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ABSTRACT

Methane hydrate formation studies in saline envitent show that activated carbons are
excellent host structures able to promote the wtatéiydrate conversion. Under
confinement conditions, methane hydrate formatiakes$ place at mild temperatures (-
10°C), low pressures (< 6 MPa), with extremely tasetics (within minutes) and with a
large adsorption capacity (up to 66 wt.% LCidr seawater, i.e. a 128% improvement
compared to the dry carbon). Similar studies usifitapure water give rise to a total
methane adsorption capacity of 93 wt.%, i.e. etreffects exerted by salt play a crucial
role in the methane hydrate nucleation and gro®simthesized methane hydrates exhibit a
sl crystal structure and a stoichiometry that msmeatural hydrates. These findings open
the gate towards the application of activated casbwith a highly developed nanoporous

network as host structure for offshore methaneagt®in marine reservoirs.

KEYWORDS: Gas hydrates, methane storage, nano@nént, activated carbon, saline

environment.

1. INTRODUCTION

Strong economic growth and expanding populatioman-OECD nations is expected to
increase energy demand more than 71% from 201D40,2and around 18% in mature
energy-consuming and slower-growing OECD econoifiigsTaking into account actual

oil depletion and the intermittent regime of renblgasources, there is an urgent need to



find alternative energy sources able to fulfill ¢kestringent requirements for the next
decades. Methane, the main component of natural igasegarded as a prospective
alternative to petroleum because of its higher iipesombustion enthalpy and the lower
emission of carbon dioxide upon combustion relatovpetroleum [2]. Actual prospections
have estimated vast deposits of methane in the ébrgas hydrates at the permafrost in the
Artic regions €a. 8%) and in deep marine water environmegt 92%), the amount of
methane stored estimated by the DOE (US DepartwieEnergy) being around 3x10
cubic meters of 11800 Gt of carbon. For instance, countries likeadiafiM21 research
consortium) successfully extracted methane aslaHreugh thermal stimulation of natural
gas hydrates in 2012.

This nature-inspired approach has been recentlpgsed as an excellent alternative to
store large amounts of methane for mobile and ostaty applications, provided that
artificial gas hydrates can be prepared under prédsure and temperature conditions and
with reasonable kinetics (short charging time) Bgnsidering that 1 ctrof gas hydrate is
able to store 164 chof methane, artificial methane hydrates can beieghjin cylindrical
vessels to store methane in small-scale deviceg, (Bansportation) or for long-term
methane storage in off-shore artificial marine fplahs, as a safe supply for highly
demanding nations. Although bulk nucleation of dm&lrates is a kinetically-limited
process that hinders their commercial exploitat@mumber of studies described in the
literature have anticipated that the nucleatioruatidn period can be drastically decreased
from weeks down to minutes upon incorporation @olid surface, for instance activated

carbons, silicas or metal-organic frameworks (MO[&NL2]. The presence of proper



liquid-framework interactions and a large specifiterphase area between the gas and
water on the solid surface promotes the nucleaiwh growth of artificial gas hydrates at
milder conditions (2°C and 2-4 MPa) than naturel aith faster kinetics than bulk and
natural hydrates [4,5]. Despite the importance hi$ technological approach for future
storage devices, all studies described in thealitee have concentrated in ideal conditions
using ultrapure water as liquid media. However,dbenario changes drastically in the case
of using the hydrate technology to design futuraghterm storage reservoirs under
artificial marine platforms located at the coastlitaround 100 m depth). To tackle this
complex idea it is necessary to get new knowledge the methane hydrate formation
process in saline environments. Although thereatready several studies in the literature
dealing with the effect of salinity in bulk hydrétamation [13,14], to our knowledge there
are no studies dealing with their growth in salieevironments under confinement
conditions, i.e. nucleation in the confined spaiceamoporous solids.

With this in mind, the aim of the present studytds evaluate the methane hydrate
nucleation and dissociation process in the confinadospace of a high-surface area
activated carbons using seawater from the Paciiea®. Nucleation kinetics, pressure
threshold, stability and stoichiometry of the hydrawill be evaluated at different
temperature and pressure conditions. The selectiBacific Seawater (Fiji Island) is based
on the potential interest of the surrounding caest{mainly China and Japan) to exploit

this hydrate technology in their coasts.

