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bstract

In recent years, the technology of separating gas mixtures by forming hydrate has received increasing recognition, particularly the separation
f light-gas mixtures. We performed an experimental and modeling study of systems containing hydrogen, methane, ethane and ethylene, both
ith and without the thermodynamic promoter tetrahydrofuran (THF) in water. Vapor–hydrate equilibrium data (P–T–x–y data) were measured

or (H2 + CH4), (H2 + N2 + CH4) and (CH4 + C2H4) gas mixtures in the absence and presence of THF. A relatively simple algorithm was used
o calculate vapor–hydrate two-phase equilibria. The Patel–Teja equation of state, coupled with a van der Waals–Platteeuw-type hydrate model,
as applied to calculate the equilibrium flash of vapor–hydrate phases. The parameters in the hydrate model were determined by correlating the

xperimental data of hydrate formation conditions. In addition, we predicted the composition of gas mixture in the hydrate phase when structure

and structure II hydrates coexisted in a (CH4 + C2H6) gas mixture. The test results indicated that proposed algorithm is adequate for predicting
apor–hydrate equilibria. Accurate predictions of single-stage equilibrium between the vapor and the hydrate phases are important for developing
eparation technology via hydrate formation.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The principle of separating gas mixtures via hydrate technol-
gy states that, after hydrate formation from a gas mixture, the
ompositions of gas components are different in the equilibrious
apor and hydrate phases because of the differences in hydrate
ormation conditions of the gas components; this is compara-
le with the separation of gas mixtures via partial condensation.
his technology is advantageous for separating light-gas mix-

ures such as (H2 + CH4) and (C1 + C2), which require deep
ooling and consume a huge amount of energy under normal
istillation methods. In the chemical and petrochemical and the
atural gas industries, the separation of such light-gas mixtures
estricts the achievement of high separation efficiency. How-
ver, hydrate technology can overcome this problem because

ydrate can be formed at ∼0 ◦C and, theoretically, hydrogen
annot form hydrate, meaning that hydrogen can be separated
00% from the mixture; therefore, material consumption and
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E-mail address: maql@cup.edu.cn (Q.-L. Ma).

h
s

t
e
f
p

378-3812/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.fluid.2008.01.001
nvestment in facilities would be reduced. There have been some
tudies reported related to the separation technology based on
ydrate principles [1–9].

Single-stage hydrate equilibrium is comparable to one-stage
quilibrium flash, which directly reflects the separation effi-
iency of a gas mixture. Equilibrium flash calculations with
ydrate phase are important for developing a separation tech-
ology via hydrate formation. In the present study, we measured
he hydrate formation conditions of a (CH4 + C2H4) gas mix-
ures with tetrahydrofuran (THF) in water and vapor–hydrate
quilibrium data of gas mixtures containing hydrogen and ethy-
ene. A simple algorithm was applied to predict single-stage
apor–hydrate equilibria. Two-phase equilibria flash calculation
as carried out only to compositions in water-free basis in vapor

nd hydrate phase. A van der Waals–Platteeuw (vdW–P)-type
ydrate model [10,11], combined with the Patel–Teja equation of
tate (PT EOS) [12], was used to calculate two-phase equilibria.

In certain composition regions of a (CH4 + C2H6) gas mix-

ure, structure I (sI) and structure II (sII) hydrates coexist in
quilibrium [13,14], whereas pure methane and ethane usually
orm sI hydrate. It is widely assumed that, if two sI hydrate
roducers such as methane and ethane are mixed, the resulting

mailto:maql@cup.edu.cn
dx.doi.org/10.1016/j.fluid.2008.01.001
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The pressure in the cell was raised to ∼1 MPa higher than the
estimated equilibrium pressure via the floating piston. When a
trace of hydrate crystal was observed, the pressure was reduced
gradually to allow the hydrate crystals decompose slowly. When

Table 1
Hydrate formation conditions of (methane + ethylene) gas mixtures from 6 mol%
THF aqueous solution

Composition of gas
mixture (mol%)

T (K) P (MPa)

