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ABSTRACT

A systematic study on methane hydrate (MH) formation and dissocia-
tion was carried out in the presence of liquid hydrocarbon promoter mol-
ecules namely Tetrahydrofuran (THF), tert-Butylamine (t-BuNH,) and
Trimethylamine (TMA). The observed methane gas consumption least
(0.944g for t-BuNH, and to 1.648g for pure MH) was consistent with the
hydrate structure with two guest (CH, & promoter) molecules. The ki-
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netic promotion effect has been studied; methane hydrate formation rate
was much faster in case of THF (110 minutes) than t-BuNH, (300 minutes)
and the thermodynamic promoter effect on MH was maximum for THF

and minimumfor t-BuNH,.

INTRODUCTION

Gashydrates (clathrates) are the non-stoi chiomet-
ricinclusion compoundswhere gaseousguest molecules
aretrapped inahost |atticeformed by water molecules
inanice-like hydrogen-bonded framework. Hydrates
exist asastable solid phase at high gas pressuresand/
or low temperatures. Threedistinct structura families,
termed structures|, |1, and H, are known, character-
ized by distinct size and shape of the polyhedral cages
that capture guest moleculesaccording to their struc-
tures. Theamount of fuel (natural) gasstoredinthis
formisextremely high depending ontheavailableva-
cant cagesin ahydrogen-bonded water network. There
arefivetypesof hydrate cagescommonly foundinin-
creasing size: pentagonal dodecahedron (5-cage),
dodecahedron (435°63-cage), tetrakaidecahedron
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(5%?6°-cage), hexakaidecahedron (5*6%cage), and
icosahedron (5%26°-cage). Thethreecommon unit cells
(sl, sll and sH) of gas hydrates are known to form
from afew typesof hydrate cagesdependinglargely on
thesizeand physical properties of the guest species.
For example, sl canhost small moleculessuch asmeth-
ane, ethaneand carbon dioxide, whilesl| can host larger
molecules such as propaneandisobutane. Thecubicsl
unit cell contains 46 H,O molecules, two 12-hedra(5"),
and six 14-hedra (5'?6%); where 5 indicate that the
polyhedron contains 12 five-member ring faces. The
cubicdll cdll contains 136 water molecules, eight large
(5'26%), and sixteen small (5'?) cages. The sH hydrate
consistsof threedifferent cages: three 52-cages, two
435863-cages and one 5'268-cagel.
Gashydrateshave been of aparticular concernfor
the oil and gasindustry because the operating condi-



192

Experimental studies on methane hydrates with thermodynamic promoter molecules

PCAIJ, 8(5) 2013

Full Paper ==

tionsof oil and gas production pipelinesare conducive
for theformation of gashydrates, resultingin blockage
of pipelines?®. However, studieson gashydrate have
greatly evolved becauseof not only theconcern on pro-
duction pipelinesbut also the great potentia of these
hydrates asasource of natural gas, as massive depos-
itsexist both under the permafrost and in sediments of
continental margins. Gas hydratesa so represent an at-
tractiveway of storing large quantitiesof gas, suchas
hydrogen®'4, natural gas**>4, and carbon diox-
ide*1, Extensive effortsarein progressto develop
efficient storagetechniquesin both the scientific and
industrid fields, although to date there hasbeenlittle
effort madeto understand the physical properties of
gashydratesformed from multi-componentsof naturd
gas. The gas separation processes by hydrate forma-
tion often demands suitabl e pressure and temperature
conditiong*16-19, Another important application of gas
hydratesisintherefrigeration processes. Storageand
trangportation of fuel gaseslike methaneand hydrogen
intheform of gashydratesisadvantageous because of
itssafety, higher volumetricyidd, and lower production
costscompared with conventiona storagemethodslike
liguefaction™. But methanehydratesnormdly arestable
under high pressure and subzero temperatures, their
formation kineticsandtemperature, pressureof hydrate
formation isaso aconcern®. Thusnot convenient for
storage/ transportation applications; in order to over-
comethesedifficultiesaforementioned thermodynamic
promoter moleculesare used. The disadvantagewith
such multi-component hydrateforming systemsisthat
the promoter moleculesthemsalvesarethe“guests” in
hydrate systems and thusthe storage capacity of afuel
gas such asmethaneisreduced. However, advantage
isthat the hydrate formation may take placeat lower
pressures & higher temperatures compared to pure
(methane) hydrates.

