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Abstract

Gas clathrate hydrate dissociation pressures pmtesl for mixtures of carbon dioxide, water and
thermodynamic promoters forming structure Il hydsat

Hydrate (H)-aqueous liquid (}-vapour (V) equilibrium pressures for the ternasystem
composed of water, tetrahydrofuran (THF), and cartioxide (CQ), with 5.0 mole percent THF
in the initial aqueous phase, are presented irteimperature range from 283.3 K to 285.2 K. At
283.3 K, the three-phase equilibrium pressure erdened to be 0.61 MPa (absolute pressure).

Four-phase hydrate (H)-aqueous liquig)farganicliquid (La)-vapour (V) equilibrium data are
presented for the ternary system of water-cyclagpescarbon dioxide at temperatures ranging
from 285.2 K down to 275.5 K.

New four-phase H+:-Ls,-V equilibrium data for the quaternary system wdatkelF-
cyclopentane-carbon dioxide are presented in tmpéeature range from 275.1 K to 286.6 K. It is
shown that upon adding THF to the pure aqueouseptaform a 4 mass percent solution, the
equilibrium pressure of the formed hydrates mayldveered compared to the ternary system of
water, cyclopentane and carbon dioxide.

Keywords: Gas Hydrates, carbon dioxide capture, tetrahydaofur cyclopentane,
thermodynamic promoter
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Introduction

Gas clathrate hydrates, more commonly known agdisates, are solid solutions of small
guest molecules physically adsorbed into cavitiesnéd by hydrogen bonded water
clusters. These solid compounds form when the taasts come into contact at conditions
of low temperature and/or high pressure (Sloan,3200’'emperature and pressure
conditions, at which the hydrates form, dependt@npghysical and chemical properties of
the guest molecule, assuming that the water plsagere. Impurities or additives dissolved
in the aqueous phase may also affect the gas leydaatilibrium conditions as well as the
formation kinetics.

Gas hydrates are often referred to as nowfstonetric solid inclusion bodies, where
water (host) forms a lattice by hydrogen bondingl{lt al, 2009; Sloan, 2003; Suet al,
2009). The lattice formation generates a numbengfty cavities, in which small molecules
(guests) may be encapsulated. Several structueeskraywn, the most common being
structures sl, sll and sH. The pure, empty hydnatter lattice itself is a thermodynamically
unstable structure, and it is the interactions betwwater and guest molecules stabilise the
lattice structure (Surat al, 2009).

Gas Hydrate Formation with Thermodynamic Promotion

When the occurrence of gas hydrates in the pemoladustry was discovered, an increased
effort was made to map their structures and to Wwags of avoiding their formation in oil
and gas pipelines.

Recently, gas hydrates have received newesttelue to their relatively high gas/energy
density. Whereas most previous efforts were dice¢tevard looking for ways to avoid
hydrate formation (hydrate inhibition), the focssnow also on finding ways to promote
their formation at moderate temperatures and press(hydrate promotion). Suet al.
(2011) and Eslamimanestt al. (2012) have reviewed recent advances in gas leydrat
research including applications of promoted gasrdigd formation in processes for
methane/natural gas storage, fuel gas (hydrogendgs, and gas separation (e.g. carbon
dioxide capture).

Thermodynamic Gas Hydrate Promoters

A thermodynamic promoter is here defined as a caorapbthat participates actively in the
hydrate formation process and readily enters tligadig structure at higher temperature and
lower pressure than in the unpromoted hydrate.

Whereas the mechanism for thermodynamic itibibi of hydrate formation is a
consequence of a change in water activity due trdgen bonding between hydrate
inhibitors (mainly methanol, monoethylene glycol drethylene glycol) and water,
thermodynamic promotion of gas hydrates is a camsecg of the active formation of
mixed promoter/gas hydrates at moderate conditminsemperature and pressure. The
hydrates formed in that way then serve as a stomagpium for gas-like components but
may also contain significant amounts of the addedpter.



In this work, only hydrate promoters formingssical hydrate structures (mainly sll and
sH, where the promoter molecules partly enter phapriately sized cavities), have been
considered. Hydrate promoters such as the tebratyl ammonium halides (TBAB, TBACI,
TBAF etc.) which form semi-clathrates, where th@mpoter actively takes part in the
formation of the lattice structure of water molexsjlhave not been considered.

Over the years many heavy hydrocarbon compolrade been investigated for their
ability to form gas hydrates in the presence oflsgas molecules. A summary including
hydrate dissociation pressure data for most obthary methane-/heavy hydrocarbon-based
hydrate systems (mainly sH forming systems) ingestid was presented by Sloan and Koh
(2008). Most of these heavy hydrocarbons are —tdukeir hydrophobic characteristics —
only partially miscible with water, giving rise tmuid-liquid phase separation. Hence, the
experimental data represent hydrate (H)-aqueousll{g)-organic liquid (Ly)-vapour (V)
four-phase equilibria.

Several hydrophilic, organic compounds areo a®own for forming hydrates at
moderate temperatures and pressures. ®aitl. (1996) investigated the possibility of
storing natural gas in the form of hydrates by usitger tetrahydrofuran (THF) or acetone
to lower the equilibrium pressure of the mixed fagds. They showed how the three-phase
H-Lw-V equilibrium pressure depends on the promoter eotnation in the liquid phase co-
existing with the hydrate phase. A minimum in theserved hydrate dissociation pressures
was detected at a promoter concentration in thecagubquid phase of approximately 5
mole percent, close to the stoichiometric concéntmaof the sll hydrate structure with
complete occupation of the large cavity by the pytenmolecules.

De Deugcdet al. (2001) compared the promoting effect of three watduble hydrate
formers constituting mixed hydrates with methanke Three hydrate formers were THF,
1,3-dioxolane and tetrahydropyran. From their tsswe Deugckt al. concluded that five
sided cyclo-ether structures (THF) are more efficigll hydrate stabilisers than six sided
cyclo-ether structures (tetrahydropyran). Furtheemthey inferred from their data that one
oxygen atom in the five sided ring structure (TI3Egbilises the sll hydrate better than five
sided ring structures with two oxygen atoms (1@«dlane). De Deuget al. explained
these findings by the differences in physical sind polarity of the three compounds and
suggested cyclopentane as a possible promotenddotmation of sll hydrate. Tohiei al.
(1997) had already shown this by measuring the ptimg effect on the dissociation
pressures of methane or nitrogen hydrates by addyefppentane to binary systems of
water and gas.

Ohmureet al. (2005) measured hydrate dissociation pressuresvtomethyl-substituted
cyclic ethers (2-methyltetrahydrofuran and 3-megtyahydropyran) with methane. These
ethers were soluble in water to some extent, butfulty miscible with water, like THF.
Even though these methyl-substituted cyclic etlveese more interesting promoters for
hydrate-based gas storage applications from arre@maental impact point of view, they
were unfortunately less efficient hydrate promotarsomparison with their non-substituted
counterparts.

Tsuji et al. (2004) showed the importance of water solubilityorder to obtain high
formation rates of hydrates. They measured formatates of mixed promoter/methane
hydrates by spraying an aqueous phase into a mnetfe@nphase at constant pressure. It was
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concluded that the gas uptake into the sH hydrhtse was promoter dependent but they
also found that, in their process configurationg fargest gas uptakes were generally
obtained in systems with high promoter concentratio the aqueous phase.

In this work the specific case of capturingrbom dioxide (CQ using
thermodynamically promoted gas hydrate formationingestigated. The two hydrate
promoters, cyclopentane and THF were chosen fosttiy. They differ in their fluid phase
behaviour in aqueous systems, but have similarepti@s in the hydrate phase. THF appears
to be the most efficient of the known water-solufilehydrate promoters and cyclopentane
appears to be the most efficient of all known sjdiate promoters. Hence, THF and
cyclopentane are the hydrate promoters selectddsinvork.

Tetrahydrofuran — a Hydrophilic Hydrate Promoter

Tetrahydrofuran is a five sided cyclic ether stmuetthat has received much attention in the
literature not only due to its properties as araarg solvent, but also due to the fact that it
forms structure Il hydrates with water. At ambierdnditions, THF and water are
completely miscible in the liquid state, i.e., uponxing THF and water, homogeneous
liquid mixtures are formed over the whole compositirange. However, closed loop
miscibility gaps (liquid-liquid phase splits) halsgeen observed at temperatures above 345 K
and slightly elevated pressures (Riesco and Trua0£5).