11.63%
CH4 + 88.37%
C2H4

277.7 0.48
279.7 0.93
281.2 1.36
282.7 1.90

23.85%
CH4 + 76.15%
C2H4

278.2 0.41
280.2 0.73
281.7 1.04
283.2 1.39
284.7 1.82
286.7 2.49

42.88%
CH4 + 57.12%
C2H4

278.2 0.28
280.2 0.49
282.7 0.85
285.2 1.31
288.2 2.05

70.65%
CH4 + 29.35%
C2H4

277.7 0.17
279.7 0.31
281.7 0.49
283.7 0.72
286.2 1.09
288.2 1.46

86.24%
CH4 + 13.76%
C2H4

278.2 0.17
280.2 0.30
282.2 0.46
284.7 0.77
286.7 1.06
288.2 1.31

93.72%
CH4 + 6.28%

278.2 0.16
280.2 0.28
Fig. 1. The schematic of experimental apparatus.

ydrate will always be sI. However, the results of calculations
f composition in the hydrate phase are not always consistent
ith experimental data in this respect; therefore, calculations

hould be performed assuming that two hydrate structures coex-
st. A difficulty arises in terms of how to determine the ratio of
I:sII hydrate formation in the solid phase. The hydrate forma-
ion kinetic model was used to control this ratio in this study.
he tests were aimed mainly at systems involved in the separa-

ion of cracking gas and oil processing. The results show that
he prediction of vapor–hydrate equilibria is of significance to
ractical operation.

. Experimental study

.1. Experimental apparatus

The experimental apparatus used to measure the hydrate for-
ation conditions in this study has been described in detail in

revious articles from this laboratory [15–17]. The apparatus
onsisted of a cylindrical transparent sapphire cell (2.54 cm in
iameter, effective volume of 60 cm3) installed in an air bath and
quipped with a magnetic stirrer for accelerating the equilibrium
rocess. The formation and dissociation of the hydrate crystals in
he solution were observed directly through the transparent cell
all. The accuracy of temperature and pressure measurement
as ±0.2 K and ±0.025 MPa, respectively.
The experimental apparatus used to measure vapor–hydrate

quilibria consisted mainly of a cylindrical stainless steel cell
ith an effective volume of 256 cm3 (Fig. 1). The accuracy of

emperature and pressure measurement was within ±0.1 K and
0.025 MPa, respectively.

.2. Materials and preparation of samples

Analytical-grade methane (99.99%), ethylene (99.5%) and
ydrogen (99.99%), supplied by Beifen Gas Industry Cor-

oration, were used to prepare the feed gas mixtures. The
omposition of gas mixtures was analyzed using a Hewlett-
ackard gas chromatograph (HP 6890). The THF used for
reparing the aqueous solution was supplied by Beijing

C
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eagents Corporation. An electronic balance with a precision
f ±0.1 mg was used to prepare the aqueous solution with the
equired concentration of THF.

.3. Experimental procedures

.3.1. Hydrate formation conditions
First, the transparent cell was washed with deionized water

nd then rinsed three times with the prepared THF aqueous solu-
ion. After the cell was thoroughly cleaned, ∼10 cm3 of the
repared aqueous solution was added to the cell, which was
hen installed in the air bath. The vapor space of the cell was
hen purged four times with the prepared gas mixture to ensure
he absence of air. The temperature of the air bath was then
djusted to the given value and the cell was charged with the gas
ixture.
2H4 282.2 0.43
284.2 0.66
286.2 0.94
288.2 1.26
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Table 2
Vapor–hydrate equilibrium data of (CH4(1) + C2H4(2)) gas mixtures with
6 mol% THF aqueous solution (T = 274.15 K)

P (MPa) W (mol%) z2 (mol%) y2 (mol%) x2 (mol%)

1.12 89 34.79 56.61 21.97
1.29 89 59.27 23.31
1.46 88.5 60.05 24.19
1.57 87.5 57.29 22.38
1.74 86.5 55.03 20.57
1.89 85 52.15 19.42

1.31 90 15.90 32.08 11.02
1.44 89.5 31.03 10.64
1.62 88 28.26 9.46
1.81 87 26.68 8.79

Table 3
Vapor–hydrate equilibrium data of (CH4(1) + H2(2)) gas mixtures with pure
water (T = 274.35 K)

P (MPa) W (mol%) z2 (mol%) y2 (mol%) x2 (mol%)