2. EXPERIMENTAL



The activated carbon PP-AC was prepared using aphase pitch (VR-vacuum residue)
as a carbon precursor. The synthesis process ewa@vpyrolysis step at 460°C under 1
MPa of N for 1.5h. The resulting pitch has a mesophaseeocbrground 93%. After the
pyrolysis, the pitch was grounded in a ball millofatain a particle size below 5@@n. The
powder was activated with KOH as a chemical agera 6:1 ratio (wt.%/wt.%) at 800°C
for 2h under a nitrogen flow of 100 ml/min (heatirsge 5°C/min). The obtained activated
carbon was washed first with a HCI solution (102tand finally with distilled water. The
final sample, labeled PP-AC, was dried overnightQsi°C.

The morphology of the synthesized activated carbas been evaluated using field
emission scanning electron microscopy (FESEM mdaotlelSS Merlin VP Compact).
Temperature-programmed decomposition analysis (TRB$ performed in a U-shape
flow-reactor (He flow 50 ml/min) connected on-libe a mass spectrometer (MS). The
amount of oxygen surface groups evolved as CO afd l@as been quantified after
appropriate calibration of the MS using calcium lat@ DSC measurements were
performed in a DSC Q100 apparatus (TA Instrumeuds)g hermetically sealed aluminum
pans. A typical experiment consists of a cool-togate under 50 ml/min N The sample is
first cooled from 20°C to -80°C at a heating ratd ®/min, then the temperature is hold
isothermal for 5 minutes and finally a heating ratel°C/min is used to heat the sample
back to 20°C.

Textural properties of the synthesized samples veswduated by gas physisorption of
nitrogen at -196 °C. Gas adsorption measurements performed in a homemade fully

automated manometric equipment designed and cotestriby the Advanced Materials



Group (LMA), now commercialized as N2GSorb-6 (Gas Materials Technologies;

www.g2mtech.con The sample was previously degassed for 4 h @t°€5under vacuum

(102 Pa). Nitrogen adsorption data were used to deterthie following: (i) the total pore
volume (Vt) at a relative pressure of 0.95, (i@ BBET-specific surface areage®) and (iii)
the micropore volume (M) by application of Dubinin—-Radushkevich equatidrhe
difference between \and \; is considered to be the mesopores volumgdy¥

To make the hydrate structures, the nanoporousogashmple was pre-humidified under
water-supplying conditions denoted by Rw (Rw, whiepresents the mass of water to dry
carbon). The Rw value selected is 4.1, that coomrdp to the oversaturated sample
(saturation capacity measured using water adsorpad 25°C is 1.8 g/g). CH
adsorption/desorption capacity was measured ata?fC-10°C and up to 10 MPa. Pre-
humidified samples were frozen at -20 °C beforedhtgassing treatment to avoid water
loss.

Synchrotron X-ray powder diffraction (SXRPD) exmeents were collected at the high-
pressure/microdiffraction end station of the MSP®&ainline at synchrotron ALBA in
Spain. Data were collected at 0.4243A wavelengtingust Rayonix SX165CCD 2D
detector. The experiments were performed on aroadapillary reaction cell (fused silica
capillary, inner diameter 0.7 mm, outer diamet&0nm). Before the experiment, the@H
pre-impregnated (4.1460/gac) carbon (either pure water or seawater) was platgde of
the capillary connected to the methane gas cylifjuanty 3.5) via a pressure regulator. An
Oxford Cryostream 700 was used to control the teatpee of the sample. In situ XRPD
measurements were performed at 0 and 5 MPa of methad different temperatures, from

-10°C up to 2°C.



3. RESULTS AND DISCUSSION

3.1. Sample Characterization

Table S1 reports the composition of the seawatértla@ conductivity. The salinity of the
Fiji seawater is between 38.6 and 39.3, as dedinoadthe compositional analysis and the
conductivity, respectively. A high-surface areaivated carbon (AC) derived from
petroleum pitch (PP) after activation with KOH wased as a host structure. PP-AC was
prepared using the recipe described by Casco,ahalresulting sample combining a large
apparent BET surface area (above 34Gfyjrand a highly developed microporous, &/
1.00 cni/g) and mesoporous f\¥so= 1.42 cni/g) structure (Figure S1) [4]. In addition, Hg
porosimetry shows a wide macropore size distrilbytranging from 0.1-10Qum, coming
from the removal of the activating agent [4]. Therphology of the synthesized activated
carbon has been evaluated using FESEM. As it caoblkerved in Figure S2, activated
carbon grains have a dense packed structure vatrlglvisibleum size cavities or holes
due to the removal of KOH after the activation tneent. These large cavities constitute the
pathways to reach the inner micropores in the att/ carbon.

