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Abstract
In this work, the hydrate phase boundary of a gatune consisted of 29.9 mol% GEnd 70.1 mol%

CO, is experimentally studied in the presence of 1 me0l% of an aqueous acetone solution. Results
indicated that acetone acts as a weak inhibitah@ngas mixture. In addition, enthalpy of hydrate
dissociation for this system is reported. Basetherresults, the inhibition effect of acetone igrfd

to be decreasing with the increase of acetone corat®n while the enthalpy of hydrate dissociation
is increasing with the increase of acetone conagatr within the studied range.

Keywords: Hydrate phase boundary; Acetone; Carbon dioxidéhilee Mixed Gas; Inhibitor; Enthalpy of
dissociation

1. Introduction

Gas hydrates are crystalline complex structuresisbf hydrated polyhedron lattice, which
acts as a host and entrapped guest molecules. @&udstules, generally, may carry strong
hydrophobic characteristics and none or weak gglashich leading to immiscibility with water [1].
Still, some water soluble hydrocarbon can formickte hydrate due to minimization of Gibbs free
energy of the guest and host molecules at highspresand relatively low temperatures [2].

Increasing energy demand across the globe in tflec@dtury makes non-conventional fuel
resources to become economically interesting. iRlgisides the development of high carbon dioxide
(COy,) gas reservoir where G@ontent can be more than 50 mol% of the gas aligim place. For
example, Kb5 field located offshore of Sarawak, &fala with 25.65 trillion SCF gas reserve, shows
evidence of bearing more than 70 mol% &) In addition, biogas and landfill gas that da@
classified as renewable energy resources, mostlyisioof 45 to 60 vol% methane (QHand 40-60
vol% CO, with traces of some other gases [4, 5]. Econoityiddle high CQ gas requires an efficient
CO, separation module to make these resources malketabeven suitable as feedstock for
manufacturing processes [3]. On the other handrnational regulations, such as Kyoto Protocol,
emphasize on the reduction of greenhouse gasesiemiparticularly C@ to the atmosphere [6, 7].
Therefore, both economic and environmental aspactspointing to a need for a clean £O
separation process prior to the utilization of éheew resources.

The common gas separation technologies such asicdeabsorption, adsorption, cryogenic
distillation and membrane separation, are incapddath economically and technically, to capture
the large amounts of G@rom gas streams. Some critical problems are &sgsacwith large energy
consumption, corrosion, foaminess, and low capa€&ity example, estimations showed that the
deployment of absorption capturing technology uefgas cleaning from a modern power plant can

reduce the thermal efficiency from approximately®%o approximately 35%. [8]. Therefore,
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development of new and existing capturing technekghould lower the energy requirements in
order to minimize the overall costs as well as emmental impacts [9].

Utilization of gas hydrate as a separation techyple one of the alternatives. Separation obCO
from N, by forming gas hydrate in the presence of tetresfydan (THF) was reported by Kang and
Lee [10]. According to their investigation, utilizan of hydrate technology is less energy intensive
compared to common capturing process due to theerataltemperature condition of 273 to 283 K.
In addition, using THF can decrease hydrate formmapressure and consequently decrease the
overall energy consumption for the process [10gréhare several publications in the open literature
that suggest hydrate formation process for separaif CQ from N,, H, and some other gases.
Eslamimanesh et al. (2012) presented a compreleeasivey of experimental studies dealing with
separation of a gases by hydrate formation teclgydbl]. However, separation of G&om CH,
received less attention in these studies. Seo at @000) showed that separation of,@0@m CH, is
possible through hydrate formation process [12)thBCQ and CH are good gas hydrate former and
their gas hydrate phase boundaries are relatidebedo each other. This makes their separation
through hydrate formation process more challengihguitable promoter to enhance the separation
may be the key. THF as the most famous promoteinasvn good promotion effects for both gases
[13, 14]. Consequently, it cannot be a good candittaenhance their separation.

