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Experimental and modeling investigation on separation of methane from coal
seam gas (CSG) using hydrate formation

Abstract

The effects of temperature, pressure, initial promoter concentration and coal seam gas/liquid ratio on the
separation of methane from coal seam gas were experimentally investigated. Low temperature, high
pressure and high promoter concentration lead to high separation efficiency and high recovery rate of CH
4, but reduce the CH 4 capture selectivity in hydrate. Experimental simulation of a three-stage separation
shows that CH 4 can be concentrated from 34.6 to 81.3 mol% in the dissociated gas, while its content is
only 7.2 mol% in the residual gas. An innovative model was established to predict the separation
performance. The modeling results reasonably match the experimental data in predicting the effects of
different influential factors, with an average relative deviation of 2.83%, the maximum relative deviation
11.2%, and the average relative variance 0.1044. The modeling results of a three-stage separation process
include 81.0 mol% of CH 4 in the final dissociated gas and 5.5 mol% of CH 4 in the final residual gas. The
recovery rate of CH 4 was 90.1 mol% and the separation factor was 73.0.
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Abstract

The effects of temperature, pressure, initial promoter concentration and coal seam
gas/liquid ratio on the separation of methane from coal seam gas were experimentally
investigated. Low temperature, high pressure and high promoter concentration lead to
high separation efficiency and high recovery rate of CHs, but reduce the CH4 capture
selectivity in hydrate. Experimental simulation of a three-stage separation shows that
CHa4 can be concentrated from 34.6 to 81.3 mol% in the dissociated gas, while its
content is only 7.2 mol% in the residual gas. An innovative model was established to
predict the separation performance. The modeling results reasonably match the
experimental data in predicting the effects of different influential factors, with an
average relative deviation of 2.83%, the maximum relative deviation 11.2%, and the
average relative variance 0.1044. The modeling results of a three-stage separation
process include 81.0 mol% of CHa4 in the final dissociated gas and 5.5 mol% of CH4 in
the final residual gas. The recovery rate of CH4 was 90.1 mol% and the separation factor

was 73.0.

Key words: Separation; Methane, Coal seam gas; Semi-clathrate hydrate;

Modeling; Multistage separation.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

1. Introduction

Coal seam gas (CSG) " is an unconventional source of natural gas extracted from
coal beds during the mining process which can be utilized when the CH4 content is
above about 80 mol%.?! The concentration of CHg in the CSG usually ranges between
10 mol% and 70 mol%, which limits the direct utilization of CSG and makes CSG
explosive.3* Since CSG is one of the main causes of mine disasters and is difficult and
risky to recycle, ¥l it is mostly emitted into the atmosphere after dilution.!®! About
5.54x10" m* CSG is emitted into the atmosphere every year,I”! which is a serious
environmental problem because CH4 has a global warming effect equivalent to 72 times
of COz on the weight basis I8, In order to utilize this natural gas resource and reduce
its greenhouse effect, it is necessary to recover CSG and concentrate the CH4 to about
80 mol%.% 1 Although the processes such as pressure swing adsorption, cryogenic
liquefaction and membrane technology are shown to be the effective, 119 they are
rarely used in industry due to economic and technical reasons. 12!

Separation of CH4 from CSG based on hydrate formation is an innovative
technology 1% 1131 which has mild reaction conditions, 415! large gas storage capacity,
16171 simple process %1% and low energy consumption, 1%2% and has attracted much
attention. Clathrate hydrates are non-stoichiometric inclusion compounds made up of
guest molecules encaged within ice-like crystalline structure of water molecules. 2122
Thermodynamically, different gases need different operating conditions to form
hydrates, 23 which is utilized to separate CH4 from CSG. During the hydrate formation,
the component possessing milder hydrate formation condition (CHa4) is enriched and
stored in the hydrate phase while the other component (N2) is enriched in the gas phase.

9 11-131 The hydrate formation process is not only a process of the recovery and storage
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of CH4 but also a process of the CH4 emission reduction.

Additives, as either kinetic or thermodynamic promoters, are added to promote the
hydrate formation. 124251 Thermodynamic promoters participate in hydrate formation
thereby alter the hydrate phase equilibrium resulting in more moderate conditions of
hydrate formation (lower pressure and higher temperature than forming pure gas
hydrates). 26! Commonly used thermodynamic additives for hydrate formation include
tetrahydrofuran (THF), 127> 281 tetra-n-butyl-ammonium bromide (TBAB) 2% 3% and
cyclopentane (CP). 31:321 Zhong et al. 12! found that the equilibrium hydrate formation
pressure of the model CSG (30 mol% CH4+70 mol% N2) at 273.15 K can be reduced
from 6.9 MPa to lower than 0.3 MPa by adding 1 mol% THF. Wang et al. '3 reduced
the equilibrium hydrate formation pressure of the model CSG (34.6 mol% CH4+65.4
mol% N2) at 282.15K from 16.54 MPa to lower than 1.02 MPa by adding 0.901 mol%
TBAB. Kinetic promoters (commonly surfactants) do not participate in hydrate
formation and have no effect on the phase equilibrium curve, but change the properties
of liquid like viscosity and the gas/liquid interfacial tension so as to increase hydrate
formation rates. 126/ Commonly used kinetic promoters include sodium dodecyl
sulfate(SDS), 3% 34 sodium dodecyl benzene sulfonate (SDBS) ¥4l and leucine. 133! The
promotion of kinetic promoter on the hydrate formation depends on the concentration
of the promoter. Zhou et al. 16 found that the viscosity of SDS solution reaches a peak
at 0.05 wt%, and then decreases slowly from 0.05 wt% to 0.3 wt% at room temperature.
Martinov et al. ¥71 report the effect of the SDS concentration and surface tension on the
mass transfer coefficient for aeration performance in a stirred tank reactor.

Hydrate based separation with additives are widely used in the separation of target
components from different gas mixtures such as CH4+CO2 24 38 391 H+CO, 140 411,

CO2+N2 125:32:421and model CSG (CH4+N2). % 11-131 T the study of separating CH4 from
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CSG using a scale-up bubble column, Cai et al. ! found the storage of CHs in hydrate
decreased with the increase of gas flow rate. In semi-batch and batch operation, Zhong
et al. " concentrated CH4 from a CH4-N> mixture from 30 to 70 mo% after two-stage
separation. They also found the conversion of water to hydrate in the THF solution-
saturated silica sand bed was better than in a stirred reactor. ! Wang et al. [13I
concentrated CH4 from 34.6 to 79.9 mol% after four-step separation of CH4+N2 mixture
in a continuous hydrate formation process.

TBAB is a very effective thermodynamic hydrate formation promoter for the
separation of CH4 from CSG. Besides, it has a number of advantages, e.g. environment-
friendly, high solubility in water, low vitality and good fluidity. [*?] In addition, TBAB
hydrate are less likely to cause apparatus blockage due to very fine TBAB hydrate
crystal particles, ranging between 10-*and 10°m, which are hardly conglomerated with
one another. 31 So TBAB was chosen as the promoter in this study. This study aims to
investigate the effects of various operating parameters on the hydrate based separation.
Table 1 summarizes the experimental conditions employed in the current study in
comparison with those in above references.

To better understand the hydrate based CSG separation, the effects of different
factors on the separation efficiency and gas storage need to be quantitatively evaluated.
In addition, for the application of the experimental data in industrial design, a
mathematical model is needed to predict the performance of the hydrate based
separation and gas storage capacity of hydrate under different operating conditions.
Though much research has been done into the modelling of hydrate, it mainly focuses
on formation mechanism, #4431 cold storage ¢ and phase equilibria. 4741 Fukumoto
et al. 3% proposed a model to predict the separation of CO2 and Hz at the hydrate melting

point. Tumba et al. ! proposed a model to predict the separation of three binary-gas



1 mixtures of close-boiling point compounds (C2He + C2H4, C2H2 + C3Hs, and C2H2 +
2 CsHs) with pure water. A mathematical model to predict the effects of different factors
3 onthe separation efficiency and the gas storage has not been available in previous works.
4  The accuracy of the models in predicting separation performance needs to be improved,
5 and the ranges of the operating conditions the models can be applied need to be widened.
6  For these reasons, this work proposes new models for single stage and multistage
7  separation to quantitatively evaluate the effects of different factors on the hydrate based
8 separation and the gas storage. The effectiveness of the models in predicting the
9 performance of the hydrate based separation is verified by the experimental data of this

10  study.

112. Experimental Section

12 2.1 Materials and apparatus

13 The actual CSG gas mainly consists of CHa, N2 and Oz. 132 The concentration of
14  the O2 in CSG is far less than those of CH4 and N2, and the equilibrium hydrate
15  formation conditions between Oz and N2 hydrate are close. 5% 11 131 Hence, CSG was
16  modeled by CHs-N2 mixtures in this study. [ 1"131 The gas mixtures were supplied by
17 AP Beifen Gas Industry Co. in cylinders, containing 13.3, 23.7, 34.6, 50.9 and 65.9 mol%
18  of CHa, respectively. TBAB of 99.99 wt% purity was supplied by Shanghai Sinopharm
19  Chemical Reagent. The TBAB solutions were obtained by mixing TBAB and deionized
20  water which were weighed by an electronic balance with the precision of 0.1 mg. The
21 concentrations of TBAB in aqueous solutions include 10.0, 12.0, 14.0 and 16.0 wt%,
22 corresponding to 0.617, 0.756, 0.901 and 1.052 mol% correspondingly. The

6
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compositions of the dissociated gas and residual gas were determined by a gas

chromatograph (Agilent 7890).