Theunit cdl sructureof THF hydratesissll (FAd3m
- cubic) with eight 5126* cages occupied by THF mol-
ecules and there are sixteen 52 vacant cages which
could possibly be occupied by methanemoleculesin
mixed hydrates®.. Theunit cell structurefor t-BuNH,
hydrateissV|I (143d — cubic) with sixteen (435°%27°)
cages occupied by t-BuNH, and twelve (4'5%) cages
arevacant'?l, Recent studies have demonstrated that
thesVI structure of t-BuNH, clathratesishighly un-
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stable upon pressurizing with suitablegas(CH, or H,)
tofill thevacant 4*5* cages?23. Experimentd studies
by Kimet.al.[® and Prasad et.d .*? clearly established
thestructure of mixed (with morethan one guest mol-
ecules) hydratesystem asdll. Theuseof trimethylamine
(TMA) asapromoter moleculeisinteresting because
thedathratesysemwith TMA isreported to havehigher
stability conditiong°24, The unit-cell (P6/mmm- hex-
agonal) of TMA hydrates has different cages; three
52, two 4%586°(6)2 and two 5°(5)%6(6)* cages; these
are semi-clathrateswith the later two types of cages
being occupied by alarger guest molecule (TMA)24,
In mixed hydrates the second guest can occupy the
vacant 52 cages®.

Inthisarticlewereported methane hydrateforma-
tion & dissociation characteristicsunder identical ex-
perimenta conditionssuch asstirringrate, rate of tem-
perature variation and initial methane pressureetc, in
the presence of THF, t-BuNH, and TMA molecules.
We al so have compared the methane gas storage ca-
pacity in hydratesusing these promoter molecules.

EXPERIMENTAL METHOD

Materials

Aqueous solutions were prepared following the
gravimetric method using an METLER TOLEDO
(AB104-S) high accuracy analytical balance. Conse-
guently, uncertaintieson molefractions are estimated
to be below 0.01. The source and purity of various
liquid promotersused in this study weretabulated in
TABLE 1.

TABLE 1: Samplesutilized with their purity and suppliers

Sample Purity Supplier
Tetra Hydro Furan 98% Qualigensfine
(THF) 0 chemicals, India
t-Butyl amine 98% Sigma Aldrich,
(t-BuNH,) Germany
Tri Methylamine on i SAFC Supply
(TMA) 25wt % in water Solutions, Germany

Doubly distilled and

water deionised water

Experimental section

Briefly, themain part of the apparatusisaSS-316
cylindrical vessdl, which can withstand pressuresup to
10 MPa. Thevolumeof thevessel is100 ml. A stirrer
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withvariablespeed wasingtalledinthevessd to agitate
thefluidsand hydrate crystalsformedinside. All the
experimentswere conducted at afixed speed of 500
rpm and the stirrer was kept on throughout the experi-
mentd run. Coldfluid (water + glycol mixture) wascir-
culated around thevessdl withthehelp of LAB COM-
PANION (RW-0525G) circulator, to maintain thetem-
peratureinsideit at adesired level. A platinum resis-
tancethermometer (Pt100) wasinserted intothevessel
and used for measuring thetemperatureswithin+ 0.2°.
Pressurein thevessd wasmeasured withaWIKA pres-
suretransducer (WIKA, typeA-10for pressurerange
0to16 MPa). Doubly distilled, de-ionized and degassed
water was used for hydrate formations. The reactor
wasfilledwith 30—40 ml of water/ stock solution with
required mol efraction of promoter molecules.