Acetone, as a common solvent, can be a good catedior this purpose. Acetone has shown a
thermodynamic promotion effect on methane hydraten&tion at low concentration [14, 15]. The
promotion effects of acetone on methane hydrafesisobserved by Ng and Robinson when they
were looking for a new inhibitor for methane hyerft6]. Acetone is a polar compound that is liquid
at room temperature. At first glance, acetone sders an inhibitor, as it has many characteristics
common with alcohols. But, at low concentratioristhermodynamically promotes the methane
hydrate formation condition. The maximum promotiefiect was observed at around 6 mol%
concentration[17]. This promotion effect is coneertto inhibition when acetone concentration is
higher than 30 mol% [15]. On the other hand, awe&howed thermodynamic inhibition effect for
carbon dioxide hydrate at all concentration [18herefore, as acetone has different effects on pure
CHsand CQ hydrates at low concentrations, it may show sonhecBeity on separation of these
gases by hydrate formation process. Yet, priorttiolysthe separation efficiency, the equilibrium
phase boundary for such system should be studiedaiaalyzed first. Acetone and water are well
known for non-ideal behaviors and hence predictminisydrate formation in such system through
thermodynamic modeling have a considerable errdousTin this work, the phase boundary of gas

hydrate for a system of water + acetone +»€QH, is experimentally measured and reported.
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2. Experimental Section

2.1. Material

Acetone with purity of 99.8% was purchased from dkavlillipore. A pre-mixed CHand CQ
gas mixture was purchased from AirProduct SingapteelLtd. The gas mixture ratio as specified by
the supplier is 29.99 mole % Gldnd 70.01 mol% C©O This CQ to CH, ratio is selected in order to
simulate the K5 field gas composition and the pmeech gas was used without any further

purification. Deionized water was used to prepaueaus acetone solutions.

2.2. Apparatus

A high-pressure cell, manufactured by Dixson FA ieegring Sdn. Bhd is used for the
measurement of gas hydrate phase boundary. Thenatiheof the experimental rig is depicted in
Figure 1. The equilibrium cell is made of stainlss and has an internal volume of 500 ml. Thi ce
is equipped with a PT-100 platinum thermometer wite accuracy of +0.15 °C. A GP-M250
Keyence pressure transducer with the accuracy @R4Xull span is used to measure the pressure
inside the cell. In addition, a magnetic stirriygtem consisted of a 2-bladed pitch impeller ad@iGa
rpm motor is used to agitate liquid in the celleTdell is immersed inside a thermostatic bath. The
bath temperature is controlling by a PID controlleth an accuracy of £0.3 °C. In addition, the bath
temperature set point is programmable through dedgisition system. Pressure and temperature
data is recorded every second.

INSERT FIGURE 1

Figure 1. Simplified schematic of experimental rig.

2.3. Procedure

The -hydrate equilibrium points were measured bgleging an isochoric method. The cell was
washed using distilled water and dried. The exiravas removed from the cell using a vacuum
pump. 100 crhof aqueous acetone solution at the desired coratimt was fed into the cell through
liquid injection point and gas was purged threeesnto ensure complete removal of air from the
system. Then, gas was introduced to the cell uhgl desired pressure is achieved at room
temperature. The stirring system was turned onthed the temperature was decreased to 273 K.
System was kept at this temperature for 4 hrs sorengas hydrate formation. After that, the system
was warmed stepwise to 293 K. At each step, th@eeature was held constant for 30 min to 240
min, according to the set point temperature andeetgal equilibrium temperature. The hydrate

dissociation condition was determined through Habihm, as described by Tohidi et al.[19].
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To produce the phase boundary forGQCH, + water + acetone system, four different acetone
concentrations was studied at three different piress In addition, to validate the accuracy of the
experimental setup, methane hydrate phase bounddhe presence of deionized water at three

different pressures was measured and compareditgititure data.

