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A B S T R A C T

The influences of large molecular alcohols (LMAs) (pinacolyl alcohol (PCA) and tert-amyl alcohol (tAA))
on N2 hydrate were examined with a primary focus on the hydrate phase equilibria and structural
transition. The four-phase (H–Lw–LLMA–V) equilibria of the N2 +PCA+water and N2 + tAA+water systems
were experimentally measured in order to determine the thermodynamic stability conditions of the N2

hydrates with LMAs. The H–Lw–LLMA–V curves of both N2 +PCA and N2 + tAA hydrates were significantly
shifted to more thermodynamically stable regions. Powder X-ray diffraction (PXRD) and Raman analyses
verified that the structure of N2 hydrates with LMAs was transformed from the original structure of sII to
sH (P6/mmm) as a result of the inclusion of LMAs. In addition, the formation of sH hydrate from the
N2 +PCA+water systemwas further verified using an endothermic dissociation thermogram from a high
pressure micro-differential scanning calorimeter (HP m-DSC) by confirming the appearance of three
distinct peaks that correspond to ice, sII hydrate, and sH hydrate. Therefore, the experimental results that
were obtained in this study are expected to be informative for understanding the roles of LMAs in
affecting the macroscopic hydrate phase behavior and microscopic hydrate structure.

ã 2015 Elsevier B.V. All rights reserved.

1. Introduction

Clathrate hydrates are non-crystalline compounds that consist
of water molecules (host molecules) and guest molecules [1].
Water molecules create cages by forming hydrogen bonds, and
guest molecules are enclathrated in those cages and stabilize the
clathrate hydrates. There are various applications of clathrate
hydrates, such as carbon dioxide capture and storage, natural gas
storage/transportation, and desalination [2–14]. The structures of
clathrate hydrates are generally determined by the sizes of guest
molecules and themost common three structures are sI, sII and sH.
sI hydrates consist of two small (512) cages and six large (51262)
cages, sII hydrates consist of sixteen small (512) cages and eight
large (51264) cages, and sH hydrates consist of three small (512)
cages, two medium (435663) cages, and one large (51268) cage [1].

Among these three structures, sH hydrates have several
noteworthy features regarding thermodynamics and their poten-
tial applications. First, in the presence of small-sized help gases, sH
hydrates are capable of capturing large-sized liquid hydrocarbon
guests, which cannot be enclathrated in the lattices of sI or sII

hydrates. Second, sH hydrates have a higher gas storage potential
in their smaller cages (512 and 435663) compared to sI and sII
hydrateswhen the larger cages of each structure are assumed to be
occupied by largemolecules. Last, by enclathrating largemolecular
guests, sH hydrates generally become more stabilized than their
original thermodynamic conditions [15,16].

Neohexane and methylcyclohexane among large-sized liquid
hydrocarbons are well-known sH guests that fill the large (51268)
cages in the presence of help gases such as CH4, Xe, and H2S that fill
the small (512) and medium (435663) cages, and have been
extensively investigated due to their thermodynamic promoting
ability [17–19]. However, largemolecular alcohols (LMAs) have not
been examined thoroughly as sH hydrate guests, although they are
expected to be enclathrated in the large (51268) cages of sH
hydrates [20]. Furthermore, N2 has rarely been used as a help gas of
sH hydrates despite its appropriate molecular size for enclathra-
tion in the small (512) and medium (435663) cages of sH hydrates
[21,22]. For these reasons, the enclathration of LMAs in sH hydrates
in the presence of N2 as a help gas needs to be investigated.

In this study, pinacolyl alcohol (PCA) and tert-amyl alcohol
(tAA), which have six and five carbons respectively, were selected
as representative LMAs. N2 was chosen as a help gas for the sH
hydrate formation because N2 itself can form sII hydrate, whereas
LMAs such as PCA and tAA cannot form any clathrate hydrates by
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themselves. The four-phase (H (hydrate)–Lw (liquid water)–LLMA

(liquid large molecular alcohol)–V (vapor)) equilibria of the
N2 + PCA+water and N2 + tAA+water systems were experimental-
ly measured in order to determine the thermodynamic stability
conditions of the N2 hydrates with LMAs. To confirm the possible
structural transitions due to the enclathration of the LMAs, both
the N2 +PCA and N2 + tAA hydrates were analyzed using powder X-
ray diffraction (PXRD) and Raman spectroscopy. In addition,
additional verification of the sH hydrate formation from the
N2 + PCA+water system was obtained using an endothermic
dissociation thermogram from a high pressure micro-differential
scanning calorimeter (HP m-DSC).