Several publications are available in theditere, presenting THF as a possible promoter
in pre- (Leeet al, 2010; Lingaet al, 2007a, 2007b; Zhargt al, 2009) or post combustion
( Giavariniet al, 2010, Kang and Lee, 2000; Kaagal, 2001; Lingaet al, 2010; Lingaet
al., 2007b, 2008) hydrate-based £€apture processes. However, only a few publication
provide detailed phase equilibrium data for thendaey system of water, THF and gO
especially at low temperatures and THF concentiatad approximately 17.4 mass percent
(5 mole percent) in the aqueous phase (Delakagt, 2006; Sabikt al, 2010; Secet al,
2008). Such data can provide information on the ahility of THF promoted slI hydrates
to incorporate sufficient amounts of €@ order to establish a feasible capture process
operating at temperatures close to the freezingtmdiwater.

In separation attempts applied to gas mistwantaining C@and nitrogen, one of the
main conclusions was that the selectivity of G®er N in the hydrate phase is lowered by
the presence of THF compared to the non-promotstesys (Kang and Lee, 2000). The
highest CQ selectivities were obtained when operating at temperatures. Hence it is of
interest to investigate how binary hydrate systeshdHF and CQ behave in the low
temperature region, not only with respect to théusion of CQ in the solid phase but also
with respect to the pressure requirements neediedntomixed hydrates at these conditions.

Delahayeet al. (2006) measured hydrate dissociati®il conditions as well as heats of
dissociation for the ternary system of water, Thid £Q. In addition, thel-x diagram for
the binary sub-system of water and THF was experiatly determined at atmospheric
pressure for reference and for modeling purposethd binary system {water + THF}, the
melting point (dissociation temperature) of the TslFhydrate formed from a 19.17 mass
percent (approximately 5.9 mole percent) THF agsesolution was determined to be
277.9 K.
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Delahayeet al. presented mixed THF-Chydrate dissociation pressures for systems of
three THF mass fractions in the liquid phase ragdiom 0.06 to 0.11 (approximately 1.6
to 3.0 mole percent). Dissociation pressures ofniheed THF/CQ hydrate were shown to
decrease with increasing THF concentration.

Likewise, Sect al. (2008) presented hydrate dissociation pressui@ fdatthe ternary
system {water + THF + C£) with four different THF mass fractions in the ague phase
ranging from 0.034 to 0.174 (approximately oneit@ fmole percent). Their data proved
that the hydrate dissociation pressure decreasbsingreasing THF concentration in the
agueous phase, up to a concentration of five metegmt THF. However, their results also
showed that increasing THF concentration in the agsiesolution from three to five mole
percent provided only a small additional promotafiigct on the dissociation pressure of the
mixed THF-CQ hydrate system.

Sabilet al. (2010) provided detaileB-T phase diagrams for the ternary system of water,
THF and CQ at 7 different compositions, all with THF massctrans of 0.174 (5 mole
percent) in the initial aqueous solution. HenceilSat al. varied only the initial C@gas to
liquid ratio. Sabilet al. measured H-|-V three-phase equilibrium pressures at tempersaiture
down to approximately 285 K. It was concluded ttret H-L,-V equilibrium curve was
(within the experimental accuracy) independenhefamount of C@in the system and thus
mainly depended on the THF concentration in theeags phase. The upper quadruple point
(point at H-Ly-L4-V four-phase equilibrium, whereglstands for the liquefied gas phase,
i.e., the liquid phase being rich in @Qlid however depend on the overall compositiom, an
hence, the hydrate (H)-aqueous liqui¢)diquified gas (L) equilibrium line was shifted
towards higher temperatures with increasing ove@l, concentrations. Sabiét al.
discovered a four-phase equilibrium region in s@ystems with three fluid phases (two
liquids and one vapour) and one solid phase. Glyethese scenarios were found at
temperatures above 290 K and pressures above 220 MPoverall CQ concentrations of
19 and 29 mole percent, a pseudo-retrograde behrawnidiie measured hydrate equilibrium
pressure was observed in this four-phase regione ldie increase in pressure could both
lower and increase the four-phase equilibrium tewipee. For example at 19 mole percent
CO;, (overall), the pour-phase Hgtlgs-V equilibrium temperature at P = 2.7 MPa was
determined at 290.8 K. This temperature increasedotl.3 K at a pressure of 3.6 MPa.
Increasing the pressure further to 4.2 MPa theneted the four-phase equilibrium
temperature to 290.7 K.

Cyclopentane — a Hydrophobic Hydrate Promoter

Cyclopentane is a cycloalkane and thus a hydroghobmpound. Therefore, due to its
molecular characteristics, it is almost insolubieliquid water over wide ranges of state
conditions. For example, at ambient temperature anessure, the binary system
{water + cyclopentane} exhibits liquid-liquid phasseparation into a water-rich and a
cyclopentane-rich liquid phase, respectively, avavide interval of composition. Faat al.
(2001) were the first to experimentally document dloeurrence of pure sll cyclopentane
hydrates, formed without the simultaneous preseficenall gas molecules. Hydrates were
formed at pressures below the dew point pressureyolopentane in the temperature
interval examined. The quadruple point at whichi@altally a cyclopentane-rich liquid



phase (L) coexists with the three phases H, and V, was determined at a temperature of
280.2 K and a pressure of 0.0198 MPa. At a tempeyadf 273.4 K, the hydrate-liquid
water-vapour equilibrium pressure of the pure gyettane sll hydrate was measured at
0.0069 MPa.

Recently, Truebat al. (2011) measured hydrate (H)-aqueous liquig){tyclopentane-
rich liquid (Ly) phase equilibrium pressures for the binary {wateyclopentane} system at
high pressures. Truebat al. found that the hydrate dissociation temperature tfos
univariant three-phase equilibrium was almost indepat of pressure due to the low
compressibility of the two fluid phases and the sokd phase. At a pressure of 2.55 MPa
the corresponding hydrate dissociation temperatia® 279.9 K. Increasing the pressure to
12.55 MPa increased the dissociation temperatuanty0.09 K.

The ternary system {water + cyclopentane +JOfas investigated by Zhang and Lee
(2009) in the sll mixed hydrate stability regiorourphase (hydrate-liquid water-organic
liquid-vapour) equilibrium pressures were deterrdine the temperature interval from
286.7 K to 292.6 K. The hydrate dissociation presswaried from 0.89 MPa to 3.15 MPa
at the low and high temperatures respectively.

Mohammadi and Richon (2009) presented sindigda from the ternary system of water,
cyclopentane and COn the temperature interval from 284.3 K to 291.8Teir data
corresponded well with the pressures measured nghand Lee (2009). However,
Mohammadi and Richon extended the low end of timep&zature interval compared to
Zhang and Lee by approximately 2 K. At 284.3 K, Moimadi and Richon determined the
mixed hydrate equilibrium pressure at 0.35 MPa.tidei Zhang and Lee (2009) nor
Mohammadi and Richon (2009) commented on the G& uptake in the hydrate phase
during their experiments.

Li et al. (2010) studied the capture of €@om simulated power plant flue gasses (16.6
mole percent C& 83.4 mole percent N in the quaternary system
{water + cyclopentane + N+ CO,} and in the corresponding modified system with an
oil/water emulsifier (Tween 80) added to it. Theusan their study was on the hydrate
formation rates and the selectivity of €@ the hydrate phase. It was shown that upon
adding an emulsifier, the crystallisation rate wasreased dramatically. However, a
negative effect on C{selectivity caused by the addition of the emutsifvas also reported.

Galfréet al. (2011) reported findings similar to those preserdg Li et al. (2010), only
here pure C@gas phases and another emulsifier (IPE 202) wédiged. Gas hydrates were
formed in the ternary system {water + cyclopentar@QO,} at pressures below 0.2 MPa at
temperatures above 280 K.

Karanjkar et al. (2012) performed a kinetic study on the cyclopeatall hydrate
formation from emulsified mixtures with water (watkoplets in oil). Karanjkaet al. found
that in their system hydrate formation was prinyaaih interfacial phenomenon taking place
between the fluid phases present. Hydrate cry$taiteed rapidly on the water droplet
surface and additionally, in the absence of suafast a shell was quickly formed by
agglomerated hydrate particles. Hence the transgohtydrate former into the remaining
water quickly became limited by the hydrate shell.
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In a recent kinetic study combined with morpholadjiobservations, Linet al. (2013)
showed that the presence of cyclopentane enhagdesté formation kinetics and results in
higher gas uptake for for G@apture.

Amanet al. (2013) studied the effect of interfacial tensiom adsorption on formation
of cyclopentane hydrates.