3. Resultsand Discussion

3.1. Validation of the new setup
The pressure-temperature profile for Skater system as a sample of the experimental

procedure followed in this work is depicted in Fig2. The cooling step is set to be fast to sharen
experimental time. The rapid pressure drop is duled hydrate formation. The heating part consisted
of a fast heating step following by several sloapst The location of the change in the P-T slope, a
shown in Figure 2, is taken as the hydrate equilibrpoint. The methane hydrate equilibrium point
shown in Figure 2 is 5.808 MPa and 281.35 K. IruFeg3, CH-water equilibrium data points are
included. As shown in this figure, the measurechdadincides with pure methane hydrate data
reported by Nakamura et al. [20].

INSERT FIGURE 2

Figure 2. Pressure-Temperature profile measured during €Water experiment.

3.2. CH4+ CO, + acetone + water hydrates Equilibrium data
The equilibrium points of CiH+ CQO, + acetone + water hydrates are tabulated in Talf@ur

different aqueous solutions of 1, 3, 5 and 7 mofaaetone are studied in this work. In addition,
blank deionized water is studied as reference tiomdiFor each solution, the hydrate dissociation
condition is reported for three to four differentegsures between 2.68 to 5.36 MPa. In each
experiment, the pre-mixed gas mixture of 29.9 mGIRgand 70.1 mol% C&is used as the feed gas.
In each experiment, based on starting pressurd¢esmnperature condition the final concentration of
gas and liquid phase composition is changed. IneThlthe CQand CH concentration in gas phase
is calculated by vapor-liquid equilibrium (VLE) calations at equilibrium pressure and temperature
with utilization of a¢-¢ approach, using Peng-Robinson equation of stat¢ \Wath modified
Huron-Vidal (MHV1) mixing rule [22] and UNIFAC adtity coefficient model [23] to calculate the
non-ideality of system.

As previously mentioned, the presence of acetormmptes CH hydrate formation at
concentrations lower than 7 mol%, while for £®drate it acts as an inhibitor at all concentratio
Therefore, for a mixture of C&nd CH, its impact is more complicated. The gas hydrdiasp

boundaries of Ck CO, and mixed CQCH, in the presence of 1 mol% acetone aqueous soligion
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depicted in Figure 3. The data for ¢£#H acetone in Figure 3 to 6 are taken from Sed. §14] and
Partoon et al.[15] while those for G®acetone data are taken from Maekawa work [18dihtion,
HLV equilibrium data of CHhydrate and C&hydrate in pure water are also illustrated in FegBito
provide better observation of acetone impact ontgasate phase boundary. The £ldnd CQ

hydrate data are taken from Nakamura €24l and Sabil et a[24], respectively.

Table 1. Gas hydrate equilibrium condition for G& CH, + acetone + water system. The feed gas consi$t2tl.®
mol% CH, and 70.1 mol% C©

Acetone Equilibrium condition Acetone Equilibrium condition
concentratio concentration
nin so(l)ution . . in ;ﬂﬁ}i;)n oh
(mol%) ()r/ngl%) (ﬁ]olo/;‘) T20¢) PMpa) | (MO (ﬁ?/i)) (r)‘/nolo;:)) T(K) P (MPa)
0 69.95 34.16 281.35 3.25 3 63.66 35.84 281.65 4.17
69.97 33.36 283.05 4.35 64.13 35.22 282.85 5.13
69.98 32.75 284.65 5.32 64.92 34.37 283.15 5.36
1 64.84 34.95 279.35 3.22 5 60.70 38.77 280.65 3.32
65.54 34.22 281.1 4.16 61.84 37.54 282.05 4.18
66.31 33.35 282.85 5.28 62.74 36.48 282.95 5.05
3 62.16 37.44 279.25 2.68 7 57.83 41.57 281.2 3.36
62.78 36.81 279.85 3.19 59.48 39.85 282.25 4.22
63.02 36.54 280.75 3.71 60.65 38.52 283.35 5.03

! Calculated value
2 Standard combined uncertaintiegP) = 0.07 MPa andy(T) = 0.1 K

INSERT FIGURE 3
Figure 3. HLV phase boundary of C{1CO, and their mixture in the presence of 1 mol% ace&wiution

As shown in Figure 3, the presence of 1 mol% aeetorhe solution shifts Cydrate phase
boundary to lower temperature, while it moves GQihase boundary to the higher temperature
condition. This resulted in almost the same equilib hydrate boundary for GO CH, and
consequently their mixture, as it shown in thisifggy By increasing acetone concentration to 3 mol%,
its promotional effect on CHhydrate and its inhibition effect on G@ydrate is increasing and thus

creating a distinct separation between the twolibguim lines as depicted in Figure 4.

