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ABSTRACT We measured the thermodynamic stability conditifumshe N, CO,, or CH, semi-clathrate
hydrate formed from the aqueous solution of Trienyiphosphine Oxide (TBPO) at 26 wt%, corresponding
to the stoichiometric composition for TBPO- 34,68H The measurements were performed at the temperatu
range of (283.71 to 300.34) K and pressure rand8.8b to 19.43) MPa with using an isochoric edpilim
step-heating pressure search method. The resultsvesh that the presence of TBPO made these
semi-clathrate hydrates much more stable thandiresponding pure NCO,, and CH hydrates. At a given
temperature, the semi-clathrate hydrate of 26 wBR® solution + Cljwas more stable than that of 26 wt%
TBPO solution + CQ which in turn was more stable than 26 wt% TBP@itsm + N, We analyzed the
phase equilibrium data using the Clausius-Clapegmmation and found that at the pressure range tof 20)
MPa, the mean dissociation enthalpies for the sgatirate hydrates systems of 26 wt% TBPO solutidi,

26 wt% TBPO solution + CQand 26 wt% TBPO solution + Ghivere 177.75 kJ- md) 206.23 kJ-mdi and

159.00 kJ- mat, respectively.
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1. INTRODUCTION

Gas hydrates are a group of ice-like crystaltompounds stabilized under low temperature andatdelv
pressure conditionsAccommodating guest molecules of certain size &g lyydrates has found its potential
applications in gas storage and separdtidmiowever, the high pressure requirement and slamdtion
kinetics remain an impediment to the technologyettgwment for hydrate-based gas separation, stosagk,
transport.

One of the promising methods for reducing the pmessequirement for hydrate formation is to use
chemical additives, which can lead to the formatafnsemi-clathrate hydrates (SCHs) at relativelghhi
temperatures and low pressures. SCHs were firstriegp by Fowler et &lin 1940 and were subsequently
analyzed using X-ray diffraction by McMullan andfdey °. The latter found that in some clathrate hydrates,
the guest molecules such as organic salts notandypy the voids, but also act as part of the cabesse
SCH crystalline solids are built up by the wateiearframework containing empty dodecahedral casitiad
large cavities encaging the cations covalently leontb alkyl chains. Shimada et &lprovided the first
evidence that unoccupied cages in SCH could emelattsuitably sized gas molecules, such as hydrogen
sulphide, methane and nitrogen, and suggestedtitbaBCH could be used for separating gas molecules.
Kamata et al’ then experimentally showed that with tetra-n-bitgimonium bromide (TBAB) as a SCH
former, it was possible to separate smaller motcife.g. nitrogen, methane, and hydrogen sulfideh f
larger molecules (e.g. ethane, propane and cartooidd). In other words, SCHs are capable of silelst
incorporating small gas guest molecules within $heall cavities of the SCHs. Unlike ordinary hydsate
having well defined structures (Structure |, Stawetll, and Structure H), SCHs have diverse stnaestand

have hydrogen-bonding interaction between guestshasts molecules, which is much stronger tharvéme



der Waals force in ordinary hydrates

SCHs have drawn increasingly more interest fresearchers for their potential applications in bgen
storagée®, carbon dioxide storageand gas separatidfi** The thermodynamic data of SCHs are limited, and
the majority of them are for TBAB **32 More phase equilibrium data on SCHs are neededdquiring
in-depth knowledge of gas hydrate formation, opting the thermodynamic models, and developing
effective gas processing technologies.