3.82 70 14.40 23.98 1.07
4.74 72 22.59 38.61 1.46
5.14 62 31.09 43.62 3.25
5.57 52 39.95 49.38 3.41

Table 4
Vapor–hydrate equilibrium data of (CH4(1) + H2(2)) gas mixtures with 1 mol%
THF aqueous solution (T = 278.15 K)

P (MPa) W (mol%) z2 (mol%) y2 (mol%) x2 (mol%)

1.42 83 34.74 50.21 2.09
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Table 6
Vapor–hydrate equilibrium data of a (H2(1) + N2(2) + CH4(3)) gas mix-
ture with 1 mol% THF aqueous solution (T = 274.95 K, z1 = 61.43 mol%,
z2 = 10.99 mol%, z3 = 27.58 mol%)

P (MPa) W (mol%) y1 (mol%) y2 (mol%) y3 (mol%)

7.42 35 62.71 11.40 25.89
7.08 43 66.29 11.22 22.49
6.87 67 73.96 10.03 15.20
6.68 72 76.69 10.43 12.98
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Table 2 shows the equilibrium data for a (CH + C H ) gas
.42 83.5 35.38 57.88 3.43

.65 83.5 34.05 56.65 4.44

ll the hydrate crystals disappeared, the pressure of the system
as raised again by a small pressure-step of 0.05 MPa until the
ydrate crystal appears again. Maintain the system temperature
nd pressure for 6 h, if the hydrate crystals disappeared during
his period, the pressure of the system was raised slightly until a
race of hydrate crystals appeared again. When the hydrate crys-
als are kept in the cell after 6 h, the system pressure is taken as the
quilibrium hydrate formation pressure at the given temperature.
he above procedure was repeated for a series of temperatures.

.3.2. Vapor–hydrate equilibrium

Preparation for the measurement of vapor–hydrate equilib-

ium was the same as above. After temperature stabilization,
he gas sample was charged into the stainless steel cell until the

able 5
apor–hydrate equilibrium data of a (CH4(1) + H2(2)) gas mixture with 5 mol%
HF aqueous solution (T = 278.65 K)

(MPa) W (mol%) z2 (mol%) y2 (mol%)

.21 60 70.08 78.90

.92 68 82.77

.61 76 87.34

.42 78 90.41

m
d
a

T
V
t
z

P

7
6
6

.43 72.5 77.67 10.39 11.94

.00 73 78.88 9.98 11.14

iven pressure was achieved. Subsequently, hydrate nucleation
as started with agitation of the magnetic stirrer. The system
ressure was kept stable for 4 h and the vapor–hydrate equilib-
ium was then established. The vapor phase was sampled and
nalyzed at least three times using the gas chromatograph. The
verage values were then taken as the compositions of the vapor
hase. The concentrations of components in the hydrate phase
ere obtained by analyzing the compositions of gas released

rom dissociated hydrate using the gas chromatograph.

.4. Experimental results

.4.1. Hydrate formation conditions
Some experimental studies of hydrate formation conditions

ave been performed previously by this laboratory [15–18]. In
his study, we complementally measured the hydrate formation
ressures of a (CH4 + C2H4) system from a THF aqueous solu-
ion. The hydrate formation data measured are listed in Table 1.

.4.2. Vapor–hydrate equilibrium
In this study, the compositions of gas mixtures in the vapor

nd hydrate phases were both in water- and THF-free basis. z2,
2 and y2 represent the concentration of ethylene or hydrogen
n feed gas (the prepared gaseous mixture sample), the hydrate
hase and the vapor phase, respectively. W represents the mole
raction of water or aqueous solution in the feed (gas + water)
ixture.
We measured the vapor–hydrate equilibria of a

CH4 + C2H4 + THF) system and systems containing hydrogen
n the absence and presence of THF, which are relevant to
he oil- and gas-processing and petrochemical industries.
4 2 4
ixture with 6 mol% THF aqueous solution. The equilibrium

ata for (CH4 + H2) gas mixtures with pure water and THF
queous solution are presented in Tables 3–5. The operation

able 7
apor–hydrate equilibrium data of a (H2(1) + N2(2) + CH4(3)) gas mix-

ure with 5 mol% THF aqueous solution (T = 274.95 K, z1 = 59.52 mol%,

2 = 35.79 mol%, z3 = 4.69 mol%)