2.2  Viscosity and interfacial tension

measurements

The dynamic viscosity of TBAB solutions was measured using a KV-4 viscometer
(GB/T265-88). The experimental apparatus for measuring the interfacial tension
between TBAB solution and the model CSG containing 34.6 mol% CHa are reported
in previous papers published by this laboratory. 5% 55 The experimental procedures for
measuring the interfacial tension are reported in detail in previous papers published by

this laboratory. 34531

2.3. Hydrate based separation

2.3.1 Apparatus

The schematic of the experimental apparatus is shown in Fig. 1. It consists of a
manual pump, an air bath, a crystallizer and a temperature and pressure measuring
system. The crystallizer is a volume variable cell with a maximum volume of 465 ml,
in which a stirrer is fixed to the bottom to continually stir the solution. The manual
pump with scale division lines of £0.05 ml uncertainty is used to control the volume of
the crystallizer. The air bath can control the temperature of the crystallizer between
243.15 K and 323.15 K. The temperature inside the crystallizer is measured by a

platinum resistance thermometer with an uncertainty of £0.05 K. The pressure in the

7
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crystallizer is measured by a pressure sensor with an uncertainty of +0.005 MPa.

2.3.2 Operation procedure

Prior to an experiment, the crystallizer was washed with deionizer water and dried.
The volume of the crystallizer was then adjusted using the manual pump based on Eq.
().

Pgt T Z
VCr,O = Vsol + (Vsol ) CL) ' % ) ftp ' chcc,sjtp (1)

where Ver o is the volume of the crystallizer and Vsol is the volume of the TBAB solution
in the crystallizer at the beginning of an experiment. Zcsc and Zcscstyp are the
compressibility factors of the model CSG under experimental condition and under
273.15K, 101325Pa, respectively, calculated by Patel-Teja EOS.I561 P and T denote the
experimental pressure and temperature. Tsyp 1S 273.15 K and Py, is 101325 Pa. CL
(CSG/liquid ratio) is the volumetric ratio of model CSG (under 273.15 K,101325 Pa)
to the TBAB solution at the beginning of an experiment.

The temperature of the air bath was set at the desired value. A measuring cylinder
containing TBAB solution was put into the air bath to keep the TBAB solution at the
desired temperature. The crystallizer was evacuated and then filled with the model CSG.
When the crystallizer reached the experimental temperature, it was evacuated and a
desired amount of TBAB solution was injected from the measuring cylinder into the
crystallizer. The crystallizer and tubing were purged three times using the model CSG
to completely remove air from the system. When the temperature of the crystallizer and
TBAB solution became constant at the experimental temperature, the desired amount
of model CSG was injected into the crystallizer. Once the pressure in the crystallizer
reached the desired value, the valves of the crystallizer were closed to isolate the

crystallizer from the gas cylinder. The stirrer was started at a constant speed of 500 rpm.
8



10

11

12

13

14

15

16

17

18

19

20

21

22

23

This moment was noted as the start of a hydrate based gas separation experiment. Along
with the consumption of CSG by hydrate formation, the pressure in the crystallizer was
maintained constant by the manual pump. When the volume of the crystallizer remained
constant for at least 2 h, it was considered that the separation reaction reached
equilibrium and then ended. The stirrer was stopped, and the residual gas in the
crystallizer was sampled at constant pressure and the composition analyzed. Then, the
vent valve was opened, and the residual gas was quickly purged. Subsequently, the vale
was closed, and the crystallizer was warmed to 298.15 K to allow the hydrate to
dissociate completely. The composition of the dissociated gas was then analyzed. The
sampling method was adopted from elsewhere. 3257601 The experiment under each
operating condition was repeated for 3 times.. The simplified schematic of the

experimental procedure is provided in Fig. 2.

2.4 Treatment of experimental data

The gas uptake in hydrate (N4, mol) when the separation reached equilibrium (teq)

is calculated by Eq. (2).

_ PVero P'Vcr,teq
d ™ 7eseRT  ZyRT

N 2

where Ver teq IS the volume of the crystallizer when the separation reached equilibrium
(teq), Z: the compressibility factor of the gas mixture in the crystallizer when the
separation reached equilibrium (the residual gas) under experimental condition. R is
gas constant. (8.3145 J-mol-K-1)

The uncertainties in the volume of the crystallizer (+ 0.05 ml), temperature (+
0.05K) and pressure (+ 0.005 MPa) are considered while calculating the uncertainty in
the gas uptake. The maximum (Nd,jjjmax) and minimum (Nadjjjmin) gas intake in

9
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individual experiments due to the uncertainties of measured parameters are calculated
by Egs. (3a) and (3b). The mean gas intake (N4) and the uncertainty caused by

uncertainties of measurement in each experiment (Ng ;) and its uncertainty for three

repeated experiments (Ng ,,) are calculated by Egs. (3c) and (3e):

_ P+0.005MPa  Vcr+0.05ml  Verteq—0.05 ml
Nd,]]],max - R-(T—0.05K) ( Zcsg Zr,jjj ) (33)
_ P-0.005MPa  Vr—0.05ml Ver,teq+0-05 ml
Nd']”'mln - R'(T+0.05K) ( ZcsG Zr,jjj (3b)
Ng = ZNgjji/3 (3¢)
Na,ujjj = max{|Na;jimax = Najj| [Najj = Najjimin|} (3d)
Nd,u = max{lNd,jjj,max - Ndl' |Nd - Nd,jjj,minl} (36)

where jjj is the sequence number for the three repeated experiments. The mean gas

storage capacity of hydrate slurry (GSCHS, NL/L) is calculated by Eq. (4).

GSCHS = (3, ZestwiirNaii K sty /- @)

l:’stp'Vsol

The mean separation factor (SF) and the mean recovery fraction (RF) of the target

gas component are calculated as follows:

SF = @/ ©)
XN3,jjj 'Y CHy,jjj
RF = < M)/g (6)

Nc¢sG'YeH, csG
where xcn4 and xn2 are the concentrations of CH4 and N2 in the dissociated gas; ycha
and yn2 are the concentrations of CH4 and N2 in the residual gas; Ncsc is the molar
amount of model CSG injected into the crystallizer; ycus,csc is the concentration of
CHs4 in model CSG. The uncertainties of GSCHS, SF and RF caused by the
uncertainties of measurement in each experiment and the repeat experiments are

calculated by Egs. (7a) to (7e):

10
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Z4stp,jjj Nd,ujji"R Tstp

GSCHsu‘”] = maX{

} (7a)

Pstp'Vsol

Z4,stp,jjj Nd jjjmax R Tstp GSCHS‘ ‘GSCHS _ Zg,stp,jjj Nd,jjjmin R Tstp ) (7b)
PstpVsol ’ Pstp'Vsol

Nd,ujjj XCHa,jjj

(7c)

N¢sG'YcH, CSG

Nd jjj,max XCHay jjj _ _RF’ ’_RF _ NajjjminXcHyjjj
)
N¢sG'ycHy csG N¢sGycHy,csG

RF, = max({ (7d)

XCHy,jji YNgjji S_F’} (7e)

SF, = max{
XN2,jij Y CHa.jjj

3. Modeling

3.1 TBAB semi-clathrate hydrate formation

As discussed in introduction, TBAB participates in the formation of TBAB semi-
clathrate hydrate (not gas hydrate), resulting in more moderate condition of hydrate
formation. Meanwhile, TBAB is a salt which weakens the hydrogen bonds between
water molecules, so TBAB can also inhibit hydrate formation. (6162 Therefore, TBAB
has two competing effects on hydrate formation, and an inflection temperature is
presented in the hydrate phase equilibrium diagram of the gas mixture + TBAB aqueous
systems. [47- 631 When temperature is below the inflection temperature, TBAB works as
a thermodynamic promoter, and the equilibrium hydrate formation pressure is lower
than that in pure water systems; when temperature is above the inflection temperature,
TBAB works as a thermodynamic inhibitor, and the equilibrium hydrate formation
pressure is higher than that in pure water system. 147 631

Previous work 31 shows that in the temperature range of this study, a CSG

consisting of 34.6 mol% CHa + 65.4 mol% N2 has much lower equilibrium hydrate

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

formation pressure in the TBAB aqueous system than in pure water system. The
experimental temperature is well below the inflection temperature, and TBAB works
as a thermodynamic promoter. The operating pressure in this work is higher than the
equilibrium hydrate formation pressure in the TBAB aqueous system but much lower
than that in pure water system. The hydrate formed under the operating conditions in
this work is mainly TBAB semi-clathrate hydrate rather than gas hydrate consisting of

only gas and water molecules.

In this work, the two-step hydrate formation mechanism proposed by Chen and
Guol* is used to simulate the process of the formation of TBAB semi-clathrate hydrate:

First step: TBAB and water molecules form basic semi-clathrate hydrate. The
concept of basic hydrate has been discussed in detail in a previous article. 431 Following
Long and Sloan, 1% each TBAB molecule dissolved in water is assumed forming a
labile cluster with the water molecules surrounding it. Then the clusters associate with
one another to form the so-called basic hydrates. The formation of basic semi-clathrate
hydrate is illustrated by the following equation:

H;0 + 2, TBAB - TBAB,, - H,0 (8)
A2 1s the ratio of TBAB-to-water molecule numbers in a basic hydrate unit. Types A and
B hydrate have TBAB-26H20 and TBAB-38H20 unit cells, respectively. 651 Each
TBAB semi-clathrate hydrate cell unit is composed of 2 TBA* and 2 Br™ along with 52
water molecules for type A and 76 water molecules for type B. 165l TBA* is trapped into
a basic cavity formed by two large tetrakaidecahedra and two pentakaidecahedra,
respectively. It should be noted that four similar large cavities are involved, A2 is 2/52
for type A and 2/76 for type B. During this step, the linked cavities (the small cavities
formed by 12 pentagons) form automatically. [44]

Second step: small molecules like N2 and CH4 are captured into empty linked
12
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cavities of basic semi-clathrate hydrate. The occupation of linked cavities by small gas
molecules reduces the chemical potential of the basic hydrate, making the structure of
the semi-clathrate hydrate more stable and leading to the formation of final semi-
clathrate hydrate structure:

Oci, M CHy + By, AN, + TBAB,, - H;0 — (CHy)g gy, 1, (N2)oy, 1, TBAB,, - H,0 (9)

M is the ratio of the numbers of the linked cavities to water molecules in the basic
TBAB semi-clathrate hydrate unit. A1 is 3/52 for type A and 3/76 for type B. 6% On2 and
Ocna are the fractions of the linked cavities filled by N2 and CHa, respectively.