One of the SCH formers, which are less knowrtriia-butylphosphine oxide (TBPO). TBPO and water
could form both TBPO- 28} and TBPO- 34.540 SCHs under atmospheric pressure, with the mettiigt
being 279.65 and 280.25 K, respectivEty” The latter TBPO hydrate with higher melting pdias a crystal
unit composed of four'8* cages, four 86° cages, four %6 cages, and fourteert’scages associated with
138 KO in real structurg, and the empty’8cage can encage small gas molecules. Recentlyji@hbad"
reported one phase equilibrium data point (i.e..280K, 0.1 MPa) of Ci with TBPO solution at a
stoichiometric concentration (26 wt%). To the bekbur knowledge, there are no other studies on SCH
formed in the systems of gas + TBPO + water. In ghesent study, we systematically report the phase
equilibrium data for the SCHS with,NCH, or CQ; + 26 wt % TBPO solution.

2. EXPERIMENTAL
2.1. Materials

TBAB (0.99 mass fraction pure) and TBPO (0.95 nfeastion pure) used in this work were supplied by
Sigma-Aldrich. CH (0.99995 volume fraction pure),,N0.99999 volume fraction pure) and £€(®.99995
volume fraction pure) were obtained from Coregds.oAthese materials were used as received. Deguohi

water was used to prepare the aqueous solutichBRO or TBAB.



2.2. Experimental apparatus

A schematic diagram and specifications of the drpamtal apparatus are given in Figure 1. The high

pressure reactor used in the present work was setmoate non-visual 102 ml stainless steel cylindrica

vessel with inside diameter of 38 mm and insidetlde 90 mm. The reactor was immersed in a liquthb

which was connected to a temperature control ctoul(PC200-A25, Thermo Scientific) with temperatur

stability of 0.01 K. The bath was covered by twathiesulation layers to ensure that the constanpezature

step could be controlled precisely at 0.1 K. A thewell coupled with a matched 1/10 DIN ultra precis

immersion RTD sensor (Omega) was inserted into pihdef the reactor to measure the liquid or hydrate

phase temperature with an uncertainty of £ 0.0 ressure transducer (OMEGA) with accuracy of &10.

MPa (£ 0.03% and pressure range of 34.5 MPa) wed tes measure the gas pressure inside the reéctor.

magnetically driven stirrer (PTFE-coated cross parchased from Industrial Equipment and Contrasw

used to agitate the test liquid. The gas dischahged the gas booster (Maximator MGB-ROB8-37) wad f

into the reactor. The experimental data were ctdtbat 10 seconds intervals using a data acquisstistem

(Agilent 34970A).

2.3. Experimental procedure

The high pressure cell was cleaned at least séwess twith using deionized water and dried priothte

introduction of TBAB or TBPO aqueous solution. Tt was filled with 30 g of 26 wt% TBPO solution,

corresponding to the stoichiometric ratio TBPO-B4@. Likewise, TBAB solutions (30 g) were prepared fo

examining the reliability of the current experimansystem. Finally, the test solution was loaded ithe

clean and dry reactor. A vacuum pump (Javac COas) used to degas the entire system except thieoreac

for 5 to 10 minutes. Subsequently, the test salutinthe reactor was degassed for 0.5 - 1 minuferbe



undergoing hydrate experiments. The effect of dg@ggson the concentration of the test solution was
negligible.

The hydrate phase equilibrium measurements werforpegd at the temperature range of (283.71 to
300.34) K and pressure range of (0.35 to 19.43) MRhA using an isochoric equilibrium step-heating
pressure search metHodrigure 2 shows typical pressure-temperature $rdoethe SCHs obtained in the
present work. For each experimental run, the teatpex was initially set at 303 K, and the initiasg
pressure was set at a specific value (e.g. 2Q.4,5%, or 2 MPa). The temperature in the reactar gradually
reduced at a rate of 0.5 K per hour with a 1-hamstant-temperature stage after every 5-hour testyrer
decreasing until 273.2 K, while the rotating speédhe magnetic stirrer remained high at around G090
(corresponding to Reynolds number ~7000) to ob&miradequate mixing. A sudden drop of gas pressure
indicated the onset of the hydrate formation, dredhtydrate formation ended at around 274 K. Thatdur
of hydrate formation process took about 1 to 2 ddgpending on the initial pressure. The tempeeaias
then increased first at a relatively large rat@.@fK per hour, which is considered acceptabledducing the
time requirement: After every five-hour continuous heating, theresv@aone-hour constant-temperature stage.
Once the temperature was close to (usually 1-2vieiathan) the possible dissociation point which ban
inferred from the pressure-temperature trace, tdygse heating rate was adjusted to 0.1 K forye@dnours.
Between these temperature rising stages were twodunstant-temperature stages. The hydrate detsmci
point was determined from the abrupt change instbpe of the hydrate dissociation line approachhme
initial cooling line. As shown in Figure 2a, thepiyal pressure-temperature trace of TBAB #Hydrate is
similar to those reported in the literatGré® For TPBO + N hydrate, however, Figure 2b shows an unusual