The amount and type of oxygen surface groups haen kevaluated by temperature-
programmed decomposition (TPD) experiments (Figs®@ TPD profile shows a small
evolution of acidic groups, evolved as £(QCO;] = 0.235 mmol/g), in the temperature
range 400-800 K (mainly attributed to carboxylicdalactone surface groups), and the
subsequent evolution of the less acidic groupsvexblas CO at higher temperatures
(mainly attributed to phenol, carbonyl and quinaweups) [CO] = 0.807 mmol/g. The

amount of groups evolved as CO is larger than tlevsdved as C@ as corresponds to



activated carbon materials, although the total arhaeleased is not large, i.e. the
synthesized petroleum-pitch derived activated aarffP-AC) has a poor surface

chemistry.

3.2. Differential Scanning Calorimetry

The understanding of any crystallization phenomgoan a thermal stimuli in a confined
environment, for instance in the cavities of a qEmrous solid, is a complex process that
deserves special attention before evaluating thedraty formation process.
Thermodynamically, any fluid in a confined pore thidH) experiences a modification in
the chemical potential that shifts the freezing gerature respect to the bul&Tf), the
direction of the shift (positive or negative) degeng on the wall-solidy,), the latent heat

of melting in the bulk 4¢,), and the wall-fluid ¥,,;) surface tensions, for a given molar

volume of the liquid¥) (Gibbs-Thomson (GT) equation (1)).
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According to the literature, for repulsive or wealdttractive potentials, the shift in the
freezing temperaturaT; must be negative while for strongly attracting l&/@n increase
must be observed [15-1Hurthermore, the shift is predicted to be largerdiit versus
cylindrical pores [18]. These studies confirmeddhecess of the Gibbs-Thomson equation
down to about 8 nm pores, the linear behavior betwes and 1/H breaking down for

smaller pores. This observation was attributedht® gresence of a contact surface layer



within the pore with different dynamic and struetuproperties compared to the pore-
interior, so that this contact layer become reléYannarrow pores [15]. Figure 1 shows
the differential scanning calorimetry (DSC) prddilor the melting of bulk water (ultrapure
and seawater) and the PP-AC confined water (4.4/@nc). DSC scans for the freezing
step are shown in the Supporting information (Fegd4).

DSC profiles for the freezing and melting of bulk@Hdiffers significantly due to the
presence of kinetic restrictions during the fregztep. In the freezing process (Figure S4)
there is a clear shift to lower temperatures favwsser, both in the bulk and the confined
phase, compared to pure water systems due to enafbpcts of salt in the disorder (liquid)
to order (solid) transition. In any case, the pneseof the activated carbon promotes the
nucleation of ice crystals at higher temperatu@spgared to the bulk, the degree of sub-
cooling required being smaller. As described abake,freezing process in the DSC is
kinetically controlled by the nucleation and crygfeowth of ice, thus yielding a metastable
super-cooled fluid below its freezing temperatusdile the melting process is under
thermodynamical control and no metastable phasesobserved. A closer look to the
melting scans in Figure 1 show important differenisetween bulk pure and seawater. Pure
water exhibits a single perfectly symmetric endotiie peak with an onset temperature of
0.08°C and associated with a latent heat of fusibB830 J/g (see Table S2), in perfect
agreement with the theoretical value for pure water

Concerning the seawater, DSC curves exhibit thnelethermic contributions at -36.9°C, -
23.9°C and -5.0°C and associated with a total gnthalue of 270 J/g. These observations
show that entropy has two effects, a decreaseeinmilting temperature and a decrease in

the enthalpy, i.e. less energy is required to ne#t in seawater. The peaks at low



temperatures in seawater could be attributed tartbking of the outermost water layers
due to the weakening of the hydrogen-bonded streicin the presence of salt (the
transition from cubic to hexagonal ice can be ruted since it must take place at
temperatures below the range evaluated, ca. -&80°GD¢C ) [19,20].