Mixed Promoter Systems

Few studies of mixed promoter systems have beesepted in the literature. let al.
(2011) and Liet al. (2012) presented Gapture from fuel gasses (gas mixtures of carbon
dioxide and hydrogen) by hydrate formation in sysecontaining both tetma-butyl
ammonium bromide (TBAB) and cyclopentane. The focutheir work was on improving
the gas uptake and GGelectivity in the hydrate phase(s) as well as tshorg the
induction times compared to the single promotetesys. Liet al. (2011) showed enhanced
gas uptakes compared to known promoter systemmgarsconditions and induction times
as short as 15 seconds.dtial. (2012) claimed that a synergetic effect may ocalngreby
cyclopentane does not only form sl hydrates bgb abkes part in the semi-clathrate
hydrate structure and displaces some of the TBwlecules allowing for the formation of
larger amounts of semi-clathrate hydrate. The teposelectivities of CQover hydrogen
were as large as 91.6 mole percent in the mixedalyghase for gas mixtures containing
38.6 mole percent carbon dioxide initially @i al., 2012).

Purpose of this Work

It is the purpose of this work to investigate theertnodynamic effect of two hydrate
promoters, THF and cyclopentane, on the dissocigiressures of C{hydrates. THF was
chosen as the model for a water-soluble hydrat@édorsince it is reasonably well-studied
and easy to obtain for laboratory studies. For iptessndustrial applications less toxic
alternatives would likely be considered. Mixed Zifoomoter hydrate dissociation pressures
in the low temperature region are determined inldiglly for the two promoter systems as
well as a third mixed promoter system containinghiqmomoters together. The qualitative
behaviour of the systems with regard to the, @Ptake in the hydrate phase is discussed,
although no hydrate composition data have beenrrdeted in the framework of this
investigation.

When working with promoters that are essegtiakoluble in the aqueous liquid phase,
proper mixing of the fluid and solid phases is Nitaorder to arrive at reliable equilibrium
conditions. Insufficient mixing may result in therfation of complex multi-phase systems
which appear to be in thermodynamic equilibrium, kwtiich more likely constitute
unequilibrated phases that are kinetically limitgdmass transfer through the solid phase
formed.

Experimental

The experimental part of this work was carried iouthree high-pressure equilibrium cells,
named C1, C2 and C3 in the following sections. basic principles behind each set-up are
identical for the three cells. Some differencegha set-ups are noted where relevant. A
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schematic and a detailed description of the expariai set-up (equilibrium cell C2) are
provided elsewhere (Heret al, 2011).

Experimental Procedure

Hydrate equilibrium data are obtained by performiag isochoric temperature cycle
manipulation of the two- or three-phase fluid mmei inside the batch reactors. A detailed
description of the experimental procedure usedim work is provided elsewhere (Heeti

al., 2011). Once hydrate forms and the system eqaibist three phases, a Hydrate (H), an
Aqueous Liquid (L) and a Vapour (V) phase will typically be presentthe case of
promoters being miscible with water over the whotemposition range. In the case of
hydrophobic promoters which, upon mixing with watexhibit liquid-liquid phase-
separation over more or less extended composit@myes, four phases (Hydrate (H)-
Aqueous Liquid (ky)-Organic Liquid (lg)-Vapour (V)) will usually be present in
equilibrium under hydrate forming conditions. Acdimg to the Gibbs phase rule, the
number of degrees of freedof)t for a simple systefrin the absence of chemical reactions
under the conditions of thermodynamic equilibritaquals the number of componen® (
minus the number of phasd? (plus two, i.eF =C —P + 2 (Callen, 1985). Therefore, for a
hydrate forming system of three components, amofichwone is a water-miscible
promoter, and three equilibrium phases, two degoédseedom are available. For such a
system, e.g. initial composition and temperature a&ariables that may be varied
experimentally. In the case of ternary systemsainimtg a hydrophobic promoter which is
miscible with water over a small composition raogey, four phases are often encountered
in equilibrium under hydrate forming state condisoHere, only one degree of freedom is
available. Due to the design of the experimentigupe the temperature has been chosen as
the controlled variable. In the special case wlibrd THF and cyclopentane are used, the
system is comprised of four components and typicakhibits four phases under hydrate
forming conditions. Under these conditions, theteayspossesses an additional degree of
freedom, leading td= = 2. Hence, fixing the mole fraction of one arbitty selected
component in one of the phases (experimentallys thiachieved by choosing a fixed,
overall, initial composition) and the temperaturéed@ines the equilibrium conditions.

Chemicals

The chemicals utilised in this work are presentedlable 1. Both tetrahydrofuran and
cyclopentane were obtained specifically for thigestigation, and are assumed to comply
with the claimed purities and to contain no consiléee amount of impurities or oxidation
products as e.g. peroxides in the case of THF.

! The number of degrees of freedénis the number of intensive properties such astemgperature, pressure, or phase
composition variables, that, without changing thenber of phases, are capable of independent \@riati

2 A simple system is a system which is macroscolyiteimogeneous, isotropic, uncharged, for whictfeser area
phenomena can be neglected and which is not aoteg electric, magnetic or gravitational fields.
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Loading of Equilibrium Cells

The system using THF as the thermodynamic pronvedsrinvestigated in equilibrium cell
C1. C1 is the smallest of the three equilibriuniscehd has a net volume of 1.35%t is
equipped with one Keller pressure transducer lacatethe top of the cell (accuracy of
+ 0.01 MPa) and one Prosensor Pt-100 temperatmsoséaccuracy of + 0.1 K) placed at
the bottom of the cell. The temperature in the isetiontrolled by a LAUDA Edition 2000
cryostat allowing for controlling the temperaturetbbelow and above the normal freezing
point of water.

A solution containing a mass fraction of THFapproximately 0.175 (5.0 mole percent)
in distilled water and with an initial tracer contetion of approximately 10.0 mg d
(determined gravimetrically assuming a liquid dgnef 1000 kg m*) was prepared.

According to data found in the literature, reermodynamic optimum with respect to
hydrate promotion is found for THF mole fractionstween 0.05 and 0.06 (Sai&b al,
1996). The lowest possible equilibrium pressures tfee mixed hydrate are generally
obtained at this promoter concentration, henceckiwéce of the THF concentration made in
this work.

802.9 g of the prepared solution was placededuilibrium cell C1, which was
subsequently closed, evacuated and purged oncesliedong pressurised with pure £@as
to an absolute pressure of 1.49 MPa.

The system with cyclopentane as hydrate premwas investigated in equilibrium cell
C3. C3 has a net volume of 2.46 Y is equipped with one Keller pressure transdiice
the top of the cell (uncertainty of +0.01 MPa) atweb Prosensor Pt-100 temperature
sensors (uncertainty of + 0.1 K), one placed atiibitom and one at the top of the cell. The
cell temperature is controlled by a HUBER CC3-K§aostat allowing for temperature
control both above and below the normal freezinoptpof water. A VARIAN model 450
GC gas chromatograph is connected to the cell. Mexyaince only C@is in the feed gas,
it is not utilised in this experiment.

The equilibrium cell was initially pressuriséal an absolute pressure of 0.99 MPa at a
temperature of 275.9 K. Subsequently, 57.8 g ofopgntane was pumped into the cell,
followed by the injection of 759.1 g of an agqueso&ution containing a0, tracer amount
of 9.9 mg dm® (determined gravimetrically). (The solution had\iously been prepared
from distilled water and a pre-prepared referermati®n of LINOs). The injected liquid
amounts correspond to a volumetric ratio betweenatiieeous solution and cyclopentane
liquid of approximately 9:1.

The experiment using both THF and cyclopentana mixed promoter solution was
performed in equilibrium cell C2. C2 has a net woéuof 2.36 dm It is equipped with one
Keller pressure transducer in the top of the @t(racy of £ 0.01 MPa) and two Prosensor
Pt-100 temperature sensors (accuracy of + 0.1 k&) maced in the bottom of the cell and
one in the top. The cell temperature is controbgda Lauda edition 2000 cryostat allowing
for temperature control both above and below themabrfreezing point of water. A
VARIAN CP 3800 gas chromatograph is connected éoctil, however since only G@s in
the feed gas, it is not utilised in this experiment

The equilibrium cell was pressurised to anollis pressure of 0.99 MPa at a
temperature of 276.2 K. 56.3 g of cyclopentane thias pumped into the cell followed by
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730.2 g solution of 4.0 mass percent (1.0 molegrgjcTHF in distilled water with a tracer
(NO3) concentration of 10.0 mg d(determined by weighing). The liquid masses idct
into the cell corresponded to a volumetric ratidhed aqueous liquid to cyclopentane liquid
of approximately 9:1, which was similar to the oaith the system using only cyclopentane
as promoter.

Data Recording and Analysis

The evolution of temperature and pressure recofaled typical experimental run covering
the formation of a hydrate phase are provided guié 1.