= Pyl Paper

Equilibrium conditions were measured by the
isochoric pressure search method®!. Thevessdl con-
taining an aqueous sol ution (approximately 40% by
volumeof thevessdl) wasimmersedinto thetempera-
ture controlled bath, and gaswas supplied to the de-
sredleve fromacylinder usngthe TELEDY NE ISCO
Syringe pump (Model 100DX). Notethat the vessel
was evacuated beforeintroducing any aqueous sol u-
tionand gas. After obtaining temperature and pressure
stability (preferably away from the hydrateformation
pressurefor aspecific temperatures), thevaveinline
connecting thevessd and thel SCO pump/cylinder was
closed (Figure 1). Subsequently, temperaturewass owly
decreased to allow the system to form the hydrates.
Typical rate of cooling from point atob; btoc& cto
drespectively is0.1,0.002 & 0.3K/min(seeinFigure
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Figurel: Schematicdiagram of theexperimental setup. 1. CH, Gascylinder, 2. 1ISCO Pump, 3. Inlet port for Gas, 4. Outlet/
Vacuum port, 5. M agnetic Stirrer assembly, 6. Temper atur e sensor, 7. Pressuregauge and transducer, 8. Data acquisition
and control, 9. Inlet for cold fluid, 10. Outlet for cold fluid, 11. Closed cyclerefrigerant fluid circulator (LAB CHAM PION)

and 12. Computer.

2B). Hydrateformation in vessel was detected by the
pressuredrop. During the process of dissociation, the
temperature wasincreased in steps of 1° per hour. At
each step, temperature was kept constant with suffi-
cient timetoachievean equilibrium gate. Inthisway, a
pressure- temperature diagram was obtained for each
experimental run. If thetemperatureisincreasedinthe
hydrate-forming region, therewasapartid dissociation
of hydratecrystds, thereby substantialy increasing the

pressure. Anincreasein temperature outside the hy-
drateregion showsasmaller increasein the pressure,
asaresult of the changein the phase equilibrium of the
fluids. Consequently, the point at which the slope of
pressure-temperature data plots changed sharply was
considered to bethe point at which al hydrate crystals
weredissociated. Itisknown fromliteraturethat stir-
ring rate affectstheformation kineticsand above some
rateit haseffect on theinduction timesbut do not have

Hn Tndéan g%wumé
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RESULTSAND DISCUSSIONS

Theequilibrium pressureand temperaturesfor seble
phaseslikeliquid hydrate (H), water (L) and vapor
(V) havediscerniblevariationinthe P-T trgectory. The
promoterslike THF? or t-BuNH,® wereusedinthe
hydrateformationtodleviatethethermodynamicsand/
or kinetic processes?., It isevident that the methane
hydrateformation at given pressure occurred at higher
temperaturesinthe presence of promoter molecules.
During the start and at the end of the experiment the
methane molecules (in moles) inthereactor wereesti-
meated from:
n=(PV/ZRT)
wherethe compressibility factor ‘Z’ wasreferred from
Perry’s Chemical Engineers’ Handbook (Methane Z
Compress bility Factor, page 172), °V’ isthevolume of
the gasphasein thereactor and ‘R’ is the gas constant.
Pressure (P) and Temperature (T) were logged at a
fixedtimeintervals.

InTABLE 2, theamount of H,O and the promoter
usadinvariousexperimenta runsand theamount of meth-
ane consumption from the gas phase dueto hydratefor-
mationwastabul ated. Consumed methaneinmolefrac-
tion (n, 4/nHy s 1S CA culated from the decrement of
methane (in vapour phase) tothetotd of water and lig-
uid promoters(in moles) used in each experimenta run.
Theobserved consumption of methanefromvgpour was
inpurehydrateisx=0.060, wheress, theexpected mole
fractionfor hydratewith sl structure (8:CH, 46:H,0) is
0.150. Theamount of hydrate conversoniscaculated
astheratio of consumed methanegasmolefractionfrom
theexperimentsto theonefromidea structura compo-
sition and the same for pure methane hydrates was
39.28%. In Figure 2, we show the methane content in
vapor phase(inm.mol) & temperature(T) variationswith
timeduring the hydrateformation. Corresponding cycle
pressure— temperature (p— T) trgjectories (in both hy-
drateformation & dissociation stages) areshowninthe
inset. We conducted methanehydrateformationand dis-
sociation with agueous solutions of THF(x = 0.060),
tBA (x=0.061 & 0.093) and TMA (x=0.088) under
identica conditions. Puremethane hydrate (without us-
ing any promoter) shows s ow hydrateformation, the
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arrow mark in Figure 1A indicatesthat it takesaround
500 minutesto complete maximum hydrateformation
(approximately 90%) and compared with the phase
boundary curve of sl methane hydrate was generated
usng CSMGEM shown ascontinuouslinein pressure—
temperaturetrgectory (inset of Figure2A), Whichisfar
higher than THF (x=0.060), for which almost total hy-
drateformation completed injust 120 minutes. From
Figure 2B itisclearly seenthat thereisfairly good agree-
ment between the observed and computed dissociation
behaviour andthehydrateconversonwashigher inmixed
hydrateswith THF. The mixed hydratesformed under
theseconditionsareof sructured!, with THF molecules
in5'6" cages, while CH, moleculesareenclathratedin
52 cages®. Theobserved consumption of methanefrom
vapour wasin aqueous THF (x=0.060) isx = 0.050,
wheress, theexpected molefractionfor hydratewith gl
structure (8:CH, 17-H20 136-H,0) is0.100. THF acts
asabetter kinetic promoter and completesmethanehy-
drateformationinjust 120 minutes(much faster thanin
pure methane hydrate). Theamount of hydrate conver-
soniscd culated astheratio of consumed methanegas
molefraction fromtheexperimentsto theonefromided
structural composition and the samefor pure methane
hydrateswas49.77% (TABLE 2).

