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CO2 CAPTURE BY USING HYDRATES:
3) SIZING THE GAS/LIQUID TRANSFER IN BUBBLE COLUMN
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Gas Hydrate Dynamics Centre, Ecole Nationale Sepggides Mines de Saint-Etienne, 158 Cours Fauriel,
42023 Saint-Etienne, France,
(*) corresponding author herri@emse.fr

ABSTRACT
The CO2 capture by using clathrates is a methodhwiaikes profit of the CO2 selectivity in gas hydro
separate it from nitrogen, or other exhausting gasem gas combustion or coal combustion. The
bottleneck is the operative pressure which stittaims high and needs to be drop down to 0.5 MRadar
to compete with the reference case using AmineterAfvo national projects (SECOHYA, ACACIA) and a
european program (iCAP), we tested different clesdehermodynamic additives, organic ones (water u
soluble cyclopentane, water soluble THF) which farassical gas hydrates with structure Sll, andcion
ones (Tetra-N-Butyl Ammonium Bromide, TBAB) whichrins new types of structures.
In this presentation, we comment results from batgberiments showing that the crystallization msited
by the gas/liquid transfer. Then, we present a oteth evaluate the size of a bubbling column ojrega
separation from a TBAB-CO2 semi clathrate hydraisstallization. We explain how to design the flow
rates, and the volume of the column as a functfadheopressure.

Keywords. semi clathrates hydrates, gas separation, bwofilenn, sizing

INTRODUCTION If the reaction is operated in a stirred reactora o
Modelling the kinetic of crystallization implies to  bubble reactor, the bulk solution can be considered
model different levels. as homogeneous. In the stirred reactor, three zones

can be distinguished as pointed by Vysniauskas
and Bishnoi (1983). Supersaturation is defined as
S=C/Ceq in which C is the concentration in

dissolved gas and Ceq is the equilibrium

concentration. We define supersaturation for each
gas component.

The understanding of the overall process of
crystallization implies to propose of population

balance model coupled with a heat and mass
balance.

The population model describes the crystallization
at the scale of the particles , at the nano seale t
describe the nucleation, at the micro scale to
describe the local kinetic at the surface of the R :
crystals under growing, at the milli scale to | |h Interface fiim layer
describe the interaction between particles by b :
agglomeration and attrition. :
The specificity of the crystallization of gas hydra  Diffusion layer = fiizr s
is that one the reactant, gas molecules, is fédeto Pa““”% Do .

Diffusion layér I ; o

CeqD Gext Concentration in solute gas

) H Bulk

reaction at the hydrate surface after crossing
different interfaces. The nature and the surface of
interfaces depend on type of technology that is :

retained to operate the crystallization. 1o

Figure 1 : Schematic of the concentration profiles

The simplest situation corresponds to the in the environment of a hydrate particle in a ldjui
crystallization of gas hydrate in a single liquid bulk

phase, composed of pure water. In this case, gas

molecules have to cross only the gasfliquid = the first zone is the interface layer. In the
interface, and the bulk phase. investigated system, its thickness is about a few

tens of micrometer. Because of the high

Sxt Supersaturation



supersaturation level of this zone compared to In presence of promoters, the modelling becomes
the rest of the reactor, primary nucleation is more complex for four reasons:

particularly active in the interfacial film which

acts most of the time as a source of nuclei for - The promoter is a new reactant. The model needs
the bulk of the reactor. to takes into consideration the steps of diffusion

- the second zone is the bulk zone in which the from the source to the reaction.
concentration is supposed to be uniform. This
zone is supposed to be the main place of the
crystallisation process in which we can find all
the classical steps of growth, agglomeration,
and secondary nucleation.

- The third zone is the solid/liquid interface. The
crystal is assumed to be surrounded by two
successive layers: an integration layer and a
diffusion layer. The integration layer is the
region of volume in which a transition between
the solid state and the liquid state occurs. The
integration layer can be considered as a - The crystal to be formed is sl, sll, or sH struetur
solidification layer. in presence of organic promotors. If promoters

are peralkylonium salts, the structure belongs to

First works were developed in Canada with the semi clathrate hydrates.