(MPa) W (mol%) y1 (mol%) y2 (mol%) y3 (mol%)

.00 62 68.89 29.00 2.11

.89 67 70.10 28.34 1.56

.55 70 75.80 20.95 3.15
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Table 8
Parameters in Eq. (4) (structure I)

Substance Small cavity Large cavity

Amj (×103 K kPa−1) Bmj (×10−3 K) Dmj (×10−6 K2) Amj (×103 K kPa−1) Bmj (×10−3 K) Dmj (×10−6 K2)

C2H4 0.000922 3.17954 0.05203 0.016280 3.65159 0.04236
H2 0.0005380 2.45183 0.26414 0.0 0.0 0.0
THF 0.0 0.0 0.0 0.0 0.0 0.0

Table 9
Parameters in Eq. (4) (structure II)

Substance Small cavity Large cavity

Amj (×103 K kPa−1) Bmj (×10−3 K) Dmj (×10−6 K2) Amj (×103 K kPa−1) Bmj (×10−3 K) Dmj (×10−6 K2)

C H 0.0000192 2.85010 0.04363 1.627772 3.35852 0.01894
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The constants in Eqs. (5)–(7) applied in this work are listed in
Table 10 [21]. The activity of water in the aqueous phase (aw)
is equal to 1 for pure water. The Wilson activity model [22] was

Table 10
Hydrate constants in Eqs. (5)–(7) (T0 = 273.15 K)

Constant Structure I Structure II
2 4

2 0.0005497 1.89901 0.22534
HF 0.0 0.0 0.0

emperature is raised following the addition of THF, which
aves refrigeration energy.

Methane is enriched in the hydrate phase. Theoretically,
ethane released from hydrate should be 100% pure because

ydrogen cannot form hydrate. However actually in the presence
f help guests such as methane in this study, very few amount of
ydrogen can occupy small cavity whereas pure hydrogen can-
ot form hydrate. Therefore, pure methane cannot be obtained.
onsidering that refinery cracking gas and industrial gas gen-
rally contain nitrogen, we measured synthetic-gas mixtures
ontaining nitrogen; the data are shown in Tables 6 and 7, where
nly the compositions of the vapor phase were measured. Hydro-
en was separated effectively from the gas mixture through the
ormation of hydrate gas (Tables 6 and 7). However, further
esearch is required to improve the separation of nitrogen from
ethane.

. Modeling study

.1. Thermodynamic model

The equilibrium criterion is expressed as follows:

μH
w = �μW

w (1)

here �μH
w and �μW

w denote the difference in chemical poten-
ial between empty hydrate lattice and water in the hydrate phase
nd in the aqueous phase, respectively.

The vdW–P hydrate model [19] was used to calculate �μH
w,

hich is expressed as follows:

μH
w = −RT

2∑
m=1

νm ln(1 − θm) (2)
here νm denotes cavity number per water molecule and θm

enotes the fractional filling of cavity m by guest molecules.
ccording to the Langmuir adsorption theory, θm can be

�

�

�

�

0.0 0.0 0.0
6.568961 4.979 0.02840

btained by

m =
∑

Cmjfj

1 +∑Cmjfj

(3)

here fj denotes the fugacity of gas species j and where Cmj is
he Langmuir constant of j in a type-m cavity.

The Du–Guo model [20] was used to estimate Cmj:

mj (T ) = Amj

T
exp

(
Bmj

T
+ Dmj

T 2

)
(4)

he parameters Amj, Bmj and Dmj for ethylene, hydrogen and
HF were determined by fitting the experimental data of hydrate

ormation conditions (Tables 8 and 9) (see Ref. [11] for param-
ters for other substances).