2. Experimental

2.1. Materials and apparatus

N2 gas with a purity of 99.99% was supplied by PSG Gas Co.
(Republic of Korea). Pinacolyl alcohol with 98% purity and tert-
amyl alcohol with 99% purity were purchased from Sigma–Aldrich
(USA). The suppliers and purity of the materials used in this
experiment are presented in Table 1. Double distilled, deionized
water was used. All materials were used without further
purification.

The experimental apparatus used in this study was specifically
manufactured to accurately measure the changes in the pressure
and temperature of the hydrate formation and dissociation
process. The equilibrium cell was made of 316 stainless steel with
an internal volume of 250 cm3, and itwas immersed in awater bath
that was connected to an external circulator with a programmable
temperature controller (RW-2025G, JEIO Tech, Republic of Korea).
The content in the cell was vigorously agitated by an impeller-type
stirrer. A thermocouple with a temperature range from 73.15 to
1273.15K was introduced into the equilibrium cell to measure the
temperature of the cell content. This thermocouple was calibrated
using an ASTM 63C mercury thermometer (Ever Ready

Table 1
Source and purity of the materials used in this study.

Chemical Name Source Purity

N2 PSG gas 0.9999
PCAa Sigma–Aldrich 0.98
tAAb Sigma–Aldrich 0.99

a PCA: pinacolyl alcohol (3,3-dimethyl-2-butanol).
b tAA: tert-amyl alcohol (2-methyl-2-butanol).

[(Fig._1)TD$FIG]

Fig. 1. (a) PXRD patterns of the N2 + PCA (3.0mol%) hydrate, (b) PXRD patterns of the N2 + tAA (3.0mol%) hydrate. *: Hexagonal ice, v: representative sH peaks.
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Thermometer, USA)with a resolution of�0.1K. In order tomeasure
the pressure of the system, a pressure transducer (S-10, Wika,
Germany) was used. This pressure transducer was calibrated with
Heise Bourdon tube pressure gauge (CMM-140830, 0–20.0MPa,
maximum error of �0.02MPa).

2.2. Microscopic analyses

For accurate structure identification of the N2 + LMA hydrates,
each gas hydrate sample with LMAs was formed at temperature
and pressure conditions where the N2 + LMA hydrate is stable, but
the pure N2 hydrate is unstable: the N2 +PCA hydrate was sampled
at 278K and 18.0MPa, and the N2+ tAA hydrate was sampled at
275.5K and 18.5MPa.

The crystal structures of the N2 + PCA and N2 + tAA hydrates
were determined using powder X-ray diffraction (PXRD). To obtain
the PXRD patterns of the hydrate samples, an X-ray diffractometer
(D/Max-RB, Rigaku, Japan) equipped with a graphite-monochrom-
atized Cu Ka1 radiation source (l =1.5406Å) was used. The PXRD
patterns were collected stepwise with a fixed time interval of 3 s
and a step size of 0.02� for 2u =5–55� at 133.15K. The obtained
patterns were analyzed using the CheckCell program.

For Raman measurements, the pure N2, N2 + PCA, and N2 + tAA
hydrate samples were finely powdered in a vessel with liquid N2,
and then pelletized into a cylinder with a diameter of 1.0 cm and a
height of 0.3 cm. The Raman spectra for each hydrate sample were
obtained using a Raman spectrometer (alpha 300R, WITech,
Germany) thatwas equippedwith a 1800 grooves/mmholographic
grating and a thermoelectrically cooled CCD detector under

atmospheric pressure. The excitation source was a He–Ne laser
with a wavelength of 532nm and a laser intensity of 20mW. The
temperature of the sample during the measurement was main-
tained constant at 170K by controlling the flow of liquid N2 vapor.

2.3. Differential scanning calorimetry

To confirm the formation of the sH hydrate from the
N2 + PCA+water system, a high pressure micro-differential scan-
ning calorimeter (HP m-DSC, VII Evo Setaram Inc., France) was
used. The HP m-DSC operates in a temperature range of 233.15–
393.15K and a pressure range up to 40MPa, with a resolution of
0.02mW and a temperature deviation of �0.2K. The multi-cycle
mode of cooling and heating between 253K and 274Kwas adopted
for approximately 25mg of PCA solution (3.0mol%) with N2 gas at
the desired pressure in order to enhance the conversion of the PCA
solution into sH hydrates. However, in order to observe all possible
phases including ice, sII hydrate, and sH hydrate, the complete
conversion to sH hydrate that can be achieved using a large
number of cooling–heating cycles was not performed. After 10
cooling–heating cycles, the systemwas heated from 253K to 313K
at a rate of 1.0K/min, and the final endothermic dissociation
thermogram was obtained.

