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ABSTRACT

The three-phase equilibrium curves of hydrate, agueous, and gas phases in the ternary system of
ethane (C2Hs), ammonium bromide (NH4Br), and water were measured at pressures up to 3 MPa and
temperatures of 278.45 to 283.76 K. The phase equilibrium curves exhibit two trends; the curve
paralleled with that of simple C2Hs hydrate and the one steeper than that of simple C2Hs hydrate.
The latter implies the incorporation of NH4Br into C>He hydrate while the former indicates the
thermodynamic inhibition effect of NH4Br. To investigate the incorporation of NH4Br, Raman
spectra of the N-H stretching vibration of NH4" were analyzed. Raman spectra imply the existence
of the motionally restricted NH4™ in the formed hydrate. Both results from the phase behavior and

Raman spectra imply the formation of C.He+NH4Br semi-clathrate hydrates.
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Fluid Phase Equilibria
1. Introduction

Clathrate hydrate is an inclusion compound, which has an ice-like appearance. Guest
species like light hydrocarbons and noble gases construct clathrate hydrates with host water
molecules. There are several kinds of hydrate cages and a couple of them are combined to form
specific hydrate structures. The structure-1 (sl) hydrate consists of two 5%-cages (pentagonal
dodecahedron, hereafter called S-cages) and six 5'26°-cages (M-cages) in the unit lattice. In the
same manner, the structure-11 (sll) hydrate is formed with sixteen S-cages and eight 526*-cages (L-
cages). Crystal structures and thermodynamic stabilities of gas hydrates mainly depend on the kind
of guest species [1]. The familiar guest species for the sl hydrates are methane (CH4), carbon
dioxide (COy), ethane (C2Hs). The CH4 and CO2 molecules are able to occupy both S- and M-cages
[1-5]. The C2Hs molecule, whose molecular size is slightly larger than the void size of S-cage,
occupies only the M-cages at pressures lower than approximately 20 MPa, while high pressures
enable the occupancy of the CoHe molecule in S-cages as well as M-cages [6].

Besides the regular clathrate hydrates, tetraalkyl ammonium or phosphonium salts with
water form semi-clathrate hydrates [7-9]. Nitrogen or phosphorus atom as well as anions forms the
hydrogen-bonded frameworks with water molecules. Shimada et al. [10] have reported the isobaric
phase equilibrium (temperature—composition) relations for the tetra-n-butyl ammonium bromide
(TBAB) semi-clathrate hydrate, one of the most famous substances forming semi-clathrate hydrates.
The maximum equilibrium temperature of TBAB semi-clathrate hydrate at an atmospheric pressure
with the TBAB aqueous solution (mass fraction of TBAB is 0.405) is 285.15 K.

Ammonia (NHz) molecule, only from the viewpoint of molecular size, would be able to
occupy the hydrate cages because its size is similar to that of CHs. In fact, the previous studies [11-
14] revealed that the water molecules form a dodecahedron cage (similar to S-cage) around NHz and
ammonium ion (NH4") in the gas phase. However, it had been believed that NH3 does not form
clathrate hydrates and behaves as a thermodynamic inhibitor to the clathrate hydrate formation

[15,16]. Instead of clathrate hydrate formation, NH3z hemihydrate (2NHs3-H20), NH3 monohydrate
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(NH3:H20), and NHz dihydrate (NHs-2H.O) form at high pressures around 10 GPa (at room
temperature) [17,18]. Shin et al. [19] reported the NH3 clathrate hydrates (simple NH3z hydrate,
CH4+NHs mixed hydrate, and tetrahydrofuran+NHs mixed hydrate) at low temperatures and the
location of the NHz molecules in the hydrate crystal was estimated based on the results from
molecular simulation.

In the present study, we have investigated whether ammonium salts, instead of the NH3
molecule, are possible to be enclathrated under the coexistence of ethane (C2He) as a hydrate former.
The thermodynamic stability boundary of the clathrate hydrates formed in the ternary system of
CzHe+ammonium bromide (NHs4Br)+H>O was measured. Not only the possibility of the
enclathration of NH4* (also from the Raman spectra) but the effects of NHs and NH4™ on the

thermodynamic stabilities were discussed.