Since all experiments are carried out as tliexperiments, during the initial cooling,
the first hydrate formation is observed as a suddemperature rise. This rise is caused by
the hydrate crystallisation process which is antlewnic phase transition. The intensity of
the temperature peak depends on the nature ofythatle formation process (reaction rate
and specific heat of crystallisation), which aresteyn specific and also depend on the
amount of hydrate former present in the aqueouseHa the example shown in Figure 1,
the crystallisation heat is rapidly removed by ¢beling system, and the system temperature
continues to drop while, progressively, more hyesaire formed. After some time, ranging
from hours to days, the system attains its equuifbrstate at the given temperature set-
point.

At the initial equilibrium state, temperatwaed pressure are noted, and a liquid sample of
approximately 1 mL is extracted from the remainiagueous liquid phase. The THF
concentration in the liquid sample is determined rbfractive index measurements at
298.2 K using a refractive index apparatus, mod@l7h6from Carl Zeiss. Aqueous phases
are always assumed to be saturated with cyclopentahnenever cyclopentane is present.
However, due to the very low solubility of cyclopane in the aqueous phase, its effect on
the refractive index of the {}© + THF} system is assumed to be negligible. Herle,
results of the refractive index measurements pexédron the liquid samples should not be
significantly distorted. The tracer concentrationthhe extracted liquid sample is measured
by ion exchange chromatography in a DIONEX appatalthe concentration of the tracer is
used to estimate the amount of water consumederhydrate phase. The total amount of
tracer lost in each extracted liquid sample is wwred negligible when compared to the
initial amount loaded into the reactor.

After extraction of the liquid sample, the fBmature set-point on the cryostat is
increased by 1 K and the system is allowed to rélaeltorresponding equilibrium state. A
complete hydrate dissociation run is illustrateigure 2.

The experimental procedure described andtifitesd above diverges from the isochoric
temperature cycle procedure presented elsewhetigeifiterature (Sloan and Koh, 2008).
Typically, when utilising the isochoric temperaturgcle procedure for hydrate formation
experiments, only the last equilibrium stage, whtre last remaining hydrate crystal
dissociates, is considered a true equilibrium stadevertheless, Danesét al. (1994)
showed experimentally that intermediate heatingestanay be regarded as true equilibrium
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points on the hydrate dissociation curve for unauar systems. Hence, the experimental
procedure presented here is justified by their figdi

In the case of the THF promoted hydrate foromathe H-L,-V equilibrium additionally
depends on a second independent intensive varsinb, as for example the concentration
of THF in the aqueous phase. Therefore, in theperements, the THF concentration in the
liquid phase needs to be followed closely, sincemay change during hydrate
crystallisation/dissociation. The amount of watengumed in the hydrate phase is indirectly
calculated by using the electrolyte tracer coneiuin. It is assumed that at all times the
tracer is only present in the bulk liquid phasewéeer it cannot be excluded that some
liquid has been entrained inside the formed hydratstals. It is expected that this will have
only a minor influence on the presented results.

Tetrahydrofuran Concentration in the Aqueous Phase

For systems where THF is present in the feed, tiieaentration of tetrahydrofuran in the
agueous phase is estimated via refractive indexsanements performed on each extracted
liquid sample. The analytical method assumes thatpresence of THF in the aqueous
phase has an effect on the refractive index ofstilation and that at constant temperature
this effect is linear with respect to composition.

In order to calibrate the refractive index agus utilised in the experiments, 15 liquid
samples ranging from pure, distilled water to bymaixtures with a mass fraction of THF of
0.45, were prepared and analysed. Refractive indi€ell samples were measured, and a
mathematical expression for the concentration dédpece of the refractive index was
obtained by linear regression.

The detection limit of the analysis equipmemtsvdetermined to a mass fraction of THF
of approximately 0.02. At concentrations below thmit, the presence of THF in the
aqueous phase could not be identified with sufficeccuracy. THF mass fractions between
0.02 and 0.10 could be detected, however the adiltlor curve returned large uncertainties
in this concentration range (max deviation of #922n calculated THF mass fractions
compared to the reference solutions). For THF nfragsions above 0.1 the uncertainty in
the calculated mass fraction values amounted t&a: &hen THF concentrations obtained
from the calibration curve were compared to thea@ateference concentrations.

The calibration curve relating the mass fiactof THF to the corresponding refractive
index could be described by Eq. 1.

_ n, —1.332518
™F 9555629110

Wherewrye is the THF mass fraction amg is the measured refractive index. The refractive
index measured for pure distilled water was 1.3330Gfhce Eqg. 1 cannot be used to
describe pure water. Thus, for all measurementsirniely refractive indices of
approximately 1.3330, the concentration of THF ssumed zero, even though the
calibration curve returns a THF mass fraction giragimately 0.005. Further details about
the calibration procedure can be found in Appendix 7

(Ea. 1)



2.4.2 Aqueous Phase Converted into Solids

3.1

By assuming that the tracer is present in the lagjkeous phase only, the volume of the
agueous phase (water and possibly water solublaqisrs) consumed during the hydrate
crystallisation, may be estimated indirectly froine ttracer concentration measured at each
equilibrium stage. The calculation procedure fois testimated water consumption is
presented in Appendix 7.2.

In the case where cyclopentane is the onlynpter, the consumed amount of aqueous
phase is assumed to be pure water due to the gerysolubility of cyclopentane in the
aqueous phase. In the case where THF is presahtiaqueous phase in a considerable
amount, the water consumption is obtained by cormgdhe consumed aqueous phase by
the measured THF concentration at a given equilibrstage. In this way, both consumed
water and THF may be estimated.

Results and Discussion

The Tetrahydrofuran Promoted System

Figure 3 illustrates the recorded reactor tempega@nd pressure during the cooling
procedure. The reactor was allowed to attain dguim for one day, followed by a re-
pressurisation to a pressure of 1.48 MPa. Thelmtiessure drop, due to g@issolution in
the liquid phase is quite large since £® more soluble in THF solutions than in water.
From a gas separation process point of view, thigeneficial as long as other gas phase
components (such as nitrogen) do not experiencdasiynenhanced solubility. Further
dissolution of CQ was observed until day two, where the reactorsureshad dropped to
1.00 MPa. The reactor temperature was loweredduthly 1 K and crystallisation initiated
shortly after, identified in Figure 3 by a temperat peak (exotherm) at approximately 2.2
days. The system was fully stabilised after apprna#ely six days at a temperature of
283.2 K and a pressure of approximately 0.6 MPa.

During the heating procedure The system waseklein steps of approximately one
Kelvin and allowed to achieve equilibrium with redao both temperature and pressure
between each temperature step. A total of sevenlimqied stages were obtained.
Measured and calculated results obtained in theabtgdlissociation run are listed in Table
2. All hydrates had dissociated at equilibrium stdg This was concluded from the fact that
the pressure rise at each subsequent temperatuease was very low for stages 5, 6 and 7.
Moreover, upon heating at these temperatures, #asuaned tracer concentrations turned out
to be constant within the limits of the experiméns@curacy. Equilibrium stages at
temperatures higher than 285 K are thus expectdxt teapour-liquid equilibrium points.
Liquid samples were extracted and analysed for Tadiel tracer concentration at all stages.
Liquid samples were de-pressurised (“Cil-off”) before being analysed.

The THF mass fraction in the initial liquica(aple 0) obtained from the refractive index
measurement is underestimated compared to therprepeed solution. The initial liquid
contained a mass fraction of THF of 0.175, butr#feactive index measurement indicates a
fraction of 0.153, Also, the tracer concentrationtihe feed is overestimated. The initial



tracer concentration should be approximately 10g@m™ according to the individual
masses of each component added to the preparedusquselution (see section 2.3).
However, in sample 0 the measured tracer concantri 11.34 mg dii. Sample 0 was
extracted shortly after the second pressurisatoa pressure of 1.48 MPa at a temperature
of 284.2 K (day one in Figure 3). The high tracemeentration could indicate that
crystallisation has already occurred at this pdnawever since no temperature peak was
observed, it is rather regarded as a faulty amalyesult. However, since the conditions of
284.2 K and 1.48 MPa are well within the hydratabsity zone for the mixed THF/CO
hydrate, it cannot be excluded, that the increassexr concentration in sample 0 is due to
unseen hydrate formation. In order to obtain anmede of the initial feed tracer
concentration (measured), the average of the fioat liquid samples is utilised. This
average amounts to 10.9 mgdniThe following analyses are based on this valuetHer
feed tracer concentration as well as the calculiaigedl THF concentration.