2.4. Hydrate stability condition measurements

Pinacolyl alcohol (PCA) and tert-amyl alocohol (tAA) are both
immiscible with water. Thus, in the four-phase equilibrium system
(H–Lw–LLMA–V), there are three components (N2, water, and LMA)
and four phases (gas hydrate (H), liquid water (LW), liquid alcohol
(LLMA), and vapor (V)). According to Gibb’s phase rule (F =C–P +2),
the degree of freedom is 1. Therefore, the H–Lw–LLMA–V equilibria
of the N2 + PCA (or tAA) +water systems were independent of the
PCA or tAA concentrations. For this reason, all experiments were
conducted with 3.0mol% LMA solutions.

To measure the hydrate-phase equilibria, the equilibrium cell
was filled with approximately 80 cm3 of PCA (3.0mol%) or tAA
(3.0mol%) solution. Before starting the experiment, the equilibri-
um cell was ventilated at least three times with N2 gas to remove
any residual air in the equilibrium cell. Then, the equilibrium cell
was pressurized with N2 gas to the desired pressure, and the
experiment was conducted under an isochoric condition with
stepwise heating/cooling. The whole system was slowly cooled by

[(Fig._2)TD$FIG]

Fig. 2. Raman spectra of the pure N2, N2 + PCA (3.0mol%) and N2 + tAA (3.0mol%)
hydrates.

[(Fig._3)TD$FIG]

Fig. 3. Dissociation thermogram of the N2 +PCA (3.0mol%) hydrate around
20.0MPa with a heating rate of 1.0K/min.
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1.0K/h until the hydrate nucleation began. During this process,
there was gradual pressure decrement caused by the thermal
contraction until a rapid pressure drop caused by the hydrate
nucleation was observed. After sufficient time for the completion
of gas hydrate formation, the temperature was slowly increased in
a stepwise manner of 0.1K/90min. The cell pressurewas increased
with the hydrate dissociation. Even after the hydrate was
completely dissociated, the cell pressure was slightly increased
due to the thermal expansion of vapor phase. The intersection
point between the hydrate dissociation line and the thermal
expansion line was determined as an H–Lw–LLMA–V equilibrium
point at each given pressure. More detailed descriptions of the
experimental procedure were provided in our previous papers
[23–26].

3. Results and discussions

3.1. PXRD analyses of the N2 + PCA and the N2 + tAA hydrates

Fig. 1(a) and (b) present the PXRD patterns of the N2 + PCA
(3.0mol%) andN2 + tAA (3.0mol%) hydrates, respectively. The sI, sII,
and sH gas hydrates have their own unique X-ray diffraction
patterns depending on their crystal structure types. As depicted in
Fig. 1(a) and (b), both N2+ PCA and N2 + tAA hydrates exhibited five
unique diffraction peaks of sH hydrates, which are marked as ‘v’.
Those five peaks at 2u =26.8�, 28.5�, 29.3�, 30.5�, and 31.6� are in
good agreement with the unique peaks of sH hydrate represented
by the CH4 +methylcyclohexane hydrate, which were reported by
Jin et al. [27]. The crystal structures of both N2+ PCA and N2 + tAA
hydrates were identified to be sH (P6/mmm) with unit cell

parameters of a=b =12.23Å and c =10.09Å, and a =b =12.20Å and
c =10.23Å, respectively. Considering the crystal structure of the
formed hydrates and the molecular sizes of PCA and tAA, both PCA
and tAA are expected to be enclathrated in the large (51268) cages of
the sH hydrate and thus induce a structural transition of the N2

hydrates from sII to sH.

3.2. Raman analyses of N2 + PCA and N2 + tAA Hydrates

Fig. 2 presents a stacked plot of the Raman spectra for the pure
N2, N2 + PCA (3.0mol%), and N2 + tAA (3.0mol%) hydrates. Even
though the N2 molecules are captured in both small (512) and large
(51264) cages of the sII hydrate, the N2 hydrate exhibits only one
Raman peak at 2324cm�1, which is originated from the N—N
vibrational mode of the N2 molecules captured in both small (512)
and large (51264) cages of the sII hydrate [28–30]. The Raman
spectrometers with a resolution of 0.5–1.0 cm�1/pixel cannot
elucidate peak splits for the N2 molecules captured in small (512)
and large (51264) cages of sII hydrate because the N2 molecules are
too small to be distinguishable in the two different cages of the sII
hydrate. However, both N2+ PCA and N2 + tAA hydrates exhibit one
Raman peak at 2323 cm�1, which indicates a slight wavenumber
shift caused by a structural transition.