Based on the two-step hydrate formation mechanism, there are two reaction
equilibria in the system: the basic hydrate formation in the first step and the physical
adsorption of the gas molecules in the linked cavities during the second step. For the
chemical equilibrium of Eq. (8): [44.45, 671l

MB — Hu,0 — A2W7pag = A RTInfYpap (10)

Mrpap = Hrpap T RTInfrpap (11)
where ffgap is the fugacity of the TBAB in the basic TBAB semi-clathrate hydrate;

pg is the chemical potential of the basic TBAB semi-clathrate hydrate; un20 and preas

are the chemical potential of water and TBAB in the aqueous solution, respectively;
uf}B ap 18 the chemical potential of the TBAB under standard condition (273.15 K,
101325 Pa). freas is the fugacity of the TBAB in the liquid phase under the
experimental condition. The adsorption of CH4 and N2 molecules in the linked cavities
reduces the chemical potential of the basic hydrate. At the adsorption equilibrium (Eq.
9), the chemical potential of the final hydrate g is: [44!

g = Mg + M RTIn(1 — B¢y, — By,) (12)

Therefore, the change of chemical potential during the formation of TBAB semi-

clathrate hydrate is the difference between the value of the final state and the initial
13
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Hinitial = MH,0 + A2UTBAB (13)

A=y — 1 (14)

initial
Combining Egs. (10) — (14), Eq. (15) is obtained:

Au = RT[)\ZIHM + 7\1111(1 - eCH - GN )] (15)
frAB 4 2

Based on the Langmuir adsorption theory, Ocns and On2 can be calculated as

follows: [68:69]

fcn, Cen
Och, = S 16a
CHy4 1+fCH4CCH4+fN2CN2 ( )
fn, Cn
Oy, = 2CNy (16b)
2 1+fCH4CCH4_+fN2CN2

where fz2 and fcus denote the fugacity of N2 and CH4 in the gas phase which is
calculated by Patel-Teja EOS.I%l Cnz and Ccns are the Langmuir constants of the
adsorption of N2 and CH4in TBAB semi-clathrate hydrate and correlated as an Antoine
type equation:

C=Xexp(-—) (17)

The Antoine parameters for N2 and CHy are fitted based on the experimental data
in this study by trial-and-error method. The fitting process is shown in supplementary
materials. The obtained values of X', Y and Z are listed in Table 2:

45 can be calculated as follows: 147> 48]
0 — £0 PP\ —1/%;
freap = fr (Texp (?)OLHZO (18)

OH,0 = exp(—0.03321w4gap — 0.09463wWrgap — 2.5874 X 107%) (19)

f'IQ(T) — exp(_ ACH4-9CH4T+AN2-6N2) . A,eXp(%C,) (20)
ANZ = _400WTBAB + 50 (213.)
ACH4 = _1600WTBAB + 260 (21b)

14
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where f1%(T) is a function of temperature. The Antoine constants A*, B' and C* for
TBAB are shown in Table 3. Acns and An: are the corrected coefficients between small
gas molecules (N2 and CH4) and TBAB which can be expressed as a function of TBAB
concentration. 3 is a parameter which depends on the structure of the hydrate; it is 2.8
K/bar for type A and 3.5 K/bar for type B. anzo is the activity of water in the TBAB

solution. wrBag is the mass fraction of TBAB in solution.

freas can be calculated as follows:[48 9-74]

L (P_Psat )
frap = XTBABYTBABP'%ES&BGX [VTBABR%] (22)
Vopap = —0-5057Wigap + 1.1603Wigap — 1.3689wrpap + 0.7655  (23)
3978.91
InP;3% 5 = 10.1406 — Te020 (24)
MSO
ViBAB = p—ll (25)

Peop = Py, T 01(100Wrpp) + 0,(100wWrgap)? + 03(100Wrpap)° (26a)
0; = q; + gi(T/K) + 5i(T/K)? (26b)
where xTBAB, Vigap, and yreas are the molar fraction, molar volume and activity

P33t o is the saturated vapor pressure of

coefficient of TBAB in solution, respectively;
TBAB; Msa and psor are the molecular weight and density of TBAB solution; puzo0 is

the density of water; qi, gi, and si are empirical constants, which are presented in Table

4. In Eq. (26a), psol is in g/cm?.

3.2 CSG separation via hydrate forming

During a CSG separation process, the hydrate formation rate and gas composition
continuously change due to the changes in the hydrate formation driving force and the

preferential CH4 capture by the hydrate slurry. In this study, the CSG separation process
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was simulated by the differential method. The separation duration was divided into
thousands of time units (At). During each time unit, the process was approximated as a
steady state, i.e. the gas composition and amount, the concentration of TBAB in the
liquid phase, and the hydrate slurry composition are assumed to remain constant. Thus,
the driving force for hydrate formation and preferential CHs capture by hydrate slurry
remains constant. The conceptual model of the hydrate-based gas separation is shown
in Fig. 4.

At the beginning of an experiment (t = 0), no hydrate is present; there are only

model CSG and fresh TBAB solution in the crystallizer. The initial conditions are:

pstp'CI-"Vsol

Nesg = RZcsom Tom (27)
YCH,,0 = YCH,,CSG (28a)
YN,,0 = ¥N,,CSG (28b)
Ngch,0 = Nesg “YeH,0 (29a)
Ngn,.0 = Ncse * Yn,.0 (29b)
Hgcn,0 = HEn, 0 =0 (30)
NrtBaBo = W (€29
R (32)

where Ngcus and Ngn2 are the moles of the CH4 and the N2 in the gas phase in the
crystallizer. Hgcusa and Hgnz are the moles of the CH4 and the N2 in the hydrate slurry
in the crystallizer. NtBas and Nu20 are the moles of the TBAB and the water in the
solution in the crystallizer. wrsas is the mass fraction of the TBAB in the fresh TBAB
solution. Subscript “0” denotes the initial values of corresponding variables. ycus,csc

and yn2,csG are the concentrations of the CH4 and the N2 in the model CSG. Mrpas and

16



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Mhmuz0 are the molecular weight of TBAB and water. msol is the mass of the fresh TBAB
solution injected into the crystallizer.

The molar fraction of TBAB in the TBAB semi-clathrate hydrate is between 2.56
mol% and 4 mol%, 57 which is much higher than that of TBAB in the solution. Along
with the formation of the TBAB semi-clathrate hydrate, the concentration of TBAB in
the liquid phase decreases. Because of preferential CH4 capture by the hydrate slurry
(Bcna/ON2 >ycna/yn2), the concentration of CHy in the residual gas also decreases. These
changes reduce the driving force of the hydrate formation (-Ap), so the hydrate
formation rate decreases along with the progress of the separation. Finally, as the
driving force approaches zero (-Ap~0), the amount of the hydrates stop increasing, that
is, the separation reaches an equilibrium state.

The gas capture rate r (mol-At) is a function of the hydrate formation driving

force (-Ap) which is determined by TBAB concentration, pressure, temperature and gas
composition. Based on the GSCHS and the initial concentration of TBAB in the
solution in this study, the CSG separation in this study is controlled by driving force
(thermodynamics). The calculation of the hydrate formation during the j time unit is
illustrated below.

As discussed previously, within the very short time interval of At, the formation of

basic hydrate and its uptake of CH4 and N> from gas phase can be considered as steady
state. Their rates were determined according to the condition at the beginning of the j®
time unit, which is noted by subscript “j-1”. Furthermore, it is assumed that the
composition of the final hydrate formed before the j' time unit does not change during
the j™ time unit; this is based on the experimental observation that once final hydrate is
formed, its composition does not change with the change of the gas phase condition
until it is melted. That is to say, once the basic hydrate is formed following Reaction
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(8), the uptake of CH4 and N> by the hydrate formed during At reaches equilibrium
instantly based on the condition at that moment. The rate of TBAB consumption due to
the formation of basic semi-clathrate hydrate and the amount of TBAB consumed
within the time unit At are:[78l

A
rrgagj = K" Nuzo -1 (exp(%) -1 (34a)

hrgagj = rreapjAt (34b)
where k (mol-mol water'!-At!) is the rate constant of the formation of semi-clathrate

basic hydrate. Correspondingly, the rates and amounts of the uptake of CH4 and N2 by

the hydrate formed during the j™ At are: 176l

hen,j = ren,j At = o - Bcn, j - hrpasj (34¢)

hy,j =N, At = o Oy, ;- hrpap; (34d)
Y

=% (35)

a is the ratio of the numbers of the linked cavities to the TBAB semi-clathrate
basic cavities. Apj-1 is calculated by Eq. (15). According to the changes of the amounts
of TBAB and water in solution and those of CH4 and N> in gas phase, the condition
after the j™ time unit is obtained.

It can be seen from Egs. (34a) to (34d) that, when the hydrate formation driving
force (-Ap) is positive, the formation of hydrate and the uptake of CH4 and N> in hydrate
continue. When the hydrate formation driving force (-Ap) becomes negative, the rate
of hydrate formation becomes negative, which means the hydrate dissociates. The
iteration in simulating the separation process terminates when the hydrate formation
driving force (-Ap) becomes close enough to zero according to the convergence criteria
in Fig. 4.