Concerning the confined phase, pure water exhébgingle peak at -0.1°C, with a small
shoulder at lower temperatures. Compared to thle, lsohfined water exhibits a decrease
in the melting temperature, in close agreement \lih Gibbs-Thomson equation for
weakly interacting systems. The asymmetry at la@eperatures denotes the presence of a
second contribution attributed to the melting ofOHN pores of different size [20,21]. The
presence of two peaks associated with the melting.® in different pores can also be
appreciated for the confined seawater. However, peoed to the bulk seawater, the
confined peaks are shifted to higher temperatdraking into account that pore size (H) is
common in Figure 1, the positive shift in the caefl seawater clearly denotes a difference
in the surface tensions (slightly attracting int¢i@ns) in the presence of salt.

Last but not least it is important to highlight thlae enthalpies of melting, normalized per
gram of BO (see Table S2), are much lower for the confinatiesn compared to the bulk,
in close agreement with previous studies by Karedlal. [15,22]. Apparently, the enthalpy
change in the transition from the crystal phasti¢oorientationally ordered confined liquid

is considerably reduced in the confined environment

3.3. High-Pressure Methane | sotherms

Upon understanding the confinement effects in theeZing/melting process, the

oversaturated PP-AC samples (4+tdfpac; pure and seawater) have been evaluated in the

10



methane hydrate formation. Figure 2 shows the metlaasorption/desorption isotherms at
2°C and -10°C and up to 10 MPa.

As it can be observed, at 2°C and below 3 MPaatheunt of methane adsorbed is almost
zero due to the pore blocking by pre-adsorbed whteahe specific case of pure water, the
methane adsorption capacity at 2°C exhibits aidrashp at 3.2 MPa that continues up to
6 MPa. Above this threshold pressure there is arsbqump in the methane adsorption
capacity up to 10 MPa and associated with a lagggehesis loop. The final adsorption
capacity for methane at 10 MPa is as high as 7warge above the adsorption capacity
for the dry sample (26 wt.%) [4]. As reported elbeve, these two steps in the methane
adsorption/desorption isotherm reflect the methhgdrate formation process in large
cavities or in the external surface area (firgpstnd in the inner porosity (second step) [4].
Interestingly, the scenario changes drasticallyhim case of confined seawater. Below 4
MPa neither methane adsorption nor methane hydoateation takes place. Above this
pressure, two steps can be appreciated, a firshetweeen 4 and 6 MPa, and the second one
from 6 to 10 MPa. These results clearly anticigafew findings, i) the presence of salty
water shifts the methane hydrate formation to highressures, ii) the water-to-hydrate
yield decreases in the presence of seawater (anaaisorbed at 10 MPa is 45 wt.%, still
quite above the dry sample), iii) the lower yiekl mainly due to the limited hydrate
formation in the second step (41% decrease in tbhane adsorption capacity), i.e. the
inhibition effect of seawater is larger in the inmavities or small pores of the activated
carbon, and iv) the presence of salt also alteesdibsociation of the methane hydrate,

taking place at higher pressurés3.8 MPa). The larger stability of pure methanerhial

11



versus seawater hydrate in confined nanospacedw$e agreement with previous studies
in bulk phase [13]. Tishchenko et al. predictecelatronship between the increase in the
methane dissociation pressure in the bulk and ¢hevater salinity [14]. The inhibition of
the hydrate formation process in the inner porégb@tcarbon material when using seawater
can either be due to the blocking effect exerted dajt in these cavities or to
thermodynamic concerns, i.e. entropic effects enghlesence of salt as deduced before with
DSC. To answer the first question, the texturalppries of sample PP-AC have been
evaluated after the hydrate formation process usiyg adsorption at cryogenic
temperatures. Nadsorption isotherm after the methane hydrate dton using pure water
(Figure S1) is perfectly coincident with that oétbriginal PP-AC, with agsr above 3400
m?/g. In the case of seawater, the aflsorption isotherm exhibits a certain blockinfpetf
due to the salt, preferentially in the large miams and small mesopores region, tberS
decreasing down to 2850%fg. However, the blocking of the porosity (16% aee in
total pore volume) is not enough to explain thgéamhibition in the hydrate formation
process at pressures above 6 MPa. To answer thendseguestion, the methane
adsorption/desorption isotherms have been evalupigd below the melting temperature,
i.e. at -10°C. As it can be observed in Figure @tt(lm), both pure and seawater pre-
impregnated PP-AC exhibit a similar behaviour. 28°C, 2 MPa is the threshold pressure
for both systems with a sudden jump in the amodebebed up to a similar value (ca. 22-
25 wt.%), i.e. entropic effects are minimized at lkemperatures. Afterwards, both samples
exhibit a second step attributed to hydrate foramain smaller cavities up to a final amount
adsorbed as high as 93 wt.%, for pure water, andt®%, for seawater. Compared to the