3.3. Hydrate dissociation thermogram of the N2 + PCA +water system

To confirm the nucleation and formation of the sH hydrate
from the N2 + PCA +water system, a hydrate dissociation thermo-
gram was obtained using an HP m-DSC. The HP m-DSC can
measure accurate dissociation enthalpies of gas hydrates and can

[(Fig._4)TD$FIG]

Fig. 4. Phase equilibria of the pure N2, N2 + PCA (3.0mol%) and N2 + tAA (3.0mol%) hydrates.
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also provide reliable hydrate phase equilibrium points [25,26,31].
The onset temperature obtained from the hydrate dissociation
thermogram was taken as the equilibrium dissociation tempera-
ture at a given pressure. In order to measure the dissociation
enthalpy of each gas hydrate, a multi-cycle mode of cooling and
heating is generally adopted to enhance and maximize the
conversion of water into gas hydrates. However, in this study,
after only 10 cycles of cooling and heating, the temperature was
raised to 313K at a rate of 1.0 K/min to obtain the hydrate
dissociation thermogram including ice, sII hydrate, and sH
hydrate.

As seen in Fig. 3, which presents the hydrate dissociation
thermogram of the N2 + PCA+water system, three distinct
endothermic peaks of ice, sII hydrate, and sH hydrate were clearly
observed. The first endothermic peakwith an onset temperature of
271.5 K corresponds to the ice melting; the second peak with an
onset temperature of 275.3K denotes the pure N2 hydrate (sII)
dissociation; and the last large peak with an onset temperature of
282.3K indicates the N2+ PCA hydrate (sH) dissociation at
19.57MPa. Through the endothermic hydrate dissociation ther-
mogram, the formation of sH hydrate from the N2 +PCA+water
system was further clarified.

3.4. Four-phase equilibria of the N2 + PCA (or tAA) +water system

The four-phase hydrate equilibrium (H–LW–LLMA–V) curves of
the N2 +PCA+water and N2 + tAA+water systems were measured
in a temperature range of 270–285K and a pressure range of 10–
22MPa; the results are presented in Fig. 4 and Table 2, respectively.
In Fig. 4, the equilibrium data of the pure N2 hydrate observed by
van Cleeff and Diepen [32] are also plotted for comparison. For the
N2 +PCA (or tAA) +water systems, the structural transition from sII
to sH as a result of the inclusion of PCA or tAA in the lattices of the
N2 hydrate was expected from the PXRD and Raman analyses.
When compared with the pure N2 hydrate, the equilibrium curves
of both N2 + PCA and N2 + tAA hydrates were shifted to more stable
regions that are represented by higher temperature ranges at any
given pressure or lower pressure ranges at any given temperature,
which again indicates a clear structural transition due to the
enclathration of PCA or tAA. The N2 +PCA hydrate exhibited amore
remarkable equilibrium curve shift to the stable region than the
N2 + tAA hydrate. This might be attributed to the larger molecular
size and better molecular configuration of PCA for enclathration in
the large (51268) cages, which results in the enhanced thermody-
namic stability of the sH hydrate.

Furthermore, for the pure N2 hydrate (sII) and N2 +PCA hydrate
(sH), each onset temperature obtained from each dissociation
thermogram at a given pressure was in a good agreement with the
hydrate equilibrium data obtained from the conventional isochoric
method as shown in Fig. 4, which verifies the reliability of these
experiments.

4. Conclusions

In this work, the influences of pinacolyl alcohol (PCA) and tert-
amyl alcohol (tAA) on the structural transition and hydrate phase
behavior of N2 hydrates were investigated with a primary focus on
the microscopic analyses and H–Lw–LLMA–V equilibrium measure-
ments. From the PXRD and Raman spectra, both N2 +PCA and
N2 + tAAhydrateswere identified tobe sHhydrates,which indicates
a structural transition from the original sII N2 hydrate. For both
N2 + PCA and N2 + tAA hydrates, a significant thermodynamic
promotion was observed as a result of the inclusion of the PCA
and tAA molecules in the hydrate lattices. In addition, in order to
further confirm the formation of the sH hydrate, the hydrate
dissociation thermogram of the N2 +PCA+water system was
obtained using a HP m-DSC. The dissociation thermogram clearly
demonstratedthreedistinctpeaks representing ice,pureN2hydrate
(sII), and N2 + PCA hydrate (sH). Through the overall experimental
results obtained in this study, itwas found thatbothPCAand tAAare
sH hydrate formers in the presence of N2 as a help gas.
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