pressure-temperature trace. Similar pressure-teatyrertraces were obtained for TPBO +,C®drate and



TPBO + CH hydrate. This abnormal increase in pressure ieaend of hydrate formation suggests that with
TPBO, a pronounced change in crystal structure tiighie occurred. The release of gas at lower testyoer
could be explained by two different gas hydratesglsale.qg. gas-containing hydrate and gas-free tejdra
equilibrium with a peritectic liquid. Note that tiee are at least two structures for TBPO hydrate:
TBPO-34.5H0 and TBPO-28kD3 Further work with using spectroscopic techniquesunder way to
understand this phenomenon.
3. RESULTSAND DISCUSSION

First, the reliability and accuracy of the appasa&nd isochoric experimental procedure was verifigd
comparing the phase equilibrium data of TBAB + wateN, and TBAB + water + Cllobtained in the
present work with the corresponding data in therditure. Next, we reported the phase equilibriuta fiar
SCHs with 26 wt% TBPO solution +,NCO,, or CH,. Finally, we estimated the dissociation enthalg&s
these TBPO-containing SCHSs.
3.1 Examination of the reliability of the current experimental system

The phase equilibrium data for 5 wt% TBAB solutibrN, semi-clathrate hydrate were shown in Table 1
and Figure 3. Also plotted in Figure 3 are the dafsorted by Lee et al’, Mohanmmadi et af°> and Duc et

al. ®

using the same method. As shown in Figure 3, tie dbtained in the present work are in good
agreement with those reported in r&t$> and these three sets of data fall essentiallthersame line. The
role of thermal path, especially the heating rate bBeating paths (continuous and stepwise), inrehabéng

the accuracy of gas hydrate phase equilibrium dsiag isochoric method has been discussed in dafail

Tohidi et al*® and Mohammad et &.

The repeatability of our experimental data candmndrom Figure 1S and Table 1S in Support Infoionat



We have repeated the measurement twice for oneteydissociation point of 5 wt% TBAB solution +.N
The standard deviation of measured temperatureOv@asK, and the standard deviation of measuredspres
was 0.01 MPa, within the uncertainty range of tAi®Rand pressure transducer used in the present work

The phase equilibrium data for 10 wt% TBAB solutibitH, semi-clathrate hydrate are shown in Table 2
and Figure 4. Also plotted in Figure 4 are the daported by Ref& 2% Again, these three sets of data fall
essentially on the same line, indicating that oxpeeimental setup applying the equilibrium steptimea
pressure-search method is reliable over the presange under study.
3.2 Experimental phase equilibrium data of 26 wt% TBPO solution + N,, CH, or CO, hydrates