2. Experimental
2.1. Apparatus

The pressure-proof glass cell (Taiatsu Techno, HPG-10-1) (inner volume: 10 cm?,
maximum working pressure: 5 MPa) was used for the phase equilibrium measurements. The
experimental setup is the same as the one used previously [20,21]. The glass cell was immersed in
the water bath where the temperature was controlled with the thermocontroller (Taitec, CL-80R). The
equilibrium temperature was measured with the thermistor thermometer (Takara, D632,
reproducibility: 0.02 K). The equilibrium pressure was measured with the pressure gauge (Valcom,

VPRT, maximum uncertainty: 0.01 MPa).

2.2. Procedure
The NH4Br (molar ratios of NH4Br to H20 are 1/35 (Xnnasr = 0.028, wnhaer = 0.134) and
1/23 (XnHaer = 0.042, wnhaer = 0.191)) and NH3 (molar ratios of NH3 to H>O are 1/35 (xnH3z = 0.028,

wnHz = 0.026), and 1/23 (xnnz = 0.042, wnnz= 0.040)) aqueous solutions were prepared with the
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electric balance (Shimadzu BL-220H, maximum uncertainty is 0.004 g), where x and w stand for the
mole fraction and mass fraction, respectively. A desired volume (each is approximately 2 cm®) of
NHs or NH4Br aqueous solutions was introduced into the glass cell and degassed by a freezing
method. The contents were pressurized with C2He up to a desired pressure. A magnetic stirrer
was moved up and down by a permanent magnet outside for agitation of the gas-liquid interface as
well as the contents. The up-and-down agitating is quite important for supplying a sufficient
amount of C2He in to the aqueous solution through the gas—aqueous interface. The contents were
cooled and agitated to generate mixed hydrates. After the hydrate formation, the system
temperature was increased by 0.1 K step every 3 hours. When the disappearance of the last hydrate
particle was confirmed, we determined that the system reached a three-phase equilibrium condition
of H+L1+G (H: hydrate phase, L1: aqueous phase, G: gas phase) with a desired composition of NH3
or NH4Br in the aqueous solution. After the complete dissociation of the formed hydrates, the
system temperature was increased by 0.1 K step every 3 hours. We confirmed the change of the
slopes of the fitting curves before and after the complete dissociation.

For the Raman spectroscopy, the quenched NH4Br aqueous solution (molar ratio of NH4Br
to H.O was 1/35) was grained in the mortar immersed in liquid nitrogen. The powder with
approximately 200 um in diameter was loaded into the high-pressure cell and then pressurized up to
1.7 MPa with C2Hs.  The sample was prepared at temperatures of 267 K in a temperature-controlled
chamber (ESPEC, SU-241) for a couple of days. Just 1 hour before the Raman analysis, the sample
in the cell was moved to a cold room and kept at 253 K there. The pressure in the cell was then
released and allowed to reach atmospheric pressure. Once released, the sample was keptat 77 K. A
laser Raman microprobe spectrometer with a multichannel CCD detector (JASCO, NRS-1000) was
used. The Diode Pumped Solid State (DPSS) laser (Cobolt, Fandango) was irradiated to the
samples at atmospheric pressure and 77 K. The backscatter was taken in with same lens. The
wavelength of the DPSS laser was 514.5 nm and the output power was adjusted to 100 mW. The

spectral resolution of the obtained Raman spectra was approximately 1 cm™.
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2.3. Materials

C2Hs (molar purity: 0.999) was purchased from Takachiho Trading Co., Ltd. Guaranteed
research grade aqueous NHsz solution with 28 mass%(NHs) was obtained from Nakalai Tesque.
NHsBr (molar purity: 0.990) and distilled water were purchased from Wako Pure Chemical

Industries, Ltd.  All materials were used without further purification.