adsorption capacity of the dry carbon at -10°CW296), the incorporation of water gives

12



rise to a 220% (pure water) and 128% (seawaterjangment in the methane adsorption
capacity per mass of dry carbon. Apparently, termpees below the melting point i)
promote the methane hydrate formation at lowergunes for both steps, ii) minimize the
entropic effects exerted by seawater both for ffirdte formation and dissociation, and iii)
give rise to an improved water-to-hydrate yieldefprentially in the confined seawater
[23]. At this point it is important to highlight & seawater could never reach the adsorption
capacity of pure water because the more water iwvetted to hydrate, the more the
concentration of salt solution becomes, with theoaemted larger inhibition due to the
lower solubility of methane in saline water.

In summary, these results suggest that high-sudaea activated carbons are promising
candidates to promote methane hydrate formatioemumdd conditions (low pressures and
moderate temperatures) either with pure water awaeer. Although, confined seawater
exhibits a certain inhibition, these thermodynareftects can be largely minimized at
temperatures slightly below the melting point.

Stoichiometry of the methane hydrate has been astanfrom the amount of methane
adsorbed up to 10 MPa and the total amount of waterimpregnated. As it can be
appreciated in Table S3, pure water gives risentexxess of methane both at 2°C and -
10°C compared to the theoretical stoichiometryrfatural hydrates (1 C+5.75 HO) [3].
However, a careful evaluation of the two stepshmisotherm (Table S3) suggests that the
first step, attributed to methane hydrate formafioriarge cavities, is indeed in perfect
agreement with the theoretical value, while therhtgs formed in the second step are the
ones being non-stoichiometric. These results carexygained either due to the non-

stoichiometry of the hydrates in narrow pores dustéric restrictions or most probably to

13



the presence of physisorbed methane non partiogpati the hydrate process. Physisorbed
CH, at -10°C has been estimated to be around 29.3. whiider seawater environment the
scenario is quite different. While at -10°C thesea perfectly stoichiometric hydrate
formation (preferentially in the first step), alblculations performed at 2°C clearly
anticipate an excess of water compared to methanehe water-to-hydrate yield must be

quite low under these circumstances, in close ageaewith the results in Figure 2 at 2°C.

3.4. Methane Adsorption kinetics

Despite the total adsorption capacity, another nt@mb parameter in the hydrate formation
process is the nucleation and growth kinetics. fe@deb shows the variation in the sample
cell pressure versus time for specific points atriethane adsorption isotherms described
in Figure 2, i.e. (a) right after the first steab) in the inflexion point of the second step,
for the pure water and seawater confined samplaseti€ measurements described in
Figure S5a show that the first step, corresponttnmethane hydrate formation in large
cavities or external surface area, exhibit a cerbaduction period (ca. 1-6 h) before the
nucleation step starts for measurements at 2°€relstingly, the induction period is much
shorter in saline environments probably due to salting as the nucleation sites.
Importantly, a decrease in the adsorption temperabelow the melting point minimizes
the differences between pure and seawater and eedbe induction period ca. 20 min.
After the induction period, nucleation starts witiore than 80% equilibrium reached after
5h for both pure and seawater. Concerning the skstep in the isotherm at aprox. 5-6
MPa (at 2°C) and 3-4 MPa (at -10°C), kinetic measients clearly anticipate the absence

of any induction period. Methane hydrate nucleatod growth takes place right after the
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expansion of the gas manifold with equilibrium tenef a few hours (between 5-20h)

depending on the adsorption temperature. In otloedsy methane hydrate nucleation in the
inner cavities of the activated carbon, althougisiti slow process, does not require an
induction period. This observation must be duehtodver-pressure required, compared to
hydrates in the external surface or large caviteeg] the associated larger amount of
methane dissolved. At this point it is importanetophasize that similar experiments in the
absence of activated carbon do not provide anyrptiso at all even after 1-2 weeks, thus

confirming the promoting role of the confined napase.