Thet-BuNH, isanother promoter which has got
high potentid for fud gasstorage; however, thecritical
issueisregarding thestability of cubic sV structure of
puret-BuNH, clathrates?. Recent studieshave clearly
demongtrated that thesV 1 washighly unstablein mixed
hydratesit transformed into sl1 upon pressurizing with
asuitablegasto populate vacant cages®?2, We have
conducted theexperimentsusing both 0.093 and 0.061
molefractions of t-BuNH, asthey represent the sto-
ichiometric amountsfor sV I and sll respectively. Inthe
aqueous solution of t-BuNH, (x = 0.061) observed
methane consumption was~0.050 and thiscorrespond
to hydrate conversion 48.52%, whichiscomparableto
THF (see TABLE 2), and themajor hydrateformation
completesin 300minuteswhereasinin sVl composi-
tionit takes 130 minutes. Theobserved methane con-
sumptionfor sV1 goichiometryisjust 0.037 (much lower
than sll composition), resultinginto hydrate converson
of 56.87 %. However, following earlier studies®?2
one cannot consider the structure for mixed hydrates
assVI but it should be sll and thus the true hydrate

A udéan Journal
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Figure2: Kineticsof formation and in sub diagram for mation and dissociation of methane hydrate (M H) with water (A), and
agueoussolutionsof 0.060 molefraction of tetr ahydr ofuran (THF) (B); 0.061 molefraction of tert-Butylamine (t-BuNH,) (C)
; 0.093 molefraction of (t-BuNH,) (D) and 0.088 molefraction of trimethylamine (TMA) (E). Filled and open symbols
respectively represent the observed behavior during coolingand war ming cycles. Thecontinuouslinein sub diagram of A
representsthephaseboundary for sl — M H calculated ussng CSM GEM program.

conversion fromtheseexperimentswasrecal culated as
37.09 %. Further the hydrate formation in agqueoust-
BuNH,, solutionwith 0.093 molefraction occurred at
about 3° lower than that of 0.061 mole fraction (see
inset of Figure2C & 2D), whileno appreciabledriftin
thedissociation behavior was observed (seein Figure

3b& ¢). Lianget. d., dsoreported novariationinthe
phase stability behavior for mixed hydratesof methane
with t-BuNH, mole fractions (0.097 & 0.056),
whereas, the phase boundary for mixed hydrateswith
lower t-BuNH, molefraction (0.01) shifted to lower
temperatureside?®. Addition of moretBA to sl compo-
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sition enhancesthe formation rate but decreasesthe
methane consumption (0.944 g). Thisresult corrobo-

rates earlier statement that “excesst-BuNH, inhibits
hydrate formation in a mixed hydrate system”(2331,

TABLE 2: Tabledescribestheprepar ation of methane hydrateswith different ther modynamic promoter sand all the
experimentscarried out with constant stirring speed (500 rpm). Obser ved and Expected CH, molefractionsduring the

hydrateformation with % yield arealsotabulated.