Assuming that the hydrates formed from THF @ are sll hydrates and that the THF
molecules enter all the large cavities only, ithat the occupation of THF in the small
cavities can be neglected, the consumption of ThiFwaater should occur in a molar ratio
of 1:17 respectively (8 large cavities to 136 wateiecules), corresponding to a gas-free
mole fraction of THF in the hydrate phasef. ., ... =nlk /(n! +nli,.) =0.059. Since in this
experiment, the THF concentration in the feed tqis lower than the stoichiometric
concentration in the hydrate phase (with respeat@¢omplete filling of the large cavities by
THF molecules exclusively), we expect a small deseein THF concentration as the
hydrates form, and thus, an increase in the THF@unation in the liquid phase as the
hydrates are dissociated. The THF concentrationldhwereafter remain unchanged (within
the experimental accuracy) once all hydrates hassodiated.

The three equilibrium stages in the tempeeataterval from 283 K to 285 K seem to
experience little variation in the calculated liduphase THF concentration, indicating that
the dissociated hydrate composition in terms ofewand THF is close to the co-existing
liquid phase composition. The calculated THF cotregions at the four highest
temperatures are close to constant, when considérngxperimental uncertainty.

The calculated ratios of water to THF consunredhe hydrate phase are likewise
provided in Table 2. In the “ideal case”, i.e.,tive case of a complete filling of the large
cavities by THF molecules only, this number woudd1y. However in the three established
hydrate equilibrium points, it varies from 18 to729'his number is highly sensitive to the
estimated THF concentration, which explains thgdarariation.

Figure 4 compares the three identified hydrate Idgwm stages with those reported for
similar systems by Seat al. (2008) and Sabégt al. (2010) using similar compositions in the
liquid phase. Sabikt al. concluded from their results, that even thoughk ternary three-
phase equilibrium system is composition dependeobrding to the Gibbs phase rule, the
initial (overall) composition of C®had little, if any (within the experimental ungerity),
impact on the position of the three-phase (HM) phase boundary. This phase boundary
was mainly governed by the initial THF concentmatio the aqueous phase. Thus, even
though the initial concentration of GQoverall) in our work may vary from that of Sabil

al. and Seet al, the initial THF concentrations in the aqueousisoh are identical.
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The three data points obtained in this worlofelthe trend observed in the data of Sabil
et al. (2010). Data measured in this work correspond$wigh the data presented by Seio
al. (2008) and form a connection towards the low terpee data point measured by $to
al. Note also that the liquid phase composition vdighy between the three data points
obtained in this work. Data from Sebal. (2008) and Sabét al. (2010) are all measured at
a constant THF mole fraction in the initial aquesahition of 0.05 (mass fraction of 0.175).
In the comparison of data points in Figure 4 itdtdobe borne in mind that the three
equilibrium points obtained in this work refer tdfdient values for the calculated mole
fraction of THF in the aqueous phaat equilibrium varying between 5.0 and 5.8 mole
percent. However, the fact that variations in th&Tconcentration in this range have little
influence on the dissociation pressure of the mixddF/CO, hydrate justifies the
comparison made here.

The Cyclopentane Promoted System

Figure 5 shows the temperature and pressure ret@sléunctions of time during reactor
cooling. The peaks in temperature and pressureurd5 at approximately 0 and 0.25 days
are due to the liquid loading (cyclopentane fifsipwed by aqueous phase). Crystallisation
is first observed as a small temperature peak3atl@ys (shoulder on the large temperature
decline) and again as a larger peak at 0.5 daysfifidt crystallisation peak corresponds to
the formation of a mixed cyclopentane/Ciydrate. This explains the decline in pressure in
connection with the first temperature peak. Theosdc crystallisation occurs at a
temperature close to 281 K. At these conditiontenfperature and pressure, we are within
the stable zone for the mixed cyclopentane/@¢@drate and at the proximity of the phase
boundary for the pure cyclopentane hydrate. Atsibeond crystallisation peak, hardly any
pressure drop occurs, indicating the formationhef pure cyclopentane hydrate only. The
small decline in pressure after 0.5 days is as likely due to the temperatureesse as it
could be ascribed to the inclusion of £6 the hydrate phase.

The cyclopentane promoted system stabiliséerms of temperature and pressure within
three days. After three days the system set-pemperature was increased by one degree,
which did not have any effect on the reactor press@ince the equilibrium cell was
operating at conditions within the stable zone tioe pure cyclopentane hydrate, it is
possible that most if not all of the bulk cyclopeme phase has been converted into hydrate,
and the hydrate system was sub cooled. A total ohddting stages in the temperature
interval from 275.5 K to 285.2 K were recorded dgrthe hydrate dissociation run.

Measured and calculated data for all equiitristages are provided in Table 3. Sample
0 was taken from the initial aqueous liquid phaserpo reactor loading.

Assuming cyclopentane enters all large cawitrethe formed sll hydrates, the added
amount of cyclopentane is sufficient to convert agpnately one third of the agueous
phase into hydrates. If only a fraction of the &aavities are occupied by cyclopentane, a
larger amount of the initial aqueous phase may dreverted into hydrates. The present
system is univariant only if four phases are presemll hydrate equilibrium stages. Since
this is a closed reactor experiment, the measusegkit concentration may be used as an
indicator for the number of phases present. Ifttheer concentration indicates more than



one third of the water being converted, it is polesthat the bulk cyclopentane phase has
been completely converted into the hydrate phase.

The final column in Table 3 provides the estied ratio of consumed water over the
initial loading of cyclopentane. For sample 1 ttato is above 17 indicating the possibility
of complete conversion of the bulk cyclopentanesph&t the second stage (sample 2), the
ratio is below 17 suggesting the presence of thetopgntane bulk phase and thus four
phases in equilibrium.

An interesting observation is made when loglkahthe pressure behaviour of the system.
The increase in temperature from 275.5 K to 283 @#vides an increase in pressure of
only 0.05 MPa. However when looking at the estidateater consumption provided in
Table 3, this appears to decrease continuously.

Figure 6 illustrates the normalised wateraséeduring dissociation of formed hydrates.
The normalised water release (NWR) is defined atingrto Eq. 2.

ma consumea, max _ma consume (T)
NWR = —2.consmed, g consumed (Eq. 2)
maq,consumed,max
IN (EQ. 2), m,, cnumea(T) IS the mass of water consumed in the hydrate patassamperature,
T. M, onsumeamsx 1S th€ Maximum amount of consumed aqueous phasegrow at the lowest

recorded equilibrium temperature. Figure 6 clealgws that water is continuously released
during the heating process, indicating an almosstezon rate of hydrate dissociation caused
by the stepwise increase in temperature. Evenhieithiree stages at temperatures between
283.3 K and 285.2 K the water release seems toobstant despite the fact that the
observed pressure increase becomes significant thmeke conditions.

The results indicate that the ability of cymatane to form pure sll promoter hydrates at
low temperatures becomes a disadvantage from aaasire point of view. This work
suggests that pure cyclopentane sl hydrates méonty at temperatures below 281 K. This
conclusion is thermodynamically confirmed by thabdity limit for pure cyclopentane
hydrates the temperature of which is located atamately 280 K.

An explanation for the low gas uptake couldt only the small’ cavities of the sl
hydrates are available for G@nolecules which, at low pressures, have only a ddfimity
for this cavity. Surret al. (1997) measured compositions of pure,GOhydrates by Raman
spectroscopy. They found no signs indicating tles@nce of C@in the small (59 cavities
of the sl hydrate structure and concluded that @@ters only the large cavities. In the
mixed hydrate, cyclopentane is expected to occupsgtrof the large sll hydrate cavities
leaving mainly the small cavities available for £®@nother explanation may be slow gas
diffusion from the bulk gas phase to the hydratenfag regions.

Even though the mixed hydrate phase is therthéynamically most stable hydrate form
at temperatures between 281 K and 285 K, it isidensd possible that the diffusion of
carbon dioxide through the liquid and solid phadess not proceed fast enough to be
noticed when using this experimental procedure. Eehere is a risk that the equilibrium
stages which are assumed to exist at these terapesaare rather kinetically inhibited
systems which do only appear to be stable.
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3.3.1

Figure 7 compares the results of this workhwmixed cyclopentane/COhydrate
dissociation pressures measured by Zhang and Lé®)20hd Mohammadi and Richon
(2009).

No equilibrium stages were measured at teny@s above 285.2 K in this work.
However in the low temperature region, data froms thork show a different trend than
those reported by Mohammadi and Richon (2009). Wfeat exclude the possibility that
the system measured here has been mass transtedlimthe low temperature region due
to the large amounts of hydrates formed and pgsalbb due to insufficient mixing.

The Tetrahydrofuran and Cyclopentane Mixed Promot8ystem

A system containing two thermodynamic promotersclagentane and THF, was
investigated for efficiency of thermodynamic proroat of CG hydrates. Utilising this
system in a single-phase promoter solution woulddeal, since the elimination of one
liquid phase (cyclopentane bulk phase) would siimgirocess design and control. Hence
attempts were made to increase the solubility ofapentane in the aqueous phase from the
normal 40-50 ppm (molar) at atmospheric condititmapproximately 0.5 mole percent by
adding tetrahydrofuran to the aqueous phase.