3. Results and discussion

The three-phase equilibrium relations of the ternary system of CoHe+NHiBr+H>O were
shown in Figure 1 and listed in Table 1. As shown in Figure 1, two trends of phase behavior were
observed in each NH4Br mole fraction. One (closed circles and squares) is the curve (blue) paralleled
with that of the simple C2Hs hydrate [22, 23], the other (open circles and squares) is the curve (red)
steeper than that of the simple C2He hydrate in the pressure-temperature diagram. The pressure and
temperature relations of the simple C2Hs hydrate are correlated by the following equation:
In(p/po) =a + bT, wherepo=1MPa. (1)
The above equation is superior to two-parameter Clausius-type equation. The constants a and b in
the simple C2Hs hydrate system are -38.504 and 0.13793 K™ (the correlation coefficient r is 0.99787),
respectively. The blue curves were drawn with the same b value in eq. (1). The drawn curves are
fitted with the measured data. The values a (and r) in the NHsBr/water molar ratios of 1/35 and
1/23 are -38.106 (r = 0.93665) and -37.994 (r = 0.49159), where the r value is due to insufficient
number of datum sets), respectively.

In the former (parallel and blue curves), NH4Br plays a role as a thermodynamic inhibitor for sl
simple C2Hg hydrate formation, because the parallel shift of three-phase equilibrium curve is one of
the most characteristic features for the thermodynamic inhibition using salts [1,24,25]. Moreover,
no Raman signal derived from NH4Br was detected in the formed hydrates. The latter (steeper and

red curves) implies the possibility of the incorporation of NH4Br to the clathrate hydrate. When the
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experimental datum sets (open squares) in the NH4Br/water molar ratios of 1/35 are correlated with
the eq. (1), the slope b was 0.22423 K™* (r = 0.99367), which is larger than 0.13793 K™ of the simple
C2Hs hydrate system. Both steeper curves at the NH4Br/water molar ratios of 1/35 and 1/23 have
similar slope in the pressure-temperature projection. In the case of the molar ratio of 1/35, two
curves intersect at 282.4+0.1 K and 2.31+0.04 MPa. Also in the case of the molar ratio of 1/23, the
intersection would be located around 278.5+0.2 K and 1.840.1 MPa. The intersections are
structural transition points. At temperatures higher than the points, the simple CoHe hydrate phase
is thermodynamically stable, while the CoHs+NH4Br hydrate is under metastable state. The
symbols (m) in Table 1 represent the data under metastable conditions. The data scatter in the
system with the molar ratio 1/23 would be due to the metastability.

To investigate the incorporation of NH4Br to the hydrate formation, Raman spectra for the
hydrates prepared at a temperature below the structural transition point in the ternary system of
C2Hs+NH4Br+water were measured. Raman spectra of the C—-C stretching vibration of the CoHs
molecule are shown in Figure 2. The Raman peak in the CoHe+NH4Br hydrate was detected at 994
cm?, while those in sl simple C2Hg hydrate and solid CoHs were at 1000 cm™ and 997 cm™,
respectively. Raman spectra of N—H stretching vibration of NH4* in the C2He+NH4Br hydrate are
shown in Figures 3b and 4b. Figure 4 corresponds to the enlargement of 3200 to 3350 cm™ in
Figure 3. Figures 3 and 4 include the Raman spectra in the simple CzHs hydrate (a), the solid
NH4Br powder (c), and the quenched NH4Br aqueous solution (d).  All samples were recorded at 77
K and 0.1 MPa. As shown in Figure 3, the intensive Raman peak was detected around 3040 cm™™,
In the solid NH4Br powder (c) and the quenched NH4Br aqueous solution (d), the peak was detected
at 3036 cm?, which agrees with the N—H stretching vibration of NH4* in pure crystalline NH4Br [26].
In the C2He+NH.4Br hydrate (b), the peak was detected at 3041 cm™ that is 5 cm™ different from the
spectra (c) and (d). This Raman peak suggests the restricted NH4" similar to that in the crystalline
NH4Br exists in the CoHs+NH4Br hydrate, which implies that the CoHs+NH4Br hydrate might be a

semi-clathrate hydrate like TBAB semi-clathrate hydrate. The 2nd largest difference between the