�μW
w was calculated as follows:

�μW
w

RT
= �μ0

w(T0, 0)

RT0
+
∫ P

0

ΔVw

RT
dP

−
∫ T

T0

Δhw

RT 2 dT − ln aw (5)

hw = �h0
w +

∫ T

T0

ΔCPw dT (6)

CPw = �C0 + b(T − T0) (7)
μ0
w (J mol−1) 1120 931

h0
w (J mol−1) −4297 −4611

Vw (mL mol−1) 4.5959 4.99644
CPw (J mol−1 K−1) −34.583 + 0.189(T − T0) −36.861 + 0.181(T − T0)
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Table 11
Comparison of experimental and correlated hydrate formation pressures in pure water

System P-range (MPa) T-range (K) AADPa (%) Np Data source

C2H4 0.665–3.21 273.7–283.2 4.1807 10 [4]
34.09% CH4 + 65.91% C2H4 0.784–3.115 278.2–288.2 4.2005 5 [4]
85.69% CH4 + 14.31% C2H4 1.800–4.640 278.2–288.2 2.1643 4 [4]
36.18% H2 + 63.82% CH4 4.56–6.73 274.3–285.2 1.5903 5 [26]
22.13% H2 + 77.87% CH4 3.82–5.44 274.3–285.2 1.0477 5 [26]
87.22% H2 + 12.78% C3H8 2.3–4.1 275.2–278.3 3.7916 4 [26]
81.64% H2 + 18.36% C3H8 1.36–2.82 274.2–278.1 4.4187 5 [26]
77.10% H2 + 22.90% C3H8 0.95–2.5 274.2–278.2 0.0993 5 [26]
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a AADP (%) = (1/N)
∑Np

j

∣∣(PCal − PExp)/PExp

∣∣
j
× 100.

sed to calculate aw for THF aqueous solution. The PT EOS was
pplied to calculate vapor-phase properties.

.2. Algorithm for vapor–hydrate-phase equilibrium
alculations

With the gases of low solubility, vapor–hydrate two-phase
quilibrium calculations can be performed on a water-free basis
nly if the amount of water in the vapor phase is ignored, which
s similar to vapor–liquid two-phase equilibrium calculations.
herefore, the overall and component material-balance equa-

ions are expressed as follows:

= V + H (8)

zi = Vyi + Hxi (9)

here F, V and H denote the mole fraction of feed, vapor phase
nd hydrate phase in equilibrium, respectively; zi, yi and xi

enote the composition (mole fraction) of feed, vapor phase and
ydrate phase, respectively. Defined e as the mole fraction of the
apor phase in the flash, Eq. (9) can be rewritten as follows:

i = eyi + (1 − e)xi (10)

r

i = zi − (1 − e)xi

e
(11)

Based on the vdW–P hydrate model, the amount of guest
omponent i in hydrate per water molecule (x′

i) should be

′
i = ν1

Ci1fi

1 +∑jCj1fj

+ ν2
Ci2fi

1 +∑jCj2fj

(12)

hus, the mole fraction of i in the hydrate phase can be expressed
s

i = x′
i∑
x′
i

(13)

Generally, independent variables are given as follows:

F
t
d
C
r

2.6866

ndependent variable Number of variable

1

i c − 1
1
1
1
c + 3

here c is the number of components of the gas mixture, F
enotes the flux of feed on a water-free basis and W is the mole
raction of water or aqueous solution in the feed (gas + water)
ixture. The amount of water in the feed mixture determines

he fraction of hydrate phase and its composition. The fraction
f phase (e) is related to W as follows in the case of pure water:

= 1− W
c∑(

ν1
C1ifi∑ +ν2

C2ifi∑
)

(14)
ig. 2. Comparison of predicted hydrate formation pressures with experimen-
al data [4] of (CH4 + C2H4) gas mixtures with pure water. (�) Experimental
ata, 5.60% CH4 + 94.40% C2H4; (�) experimental data, 64.28% CH4 + 35.72%

2H4; (�) experimental data, 92.87% CH4 + 7.13% C2H4; (—) calculation
esults.
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Table 12
Comparison of experimental and correlated hydrate formation pressures from 6 mol% THF aqueous solution

System P-range (MPa) T-range (K) AADPa (%) Np

11.63% CH4 + 88.37% C2H4 0.480–1.900 277.7–282.7 3.3749 4
23.85% CH4 + 76.15% C2H4 0.410–2.490 278.2–286.7 2.8285 6
42.88% CH4 + 57.12% C2H4 0.280–2.050 278.2–288.2 4.5331 5
70.65% CH4 + 29.35% C2H4 0.170–1.460 277.7–288.2 6.5604 6
86.24% CH4 + 13.76% C2H4 0.170–1.310 278.2–288.2 4.8212 6
9 278.2–288.2 4.9579 6