Cyclopentane Solubility in Ternary Mixtures with Water and Tetrahydrofuran

Titration experiments were carried out at atmosiphesnditions in order to determine the
amount of THF necessary to increase the solubifitgyclopentane in aqueous solutions
roughly by a factor of 100 compared to its solupiin pure water.

Initially a two-phase feed mixture was preplavéth distilled water and cyclopentane.
This initial mixture was approximately 0.5 mole gamt cyclopentane and 99.5 mole percent
water. THF was then added to the system at constarihg until a single-phase mixture
was obtained. The system was kept closed in ordértm lose volatile components
(cyclopentane and THF). It was opened only whenrgd@HF. Three attempts were made
to prepare solutions of different total volumes. \Wdas two of these solutions possessed
volumes of approximately 0.06 dnthe preparation of the third mixture aimed at eeinig
a total solution volume of around 1 &rThe solutions were prepared by weighing, whereby
the masses of all components were noted when laeidgd to the solution. The results are
provided in Table 4.

The solutions were left overnight without istig in order to test phase stability. All
solutions proved to be stable over time. Mixtuneéwas also stable down to a temperature
of 275.2 K. Lower temperatures were not tested.

Generally it required more than 20 mole peradnTHF in the ternary mixture to allow
the dissolution of approximately 0.4 mole perceml@pentane. This corresponds to having
more than 50 mass percent THF in the system. Hatisgquantity of THF in the system
lowers the activity of water in the solution dramally, since THF forms hydrogen bonds
with water. A lowering of water activity resultstime need for a pressure increase in order to
stabilise the hydrates. Hence, in the above pransot@tions, it is likely that the benefits of
having higher cyclopentane concentrations willdst Hue to the large amount of THF.
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The above solutions were never tested in hgdeaperiments, since they proved to be
unstable in the presence of €@ moderate pressures. The initial single-phasetisol
splits up into two liquid phases, an organic phéls§ and an aqueous phasey)L
respectively, when being mixed with @@n the pressurised reactor (to a pressure of
approximately 1.0 MPa). A possible explanationtfos behaviour could be that GQiue to
its local polarity, may solvate and form hydrogemd® with water. Having a mass fraction
of THF larger than 0.5 in the liquid solution, teelubility of CQ, and thereby C@water
interactions, become significant, which further é# the water activity and thereby the
solvent properties of the aqueous phase. The meguWo liquid phases are likely to be an
organic THF rich phase containing some water andtnaed the original cyclopentane
content, and an aqueous phase rich in water wittesStHF and traces of cyclopentane.

Mixed Promoter System - Hydrate Equilibrium

Due to the instability of the single-phase mixedmeoter solution in the quaternary system
with CQO,, it was decided to investigate the mixed promejastem as a two-phase promoter
system with an aqueous phase containing small arma@dmHF, traces of cyclopentane and
a bulk cyclopentane phase.

Adding one further component (THF) to the poeg (H-L.,-LsV) univariant ternary
system {HO + cyclopentane + C) adds one degree of freedom to the experimentesin
no additional phases form. Hence temperature aridefiumore one intensive variable, like
e.g. the concentration of THF in any of the co-xgsphases, determine uniquely the state
conditions at equilibrium provided that four phases present in this state. In practice, the
variable that can easily be influenced by the expemter is the concentration of THF in the
initial liquid and thereby the overall compositiohthe mixture in general. In order to avoid
large changes in composition of the initial aqueph&Ese inside the reactor when fluid phase
equilibrium is attained (before hydrate formationf, was chosen to carry out the
experiments on a system prepared with an initialatyy sub-mixture {HO + THF}
possessing a low concentration of THF.

Figure 8 shows the temperature and pressuadiagction of time for the mixed promoter
system measured during reactor cooling. From Fi§utdoecomes clear that the qualitative
crystallisation behaviour of the mixed promotertsygs is similar to the one encountered in
the cyclopentane promoted system. Crystallisaticcuis in two steps. The first step takes
place at a similar pressure of approximately 1.GaMWhereas the pure cyclopentane
promoted system crystallised at a temperature afoxppately 278 K (Figure 5), the mixed
THF/ cyclopentane promoted system required codiingpproximately 276.8 K. However,
as crystallisation is a stochastic phenomenon,caneot draw any conclusions with regard
to the thermodynamics of the system solely basexh upe above observation due to the
need for sub cooling, stochastic behaviour in itidactimes, etc. After the system had
stabilised within 5.8 days, heating was initiatédble 5 provides recorded and calculated
data for a total of 18 heating stages obtainechduhe heating procedure.

Sample 0 is the analysis of the aqueous feedeprior to being loaded into the reactor.
This value differs significantly from the tracernnoentrations measured in the final two
stages, where all hydrates are dissociated. Timese values should be similar. In order to
obtain an estimate of the consumed aqueous phheefeed tracer concentration is



calculated as an average of sample 0, 17 and 18 pfdvides a feed tracer concentration of
8.69 mg dri’.

Due to some instability in temperature recogdiin the low temperature region, the stage
at 274.0 K (stage 1) is disregarded in the follapamalysis. Stage 16 is the final equilibrium
stage with the possibility of hydrate presence. klsy with the large uncertainty in feed
tracer concentration, it cannot be verified, thgtrates are still present in the system.
Hence, this stage is also discarded from the eggddutdrate equilibrium points.

When looking at the calculated THF concendraiin the aqueous phase provided in
Table 5, it is worth noting that the THF mass fiattis below the detection level of the
analysis method at temperatures below 283.2 K. Alibis temperature, THF is detected in
low concentrations in some of the samples andmothers. For samples 16, 17 and 18, the
feed THF concentration is found, supporting thepsuisn that no hydrates are present at
these stages anymore. The fact that the THF mas8Bdin remains constant in these three
samples also supports this theory. For the intefaedecordings indicating THF mass
fractions of 0.016 (samples 11, 12 and 14), theuwtaled THF concentrations should be
used with caution since these values are closehéo lower detection limit of the
experimental apparatus used for measuring refragtdiees. Samples 13 and 15 showed no
traces of THF (within the uncertainty of the anaymethod) despite the fact that both
sample 12, 14 and 16 contained THF. It is posdideé some THF has been lost due to
vaporisation in the time the samples were extractetl the time at which they were
analysed for refractive index. From a qualitativénpof view, these results suggest that all
THF is consumed in the hydrate phase at tempesahalew 283.2 K. THF is then released
by hydrate dissociation in the temperature range fapproximately 283.2 K to 287.2 K.

Figure 9 illustrates the normalised wateeast (NWR — according to Eq. 2) between
heating stages 2 and 15.

The normalised water release for the mixednoter system is interesting in the sense
that water is slowly released at temperatures be&l8@.2 K. At higher temperatures, the
water release increases rapidly, indicating anes®e in amount of dissociated hydrates for
each temperature step. Hence, even though thdaajivaibehaviour of the recorded reactor
pressure during hydrate dissociation for this systs similar to that of the pure
cyclopentane promoted system, the dissociation nméxinaappears to be different. The
normalised water release rate is low at temperatbetow 283.2 K and then increases
steeply at temperatures above. In the cyclopemeaomoted system, the water release rate
was close to linear with increasing temperature.

It is well known that THF and cyclopentane hatabilise the sll hydrate structure.
Hence they are expected to compete for the largéesmof the hydrate structure, since the
molecules of both compounds are, with regard to ti@ometrical characteristics, too large
to enter the small cavities. According to the puess water consumption- as well as the
THF mass fraction data provided in Table 5, theadikydrate phase containing remarkable
amounts of THF is stable below temperatures of283(or present in concentrations below
the detection limit of this experimental method)s A the case of pure cyclopentane
promoted hydrates, this observation indicatestti@hydrate phase being dissociated in this
temperature region does mainly contain cyclopentagieest molecules and is
correspondingly low in gas content.



Figure 10 compares the measured dissociatiesspres of the pure cyclopentane
promoted system with those of the mixed THF/cyctdpre promoted system.