Vyshiauskas and Bishnoi (1983) and then o .

completed by Englezog al (1987a and b). The - The' localisation of the_ reaction need to be

authors identified a mass transfer limiting step at precise. Do the construction of the solid structure

the gas liquid interface, or a growth rate limiting is operated in the bu_Ik or at an interface? For
step at the vicinity of the elementary particles, example, a_Comp'e.X situation C.OUId be to operate
depending on the stirring rate. In 1994, Skovborg the CWSta”'Za“O,” In a water in _cyclo pentane
and Rasmussen analyzed again those results and emulsion (Galfre et al, 2014), with water from

demonstrated that the limiting step remains the the emulsion, cyclopentane from_ the bulk, and
gas/liquid mass transfer whatever the stirring.rate gas form the gas pha;e. The solid could form a
This conclusion has been supported by Heirel crust around the particle, block the transfer of

- The source of the promoter depends on its
miscibility. Peralkylonium salts such as Tetra-N-
Butyl Ammonium Bromides, or organic
compounds such Tetra Hydro Furan are perfectly
or well miscible with water. The liquid solution
is a single phase. Organic compound such as
cyclo-Pentane is not miscible and the source of
the reactant remains in a separate phase. The
liquid solution is a double phase which geometry
can be an emulsion, or two separate phases.

(1999a) and Piet al (2000) from experimental molecules and stop the crystallisation.
results obtained by using a new particle size Due to all the possible mass transfer limitatians,
analysis tool (Herret al, 1999D). consequence is to consider that crystallization can

So, even in the simplest situation, the principal be operated outside thermodynamic equilibrium
teams working on the subject propose different conditions. Theoretical consequences of this non
approach. The degree of precision of the model is equilibrium state during crystallization have been
widely dependent on the possibility to monitor the evaluated by Herri and Kwaterki (2012). It results
population of particles. So, this modeling has beenin a hydrate composition which is different from
driven for decades by the development of new equilibrium and enriched in the gas with the better
sensors adapted to the high pressure conditionsliquid diffusivity, and/or the better liquid soluiy
during crystallization. First experiments have and/or the higher gas concentration.

consisted in studying the gas consumption rate and
coupling with a population balance in order to
propose a model between the size and the number,
of crystals, and the quantity of gas consumed.

From a practical point of view, there is a
ompetition in between the gas molecules to be
enclathrated” in the solid structure under
growing. In the specific case of CO2/N2 TBAB
So, it can be said that, even in the simplest Caseseml.-clathrate format_lon, it results 'm an
consisting in crystallizing gas hydrates in pure cons_lderable .COZ enrichment of the SOI.'d phase,
water, the authors doesn’t agree on the limiting as discussed in the paper .1/4 of this series of fou
papers, and reported on Figure 2. We report here

step. A fruitful reading is the reviewing from . L . g .
Ribeiro and Lage (2008). that, if the CO2 separation is operated in a “Bulk



reactor at a gas molar fractiqrfg'zk >0.2, than r [mol.s‘1] is the dissolution rate of component

e . 0
the hydrate composition is practically 100% CO?2. i a[m—lja is the mass transfer surface area per

. unit of volume of liquid and< [m.s‘l}the mass
g - . e transfer coefficient,Cl]bulk[mol.m’3] is the gaz
2 o0s o <<>j - I < a componenti concentration in the liquid bulk,
S PR C o [mol.m‘ﬂ is the interfacial concentration,
2 X his work - . . .
§°-4 ok £ 4094 TBAB Du ot 2007 andV_, is the liquid volume plus the volume of
O o. + SI-283.15K L . .

° xS-288.15K gas that is eventually dispersed.

[OR:: T T T T |

Y e GASLIQUID TRANSFER IN BATCH
_ - _ REACTOR
Figure 2: Selectivity of the separation of tom The Figure 3 plots the experimental determination

N, during crystallization of semi-clathrate hydrates
from TBAB solution, and comparison to the
selectivity of clathrate hydrate of structure Sl.

of the k avalue in the case df= methane.

0ol

From this experimental observation, it is so 0003 | .
possible to conceptualize a Bulk reactor which can
crystallize a 100% pure CO2 semi-clathrate = 000

hydrate. = *

40004 . ]
The design implies to evaluate the volume
VL[m3] of this type of reactor, here assuming a 0002 1 . * ]
bubble reactor, to capture a given rate of CO2 o IR : s . s

feo, | MOl |. We size the volume flow rates weom A A e T
A . ' stirring rate @ [rpm]

of TBAB solution to handle, as a function of _. _ _

the operative conditions, i.e. the temperature Figure 3: Influence of thg stirring rate on the rate
d th Th ’ .TI.3AB luti : of methane absorption in a stirred batch

and the pressure. e solution is reactor(Herri, 1999a)

assumed to be a 32 %mass TBAB solution

which forms a solid S38 structure (see paperThere is a clear change of behaviour at a stirring
2/4 of this series of four papers) at the rate of 400 rpm. It corresponds to the changeén th

congruent conditions. The TBAB/H20 vortex shape around the stirrer, when gas begin to