After the j™ At, the molar amounts of CHs and N2z in the gas phase are calculated
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Ngcu,j = Ngcu,j-1 — hen,j (36a)
NgnN,j = Ngn,j-1 — hn,, (36b)
The molar amounts of CH4 and N2 in the hydrate slurry are:
Hgcn,; = Hgch,j-1 + hen,j (37a)
Hgn,; = Hgn,j-1 + hn, (37b)
The amounts of TBAB and H>O in the liquid phase become:
Ntpaj = NtBaBj-1 — hrBAB, (33)
NHZO,j = NHZO,j—l - ihTBAB,j (39)

Due to above changes, the compositions of the gas and liquid phases are changed

as follows:
NEcH,.j
. — _ oCHaj 40a
YCHai = Ngon,,+Nens, (40a)
Ngn2
L — — ONz2j 40b
N2 NgcH,,jtNEN,,j (400)
XCH,j = __ECHa) (41a)
? Hgchy jtHEN, j
XN, = (41b)
? HgcH,,jtHEN,
NtBAB,j
X P = — 42
TBAB,j Nroas;+Ni,o; (42)
XTBAB,j ' MTBAB
W .= . 43
TBAB)) x1BAB,j"MTBAB+(1-XTBAB,j)'MH,0 (43)
Vi = R:(HgcH,,j tHEN,,j) Zd,stp Tstp (44)
dj Pstp
R:(NgcH,,jtNBN,,j) Zr,stp Tst
Vr,j — 4] 2j) Lrstp Lstp (45)

l:'stp
The calculation flow chart is shown in Fig. 5. In order to make it convenient for

industrial application, mass fraction was used instead of mole fraction as the calculation
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import data. Z.yp 1s the compressibility factor of the residual gas under standard
condition (273.15 K, 101325 Pa). Visual basic 6.0 was used to edit the iterative
computation. It also can be edited by MATLAB or any other software which can use
for iterative computation.

In above simulation calculation, the total gas uptake is obtained by numeric

addition (Eq. 46a) as the approximation of Eq. (46b):

teq/At
Na= X" (rcua; + Inz At (46a)

Ng = [ %(rcu, + rn,)dt (46b)

In a practical hydrate formation process, variables such as gas composition and
hydrate formation rate change continuously. In the modeling calculation, they were
assumed remaining constant during each At. The accuracy of the numeric calculation
by Eq. 35a depends on the values of the changes of the variables such as gas
composition and hydrate formation rate during each At. When the changes of the
variables during each At are small enough, the difference between Eq. (46a) and Eq.
(46b) can be ignored, which leads to a good accuracy of the numeric calculation by Eq.
(46a). Conversely, large changes of the variables during each At leads to a great
difference between Eq. (46a) and Eq. (46b), which leads to a poor accuracy of the
numeric calculation by Eq. 35a. The values of the changes of the variables during each
At are determined by k. k (mol-mol water!-At1) is the hydrate forming rate parameter.
The purpose of this study was to investigate the final equilibrium gas uptake rather than
the reaction kinetics, because the latter was affected by many factors in the engineering
practice. The results of numeric calculations for a case at 281.15K, 2.5MPa, initial
concentration of TBAB in solution at 0.901 mol% and CSG/liquid ratio at 30 NL/L,

with different of k-At is presented in Table 5, which demonstrates the k-At for the

numeric calculation.
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It can be seen from Table 5 that the steps needed to reach the chemical equilibrium
increases dramatically, from 31 steps when k-At is 0.1 mol-mol water™! to 35336 steps
when k-At is 0.00004 mol-mol water™'. Correspondingly, the calculation results (xcH4,
ycus and GSCHS) change with the decrease of k-At at first, and become steady. The
results practically do not change when k-At ratio is below 0.0001 mol-mol water™'. This
is because the values of the changes of the variables during each At decease with the
decrease in k. When k is 0.1 mol-mol water!-Atl, it takes only 31 iterations (31 At) for
the separation to reach equilibrium in modeling calculation. The maximum change
during each At is 1.686 mol% for the concentration of CHg4 in the hydrate phase, 3.799
mole% for the concentration of the CH4 in the gas phase and 4.715 NL/L for GSCHGS.
These changes can make great difference in the hydrate formation rate and the CH4
hydrate capture selectivity. The hydrate formation rate and the CH4 hydrate capture
selectivity in the j™ At are great different from those in the (j-1)™ At in Eq.(46a) while
the hydrate formation rate and the CH4 hydrate capture selectivity in the j® dt are almost
the same with those in the (j-1)™ dt in Eq. (46b). It can be seen from Table 5, as the k
decreases, the values of the changes of the variables during each At decrease, the
difference between Eq. (46a) and Eq. (46b) has no influence on the calculation results
(xcH4, ycns and GSCHS) when k-At is below 0.0001 mol-mol water™'. Though a smaller
k leads to a better accuracy of the numeric calculation by Eq. (46a), it also leads to a
larger number of iterations (teq/At) in calculation, especially leads to a huge number of
the iterations in multistage separation. Based on calculations, for all operating
conditions in this study, the influence of the difference between Eq. (46a) and Eq.(46b)
on modeling calculation can be ignored when k-At is below 0.00008 mol-mol water'.
In this study, the hydrate formation rate parameter k was determined as 0.00004

mol-mol water!-At’L,
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Average relative deviation (ARD), average relative variance (ARV), maximum
relative deviation (MRD) and Goodness of fit (GF) are applied in order to calculate the

deviation between model results and experimental data. They are calculated by EQs.

(47a) to (47d).
Z:!1|Experimental value— Calculated value |
ARD _ i Experin;lental value | . 100% (473)
n|Experimental value— Calculated value |2
ARV = i Experim:;ntal value | (47b)
Experimental value— Calculated value
MRD = max(|—2 ) +100% (47¢)

Experimental value

Y '(Experimental value— Calculated value)?

GF =

~ Y7(Experimental value— " Experimental value/n)? 100% (47d)
where n denotes the number of the total experiments. Smaller ARD, ARV and MRD
show better prediction accuracy of the model. The GF is used to present the goodness
of the model in showing the effect of each factor on the hydrate based separation and

gas storage, GF normally has values between 0 and 1. A value of GF close to 1 means

that the model can predict the effect of a factor on hydrate based separation accurately.

3.3 Multistage separation modeling

Since the single stage separation is not sufficient to meet industrial requirements,
multistage operation must be carried out if this process is put into practice.
Experimental investigation of the multistage operation 24771 is complex and difficult to
include the circulation of the gas flow with low target component content. For the latter
reason, the RF decreases quickly as the number of separation stages increases. For
example, in one-way operation, the RF of three-stage separation is only 12.5 mol% for
50% RF in one stage separation. In the work by Wang et al.l3l, the inclusion of the

circulation of the gas flow with low target component content makes it necessary to
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carry out a series of experiments for any adjustment of the operation in order to gain
the knowledge of the performance of each operating unit, which makes the simulation
inconvenient in application. In this study, a computing method is proposed for the
simulation of multistage separation. The model CSG flows into a multistage separation
system (Fig. 6) where CHgs is concentrated to higher than 80 mol% in the high CH4
content gas, and its content in the low CHs content gas is reduced to lower than 10
mol%. In the process, the final gas with concentrated CH4 is obtained from the bottom
operation stage as the dissociated gas, while the residual gas with low CH4 content is
obtained from the top operation stage (Fig. 6). For the middle stages, the feed includes
the dissociated gas from its upper stage and the residual gas from the lower stage, and
the separated gases are further separated as the feeds of the upper and lower stages. In
the modelling calculation, the performance of each stage is predicted by the single stage
separation model..

The calculation sequence of the multistage separation is as follows: (1) Stage 1,
(2) Stages 2 1 and 2 2;(3) Stages 3 1 and 3_2. Then the calculation is repeated for the
next time unit from (1) again. i is the number of iteration. In multistage separation, V is
the volume (273.15 K, 101325 Pa) of the gas flowing into the separation operating unit.
zz is the component concentration in the gas flowing into the separation operating unit.
x is the component concentration of the dissociated gas flowing out the separation
operating unit. “ratio” is the ratio of the feed gas volume to the TBAB solution volume
under 273.15 K, 101325 Pa. And their subscripts are the operating units they belonged
and the number of the iteration. When the iteration is at its first loop computation, there
is no gas sent back to mixers:

ZZCH,41,1 = YCH,,CSG (48a)

Vi1 = Vesg (48b)
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ZZCH,,2.1,1 = YCH4 11
V2_1,1 = Vr1,1
ZZCH,,2.2,1 = XCHy 1,1

V2_2,1 = Vd1,1

(49a)
(49b)
(50a)

(50b)

When the iteration goes to the i th loop computation, for Separation stage 1:

P'V'YCH4_ P'V'XCH4

Newyai = Cgzr Dese T (pgr Ddz_ti-1 7+ (

P-V-yn P-V-xn
N, = (ggg)ese + (g Ddz1i-1 1 (

zZcu, 1,0 = Neny1,i/ (Neny,1i + Ny, 1)

(NcH,1,i+NNy1,i) ZRT
Vl,i = ( + P . )stp

Vso11,i = Vh,i/ratiog

For separation stage 2 1:

P-V-yCH P'V'XCH
NcH, 2 1i = (—R_Z_T r1,i (—R_Z_T 1) d3 1i-1

P'V'yN P'V'XN
NN, 21i = (Rgpri + (Rgr)d3.1i-1

zZcu,2.1,i = Neny,2.1,i/ (Nen,,2 11 + Nny2.1,0)