Since the mixed promoter system is divariant the cyclopentane promoted system is
univariant, a quantitative comparison cannot be nthgeto the changes in aqueous phase
composition (mainly THF concentration) between edata point representing the divariant
system. Figure 10 illustrates an interesting casiolu drawn from this experiment. Adding
THF to the aqueous phase allows for a significamssure reduction of the promoted
hydrate system when compared to the pure cyclopenieomoted system. The reduction in
absolute pressures is in the order of 25-30 peraeildw temperatures. Why should this
mixed promoter system be superior to the singlenpter system? Tetrahydrofuran (THF)
is an example of a molecule that is soluble in wiaté has also been shown to be a structure
Il hydrate promoter (Kangt al, 2001) with increasing effect up to concentratioh$ to 6
mole percent in the aqueous phase. This conceniradi consistent with a single THF
molecule occupying and stabilizing the large cageStf hydrate (a ratio of 17 water
molecules to one THF molecule). So up to this demncentration the aqueous phase is
nearly pure water (since the THF is in the hydra#éd)ove this concentration, there is an
excess of THF (with respect to formation of Sligawrcages) and the THF in the aqueous
phase reduces the water chemical potential, incrgdbke hydrate formation pressure. A
similar effect was observed by Jagerl. (1999) for 1,4-dioxane.

Adding cyclopentane to this system (water-THF L ®@ill result in the formation of more
stable SlI hydrates, with cyclopentane molecules stbilizing the large cages, forcing the
THF molecules into the aqueous phase. Here thdyfavih more SlI hydrates, as long as
the concentration in this phase does not exceedt&mol percent (1 THF molecule to 17
water molecules). In our experiments the concentraif THF was 4 mass percent, or about
1 mol percent, so we do not approach this limit.

So to some extent the THF and cyclopentane arearmapeting for the same hydrates (the
formation mechanisms are different) and there issequently the synergistic effect
observed.

The data presented in this work indicate some daadges of using cyclopentane as a
thermodynamic promoter for G@ydrate formation in gas separation processesabpgrat
low temperatures and low pressures. Having a sabilgy temperature of the pure
promoter hydrate at approximately 280 K, the syswpnckly starts forming significant
amounts of the pure promoter hydrate, if mixingnisufficient. These results indicate the
need for emulsifiers and possibly anti agglomeratigents, if successful carbon capture
should be obtained in systems containing waterolnbde promoters. The addition of
emulsifiers and anti-agglomeration agents will pag¢vent the formation of the promoter
hydrate, but it will ease the transport of gas ite hydrate forming regions. Even though
hydrates do form in the systems shown in this wihtk, CQ uptake in the hydrate phase is
low. Similar behaviour is expected for THF promowgtems at lower temperatures than
those investigated here, since THF may also selilste the sll hydrate structure at low



temperatures. However since THF is water solublging in this system is easier and more
hydrates may form before mass transfer limitatiocsur.

The main goal of this work was to study thermodyitapromotion of CQ capture with
hydrates, and kinetic and mass transfer aspects @vieeen addressed here. These areas
have previously been covered by éfi al. (2011, 2012); Lingaet al. (2012); Babuet al.
(2013); Daraboina&t al. (2013); Kanget al. (2013); Adeyemeet al(2010); Zhang and Lee
(2009). A kinetic study combined with morphologicabservations has also recently
appeared (Linet al.,2013).

Conclusion

Gas hydrate dissociation pressures were measuredykiems of water, one (or two
different) structure 1l hydrate promoter(s) and boar dioxide. In this investigation,
tetrahydrofuran (THF), cyclopentane and a mixtur¢he two, were investigated for their
potential for thermodynamically promoting the fotioa of carbon dioxide hydrate in the
low pressure/low temperature region. For the tgrnar mixture
{water + THF + carbon dioxide}, prepared from aitial aqueous solution containing 5.0
mole percent THF, H-l-V equilibrium pressures were measured in the teatpee range
from 283.3 K to 285.2 K. At 283.3 K, the hydrateudi@prium pressure was determined at
0.61 MPa (absolute pressure) for this system. Bata this work compared well with data
reported elsewhere in the literature.

For the ternary system of water-cyclopentemdan dioxide, four-phase hydrate-
aqueous liquid-organic liquid-vapour (HrAL.V) equilibrium data was presented at
temperatures ranging from 275.5 K to 285.2 K. Isvgaggested that despite the fact that
cyclopentane is one of the most efficient sll hyelparomoters known at intermediate/high
temperatures (283 K), it's efficiency as a thermmainic gas hydrate promoter for carbon
dioxide hydrate formation becomes limited at terapees below 281 K due to the stability
of the pure promoter hydrate. The data presentddisnstudy suggested that almost pure
cyclopentane sl hydrates rather than mixed cathoxide-cyclopentane hydrates formed at
temperatures below 281 K and pressures above 0ad MRe measured dissociation
pressures compared well with data reported elsenimethe high temperature region, but
deviated from other data in the low temperaturéoreg

Finally, new four-phase (HgtLs-V) equilibrium data for the quaternary system
{water + THF + cyclopentane + carbon dioxide} wegreesented in the temperature range
from 275.1 K to 286.6 K. It was shown that addindFTto water to form a 4 mass percent
aqueous solution lowered the equilibrium pressyr@330 percent compared to the ternary
system of water, cyclopentane and carbon dioxidevévyer, as in the pure cyclopentane
promoted system, almost pure promoter hydrates foeneed at low temperatures. Further
studies are needed to explain the qualitative bebawf the mixed promoter system. It is
suggested that the synergistic effect is the redutlifferent formation mechanisms for the
polar and the non-polar hydrate former, wherebysgsiem where cyclopentane in hydrates
is in equilibrium with cyclopentane in the aquepbsise, some further formation of hydrates
with THF can still occur resulting in an overalttection in formation pressure.
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7.1

7.2

Appendix

Refractive Index Measurements for Water/Tetrahyduoén Solutions —
Calibration Curve

Refractive index measurements have been performed4f solutions of THF in distilled
water as well as one sample of pure distilled waldiF concentrations are known
(gravimetrically) for all solutions. By performing regression on the measured refractive
indices over the known THF mass fraction, an exgioesfor the linear concentration
dependence of the refractive index is obtained. Wkasurements are performed at
atmospheric pressure and a temperature of 298.8 & Garl Zeiss model 16275 refractive
index apparatus. Measured refractive indices arlduleded THF mass fractions are
provided in Table 7.1.1.

The refractive index method, when using thel Caiss apparatus for estimating THF
concentrations in aqueous solutions, has insuffigiesolution at THF mass fractions 0.02.
Hence, in this work, the obtained calibration cuiversalid only for concentrations above
this value. When performing the linear regresssognstraint could have been set, such that
the linear regression describes the refractiveximadgure water correctly. However in order
to increase accuracy in the in the concentratiogryal from 0.02 to 0.10, no constraint has
been set. Thus, it is noted that this calibratiooutd be used only for mass fractions above
0.02 and preferably above 0.10.

Calculation of Mass of Aqueous Phase Converted istolids

The mass of aqueous phase converted into solicateydr calculated according to

Vaq,O Il)tracer,O = Vaq (t) @tracer (t) ) (Eq 721)

wherepgacer, 0= praceft = 0) is the initial tracer concentration in theuaqus phase (here the
mass concentratiopyacer With [prace] = mg dm™ is used), before it is loaded into the
equilibrium cell.pyaceft) is the tracer concentration at a given equilibbristage detected at
time t. Vaq, 0= Vag(t = 0) is the initial volume of aqueous liquid a¥igt) is the remaining
volume of the aqueous liquid phase at titmaot converted into hydrate phase at titme
Using Eq. 7.2.1. the change in volume of the ligplthse due to the formation of the
hydrate phase at any given equilibrium stage>e0, Vaq, consumdd) = AVaq, consumdd), can be
expressed as

Iotracer
Vaq,consumed (t) = Avaq (t) = Vaq,o _Vaq (t) :Vaq,o [E'l _p—&O)J (Eq 722)



The infinitesimal change in mass of the aquguh&se at instarif dmy(t), is related to
the corresponding infinitesimal volume chandé,(t) through the density of the liquid
phase at that time{t) according to

dm, (t) = p,, (t) [V, (t) (Eqg. 7.2.3)

If the density of the liquid phase is assurteethe unaffected by the small temperature-
and composition changes occurring during the erpartal run and thus assumed to be
approximately constant and taken as the valueeoiritial liquid solution, i.epat) = paq, o
the mass of consumed aqueous phase is calculated by

maq,consumed(t) = Arnaq (t) :paq,OAVaq (t) :(Vaq,O _Vaq(t))paq,o (Eq 724)

By combining Eq. 7.2.2 with Eq. 7.2.4, the masssconed for the formation of the hydrate
phase at the equilibrium stage at t > 0 is givethieyfollowing relation

M, consumea (t) = A, t) =paq,o\/aq,o(l—::°:r'&’)} =m,, 0(1— 5(:)} (Eq. 7.2.5)
where myq, 0 denotes the initial mass of the loaded solutioe,, iits mass at=0. In
experimental investigations using a digital vibmgttube densimeter, Belandeaal. (2009)
showed that in the temperature range from 293.1f Ko 333.15 K, the change in density
of water-THF solutions as function of compositioor fTHF mass fractions of up to
approximately 0.2 (corresponding to approximatelyn6le percent) is lower than one
percent when compared to the density of pure watteimilar temperatures. Similarly, the
density of pure water varies less than 0.2 percetite temperature interval from 278.15 K
to 293.15 K (NIST). Hence, in this work, it is codered a reasonable approximation to
assume a constant value for the density of the cagughase despite variations in
temperature, pressure and THF concentration. Adritial mass of the loaded aqueous
liquid is known, the actual density of the solutibmen becomes unimportant, since it
cancels out in subsequent calculations when coregid@nstant.