We measured the phase equilibrium conditions fadS@ith 26 wt% TBPO solution + N26 wt% TBPO
solution + CQ, and 26 wt% TBPO solution + GHand the results are shown in Figure 5 and TablEhd
systems exhibit three-phase equilibrium: SCH phasgueous phase + vapor phase. In Figure 5, therupp
left region of each curve represents the conditainshich the solid SCH phase (H) is stable forrédevant
system and in the lower right region, the solid Sgitdse (H) disappears and only aqueous phase (hav) a
vapor phase (V) are present. As shown, the equilibrpressure steadily decreased with decreasing
temperature. All these curves which represent miffe guest gases appear to converge at a certaibh po
where the temperature was approximately 284 K. #g¢naperature above 284 K, however, the SCH of 26
wt% TBPO solution + Cklwas considerably more stable than that of 26 wBRJ solution + CQ which in
turn was much more stable than that of 26 wt% TBP@. Note that the curve of 26 wt% TBPO solution +
CH, is below that of 26 wt% TBPO solution + @@y contrast, the phase equilibrium curve of pGid,
hydrate is above that of pure glydrate at the temperature range under study.

Figure 6 compares the phase equilibrium data obdain the present work for 26 wt% TBPO solution



(corresponding to TBPO- 34.56% with those from the literatutéfor the SCHs of 25 wt% TBAB aqueous
solution, with CQ, N, or CH,. Note that in the literatuf2the equilibrium data with 26 wt% TBAB are not
available, and the closest is 25 wt%. Also plottethe sub-figures are the pure gas hydrate eqjuitibdat&”.

As shown, the presence of TBPO made these SCHs maoh stable than the corresponding pure,0®
and CH hydrates, with the equilibrium pressure being gesp by approximately 10- to 100-fold at 285 K.
The effect of TBPO on reducing the phase equilioripressure was comparable with that of TBAB except
the CQ hydrate, for which TBAB gave slightly milder hydeaequilibrium conditions than TBPO.

Figure 7 compares the effects of TBPO and TBABlantydrate phase equilibrium conditions. Note that
in the presence of TBAB, the semi-clathrate hydmtase equilibrium curves of G@nd CH are close to
each other and even have a crossover. By conivilstTBPO, the SCH phase equilibrium curves of,@@d
CH, are far from each other and more importantly,etiesmo crossover between these two phase equitibri
curves. These results provide a clue that TBPO dcqatentially be more useful than TBAB for gas
separation applications, including removal of @@m conventional natural gas and purificatiorcoél seam
gas (coal bed methane). Further work is under wanvestigate the potential of TBPO for gas sejamat
including selectivity and efficiency.

TBPO is a very strong hydrogen-bond acceptor, WhB&B is a strong proton acceptor. The differente i
the molecular structure between TBPO and TBAB sthdwdve a significant impact on the intermolecular
interactions and thus the enthalpies during thegs® of CQ hydrate formation and dissociation. In what
follows, we analyzed the phase equilibrium datagishe Clausius-Clapeyron equation to roughly estém
the dissociation enthalpies of these SCHs.

3.3. Dissociation enthal py of 26 wt% TBPO + N,, CH4 or CO, hydrates



The dissociation enthalpieadsHr) of the semi-clathrate hydrates were determinedidigg a modified

Clausius-Clapeyron equatidh#*

dinP __AuH, "
d(1/T) R

whereR is the gas constant azds the compressibility factor that accounts fag tion-ideality of the gases.
The z values were calculated using the SRK equationtaté swhich is highly accurate for,NCH; and CQ
at non-ideality. These values are shown in Table 2S. Equation (1) isngpkiication of the Clapeyron
equation. Here, only the gas phase is considerddtandissolved gas is neglected. For,CBquation (1)
could also be applicable in spite of the relativielgh solubility of CQ in water, and the calculateq;sHn,
values are in good agreement with those reportéakititeratured®**