. . . . L be sucked to generate bubbles which contribute to
pomposﬂpns are so identical in the liquid and increase the total surface of the Gas/Liquid
in the solid phases. The temperature of thejierface. At low stirring rate, the Gaslliquid

congruent point is 10.38°C. surface is flat and the regime is laminar over the
MODELLING GAS/LlQU|DTRANSFER bulk volume. .At hlgh Stirring rate, the vort_ex .
reaches the stirrer blades, the bubble dispersion i

liquid film layer of thickness h (Figure 1) is adi

order law consistent with the well-known relation:
(Mehta and Sharma, 1971; Sridharan and Sharma0.01.
1976) :

maximum kLa[s‘1] value for such a system is

. GAS/LLIQUID TRANSFER IN BUBBLE
f, =K a(C o ~C ik )Vire () REACTOR



In a bubble reactor, the dispersion of the gas

bubbles enhances the gas/liquid interface and kiL 5 ( L) DiUL
enhances the gas transfer rate. If the gas bubbles;~ =5.63x10 Y I ©)
are assumed to be homogeneous in their (diameter H )

d,[m] ). and if the dispersion of,,. gas Xexp(—13102)
bubbles is considered to be homogeneous in the
volume of the reactor, the mass transfer surface

area per unit of volume can be written under the where D, [m S ] is the gas diffusivity in the

form: liquid phase,,uL[Pa.§] is the viscosity of the
o= Ny 770, o liquid,), o* [N.m’ljis the surface tension of the
Vive liquid), o“[kg.m®] is the density of the
V¢ is the total volume of liquid plus the volume  solution, g[: 9.81m.§] is the gravity,@ is the
of gas that is dispersed : solid volume fraction in the liquid phase (see
v Annexes)
VL+G :1_—L ©)
2 The gas holdupé;) can be calculated by Eq.(10)
But also, the gas holdup can be expressed undeffom Akita and Yoshida (1974). Luet al. (2007)
the form: used this equation to describe their results during
the cristallisation of methane hydrate in a bubble
nbubblandbg @) column with TetraHydroFuran as an additive:
£, = bl b
6\/L+G s
From Eq.(2) and Eq.(4), we get: (1- SG)4
(10)
a_=6 2\12
=== 6) 4 dee'g & s U
g Oy - C 90| ~ 1
g U gdg

And the Eq.(1) becomes:
where d; is the column diametery; is the

r :k_iLa e (>§ - )C vV (6) superficial gas velocity defined by Eq.(11), as the
' od, 1-gg Vet TTRMKITROTL velocity of the gas injected in the column at a

_ volumic rateQG[mz.s‘l] .« is equal to 0.2 for
r-=k'aL(>§ _)ﬂblk)c Vi (1) aui : :
Pt & bu HO 7L pure liquids or non electrolyte solutions eris
" 0.25 for salt solutions.

L

. 1l-¢
L =K c (8)
d, e Q% =’fd§ W (11)

Where the driving forceéci’m _Ci,bulk) N B9.(1)  Gas-liquid interphase mass transfer was
is now expressed differently in function of the investigated by Hashemi et al (2009) in a slurry

molar fraction )ﬁ of Component i, and bubble column under QO hydrate, without
_ 5 hydrate crystallization, but in the presence of
concentration of 50|V9@Hzo[m0|e-m } foreign particles (up to 10% vol.) to simulate the

The liquid mass transfer coefficient is determined hydrate  physical  properties affecting the
from Christi (1989) and was used by Hashemi hydrodynamics. The volumetric mass transfer
al. (2009) to model C@gas/liquid transfer in a  coefficient (kfozaL in Eq.7) and gas holdug{)

bubble column: increases (Figure 4 and Figure 5) with the



superficial gas velocity 5 ) but in a manner
(Eq.8) that doesn't affect thie| /d, value which

remains constant ovef;, but dependent on the
pressure (Figure 6).

0.5

o*

=

015
kzw’az[s'ljl

k=L J

0.05 - * * 205K

a 277K

Ufl
e [m.s'I:I

Figure 4 : Mass transfer coefficiekf“:a, values

0.2

versus the superficial gas velocitl, at pressure

of 2.5MPa, 277K and 295K, and solid fraction of
0%Vol. (open symbol) and 10% Vol.(solid
symbol) (from Hashemi et al, 2009)

0.4

S
G35 r

0 0.05 0.1

uG[m.s'l}

Figure 5 : gas holduf, values versus the

superficial gas velocityl; at pressure of 2.5MPa,

277K and 295K, and solid fraction of 0%Vol.
(open symbol) and 10% Vol.(solid symbol) (from
Hashemi et al, 2009)

Hashemi et al (2009) underline that EQ.9 is
partially valid. At atmospheric pressure and zero

solid concentration, the value &f /d, is given to
0.073 & using the correlation proposed by Christi

(1989) and their average experimental value gorace

(Figure 6) is 0.0755 At 2.5 MPa, the average

experimental k' /d, is 0.067 at ambiant

temperature and 0.046 at 277K whereas the
respectives values predicted by Eq.9 are 0.072 and
0.025. It can be said that Eq.9 is valid at ambiant

temperature, and underestimatdac%/db at lower

temperature.
Also, they didn’t observe any significant influence
of the solid concentration up to 10%vol. (Figure 5)

whereask; /d, in Eq.9 is decreased by 73% as
the solid concentration is 10%.