Fluid Phase Equilibria

spectra of (b) and others (a, ¢, and d) appears around 3275 cm™, as easily recognized in Figure 4.
Only the spectrum in the C2Hs+NH4Br hydrate has the peak detected at 3275 cm™.  Price et al. [27]
estimated that the N-H symmetric stretching vibration of free NH4" should be detected at 3270+25
cm®. The peak of 3275 cm™ implies the existence of possible relatively-free NH4* in the
CoHe+NH4Br hydrate. There would be a possibility of an NH4* enclathrated in a hydrate cage.
Further investigation would be needed to clarify the location of NH4" in the C2Hs+NH4Br hydrate.

The three-phase equilibrium curves of hydrates formed in the ternary system of
CoHe+NH3z+water are listed in Table 2 and shown in Figure 5. At both molar ratios of 1/35 and
1/23, the equilibrium curves are shifted to low-temperature and high-pressure side and almost
paralleled with that of the simple CoHs hydrate. It means, under the present experimental
temperature and pressure conditions, NHz plays a role as a thermodynamic inhibitor for the simple
C2Hs hydrate formation, like for the simple CH4 hydrate formation [15]. However, comparing its
inhibition effect with that in CoHs+NH4Br+water under the same molar concentration, the inhibition
effect of NHz is quite smaller than that of NH4Br. One of the reasons why the difference occurs
would be the different degrees of ionization between NH4Br and NHs in their aqueous solutions.
NH4Br is completely ionized while the degree of ionization of NH3 is 10 order even at 100 MPa

[28].

4. Conclusions

The possible incorporation of NH4Br into C2He hydrates has been investigated with the
phase equilibrium measurement and Raman spectroscopy. Two trends of phase behavior were
observed in the ternary system of CoHe+NHiBr+water. One implies the formation of a
CoHe+NH4Br hydrate. Raman spectra derived from NHz" in the formed hydrate also imply it is a
CoHs+NH4Br semi-clathrate hydrate.  The other trend of phase behavior indicates the
thermodynamic inhibition effect of NH4Br on the simple CoHe hydrate formation. The structural

transition point between the CoHs+NH4Br semi-clathrate hydrate and the C2Hs hydrate inhibited with
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NH4Br is located at 282.4 K and 2.31 MPa with the NH4Br/H>O molar ratio of 1/35. The inhibition
effect of NH4Br was much larger than that of NHz under the same mole fraction in the aqueous

solution.  Under the present experimental condition, no NH3 molecule occupies the hydrate cages.

List of symbols

p Pressure [Pa]

T Temperature [K]

X Mole fraction [-]
W Mass fraction [-]
Av Raman shift [cm™]
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Figure caption

Fig. 1. Three-phase equilibrium curves of hydrate+aqueous+gas phases in the ternary system of

C2Hs+NH4Br+water and the binary system of CoHs+water [22,23].

Fig. 2. Raman spectra of the C—C stretching vibration of CoHg molecule in the simple C2Hs hydrate

(@), NH4Br+C>Hs hydrate (b), and solid C2Hs (c).  All spectra were recorded at 77 K and 0.1 MPa.

Fig. 3. Raman spectra of the N-H stretching vibration of NH4* in NH4Br+CyHs hydrate (b),

powder NH4Br (c), and quenched NH4Br aqueous solution (d). The spectrum (a) corresponds to the

O-H vibration region in the simple C,Hs hydrate.  All spectra were recorded at 77 K and 0.1 MPa.

Fig. 4. Enlargement around 3280 cm™ in Figure 3.

Fig. 5. Three-phase equilibrium curves of C:Hs hydrate+aqueous+gas phases in the ternary

11
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systems of C,He+NHs+water (green curves) and C2Hs+NH4Br+water (blue curves) and the binary

system of CoHs+water (black curve) [22,23].