Knowing the mass fraction of THF in the aguephase initiallywryr, o, and at a given
equilibrium point, wrpye(t), the masses of consumed watem, consumeft), and THF,
Mrue consumel), May be estimated individually. Eq. 7.2.6 is used estimating the THF
consumption

mTHF,consumed (t) = maq, 0 WTHF, 0 - maq (t) WTHF (t)
ptracer, 0

aa,0 Wrir,0 = Mag, 0 Wﬂw“):nkqo[wmao_

tracer

ptracer, 0

-m

THF(

](Eq. 7.2.6)

tracer

Wheremyqois the mass of the loaded aqueous phase at tiamel By (t) is the mass of the
residual aqueous phase at timekEq. 7.2.7 is utilised for the calculation of tberrected
water consumption.

mw, consumed (t) = maq, consumed (t) - mTHF, consumed (t) (Eq 7 " 2 " 7)



The equations shown here assume that water andnitily present in the aqueous liquid
phase is only transferred into the hydrate phas$e Water content in the vapour and
possible organic liquid phases are assumed nelgligib
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Table 1.Chemicals utilised in this work.

Component Supplier Purity Grade
Water Milli-Q Plus 185 Organic content < 5 ppb
Salinity: conductivity o= 0.055 pS/cm
Tetrahydrofuran| Sigma-Aldrich > 99.9 % (anhydrous)
Stabilised with 250 ppm butylhydroxytoluene (BHT)
Cyclopentane Chimie Plus >95 %
Laboratoires
Carbon Dioxide| Air Liquide Hn (n>2) <5 ppm
CO <2 ppm
H,O <7 ppm
0O, <10 ppm
H, <1 ppm
N, < 25 ppm
Li* Tracer Merck 1001 + 5mg-dirLi*
LiNO3 in 0.5 mol-dm® HNO; aqueous solution
NOs Tracer Merck 1000 + 5 mg- dirNOy

KNO; in 0.5 mol- dri HNO; agueous solution

Table 2. Measured temperature, absolute pressure, refrantiéx and tracer concentration of liquid phase
along with calculated mass fraction of tetrahydrafu (THF) and calculated mass of aqueous phase
converted into hydrate. Data from equilibrium s&gbtained in equilibrium cell C1.

Measured Calculated
Sample T/K P/ MPa Refr. pLi+/msg dm Wrne maq,consumet! g nwater,consumet{l*
Index B nTHF,consume)_
0 N/A N/A 1.347095 11.34 0.153 N/A N/A
1° 283.3 0.61 1.351124 12.48 0.195 104.1 497
2° 284.3 0.75 1.349110 12.20 0.174 88.3 418
3 285.2 0.91 1.350115 11.50 0.184 45.0 297
4 286.2 1.03 1.348105 10.95 0.163 0.0 N/A
5 287.2 1.04 1.349114 10.91 0.174 0.0 N/A
6 288.2 1.05 1.348102 10.73 0.163 0.0 N/A
7 289.1 1.06 1.350115 10.84 0.184 0.0 N/A

2 Assuming molar masses of 18.02 g thahd 72.11 g mol for water and THF respectively.

®Only samples 1, 2 and 3 are hydrate equilibriunmgsoiSamples 4 to 7 are fluid phase equilibria and
sample 0 is initial aqueous liquid phase.




Table 3. Measured temperature, absolute pressure, refraatiex and tracer concentration in
the aqueous liquid phase along with calculated nofssater converted into hydrate. Data
from equilibrium stages obtained in equilibriuml 3.

Calculated

-1
maq,consume / g nwater,consume(ncyclopentane,initi:)

Measured
Sample T/K P/MPa pnoz/mgdm®

0 N/A N/A

1 275.5 0.42
2 276.3 0.42
3 277.1 0.43
4 277.9 0.43
5 279.1 0.45
6 280.1 0.45
7 281.3 0.47
8 282.3 0.48
9 283.3 0.49
10 284.3 0.52
11 285.2 0.59

8.85
13.47
13.12
12.88
12.75
12.30
11.71
11.93
11.58
11.39
11.27
10.93

N/A

260.2 17.5
246.9 16.6
237.5 16.0
232.1 15.6
212.8 14.3
185.2 12.5
196.0 13.2
179.1 121
169.3 11.4
163.2 11.0
144.3 9.7

? Average of two analyses obtaining 8.79 mgdamd 8.90 mg dmi.

Table 4. Single-phase liquid ternary mixtures of water,@) tetrahydrofuran (THF) and
cyclopentane prepared at ambient conditions. Alltanes are saturated in cyclopentane. Further
addition of cyclopentane will result in a splitaniwo liquid phases.

Solution 1 2 3

Mass/g  Mole Fraction Mass/g  Mole Fraction Mass/g olé/Fraction
H,O 27.11 0.7942 27.10 0.7705 434.87  0.7689
Tetrahydrofuran 27.55 0.2016 31.77 0.2257 514.82 0.2274
Cyclopentane 0.56 0.0042 0.523 0.0038 8.17 0.0037




Table 5. Measured temperature, absolute pressure, refraictilex and tracer concentration
of aqueous liquid phase along with calculated TH&Ssnfraction and calculated mass of
water converted into hydrate. Data from heatingestaobtained in equilibrium cell C2.

Measured Calculated
Sample T/K P/MPa Refr. Index pnoa/mgdm® | wrye ® Mg consume / 9
0 N/A N/A 1.335017 9.89 0.026 N/A
b1 274.0 0.29 1.333001 23.43 0.0 4595
2 275.1 0.30 1.333005 21.06 0.0 428.9
3 275.5 0.30 1.333004 17.71 0.0 372.0
4 276.5 0.30 1.333003 19.10 0.0 398.0
5 277.4 0.31 1.333004 17.53 0.0 368.2
6 278.1 0.32 1.333001 17.92 0.0 376.2
7 279.0 0.32 1.333000 17.84 0.0 374.6
8 279.9 0.34 1.333001 17.21 0.0 361.6
9 280.9 0.35 1.333000 17.33 0.0 364.1
10 281.8 0.36 1.333002 16.91 0.0 355.1
11 282.8 0.38 1.334007 17.03 0.016 357.6
12 283.7 0.43 1.334010 16.04 0.016 334.7
13 284.8 0.53 1.333000 14.24 0.0 284.6
14 285.7 0.67 1.334010 12.93 0.016 239.7
15 286.6 0.80 1.333002 10.67 0.0 135.8
16 287.6 0.95 1.335015 9.31 0.026 48.6
b17 288.6 0.96 1.335015 8.07 0.026 -56.4
18 289.6 0.97 1.335016 8.11 0.026 -52.3

4Calculated using an average of sample 0, 17 arfdri&cer concentration in the feed.
® Only samples 2 - 15 are expected hydrate equilibstages. Samples 1, 16, 17 and 18 are
suspected either subcooled solid-liquid-vapour ldaium or only fluid phase equilibria.

Table 7.1.1.Refractive indices of THF solutions in distilled t&a
Data measured at atmospheric pressure and 298.2 K.

Ref. THF Meas. Refr. Calc. THF AD in
mass fraction Index mass fraction calc. THF
conc. / %
0.000 1.333000 0.005 N/A
0.004 1.333001 0.005 26.1
0.008 1.333005 0.005 36.4
0.020 1.334010 0.016 22.2
0.033 1.335015 0.026 19.6
0.077 1.340050 0.079 2.9
0.099 1.341058 0.089 9.8
0.159 1.348104 0.163 2.4
0.174 1.350118 0.184 5.9
0.224 1.354141 0.226 1.0
0.293 1.361184 0.300 2.2
0.308 1.363197 0.321 4.3
0.341 1.365206 0.342 0.4
0.392 1.369230 0.384 2.1
0.459 1.375263 0.447 2.4

! Calculated using the linear regression from Figufiel Figure 7.1.1:
Refractive Index = 9.555629- 0w + 1.332518, whereqye is mass
fraction of THF in percent.