O 4.5127

I
r

e

w
w

(

t
n
t
f
m

t
H

Fig. 3. Comparison of predicted hydrate formation pressures with experimental
d
E
H

t
[13,14]. Where sI and sII hydrates coexist, the key problem
is determining the ratio of formation of the two structure
hydrates.
3.72% CH4 + 6.28% C2H4 0.160–1.260

verall

f there is an inhibitor or promoter in the aqueous phase, e is
elated to W as follows:

= 1 − W (1 − xinh)

1 − W

c∑
i=1

(
ν1

C1ifi

1 +∑jCj1fj

+ν2
C2ifi

1 +∑jCj2fj

)
(15)

here xinh denotes the mole fraction of inhibitor or promoter in
ater.
The calculation procedure can be summarized as follows:

(i) Input specified temperature (T), pressure (P) and compo-
sition of feed on a water-free basis (zi). Input water mole
fraction of feed (gas + water) mixture (W).

(ii) Based on T and zi, calculate hydrate formation pressure
(PH). Judge whether P > PH is satisfied. If not, the hydrate
phase will not be formed, so omit the two-phase flash
calculation. If so, the hydrate phase is present, so proceed
to subsequent steps.

(iii) Based on T, PH and zi, calculate the initial value of compo-
sition of the hydrate phase (xi). Calculate the initial value
of the mole fraction of vapor phase (e) using Eq. (14).

(iv) Calculate the mole fraction of each component in the
vapor phase (yi) using Eq. (11).

(v) Based on T, P and yi, calculate the vapor-phase fugacity
(fi) using PT EOS.

(vi) Calculate the mole fraction of each component in the
hydrate phase (xi) from fi using Eqs. (12) and (13).

(vii) Calculate the new value of the mole fraction of vapor
phase (e′) using Eq. (14).

viii) Judge whether the difference between e′ and e meets the
precision requirement (|(e′ − e)/e| < 10−3) If not, adjust e
to e′ and repeat steps ((iv)–(viii)) until the preset precision
is satisfied.

The calculation procedure is the same for THF aqueous solu-
ion except that, in this case, the activity of water in Eq. (5) is
ot equal to 1. We applied the Wilson activity model to calculate
he activities of water and THF in the aqueous phase. THF can
orm only sII hydrate and occupy only large cavities. Its hydrate

odel parameters are listed in Tables 7 and 8.
The systems of (CH4 + C2H6) mixtures require more atten-

ion. Pure methane and ethane usually form sI hydrate.
owever, their mixtures will form sI and sII hydrates simul-

F
t
w
(

ata [18] of (H2 + CH4) gas mixtures with 6 mol% THF aqueous solution. (�)
xperimental data, 34.74% H2 + 65.26% CH4; (�) experimental data, 69.71%

2 + 30.29% CH4; (—) calculation results.

aneously when methane is in certain composition regions
ig. 4. Comparison of calculated and experimental mole fraction of C2H6 in
he vapor phase for a (39.89% CH4 + 60.11% C2H6) gas mixture with pure
ater (T = 274.15K). (�) Experimental data [8]; (—) calculation result (sI + sII);

- - -) calculation result (sI); (− · − · −· ) calculation result (sII).
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Fig. 5. Comparison of calculated and experimental mole fraction of C2H6 in
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Fig. 6. Comparison of calculated and experimental mole fraction of C2H6 in the
vapor and hydrate phase for a (75.61% CH4 + 24.39% C2H6) gas mixture with
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are shown in Fig. 3. The predictions are consistent with the
experimental data.
he hydrate phase for a (39.89% CH4 + 60.11% C2H6) gas mixture with pure
ater (T = 274.15 K). (�) Experimental data [8]; (—) calculation result (sI + sII);

- - -) calculation result (sI); (− · − · −· ) calculation result (sII).