Figure 8 shows the semilogarithmic plots of hydrdigsociation pressure versus reciprocal absolute
temperature (IR versus 1I), and the straight lines represent the best lifieaf the experimental data. As
shown, for N and CH, the slopes of the lines for TBPO semiclathratdrates were larger than those of
TBAB, whereas for CQ the slope for TBPO semiclathrate hydrate was lemtiian that of TBAB. In using
Equation (1), the value of did(1/T) was set equal to the slope of the fitted straligiets shown in Figure 8.
The mean enthalpies of dissociation for the 26 WiB®O solution + B, CO, and CH systems and the 25
wt% TBAB aqueous solution +JINCO, and CH system were shown in Table 4 along with thosehef t
corresponding pure gas hydrates. Note thatAthél,,, values were largely determined by the slope dP In
versus 1ITI. As shown, with these different guest gas molegul@PO gave the Csemi-clathrate hydrate
the highest dissociation enthalpy, whereas TBABeg#he CQ semi-clathrate hydrate the lowest. The

changes in thésHy,, of SCHs with TBPO follow the same trend as theepgais hydrates. This difference



suggests that TBPO and TBAB should differ greatlyetting involved with the hydrate formation thghu
cavity occupation and hydrogen bonding interactibias been accepted that thé Bns dissociated from
TBAB in water can play a role in forming the cageshe SCHs, whereas no such anions but phosphoryl
oxygen from TBPO can get involved with the cagerfation. These arguments and conjectures pointeto th
need for more work to understand the observedrdiiige in the pressure - temperature trace betwB&BT
and TBPO (see Figure 2), especially near the emgarfate formation and the start of hydrate diszsttmn.

It is known that the enthalpy of dissociation igedlmined by the cavity sizes occupied by the gukests
ordinary hydrate such as sl and sll; the size dfréig guest increases in the order gf BH,;, and CQ, so is
the slope of the fitted straight lines for théIwersus IT plots! For SCHs, however, there is no apparent
relationship between the fitted straight lines floe IP versus IT plots and the sizes of cavities or SCH
formers. SCH formers participate in the cage stmecobr framework mainly through hydrogen bonding, i
contrast to ordinary hydrate guest molecules thatirecorporated into the hydrate cage mainly thhougn
der Waals force. Furthermore, the hydrogen bontfitegaction is much stronger than van der Waalsefoso
the interaction between the SCH formers and watdecnlar of SCHs cages should be quite differeminfr
that between the guest molecular and water moledulardinary cages. As can be seen from Tabldd, t
AgisHrm values of the SCHs are systematically larger tharcorresponding pure gas hydrates.

4, SUMMARY AND CONCLUSIONS

A 102-ml stirred reactor was used to measure thasephequilibrium conditions for SCHs using the
isochoric equilibrium step-heating pressure seanethod. The reliability and accuracy of the apperatnd
isochoric experimental procedure was verified bynparing the phase equilibrium data of 5 wt% TBAB

solution + N and 10 wt% TBAB solution + Cjobtained in the present work with the correspogadiata in



the literature.

The phase equilibrium conditions of 26 wt% TBPQusioh and C@ N, or CH, semi-clathrate hydrates
were measured in the temperature range of (288.30@.34) K and pressure range of (0.35 to 19.4Ba Mt
was found that addition of TBPO allowed the disation conditions of the CON, or CH;, hydrate to shift to
higher temperatures and lower pressures. Oveethpdrature range of (283.7 to 300.3) K, the senthchte
hydrate of 26 wt% TBPO solution + Gkas substantially more stable than that of 26 WBPO solution +
CO,, which in turn was more stable than 26 wt% TBP @Dt + N,.

We estimated the dissociation enthalpies of th&RO-containing SCHs. The dissociation enthalpiesswe
calculated from the measured phase equilibrium détthe N, CH, or CG, + 26 wi% TBPO solution
semi-clathrate hydrates using the Clausius-Clapegaguation. The mean dissociation enthalpies ferN
CH,; or CO, + 26 wt% TBPO solution semi-clathrate hydratedesys at the pressure range of (0 to 20) MPa
were 177.75 kJ-md) 206.23 kJ-mdi and 159 kJ-mdi respectively.
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Figure captions

Figure. 1. Schematic of the experimental apparatus usephfase equilibrium measurements (not drawn to

scale).