Mole fraction of CH,in

(molseafnr1 g(l;.i on) eparation C((:)rTéJgn?:d Hydrate (N Nuyorare) % yield
H,0 Promoter Expected ? Observed
Pure MH 30g - 1.648g 0.150 0.060 39.28
THF (0.060) 31g 7.974g 1.536g 0.100 0.050 49.77
t-BuNH, (0.061) 29g 7.6569 1.400g 0.100 0.050 48.52
t-BuNH, (0.093) 25¢ 10.440g 0.944g 0.065 0.037 56.87, °37.09, ©
TMA (0.088) 27.96( 9.320g 0.960g 0.063 0.034 54.20

Another promoter system that we used wastrim-
ethylamine (TMA) and thisisaninteresting systemin
the sense that the clathrates with TM A (0.088 mole
fraction) reported to have higher stability®?? (seeFig-
ure 2E). However, this system forms semi-clathrates
and the TMA moleculesoccupy different large cages
(two- 4°586°%(6)? and two- 5°%(5)°6%(6)*) and also are
part of network formation by having H-bonding with
water molecules. Thethreevacant 52 cagesinthe unit-
cell could beoccupied by CH, molecules. Asshownin
TABLE 2, the hydrate conversion was around 54.20
%for TMA system. Figure 2E showsthat TMA isa
better kinetic promoter like THF, which compl etesfor-
mation (90 % of hydrate conversion) injust 150 min-
utes. Theobserved consumption of methanefromvgpour
wasin semi clathrate hydrateformationisx=0.034,
wheresas, the expected molefraction for hydratewith
semi clathrate structure (3-:CH, 4TMA 41-H,O) is
0.063. Theamount of hydrate conversioniscaculated
astheratio of consumed methane gas molefraction
from the experimentsto the onefromideal structura
composition andtheyield was54.20 % (seein TABLE
2).

In Figure 3, we show the pressure of methane gas
evolved as the hydrates dissociated dueto an incre-
ment intemperature ins de thereactor. We observed a
close match between the experimenta and computed
phase boundary using CSMGEM for pure methane
hydrate system (Figure 3a). Itisevident that themixed
hydratesof CH, with THF dissociates (Figure 3e) at a
much higher temperature (~18°) compared to pure
methanehydrates. Our dataa so closaly match with the

literature data®@ The so called “promoter effect” for
methane hydrateswas|ower for mixed hydrateswitht-
BuNH,,. Both hydrate systemswith t-BuNH, (0.061
& 0.093 molefractions) havesimilar dissociation pat-
terns. Thedissociation curvefor mixed hydrate system
with TMA ismid-way to THF and t-BuNH, (0.061
molefraction). Thus, from our studiesit could be con-
cluded that promoter effect on MH among the mixed

hydrate systems decreasesin thefollowing order:
CH,+THF (0.060 molefraction) > CH,+TM A (0.088 mole
fraction) > CH +t-BuNH,, (0.093 molefraction) €’ CH + t-
BuNH, (0.061 molefraction) >CH,

754
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Figure 3 : Dissociation temperatures and pressures of
M ethane hydrates prepar ed by different Ther modynamic
promoters. Puremethanehydrate- a, methanehydratesof
aqueoussolutionsof t-BuNH,, (0.061 molefraction) — b, t-
BuNH, (0.093 molefraction) —c, TM A (0.088 molefraction)
—d, THF (0.060 mole fraction) —e. The continuousline
representsthe phaseboundary for sl —MH calculated using
CSM GEM program (at ‘@”) and literaturedata[32] of THF
dissociation (at ‘e’).
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CONCLUSIONS

M ethane hydrate formation/ dissociation studied
under identical experimenta conditionsinthe presence
water solublesolventsnamely Tetrahydrofuran (THF),
tert-Butylamine(t-BuNH,) and Trimethylamine(TMA).
Hydrate formation kineticsaretremendously increased
by using these promoters. Clathratesformed by these
thermodynamic promotersdissociaeat higher tempera-
turesthan pure methane hydrate, for THF around 18°,
TMA 13° and t-BuNH, 11°. Among these promoters
THF showsahigh thermodynamic promoter affect than
other two.
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