Following hydrate formation kinetics, the hydrate formation
ate can be expressed as follows:

dn

dt
= K

[
exp

(
−a

�G

RT

)
− 1

]
(16)

here a is a dimensionless parameter (a = 8.653) and K is the
eaction rate constant. Considering that hydrate growth is con-
rolled mainly by mass transfer between gas–liquid interfaces
nd the diffusion of gas molecules in the liquid phase [23,24],
e applied the same K value to two different structure hydrates;
denotes Gibbs free energy. Consequently, the ratio of for-

ation of the two structure hydrates (η) can be determined as
ollows:

= nII

nI = [exp(−a/(�GII/RT )) − 1]

[exp(−a/(�GI/RT )) − 1]
(17)

=
exp

[
a
∑

iν
II
i ln

(
1 −∑jθ

II
ji

)]
− 1

exp
[
a
∑

iν
I
i ln

(
1 −∑jθ

I
ji

)]
− 1

(18)

here nI and nII denote the amount of sI and sII hydrates in the
ydrate phase, respectively; the fraction of cavity i occupied by
as component j in two structure hydrates, θI

ji and θII
ji, can be

alculated using Eq. (3).
The mole fraction of gas component i in sI and sII hydrates,

i
I and xi

II, can be calculated using Eqs. (12) and (13). Therefore,
he total mole fraction of component i in the hydrate phase can
e obtained as follows:

i = nIxI
i + nIIxII

i

nI + nII = xI
i + ηxII

i

1 + η
(19)

For predicted calculations of a (CH4 + C2H6) gas mixture,

f the concentration of methane is in the range 0.4–0.75 mol%
13,25] and the system pressure is higher than the formation
ressure of sI and sII hydrates, the composition of the hydrate
hase should be calculated by Eqs. (18) and (19).

F
v
6
p

mol% THF aqueous solution (P = 2 MPa). (�) Experimental data [8] (in vapor
hase); (�) experimental data [8] (in hydrate phase); (—) calculation results.

.3. Results and discussion

.3.1. Determination of hydrate model parameters
Tables 11 and 12 show the calculation results of the hydrate

ormation conditions for systems containing hydrogen and ethy-
ene in pure water and in THF aqueous solution, respectively;
hese results are used to determine the parameters listed in
ables 8 and 9. The predicted results for (CH4 + C2H4) gas
ixtures with pure water are shown in Fig. 2. The hydrate for-
ation pressures are heightened along with the increases of the

oncentration of methane in mixtures. The predicted results for
H2 + CH4) gas mixtures with aqueous solution of 6 mol% THF
ig. 7. Comparison of calculated and experimental mole fraction of C2H6 in the
apor and hydrate phase for a (75.61% CH4 + 24.39% C2H6) gas mixture with
mol% THF aqueous solution (P = 3 MPa). (�) Experimental data [8] (in vapor
hase); (�) experimental data [8] (in hydrate phase); (—) calculation results.
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ig. 8. Comparison of calculated and experimental mole fraction of C2H4 in
he vapor and hydrate phase for a (84.1% CH4 + 15.9% C2H4) gas mixture with
mol% THF aqueous solution (T = 274.15 K). (�) Experimental data (in vapor
hase); (�) experimental data (in hydrate phase); (—) calculation results.

.3.2. Vapor–hydrate two-phase equilibrium calculation
The proposed algorithm of vapor–hydrate flash calculation

as used to predict the separation result of gas mixtures con-
aining methane, ethane, hydrogen and ethylene.

.3.2.1. (C1 + C2) systems. For (CH4 + C2H6) gas mixtures
ith pure water, the equilibrium calculation was first carried out

upposing that only sI or sII hydrates formed. The calculation
eviation was great. The average deviation of the mole fraction
f ethane was 9.8% for sI and 29.7% for sII, respectively. The
redicted mole fraction of ethane in sI hydrate was greater than
n the experimental data, whereas the mole fraction in sII hydrate

as less than in the experimental data. It was calculated again

upposing that sI and sII hydrates coexist (Figs. 4 and 5). The
redicted results improved greatly. The average deviation of the
ole fraction of ethane was 1.1%.

ig. 9. Comparison of calculated and experimental mole fraction of C2H4 in the
apor and hydrate phase for a (65.21% CH4 + 34.79% C2H4) gas mixture with
mol% THF aqueous solution (T = 274.15 K). (�) Experimental data (in vapor
hase); (�) experimental data (in hydrate phase); (—) calculation results.

a
r
p
h

F
t
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e

n the vapor and hydrate phase for (CH4 + H2) gas mixtures with pure water
T = 274.35 K). (�) Experimental data (in vapor phase); (�) experimental data
in hydrate phase); (—) calculation results.