(NcHy 2 1i+NNy 2 11) ZRT
Vo= - )stp

Vsolz 1,i = V2 1/ratioy 4

For separation stage 2 2:

P-V-xcH P-V-ycu
NCH4,2_2,i = ( RZT 4)d1,i + (T_T‘L)B_Z,i—l

P-V-xn P-Vyn
NN, 221 = (Rzp)dni T (Rgrrs.zi-1

2Zcu, 2 2i = Nen, 2 2i/ (Nen, 2 20 + NN,.2 21)

(NcH, 2 2,i+ NNy 2 2,i) ZRT
Vooi= ( + P . )stp

Vsolz 2,i = Vo 2i/ratio; ;

24

"VCHy
7-T )I'Z_Z,i—l

P-V-yN2

(51a)

(51b)

(51¢)

(51d)

(51e)

(52a)

(52b)

(52¢)

(52d)

(52e)

(53a)

(53b)

(53¢)

(53d)

(53e)
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For separation stage 3_1:

ZZcH,3.1,i = YCH,2.1,i (54a)
V3_1,i = Vr2.1ji (54b)
Vso13 1,i = V3 1,4/ratioz 4 (54¢)

For separation stage 3 2:

ZZcH,,3.2,i = XCH,,2.2,i (55a)
V3_2,i = de_z,i (55b)
Vsol3 2 = V3 zi/ratios (55¢)

Since the multistage separation system will finally reach dynamically stable, there

is a mass balance between the gas flowing in and the gas flowing out after it reaches

dynamically stable:
Nesg = Niz1 + Nz (56)
Nese * Yen,,csc = Nes1°Ycu,3.1 T Nas2 " XcH, 32 (57)
Erro = N¢se * Yen,.csé — Nrs 1" YeH,3.1 — Nasz 2 XcH, 3.2 (58)
Rec =V, /Vesg (59)
Ref = (Voacr/Vin) X 100% (60)

Recycle ratio(Rec) is the efficiency of the multistage separation, and large recycle
ratio means that the moles of the CSG meeting the demand after multistage separation
is much smaller than the moles of gas recycled in the system. Reflex ratio(Ref) is the
efficiency of the operating unit, and large reflex ratio leads to the low efficiency of the
operating unit. Vpack is the volume of the gas flowing out of the operating unit to the
previous stage. Vin is the volume of the gas flowing into the operating unit. The

multistage separation calculation flow chart is shown in Fig. 7.
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4. Results and discussion

4.1 The viscosity of TBAB solution and the
interfacial tension between the TBAB solution

and CSG

As described in the Introduction section, the addition of additives into water phase
can affect gas hydrate formation in different ways. On one hand, an additive may affect
the equilibrium distribution of gas species in gas and liquid phases. On the other hand,
it may affect the mass transfer between the two phases or in the liquid phase by
changing the interfacial tension between the two phases or affecting viscosity of the
liquid phase. Knowledge on the viscosity and interfacial tension of the solutions is
beneficial to the better understanding of the hydrate formation and separation
mechanisms. Tables 6 and 7 present the viscosity of the TBAB solutions and their
interfacial tension with CSG gas.

As shown in Table 6, the viscosity of pure water is consistent with the data reported
in the literature. 8 The addition of TBAB solution increases the viscosity of the liquid
phase; the viscosity of the liquid phase increases with the increase of TBAB
concentration in the solution and decreases with the increase in temperature. The results
agree with those obtained by Sinhal”l. From kinetics, this increased viscosity is not
favorable to the mass transfer of gas species in the liquid phase.

According to Table 7, the addition of TBAB into water decreases the interfacial
tension between the CSG of 34.6 mol% CHa and the liquid phase, and the interfacial

tension decreases with the increase in the TBAB concentration in the solution and with
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the increase in pressure. These trends agree with the changes of interfacial tension
between CO2+N2 and TBAB solution obtained by Akiba 181, This means that addition

of TBAB into water favors the mass transfer of gas species from CSG into liquid phase.

4.2 Single stage separation of CSG by hydrate

formation

4.2.1 Effect of CSG/liquid ratio on the separation of CSG

The CSG/liquid ratio is expressed as the ratio of the volume of CSG (273.15
K,101325 Pa) to the volume of TBAB solution at the beginning of separation (CL). The
effect of CL on the performance of the CHa recovery by hydrate formation was carried
outat281.15 K and 2.5 MPa with 0.901 mol% TBAB solution. The experimental results
are presented in Fig. 8. It can be seen from Fig. 8a, both SF and RF of CH4 decrease as
CL increases, which is in agreement with the results of Wang et al. 3 in CSTR
operation. From Fig. 8b, xcna increases from 47.0 (+0.3) mol% with CL at 20 NL/L to
53.7 (£0.3) mol% with CL at 60 NL/L, which is a significant enrichment from 34.6
mol%. ycua increases from 20.3 (£0.2) mol% to 29.3 (£0.2) mol% with the increase of
CL. Due to the reduction of SF, ycH4 increases with the increase in CL. xcns depends
on the CH4 capture selectivity of the hydrate (0cnsa/On2). Under constant operating
pressure, the increase in ycu4 leads to an increase in Ocua/On2 and increase in XcHa.

GSCHS increases from 10.7 (+0.2) NL/L with CL at 20 NL/L to 13.2 (+0.2) NL/L
with CL at 60 NL/L. This trend agrees with the findings of Wang et al. 3l in CSTR
operation and Cai et al. [ in semi batch operation. Since CHs is more easily captured
into hydrate than N2, the increase in Ocns overrides the decrease of On2 with the increase
of ycna4, leading to the increases in Ocna+6n2 and so GSCHS.

Fig. 8b also present the modeling results under corresponding conditions. The
27
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simulation of the separation process predicts well on the effect of CL on the
compositions of dissociated gas and residual gas. The predicted effect of CL on GCSHS
is milder than that experimentally measured. The ARD, ARV and MRD of all data in
Fig. 8b are 4.12%, 0.0308 and 11.00%, respectively. The GF is 0.90 for xcns, 0.83 for
ycus and 0.34 for GCSHS. The higher deviation of GCSHS may be because in model
calculation, the interaction between TBAB in basic cavity and the gas molecules in
linked cavity (Acns and Anz) is constant and not influenced by the concentrations of
CHa and N2 in hydrate, but in actual process of the TBAB semi-clathrate hydrate
formation, the change of the interaction cannot be ignored. In order to improve the GF
in GCSHS prediction, the optimization of Acus and Anz and a larger experiment
database can be considered in the future work.

Since liquid cooling is the most energy demanding in hydrate separation, a higher
CL reduces the amount of TBAB solution used, which results in lower energy
consumption on cooling TBAB solution. On the other hand, the capacity of hydrate
based separation is limited by the amount of TBAB solution used. Too high CL reduces
the separation factor (SF) and the recovery rate of CH4 (RF). When the separation
efficiency and the recovery rate of CH4 are too low to meet the industry requirements,
more separation stages are demanded. Comprehensive consideration is needed to
determine an optimum CL for the recovery of CHa.

In the CL range in Fig. 8, the CH4 concentration was increased by 12.4 — 19.1
mol%. To concentrate CH4 from 34.6 mol% to 80 mol% would need a three-stage
separation process, by which the average increase of XcHs in each separation stage is
about 15 mol%. Taking the separation efficiency and recovery rate into consideration,

30 NL/L was chosen as the CL in the following experiments.
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4.2.2 Effect of TBAB concentration on the separation of CSG

The effect of the initial TBAB concentration in the solution on the performance of
the separation was examined at 281.15 K and 2.5 MPa with CL at 30 NL/L. The
experimental results with corresponding modeling results are presented in Fig. 9.
GSCHS increases from 7.5 (+0.2) NL/L at 0.617 mol% TBAB to 13.9 (£0.2) NL/L at
1.052 mol% TBAB. Because the increase in the initial concentration of the TBAB in
the solution leads to an increase in the driving force of the hydrate formation, which
results in the increase in the moles of hydrate. Correspondingly, the RF increases with
the increase in TBAB concentration. Preferential CHa capture in the hydrate slurry
(OcH4a/ON2 >ycHa/yN2) results in the decrease in ycns. The larger moles of the hydrate
form, the greater the decrease in the ycna. ycns decreases from 28.1 (£0.2) mol% at
0.617 mol% TBAB to 22.7 (+0.1) mol% at 1.052 mol% TBAB. Under the reduced ycna
condition, the gas capture selectivity of hydrate (Ocus4/On2) decreases, more N> is also
captured in the hydrate, causing reduction of xcu4. Xxcha decreases from 53.9 (£0.2) mol%
to 48.4 (+0.3) mol%.

SF increases with the increase in TBAB concentration at first and then decreases,
which agrees with the findings of Wang et al. 31 in CSTR operation and Zhong et al.
[11] jn semi batch operation. In the range of low TBAB concentration, the selectivity of
CHas capture in hydrate is high, resulting in higher SF with increasing TBAB
concentration. However, in the range of high TBAB concentration, the selectivity of
CHa4 capture decreases due to the significant decrease of ycha, resulting in decrease of
SF with the increase in the TBAB in solution. A peak SF is formed at TBAB
concentration about 0.9 mol%. This TBAB concentration of peak SF is expected to
become higher at higher CL, which can be confirmed in more detailed modeling work

in the future.
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It can be seen from Fig. 9b that the modeling results of the separation performance
at different TBAB concentrations match the experimental results very well. The ARD,
ARV and MRD of all data in Fig. 9b are 2.61%, 0.0109 and 5.95%, respectively. The
GF 1s 0.61 for xcn4, 0.81 for ycus and 0.98 for GSCHS. The goodness of fit of xcn4 is
slightly lower than that of GSCHS and ycna, and the effect of xTBaB,0 on xcu4 predicted
by modeling is not as strong as that in experiments.