12
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Table 1. Phase equilibrium data (m; metastable state) in the ternary system of CoHs+NH4Br+water.

T/K p/ MPa T/K p/ MPa
NH4Br: HO=1:35 NH4Br: HO=1:23
(XnHagr = 0.028) (XnHagr = 0.042)
C2Hs+NH4Br hydrate C2Hs+NH4Br hydrate

280.04 1.46 278.45 (m) 1.76 (m)
281.41 1.79 278.59 (m) 1.92 (m)
282.00 2.07 279.23 (m) 1.98 (m)
282.37 2.28 279.77 (m) 2.23 (m)
282.51 (M) 2.39 (m) 280.16 (m) 2.27 (M)
282.75 (M) 2.58 (m) 280.58 (M) 2.40 (m)
282.89 (m) 2.57 (m) 280.60 (M) 2.56 (m)
282.97 (M) 2.65 (M)
283.52 (M) 3.01 (m)
sl C2He hydrate formation sl C2He hydrate formation
281.31 (M) 2.11 (m) 280.36 2.01
281.40 (M) 2.15 (m) 280.64 2.12
282.25 (m) 2.28 (m) 281.60 2.23
282.89 241
283.07 248
283.76 2.79
structural transition point expected structural transition point

282.4+0.1 2.31+0.04 278.5+0.2 1.8+0.1

13
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Table 2. Phase equilibrium data in the ternary system of CoHe+NHs+water.

T/K

p/ MPa

T/K p/MPa

NHz:HO=1:35
(xnH3 = 0.028)

NHsz:HO=1:23
(xnH3 = 0.042)

282.45 1.61 283.30 2.04
284.40 2.16 285.45 2.78
284.54 2.17
284.90 2.29
285.32 2.46
285.56 2.56
286.93 3.13
287.31 3.28

14
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—QO— CoHg+NH4Br hydrate (NH4Br : HoO=1 : 23)
—@— CoHg hydrate (NH4Br : HoO=1 : 23)
35 —{}— CoHg+NH4Br hydrate (NH4Br : HoO=1 : 35)
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Fig. 1. Three-phase equilibrium curves of hydrate+agueous+gas phases in the ternary system of

CoHs+NH4Br+water and the binary system of CoHs+water [22,23].
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(a) simple C2Hg
hydrate

(b) NH4Br+C2He
hydrate

Intensity (a.u.)

(c) solid C2He

950 1000 1050
Av [/ cm™

Fig. 2. Raman spectra of the C—C stretching vibration of CoHs molecule in the simple C2Hs hydrate

(@), NH4Br+C>He hydrate (b), and solid C2He (c).  All spectra were recorded at 77 K and 0.1 MPa.
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A (a) simple C2Heg hydrate

?

5 (b) NH4Br+C2Hs
O hydrate
= ]
[
C
2
£
(c) NH4Br powder
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(d)quenched NH4Br
aqueous solution

3000
Av [/ cm™

3050 3100 3150 3200 3250 3300

Fig. 3. Raman spectra of the N-H stretching vibration of NH4" in NH4Br+C,Hs hydrate (b),

powder NH4Br (c), and quenched NH4Br aqueous solution (d).

O-H vibration region in the simple C2Hs hydrate.

The spectrum (a) corresponds to the

All spectra were recorded at 77 K and 0.1 MPa.
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(a) simple C2Heg hydrate

(b) NH4Br+CoHe
hydrate

(c) NH4Br powder

(d)quenched NH4Br
aqueous solution

3200 3240 3280 3320
Av [/ cm™

Fig. 4. Enlargement around 3280 cm™ in Figure 3.
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p/ MPa

—J— CoHeg+NH3+H20 (NH3 : HoO=1 : 35)
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Fig. 5. Three-phase equilibrium curves of C2Hs hydrate+aqueous+gas phases in the ternary
systems of C2Hs+NHz+water (green curves) and C2Hs+NH4Br+water (blue curves) and the binary

system of CoHe+water (black curve) [22,23].
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