3.5. Synchrotron X-Ray Powder Diffraction (SXRPD)

Last but not least, the nature of the methane hgdnas been evaluated using in-situ
synchrotron X-ray powder diffraction at the MSPDdestation of the ALBA synchrotron
(Spain). SXRPD patterns have been measured beaidrafeer methane pressurization up to
5 MPa for PP-AC confined pure and seawater. Asiit lse observed in Figure 3, upon a
cooling step at -10°C both pure water and seavgaterrise to the characteristic peaks of
the hexagonal structure of ice. The subsequensprieation with methane up to 5 MPa
gives rise to the development of new peaks assutiat the sl methane hydrate, together
with ice. The co-existence of both phases mustsbeaated with the low equilibrium time
allowed during consecutive SXRPD measurements. Mexyea slight increase in the
capillary temperature to 2°C speeds up the methgdeate formation process with a pure
sl structure for both pure and seawater. Theseltseslearly confirm that the crystal
structure of the methane hydrate is independenhefenvironment, saline or not, the sl

structure being the most stable structure, with mlete absence of unreacted ice. The
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crystal size estimated from the SXRPD measurememgther similar for methane hydrate
coming from pure and seawater, the average crgstalbeing around 100 nm, i.e. using
synchrotron XRD only large crystals, those in lapgees or cavities, can be identified. The
crystallite size of the hydrate was calculated dase Scherrer equation and using kaB

NIST 660b as a standard for instrumental peak lmoiad determination

4. CONCLUSIONS

High-pressure (up to 10 MPa) methane hydrate atisnfgesorption experiments clearly

show that high-surface area activated carbon naddedre excellent host structures to
promote the methane hydrate nucleation and groWihse crystalline structures exhibit a
sl structure and are successfully synthesized umdiéd pressure and temperature

conditions either in pure water or seawater. Tliecef a saline environment depends on
the nucleation temperature. Whereas at temperasin@se the melting point salt shifts the

nucleation process to higher pressures and prontoedissociation at higher pressures, at
temperatures below the melting point these two ggses are rather similar to pure water,
i.e. the inhibition effect by salt can be minimizddterestingly, seawater-based hydrate
synthesized at -10°C exhibits extremely fast kaset(only a few minutes) and a

stoichiometry that mimic nature. In any case, thimltmethane adsorption capacity in a
saline environment, although very large (up to 884}, cannot reach the one of pure water

(93 wt.%) due to entropic and blocking effects asged with the presence of salt.

ASSOCIATED CONTENT
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Supporting Information . Characterization of the PP-AC sample, charactomz of

seawater and adsorption kinetics.
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FIGURE CAPTION

Figure 1. DSC scans for melting of & (ultrapure and seawater) in the bulk (bottom) and

confined (4.1 g20/dac) in the PP-AC sample (upper).

Figure 2. CH, adsorption/desorption isotherms at 2°C (upper) df®C (bottom) for
ultrapure and seawater pre-impregnated PP-AC (4:b/gc). The total adsorption

capacity at 10 MPa for the dry carbon at both tenaipees is also included.

Figure 3. Synchrotron X-ray powder diffraction patterns pure and seawater confined in
PP-AC; (a) HO at 2°C, (b) HO at -10°C, (c) bD at -10°C and 5 MPa GHnd (d) same

conditions of (c) at 2°C.
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FIGURES
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FIGURE 2
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FIGURE 3

Intensity (a.u.)
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Highlights

¢ Nanoconfinement effects promote methane hydrate formation in seawater
environment

* Methane adsorption capacity in seawater is improved more than 128%

* Presence of salt limits the water-to-hydrate yield above the melting
temperature

e Confined seawater-based gas hydrates have similar stoichiometry to
natural hydrates