There are three physical resistances for the gas species to be captured in gas
hydrate: diffusion in the gas phase, cross the gas-liquid interface and in the liquid to
reach basic hydrate grain surface. As presented in section 4.1, increasing TBAB
concentration in solution causes a decrease in the interfacial tension but increase in
solution viscosity, which decreases the diffusion resistance of the gas species cross the
interface but increases the diffusion resistance in solution. The good fitting of the
modeling results with experimental data in the separation performance shows that
above diffusion processes did not affect the hydrate formation significantly, and the
assumption of adsorption equilibrium of CH4 and N> in hydrate is acceptable. The
phenomenon of lower CH4 concentration near the hydrate than that in the bulk phase
81,821 {5 not obvious in this work

Practical application of the CSG separation via hydrate formation requires that the
TBAB solution has high GSCHS provided that the SF and RF satisfy definite
specification. Thus, the high GSCHS at a high initial TBAB concentration in the
solution is beneficial to achieving a high CH4 recovery. However, xcr4 decreases along
with the reduction of ycns with the increase of TBAB concentration. Increasing CL
simultaneously helps to maintain a high xcna4 but this will increase ycns and decrease
RF. So, to achieve high CHa recovery and high xcrHa, multistage separation is necessary.

Using the CL at 30 NL/L in this series of experiments, the highest SF is achieved when
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the initial concentration of the TBAB in the solution 1s 0.901 mol%, and xch4 1S
expected to meet the demand by three-stage separation. Taking the separation efficiency
and recovery rate into consideration, 0.901 mol% was chosen as the initial TBAB

concentration in the following experiments.

4.2.3 Effect of temperature on the separation of CSG

Operating temperature affects not only the formation of basic hydrate, but also the
adsorption of CH4 and N2 in the hydrate cavities. The effect of temperature on the
performance of separation was examined at 2.5 MPa with CL at 30 NL/L and TBAB
concentration at 0.901 mol% TBAB. The experimental results and modeling data are
presented in Fig. 10. The separation performance is very sensitive to the change of
temperature. GSCHS decreases from 13.1 (+0.3) NL/L at 280.15 K to 9.9 (+0.2) NL/L
at 283.15 K. The increase in operating temperature leads to the decrease of the
occupation fraction of the linked cavities (Ocua+6On2), so the moles of gas captured by
per mole hydrate decreases, which results in the decrease in the GSCHS. The increase
in operating temperature leads to the decrease in the moles of hydrate, which also leads
to the decrease in the GSCHS. Caused by the preferential CHa capture in the hydrate
slurry, smaller GSCHS leads to smaller decrease in the concentration of the CH4 in the
gas phase. So ycns increases from 22.8 (£0.2) mol% to 26.1 (0.3) mol% with the
increase of the operating temperature. Xcus increases from 49.8 (+0.3) mol% to 52.1
(£0.2) mol%, correspondingly. These changes caused significant decrease in RF and SF
as the operating temperature increases.

As it can be seen from Fig. 10b, the experimental and modeling results match well.
The ARD, ARV and MRD are 2.27%, 0.0101, and 6.40%, respectively. The GF is 0.57

for xcna, 0.51 for ycua and 0.89 for GSCHS. The goodness of fit of gas compositions
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is not as good as those of the CSGHS.

It is well known that temperature is a major factor affecting the thermodynamics
and kinetics of chemical reactions. Decreasing temperature favors formation of more
basic hydrate and adsorption of more gases in unit amount of basic hydrate, which is
consistent with the experimental data and modeling prediction. At a low temperature,
the diffusion of gas species and hydrate formation are slower than at a higher
temperature, but according to Fig. 10b, the experimentally achieved separation
performance at low temperature is better than that predicted by process simulation. It
illustrates that the kinetics of gas hydrate including mass transfer of gas species from
gas to liquid phase is not the controlling stage in the separation process. The rate of gas
hydrate formation is determined by that of formation of basic hydrate. In order to ensure
the increase in the xcus4 meets the demand of the three- stage separation, 281.15 K was

chosen as the operating temperature in the following experiments.

4.2.4 Effect of pressure on the separation of CSG

The effect of operating pressure on the performance of the separation by hydrate
formation was carried out at 281.15 K with CL at 30 NL/L and 0.901 mol% TBAB in
solution. The experimental and modelling results are presented in Fig. 11. GSCHS
increases from 3.1 (+0.1) NL/L under 1 MPa to 14.4 (+0.3) NL/L under 3.5 MPa. The
increase in operating pressure leads to the increase of the occupation fraction of the
linked cavities (Ocna+0N2), so the moles of gas captured by per mole hydrate increases,
which results in the decrease in the GSCHS. The increase in operating pressure leads
to the increase in the moles of hydrate, which also leads to the increase in the GSCHS.
Larger GSCHS leads to greater decrease in the concentration of the CH4 in the gas

phase. ycus decreases from 32.3 (£0.1) mol% to 21.4 (£0.2) mol%. xcn4 also decreases

32



10

11

12

13

14

15

16

17

18

19

20

21

22

23

from 54.7 (£0.1) mol% to 48.9 (£0.3) mol% due to the decrease in the selectivity
(Ocna/On2) caused by the decrease of ycma. RF increases as the operating pressure
increases due to the increased GSCHS. SF increases as the operating pressure increases,
and reaches the peak at 3 Mpa then shows a tendency of decrease when the pressure
increases further. The decrease in ycna leads to the increase in SF while the decrease in
xch4 leads to the decrease in SF. When operating pressure is higher than a specific value,
the increase in operating pressure has a greater effect on the decrease in xcns4 than on
the decrease in ycus4 which leads to the decrease in SF.

As it can be seen from Fig. 11b, the experimental and modeling results are pretty
close. The ARD, ARV and MRD are 2.65%, 0.0195 and 9.28%, respectively. The GF is
0.73 for xcna, 0.97 for ycusa and 0.99 for GSCHS. High operating pressure leads to
formation of more hydrate and high CH4 recovery. On the other hand, it also leads to
decreased xch4 and may cause decrease in SF due to the decrease in the selectivity of
CHjs capture in hydrate. In addition, high operating pressure may lead to higher energy
consumption and higher capital and operation costs. The optimal operating pressure
needs careful examination of the whole process from different aspects. 2.5 MPa was
chosen as the operating pressure to ensure the increase in the xcns meets the demand of

the three- stage separation.

4.2.5 Effect of CSG concentration on the separation
performance
The effect of CH4 content on the separation was examined at 281.15 K with CL at

30 NL/L and 0.901 mol% TBAB solution. The operating pressure was also changed in

some experiments to better understand the separation performance. The experimental
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results and corresponding modeling results are compared in Table 8.

As shown in Table 8, the composition of the model CSG in E2 (50.9 mol%CHa)
is the same as that of the dissociated gas in E1, and the composition of the model CSG
in E3, E4, ES and E6 (65.9 mol% CHa) is very close to that of the dissociated gas in E2
(65.8 mol% CHa). The results experimental confirm that the concentration of the CHa
can be enhanced from 34.6 mol% to 81.3 (£0.1) mol% after three stage separation. The
composition of the model CSG in E7 (23.7 mol%) is the same as that of the residual
gas in E1 and the composition of the model CSG in E8(13.3 mol%) is equal to that of
the residual gas in E7. So, the concentration of CH4 of a model CSG containing 34.6
mol% CHy can be reduced to 7.2 (£0.1) mol% in the residual gas after three stage
separation. It is noted that a higher CH4 concentration is obtained in the dissociated gas
when the operating pressure is lower, while a higher operating pressure was chosen in
experiments E7 and E8 to maximize CH4 recovery. Table 8 also shows that the predicted
results show good agreement with the experimental values in each experiment.

Overall, the ARD of all of the modeling data with the experimental data is 2.83%;
the MRD is 11.20%, and ARV is 0.1044. They show an improvement from those in
previous researches. In previous researches, 4% 3 trial-and-error method is used to
predict the performance of hydrate based separation. The relationship between the final
compositions of residual gas and dissociated gas are directly determined by Langmuir
adsorption theory (Eqgs. 16a and 16b). In real hydrate formation process, the existing
hydrate is covered by new formed hydrate during hydrate forming, so the gas molecules
captured by hydrate is encapsulated. As a result, the hydrate cavities inner of a hydrate
grain can neither release nor intake gas species during the following separation period.
In this work, the equilibrium of Langmuir adsorption is assumed between the new

formed hydrate and the gas phase at every moment during the hydrate formation, and
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the part of hydrate does not change its composition during the extended period of
separation. Thus, the composition of gas phase changes continuously and so does the
hydrate formed. When the separation reaches thermodynamic equilibrium, the final
compositions of the residual gas and the dissociated gas are not in equilibrium following
the Langmuir adsorption theory. This may be why in Ref. 49 the ARD of residual gas
composition is 10% and that of dissociated gas is even higher. In addition, the larger
the amount of hydrate forms the larger the change of gas phase composition is, and the
larger the error can be in the prediction of the dissociated gas composition. In Ref. 1501,
the convergence condition is the equilibrium among L-V-H three-phases as given in Ref.
831 Since the equilibrium condition is used for hydrate dissociation near critical point
of the hydrate formation, its scope of application is limited near the critical point of the
hydrate formation. In this work, the operating conditions are not subject to the limitation
because it considers the separation as a dynamic process, and the change of the chemical

potential is considered as the driving force for hydrate formation.

