvent, J. Ph@hem. B. 116 (2012)
4561-4574. doi:10.1021/jp3015386.

J.-H. Sa, G.-H. Kwak, K. Han, D. Ahn, S.J. CAdD. Lee, et al., Inhibition of
methane and natural gas hydrate formation by aletthe structure of water
with amino acids, Sci. Rep. 6 (2016) 31582. doit0B@8/srep31582.

K.A. Kurnia, M. V Quental, L.M.N.B.F. Santob).G. Freire, J.A.P. Coutinho,
Mutual solubilities between water and non-aromatitfonium-, ammonium-
and phosphonium-hydrophobic ionic liquids., Phyfie@. Chem. Phys. 17
(2015) 4569-77. d0i:10.1039/c4cp05339g.

A.A. Karimi, O. Dolotko, D. Dalmazzone, Hydeaphase equilibria data and
hydrogen storage capacity measurement of the sydtetetrabutylammonium
hydroxide+HO, Fluid Phase Equilib. 361 (2014) 175-180.
doi:10.1016/j.fluid.2013.10.043.

Y. Su, S. Bernardi, D.J. Searles, L. WangeEfffof Carbon Chain Length of
Organic Salts on the Thermodynamic Stability of IMete Hydrate, J. Chem.
Eng. Data. 61 (2016) 1952-1960. doi:10.1021/act $t¥0185.



Research Highlights

Elongation of AlLsakyl chain attributed declinein THI.

Enthalpy of hydrate dissociations data reported for CH,4 riched mixed gas
systems.

COSMO-RS based sigma profile analysis justified the THI behavior of studied
AlLs.

The experimental and model predicted HL,,VE data are found to be in good
agreement.
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