From the separation results of gas mixture with pure water,
t can be seen that the separation effect is not satisfactory and
equires high operational pressure, which restricts the applica-
ion of hydrate technology to practical production. To improve
eparation conditions and to heighten efficiency, it is necessary
o add some quantity of promoter to water, and THF is currently
onsidered a suitable thermodynamic promoter.

Figs. 6 and 7 show the calculation results of the mole frac-
ion of ethane in the vapor and hydrate phases for a (75.61%
H4 + 24.39% C2H6) gas mixture with an aqueous solution con-

aining 6 mol% THF. The separation efficiency of ethane was
nhanced compared with in the absence of THF (Figs. 4 and 5),

nd the operation pressures were lowered and temperatures were
aised to some extent. When THF was added to the aqueous
hase, ethane was enriched in the vapor phase instead of in the
ydrate phase (Fig. 5) because THF forms hydrate more eas-

ig. 11. Comparison of calculated and experimental mole fraction of H2 in
he vapor and hydrate phase for (CH4 + H2) gas mixtures with 1 mol% THF
queous solution (T = 278.15 K). (�) Experimental data (in vapor phase); (�)
xperimental data (in hydrate phase); (—) calculation results.
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ig. 12. Comparison of calculated and experimental mole fraction of H2 in the
apor phase for a (29.92% CH4 + 70.08% H2) gas mixture with 5 mol% THF
queous solution (T = 278.65 K). (�) Experimental data; (—) calculation result.

ly than it does ethane. The same results can be obtained for a
CH4 + C2H4) gas mixture (Figs. 8 and 9, Table 2).

.3.2.2. Systems containing hydrogen. We tested systems con-
aining hydrogen in the absence and presence of THF. The
redicted results are shown in Figs. 10–14.

Fig. 10 shows the equilibrium separation results for a
CH4 + H2) gas mixture with pure water. The predicted results
or (CH4 + H2) gas mixtures with THF aqueous solution are
hown in Figs. 11 and 12, and are consistent with experimental
ata (Tables 3–5).

The calculated results for systems containing hydrogen and
itrogen are depicted in Figs. 13 and 14. The predictions match
he experimental data well (Tables 6 and 7).
Regarding systems containing THF, the average calculation
eviation is greater than that for systems containing pure water,
specially when high concentrations of THF are used. This is
ecause both water and THF are polar substances. The calcula-

ig. 13. Comparison of calculated and experimental composition of a
H2 + N2 + CH4) gas mixture in the vapor phase with 1 mol% THF aqueous solu-
ion (T = 274.95 K). (�) Experimental data (H2); (�) experimental data (N2);
�) experimental data (CH4); (—) calculation results.
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H2 + N2 + CH4) gas mixture in the vapor phase with 5 mol% THF aqueous solu-
ion (T = 277.55 K). (�) Experimental data (H2); (�) experimental data (N2);
�) experimental data (CH4); (—) calculation results.

ion precision of thermodynamic properties for such substances
eeds to be enhanced. Moreover, it is difficult to determine
xperimentally the composition of a gas mixture in the hydrate
hase, making it hard to test the calculation model.

. Conclusions

The hydrate formation data of a (methane + ethylene) gas
ixture with THF aqueous solution were measured. They are

aluable for determining the parameters of the hydrate model.
he vapor–hydrate equilibrium data of systems containing
ethane, ethane, ethylene and hydrogen in the absence and

resence of THF were measured, which is important for the
eparation of gas mixtures via hydrate technology.

A vdW–P-type hydrate model, the Du–Guo model, was
xtended to systems containing hydrogen and THF. The param-
ters of the hydrate model were determined by correlating the
xperimental data of hydrate formation conditions. The algo-
ithm for vapor–hydrate equilibria was developed and a study
f composition in the hydrate phase for a (CH4 + C2H6) gas
ixture was performed. It was proven that two hydrate struc-

ures coexisted under the conditions studied. We applied hydrate
ormation kinetics to control the ratio of the two structures in
he hydrate phase. The tests show that the predicted results are
onsistent with the experimental data.

More work is needed regarding equilibrium calculations for
ystems containing the polar substance THF. The approach for
easuring vapor–hydrate equilibria should be improved, which
ould be of great value for testing the hydrate model and algo-

ithm.
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