INSERT FIGURE 4
Figure 4. HLV phase boundary of GHCGO, and their mixture in the presence of 3 mol% acetiution.

As shown in Figure 4, methane hydrate phase boymnslahifting to a higher temperature in the

presence of 3 mol% acetone. In contrast, the ihbibeffect of acetone significantly reduced the
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phase boundary of GOhydrate. Therefore, in the presence of 3 mol%aeft@ne in the aqueous
solution, CH hydrate is forming at higher pressure and tempegdhan that of Céhydrate. For the
mixed gas, as expected, the hydrate phase boundalgying between that of pure gases
hydrate-liquid-vapor (HLV) equilibrium line. Howexeas the studied gas mixture is rich in Cits
HLV line is tending toward CgHLYV line.

INSERT FIGURE 5
Figure5. HLV phase boundary of G}HCO, and their mixture in the presence of 5 mol% acetsiution.

A similar trend is observed for a system with 5 ¥haqueous acetone solution as depicted in
Figure 5. Due to the increase in acetone concémtrghe gap between methane and carbon dioxide
hydrate phase boundaries is increasing. This behasan be attributed to cage occupancy
competition. First of all, because of acetone mdahacsize, the presence of acetone in the system
converts structure sl methane and carbon dioxidieatg to structure sll, where acetone molecules
are occupying the large cavities of structure gtrates. For methane hydrate, sll provides lots of
small cages where methane molecules can bestsilen In contrast, due to the diameter of
CO.molecules, thesmall cages are very tight and although,@lecules can also occupy small
cages of both sl and sll, they tend to go intodacgvities [1]. This creates a competition between
CO, and acetone molecules to occupy the larger cavifesll hydrates. Therefore, for methane
hydrate at low concentrations, where acetone mtdecaccupy the large cavities and methane
occupies mostly small cavities, acetone promoteshifdrate formation condition while the similar
trend is not observed for the @&ystem. It is interesting to notice that the maximpromotion effect
of acetone in such system is at 6 mol% where thaycompletely fill all large cavities of sl hydeat
At higher concentrations, the polar propertiesreéfacetone molecules start to inhibit the hydrate
formation. Thus, at 30 mol% acetone becomes irthilhir CH, hydrate [15, 17]. For C{hydrates,
the competition between acetone and:@®lecules along with polar properties of both coods

convert acetone to an inhibitor at all concentraio

INSERT FIGURE 6
Figure 6. HLV phase boundary of C}HCO, and their mixture in the presence of 7 mol% acetsiution.

Figure 6 depicts Ck CO, and CQ-CH, mixture phase boundaries in the presence of 7 nodl%
acetone. At this concentration, the promotion ¢fté@cetone on methane hydrate phase boundary is
started to decrease. This is, however, not diredtcted the phase boundary of thes@®l, system.

The impact of acetone on mixed gas hydrate HL\hishition for all acetone concentrations.
Figure 7 compares the gas hydrate equilibrium teatpee of the mixed gas as a function of acetone

concentration at different pressures. As it shawthis figure, the presence of acetone in the golut
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decreases the mixed gas hydrate equilibrium teryerat constant pressure. This thermodynamic
inhibition effect is a weak function of acetone centration. For example, at 5 MPa and 1 mol% of
acetone the hydrate equilibrium temperature is edemd around 2 K. This shift in equilibrium

temperature is 1.4 K at 7 mol% for the same pressur

INSERT FIGURE 7

Figure 7. The impact of acetone on mixed gas hydrates dquith temperature at constant pressures.