Figure. 2. Determination of hydrate dissociation point froppital pressure-temperature traces obtained in

the present work: a), 5 wt% TBAB aqueous solutidd,:+b), 26 wt% TBPO aqueous solution 4. N

Figure 3. Phase equilibrium data for TBAB +,8 + N, semi-clathrate hydrate at 5 wt%; this work

(isochoric equilibrium step-heating pressure-seanglthod); 0, ref 19 (the same method)), ref 25 (the

same method). The dashed line represents theibekttfe experimental data obtained in the presenk.

Figure 4. Phase equilibrium data for 10 wt% TBAB + ¢Bemi-clathrate hydrates, this work (isochoric

equilibrium step-heating pressure-search methodjef 17 (the same method; ref 21 (the same method);

o, ref 22 (the same method).

Figure 5. Experimentaphase equilibrium data for three systemgblack), 26 wt% TBPO + N e (red), 26

wt% TBPO + CQ; A (green), 26 wt% TBPO + CH

Figure 6. Comparison of experimentphase equilibrium data for various hydrate systems.

Figure 7. Experimentaphase equilibrium data (red), 26 wt% TBPO aqueous solution + £@is work;

A (green), 26 wt% TBPO aqueous solution +,CHis work; o (red), 25 wt% TBAB aqueous solution +

CO,, ref 25. A (green), 25 wt% TBAB aqueous solution + S Hef 25.

Figure 8. Semilogarithmic plot of semi-clathrate hydrate ghaquilibrium pressure versus reciprocal phase

equilibrium temperature: systems with 26 wt% TBRfDieous solution + (a) IN(c) CG, and (e) Cl, in the

present work; systems with 25 wt% TBAB aqueoustsmiut+ (b) N, (d) CQ, and (f) CH, from ref 25.



Table 1. Semi-clathrate Hydrate Phase Equilibrium Data wt% TBAB aqueous solution +,N

TIK P/MPa
287.31 19.12
287.09 18.33
286.63 16.07
285.88 13.99
285.11 11.64
284.67 10.31
284.14 9.01
283.63 7.76
282.51 5.62

280.95 3.92



Table 2. Phase equilibrium data for 10 wt% TBAB + ¢sbmi-clathrate hydrate

T/IK P/MPa
291.47 8.55
289.4 4.69

286.96 2.33



Table 3. Semi-clathrate Hydrate Phase Equilibrium Datadhan Three Component Systems of TBPO ©H

N,, CO, and CH, Corresponding to the Boundary Condition betweestaiHydrate-Vapor (Lw + H + V)

Phases and Water-Vapor (Lw + V) Phases.

Phase T/K P/IMPa

26 wt% TBPO + N

284.12 1.02
285.14 2.03
286.88 3.71
287.82 4.83
289.01 6.15
289.97 7.54
290.93 8.94
291.89 10.79
292.31 11.83
292.94 13.44
293.14 13.96
293.63 15.18
294.04 17.17
294.49 19.43
26 wt% TBPO + CQ

Lw +H+V > Lw +V 283.94 0.56
285.27 0.85
286.62 151
287.94 2.57
289.79 3.81

26 wt% TBPO + CH

283.71 0.35
287.21 0.79
289.72 1.44
292.06 2.17
292.93 2.96
293.67 3.69
294.31 4.34
296.04 6.86
297.47 10.14
298.58 12.98
299.66 15.63

300.34 18.9



Table 4. Enthalpies of dissociatiofigsHn/kJ- mol* for N, CO, and CH in 25 wt% TBAB solution, 26 wt%

TBPO solution and pure water

Guest TBPO TBAB Pure watet
N, 177.75 319.04 62.98
CcOo, 206.23 195.03 70.03
CH, 159.00 265.18 59.39

& Calculations made on the basis of phase equitibdata source of réb

P Calculations made on the basis of phase equitibdata source of ref 37-39
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