4.3 Prediction of the separation performance by

multistage separation modelling

Based on the single stage separation model, a multistage separation model was
established to predict the separation performance. Based on the previous experimental
results, lower operating pressure, higher temperature and lower initial concentration of
the TBAB in the solution lead to a greater increment of xcns, but a smaller decrement
of ycna4. Since enhancing the xcus and reducing the ycna have opposite requirements on
the initial concentration of TBAB in solution, the concentrations of TBAB in solutions

in all of stages were set at 0.901 mol% so that the system only needed one liquid storage
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tank. The initial gas/liquid ratio was set at 30 NL/L, and the volume of the model CSG
flowing into the multistage separation system was set at 10 NL.

First, the operating temperatures of all operating units were set at 281.15 K in
order to investigate the effect of the operating pressures in five operating units on the
multistage separation. Several combinations of the operating pressure were tried. The
predicted separation performance is presented in Table 9. When the operating pressures
of all operating units are the same, the recycle ratio of gas is normally smaller than
when the operating pressures are different, but CHs is not efficiently concentrated.
When the pressures of all operating units are the same and decreased from 3.5 MPa to
2.5 MPa, the SF decreases from 52.4 to 22.9, and the RF decreases from 92.8 mol% to
67.8 mol%. The CH4 concentration in the final dissociated gas increases from 70.1 mol%
to 81.0 mol%, and that in the final residual gas increases from 4.5 mol% to 15.7 mol%.

To enhance xcus4 needs low operating pressure while to reduce ycus needs high
operating pressure. In order to enhance the separation efficiency, operating pressures of
operating units S2_1 and S3_1 were increased and that of S3_2 was reduced. Based on
the separation efficiency (high SF), the concentration demand (CHa content> 80 mol%)
and the recovery rate (high RF), it can be seen that best separation results was achieved
when S3_2 was set at 1 MPa and the other operating units were set at 3.5 MPa. For this
reason, the S3 2 was set at | MPa and the other operating unit were set at 3.5 MPa in
the following modeling to determine the operating temperature.

Several combinations of the operating temperature were tried, and the results are
presented in Table 10. When the temperatures of all operating units are the same, the
SF and RF increase with the decrease of the operating temperatures, but the
concentrations of CH4 decrease at the same time. It can be seen that the SF and RF

under different combinations of the operating temperatures have not much difference.
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In order to avoid the energy consumption on warming and cooling, the operating
temperatures of all separation stages were set at 280.15 K. The major operating
conditions of the multistage separation system are summarized in Table 11.

It can be seen from Table 11 that the volume of the gas flowing into unit S1 (33.6
NL) is more than three times the volume of the model CSG (10 NL) which is caused
by the gas streams returned from S2 1 (9.9 NL) and S2 2 (13.7 NL). The volume of
the gas returned from S2 2 alone is larger than that of the model CSG. The
concentration of CHa in the gas flowing into unit S1 (38.6 mol%) is higher than that in
model CSG (34.6 mol%). This is also caused by the gas streams which flow back from
the S2 1(35.4 mol%) and S22 (43.9 mol%). The amount of the gas flowing into S22
(31.5 NL) is as large as that of S1 (31.6 NL). Because the reflux ratio of the S3 2 is as
high as 78.4 %, only 21.6% of the inlet gas is output as dissociated gas satisfying the
CHa4 content requirement. In order to achieve a high content CHa, the operating pressure
of the S3_2 was set very low (1 MPa). This means that the SF of S3 2 (2.35) is the
lowest while its reflux ratio (78.4 %) is the highest among all the operating units. After
multistage separation, the concentration of CHg is enhanced to 81.0 mol% in the final
dissociated gas and the CHa4 content in the final residual gas is reduced to 5.5 mol%.

The recovery rate of CH4 is 90.1% and the separation factor is 73.0.1.

5.Conclusions

The separation of CH4 from CSG was investigated experimentally, and a model
was established to predict the CSG separation performance by hydrate formation using
TBAB aqueous solution. The effects of different influential factors on the separation
were examined. Low operating temperature, high operating pressure and high

concentration of TBAB in solution favors high CH4 recovery rate, but results in low
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CHg capture selectivity in the hydrate slurry. High CSG to liquid volumetric ratio is
helpful to increasing the CH4 concentration in the dissociated gas, but reduces the
recovery of CHy, leaving residual gas with a high CH4 content. The results show that a
single stage separation process is incapable of separating CHs4 from CSG with
satisfactory CH4 concentration and recovery, and a multistage separation process is
necessary. Experimental simulation of a three-stage separation shows that CH4 can be
concentrated to 81.3 mol% in the final dissociated gas, and its content in the residual
gas can be reduced to 7.12 mol%.

The established hydrate separation model was used to simulate the experimental
data, and the predicted results match the experimental results satisfactorily. The average
relative deviation (ARD) of all the results in this study is 2.83 %, with the maximum
relative deviation (MRD) being 11.20 %, and the average relative variance (ARV) being
0.1044.

The modeling method was applied to predict the performance of multistage
separation process. In a three-stage separation model to separate a model CSG
containing 34.6 mol% CHa, the concentration of the CH4 is enhanced to 81.0 mol% in
the final dissociated gas and is reduced to 5.5 mol% in the final residual gas. The

recovery rate of CHa is 90.1% and the separation factor is 73.0.
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Nomenclature

Abbreviation

ARD Average relative deviation

ARV Average relative variance

CSG Coal seam gas

GF Goodness of fit

GSCHS Gas storage capacity of the hydrate slurry

CL Volumetric CSG/liquid ratio (ratio of the model CSG volume at
273.15 K,101325 Pa to the volume of TBAB solution at the
beginning of experiment)

MRD Maximum relative deviation

Rec Recycle ratio

Ref Reflex ratio

RF Recovery fraction

SF Separation factor

TBAB Tetra butyl ammonium bromide

Symbols

A Ratio of the number of linked cavities to water molecules in a

Iy

basic hydrate unit

Ratio of the number of TBAB molecules to water molecules in a
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0
HTBAB

HUH,0

IL'TBAB

UB

OLH20
AcH4

ANz

basic hydrate unit

The fraction of the linked cavities filled by gas molecules
Chemical potential of basic TBAB semi-clathrate hydrate

Chemical potential of TBAB under standard condition (273.15 K,
101325 Pa)

Chemical potential of water

Chemical potential of TBAB

Chemical potential of the final hydrate

Kinematic viscosity of TBAB solution

Interfacial tension between TBAB solution and CSG

Activity coefficient

The difference between final chemical potential and initial
chemical potential

Density of TBAB solution

Structural parameter, o = A1/A2

Structural parameter, B = 3.5 K/bar for type B TBAB hydrate and
2.8 K/bar for type A

Activity of the water in the TBAB solution

Corrected coefficients between CHs and TBAB

Corrected coefficients between N2 and TBAB

Antoine constants for calculating f{(T)

Antoine constants for calculating f{(T)
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sat
PTBAB

ratio

Antoine constants for calculating f{(T)
Langmuir constant

Fugacity of TBAB in the unfilled basic hydrate
Fugacity of gas species and TBAB

Empirical constants for calculating psol

The change of the moles of substance during At
The moles of gas in the hydrate phase
Parameter of the hydrate forming rate
Molecular weight

Mass

Moles of substances

Number of experimental data points

The moles of gas in the gas phase in the crystallizer

Empirical constants for calculating psol

Pressure

Saturated vapor pressure of TBAB

Empirical constants for calculating psol

Gas capture rate

Ratio of gas volume to TBAB solution volume under 273.15 K,
101325 Pa

Empirical constants for calculating psol

Time when the separation reaches steady

Volume
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L
VTBAB

WTBAB

XTBAB

Y44

Subscript
“A”_‘CB”

back

cal

exp

n

i

Molar volume of TBAB in the solution

Mass fraction of TBAB in the solution.

Concentration of gas species in the dissociated gas

Mole fraction of the TBAB in the liquid phase

Antoine constant for calculating Langmuir constant
Concentration of gas species in the residual gas

Antoine constant for calculating Langmuir constant

Antoine constant for calculating Langmuir constant
Compressibility factor

Concentration of gas species in feed gas of different operating

units in multistage separation

The separation stage “A”, No. “B” operating unit

The gas flowing out of the operating unit to the above stage
Calculation result

Dissociated gas

Experimental result

Number of iterations in multistage separation

The gas flowing into the operating unit

Number of iterations in single stage separation

Sequence number for the repeated experiments
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sol

stp

Residual gas

TBAB solution
Under 273.15 K, 101325 Pa
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Table 1 The operating experimental conditions of present study in comparison with those in literatures

Feed gas CH4/Nz, Temperature
Study 9 e P Pressure (MPa) Promoter Reactor
mol ratio (constant, K)
Bubble column (Semi-
Cai et al. ) 50.0/50.0 277.15 Constant at 1.5 1 mol% THF (
batch)
276.15, 277.15 Constantat 4.2,3.9and | 0.17 mol%, 0.29 mol% and 0.62 mol% .
Semi-batch
Zhong et 280.15 3.8 TBAB
30.0/70.0
al. Ml
277.15 Initial (maximum) 3.9 0.29 mol% TBAB Batch (fixed volume)
Initial i 9,10
273.65 276.05 nita (ma);'T”m) e 1 mol% THF
Zh t ' .
lorhgﬂe 30.0/70.0 Batch (fixed volume)
al.
276.05 Initial (maximum) 3.4 1 mol% THF + Silica sand particles
Wang et al. 34.6/65.4 280.15 281.15 282.15 | Constantat 2, 2.5, 3, 3.5 0.617 mol%, 0.756 mol% and 0.901 Continuous stirred-
(3] R 283.15 284.15 and 4 mol% TBAB tank reactor
. 280.15 281.15 282.15 | Constant at 1, 1.5, 2, 2.5, | 0.617 mol%, 0.756 mol%, 0.901 mol% Batch (variable
This study 34.6/65.4

283.15

3and 3.5

and 1.052 mol% TBAB

volume)
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Table 2 Antoine parameters used for the calculation of Langmuir constant C

Gas X/Pa’! Y/K Z/K
N, 4.2725%1015 4972.37 0.64
CH4 2.8754x1012 2452.29 29.01

Table 3 Antoine parameters for the calculation of f1'(T) 147-48l

Structure of TBAB semi-clathrate A/103
B(K) C(K)
hydrate (bar)
A 6.3491 -26596 -111
B 3.2498 -18620 5.43

Table 4 Values of parameters used for the calculation of Qil*7- 481

s1/10%  §2/106 3 gl/10%  g2/10%  g3/10%  ql/10*  q2/10*  q3/10*

-1.707  4.570 0 5.693 -3.099 4.088 4.549 5.304 -7.091

Table 5 The effect of k-At on the calculation results

k-At IXcHa j- Ycha,j-

XcHa4 YcHa GSCHS |GSCHS;-GSCHS;.