3.3. Enthalpy of dissociation

Another important parameter for industrial applieatof gas hydrate is enthalpy of dissociation,
AHg, which by definition is the amount of heat reqdifer dissociating hydrate crystals to liquid and
gas phases. Gas hydrate enthalpy of dissociatiquraistitatively much higher than water enthalpy of
melting. AHq4 is equal to the amount of heat being releasechgunydrate formation and it is known
as enthalpy of hydrate formation. This parameteyplessential roles in process design and
optimization. To calculataHg, Clausius—Clapeyron type equation can be applied:

dinP __AH, )
d@/T) R

where,P andT are equilibrium pressure and temperataiie,gas compressibility arfdis universal

gas constant [1]. The values faHy of the studied system are reported in Table 2edptilibrium
condition, it can be assumed that amount of hydoagese is negligible and therefore, the system
mainly consisted of liquid and gas phase. Howetber studied system is considerably non-ideal in
liquid phase because of acetone’s presence. Therefo calculate the gas compressibility,
vapor-liquid equilibrium (VLE) of system at equitibm pressure and temperature is calculated by a
¢-¢ approach, using Peng-Robinson equation of stdtg fth modified Huron-Vidal (MHV1)
mixing rule [22] and UNIFAC activity coefficient ndel [23] to calculate the non-ideality of system.

Table 2. Average enthalpy of dissociation for studied system
Acetone concentration
in solution (mol%) AHq (kJ/mol)
55.6

69.0
90.7
92.2
94.5

~N~NOoOTweEk o

As presented in this table, tiMd1,in the absence of acetone is in the range of sidtgd value
such as methane and carbon dioxide [25, 26]4 iS increasing as a result of large cage occupation
by acetone molecules. However, the values aréllasscommon sll hydrate formers such as propane
(AH4 =129 kJ/mol) [1]. This is shown that both smaltldarge cavities of sl hydrate are filling with
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gases. In addition, increasing the enthalpy ofadisdion with acetone concentration indicates that
acetone is occupying large cavities of sll crystatse than C@or even CH. This result is in line

with the impact of acetone on HLV of studied systesidiscussed before.

4. Conclusion

The phase boundary of G@nd CH gas mixture in the presence of acetone solution is
experimentally measured in this work. The resuithaated that presence of acetone in the solution
has inhibition effects on mixed gas HLV phase baupd However, this inhibition effects is
decreasing by increasing the acetone concentratithre studied range. In addition, the enthalpy of
dissociation for this system is presented in thekw Enthalpy analysis indicates that chance of
acetone for the occupation of large cavities ofhgiirate is increasing by an increase in acetone
concentration. These findings show that acetonelf@potential to act as a selective additive for
separation of C@and CH. The slight inhibition effect of acetone on thaigigrium condition does
not have a large impact on the operational conditibany proposed process for separation of these
gases. In such process, at a certain pressurep#rating temperature should be put well below the
equilibrium temperature to provide enough supenrsdéibn. As a matter of fact, the reduction of
water freezing point as a result of acetone presanthe system can give this opportunity to reduce
the operational temperature to below ice point emaure. However, further study is required to
investigate this application for acetone. Espegidahe amount and composition of captured gas by
hydrate at a certain temperature below the hydrgtalibrium temperature should be measured to

find out if acetone can work as a selective addifor separation of C{Jrom CH, or not
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Figure 8. Simplified schematic of experimental rig.

Figure9. Pressure-Temperature profile measured during-ater experiment.

Figure 10. HLV phase boundary of C{HCO, and their mixture in the presence of 1 mol% ace&wiution.
Figure 11. HLV phase boundary of GHCO, and their mixture in the presence of 3 mol% ace&wiution.
Figure 12. HLV phase boundary of CHCO, and their mixture in the presence of 5 mol% acewwiution.
Figure 13. HLV phase boundary of CHCO, and their mixture in the presence of 7 mol% acewwiution.

Figure 14. The impact of acetone on mixed gas hydrates equilibtemperature at constant pressures.



AB: Alcoholic Bath
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