(anl:tler:_lf)’l (mol%) (molw) (NLIL) CHA thr:gl% yzzr:glt% tmax (NL/L)
0.10000 5132 2373 1184 31 1686 3.799 4715
0.01000  50.22 2450 1180 168  0.158 0.325 0.471
0.00100 5014 2457 1179 1622  0.016 0.032 0.047
0.00010 5013 2457 1179 14747  0.002 0.003 0.005
0.00008  50.13 2457 1179 18248  0.001 0.003 0.004

0.00004 50.13 24.57 11.79 35336  0.001 0.001 0.002

54



Table 6 The viscosity (v, mm?s™) of the TBAB solution under atmosphere pressure

1.052 mol% TBAB | 0.901 mol% TBAB | 0.617 mol% TBAB | 0.232 mol% TBAB Pure water
T(K) v Uncertainty | v Uncertainty | v Uncertainty | v Uncertainty | v Uncertainty Literaturel®
280.15 | 3.069 0.006 2.759 0.003 2.335 0.003 1.694 0.003 1.428 0.005 1.428
283.15 | 2.718 0.002 2.418 0.006 1.998 0.003 1.507 0.004 1.307 0.003 1.308
286.15 | 2.437 0.007 2.213 0.008 1.810 0.004 1.418 0.005 1.202 0.004 1.203
289.15 | 2.176 0.002 2.013 0.006 1.684 0.006 1.305 0.006 1.107 0.004 1.111

Table 7 The interfacial tension (6, mN-m™) between the TBAB solution and CSG under 283.15K

P 1.052 mol% TBAB 0.617 mol% TBAB 0.232 mol% TBAB Pure water
(MPa) o Uncertainty c Uncertainty c Uncertainty c Uncertainty
0.1 51.36 0.11 52.14 0.34 59.38 0.32 74.89 0.20
0.6 49.84 0.67 51.68 0.43 58.16 0.49 73.16 0.31
1.1 48.61 0.56 50.73 0.54 57.12 0.37 71.05 0.32
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Table 8 The separation with different TBAB content

CSG The CH4 content  (mol%) GSCHS (NL/L) SF RF (%
Number  (CHq P The dissociated gas The residual gas (%)
mol%) (Mp2) Exp. Uncertainty Cal. Exp. Uncertainty Cal. Exp. Uncertainty Cal. Exp. Uncertainty Exp. Uncertainty
El 34.6 25 509 0.2 50.1 237 0.2 246 12.1 0.3 11.8 3.3 0.02 59.1 1.1
E2 50.9 25 658 0.4 65.1 39.3 0.2 40.0 131 0.3 131 3.0 0.03 56.6 1.2
E3 65.9 25 783 0.2 76.6 55.5 0.2 56.5 13.7 0.3 141 29 0.01 54.3 1.3
E4 65.9 20 794 0.3 775 56.8 0.3 58.1 12.0 0.3 121 29 0.07 48.4 1.0
E5 65.9 15 80.1 0.1 78.4 59.8 0.2 60.2 9.0 0.3 95 27 0.03 36.4 1.0
E6 65.9 1.0 813 0.1 79.6 624 0.1 62.8 5.6 0.1 56 2.6 0.01 23.0 0.5
E7 23.7 35 357 0.2 36.8 13.3 0.1 12.7 139 0.2 137 36 0.02 70.0 0.5
E8 13.3 35 232 0.1 229 7.2 0.1 6.4 114 0.1 125 39 0.04 66.6 0.7
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Table 9 The multistage separation under different operating pressures

The high CH4 content gas

The low CH4 content gas

S1 S22 S32 S21 S31 RF
(MPa) (MPa) (MPa) (MPa) (MPa) Volume CH,4 content Volume CH, content Rec SF %)
(NL) (mol%) (NL) (mol%)
3.5 35 35 35 35 4.5 71.1 55 45 25 524 9238
3.0 3.0 3.0 3.0 3.0 3.8 76.3 6.2 8.8 25 333 842
25 2.5 2.5 2.5 2.5 2.9 81.0 7.1 15.7 24 229 678
35 2.0 2.0 35 35 3.6 82.0 6.4 7.8 34 537 855
35 2.0 2.0 35 3.0 35 82.0 6.5 8.9 3.3 464 832
35 2.0 2.0 3.0 35 35 82.4 6.5 9.4 32 449 821
3.5 2.0 2.0 3.0 3.0 3.3 82.3 6.6 10.6 3.1 393 796
3.5 3.5 1.0 3.5 3.5 3.5 84.1 6.5 7.6 34 645 857
35 3.0 1.0 35 35 34 85.3 6.6 8.6 36 617 834
35 2.0 1.0 35 35 3.0 88.2 7.0 12.1 43 541 752
3.5 1.0 1.0 35 35 1.9 91.9 8.1 215 6.0 415 495
3.5 35 3.0 35 35 4.4 72.3 5.6 4.6 25 545 926
3.5 35 2.0 35 35 4.2 76.0 5.8 5.0 27 602 915
35 35 1.5 35 35 3.9 79.1 6.1 5.6 29 635 90.1
2.5 35 1.0 35 35 3.1 86.3 6.9 11.6 34 482 76.8
2.0 35 1.0 35 35 2.7 87.6 7.3 14.6 34 412 692
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Table 10 The multistage separation under different operating temperatures

The high CH4 content gas

The low CHj4 content gas

SHK) S22(k) S32(k) S2L (k) S31(K) Volume (NL) CHa content (mol%) Volume (NL) CH,4 content (mol%) Rec  SFRFE(%)
281.15 281.15 281.15 281.15 281.15 3.5 84.1 6.5 7.6 34 645 857
280.15 280.15 280.15 280.15 280.15 3.9 81.0 6.1 5.5 34 730 90.1
280.15 280.15 281.15 280.15 280.15 3.8 82.3 6.2 5.9 35 742 893
280.15 280.15 282.15 280.15 280.15 3.5 85.5 6.5 7.6 39 711 855
281.15 280.15 280.15 280.15 280.15 3.8 81.2 6.2 5.7 33 713 897
280.15 281.15 280.15 280.15 280.15 3.8 81.1 6.2 55 34 743 902
280.15 280.15 280.15 281.15 280.15 3.8 80.7 6.2 5.7 32 69.0 897
280.15 280.15 280.15 280.15 281.15 3.9 80.5 6.1 5.6 32 69.1 900
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Table 12 The major operating conditions of the multistage separation system with temperature fixed at 280.15 K

Inlet gas Outlet gas
Ref TBAB
Stage Pressure (MPa) SF . Volume  CH.content Volume  CHacontent
(%)  solution (L) From To
(NL) (mol%) (NL) (mol%)
. Mixer 2_1 16.0 23.9
S1 35 3.5 - 1.1 Mixer 1 33.6 38.6 Miser 2 2 175 521
. S3.1 10.9 12.0
0 _
S21 35 4.0 47.5% 0.7 Mixer 2_1 20.8 23.1 Mix 1 9.9 35.4
S22 35 2.8 43.4% 1.1 Mixer 2_2 315 58.0 Mix 1 13.7 43.9
- ' ' e ' - ' ' $32 17.9 68.7
Outlet 6.1 55
o
S3.1 35 4.4 43.6% 0.4 S3.1 10.9 12.0 Mix 2 1 48 204
S32 1.0 2.3 78.4% 0.6 S32 17.9 68.7 Mix2_2 14.0 654
- ' ' e ' - ' ' Outlet 3.9 81.0
CSG 10.0 34.6
Mixer 1 - - - - S2.1 9.9 354 S1 33.6 38.6
S22 13.7 43.9
S1 16.0 23.9
i - - - - S2.1 20.8 23.1
Mixer 2_1 $3.1 48 20.4 -
. S1 17.5 52.1
Mixer 2_2 - - - - S22 31.5 58.0
S32 14.0 65.4
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Fig. 1. Schematic of experimental apparatus for the hydrate based CH4 separation.

l Prepared the TBAB solution |
Y

| The crystallizer was washed and dried |
y

I Adjusted the volume of the crystallizer I

Ilnjecled the TBARB solution into the cryslalli/x:rl

Cooled the crystallizer to the experimental
temperature
Y
Removed the gas inside the crystallizer using
CSG and then set to the experimental pressure

y
Isolated the crystallizer and turned on the
stirrer
Yy
Kept the pressure constant by reducing the
volume of the crystallizer during the hydrate
formation
v
Turned off the stirrer and sampled the residual
gas after the experiment ended
Yy
Removed the gas inside the crystallizer and
warmed the crystallizer to 298.15 K to
dissociate hydrate
L 2
I Sampled the dissociated gas I

Fig. 2. Schematic of experimental procedure.
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Fig. 4. The conceptual model of the hydrate-based gas separation.
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¥
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End

Fig. 5. The procedure of single stage separation calculation.
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Fig. 7. The flow chart of the simulation calculation of multistage separation.
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