0,085
o
080 F -
0.080 o . -
A .
0075 - ) * » &
) EI o
u 0.070 F ¢
. ® . .
IR -
d, 0.065 -
L ]
0.060 '
0.055
0.050 1 i 1 1
0.05 0.1 0.15 0.2
-1
HGI:m.S :I

¢ 0.1MPa O 05MPa & IMPa @ 25MPa & 4MPa

Figure6: kiL /db value versus the superficial gas

velocity U; and pressure (from Hashemi et al,
2009)

OPERATIVE CONDITIONS

We recall here the numeric data and correlations
given in the paper number 2/4 of this series of fou

papers.

The maximum gas storage capacity of the TBAB,
38H,0 structure is given by :

Nesgme. =3191molem™ (12)

It corresponds to a maximum storage volume of
VSRS = 76 6P STP m™ (13)
The effective storage capacity takes into account
the occupancy of cavitieéj by component j. It
depends on thermodynamics.

_ STORAGE
538, - Hj msssMaX (14)



The Liquid solution is TBAB solution at a weight
fraction of wr,, =0.32. We can evaluate the

mole number of water per volume of liquid 5 ——
L 45 | < Equilibrium Pressure |
solution: 4 || o Operative Pressure
STORAGE _ -3 S 35
M.t = 38954molem (15) L]
L 25
_Sp, t.he Liquid storage capacity of gas components 2 2 5
j is given by: o 1-? |
&
STORAGE = 1 STORAGE 3 05 1—0°
n rlNater L (16) 01Roco © : : ‘
. 0 1 2 3 4
Xj,L [ITD'E‘Of Component J /' mole of Water] Temperature difference (K or C) to 10.38C

the solubility of the component j.

Figure 7: Equilibrium and Operative Pressure in
The equilibrium pressure is fixed by the difference the bulk reactor as a function of the Operative
of temperature between the operative temperatureTemperature. The composition in the bulk gas

Ogux [ °C| and the value of 10.38°C at which the phase is assumed to hy&s¢, . =0.2. The over

pure TBAB semi-clathrate of structure S38 can pressure coefficieg isg=1.1.
form from a liquid solution at a TBAB mass
fraction of 0.32.. From the complete
thermodynamic modelling, we have determined
the operative pressure of a capture process

RHEOLOGY
The acceptable solid fraction of the slur@ ] is a
key parameter, because it fixes the liquid fraction

Pauk.eq [MPa] from the following correlation: of TBAB solution to inject in the reactor. The
higher the solid fraction, the lower the slurrywio
Paukeg = 3- 68-'516 Opu — 10. 3§ rate, but the higher the viscosity of the slurry.
-7.83910 (@Bulk B 10'3)§ (17) The volume fraction of solid®), at the exit of a
+ 2,035]01(@&]”( - 10,3)3 Bulk reactor, or a Finisher Reactor (see paper 4/4
of this series of 4 papers), is given by:
The operative pressure cannot be lower to OUT Bulk
/ Bulk Bulk : _ thd
Paukea/ Yo, - Yo, IS the average mole fraction @ = (20)

OUT ,Bulk + OUT Bulk
of CO2 in the gas phase of the bubble column. We hyd

assume the operative pressure to be higher anthere QOUT,Bmkor Finisher [ms™] is the liquid
fixed by a coefficient): : q
OUT ,Bulk or Finisher

Bulk volume flow rate, andQ is the
Pauk = d-Rux o / ng2 (18) hyd

hydrate volume flow rate. The value @b is
The value ofyis fixed to 1.1. In , Figure 7 we can around 1/3 so that the slurry is not too viscous.
see that Equilibrium Pressure and Operative
Pressure increase rapidly by MPa orders of
magnitude once the temperature is increased.

Also, the thermodynamic modeling has allowed
determining the occupancy factor of the cauvities,
independently of the gas hydrate former.

6 =-3.71916 (04, - 10.38

(19)
+9.926110 (O,,, - 10.3p



are in physical equilibrium with the liquid phase
at pressureR,, [ MPa] given in Eq.18:

Bulk
ourauc — i & Pou
jL kLW

H, j,W(TBqu’ p\?\/’g)

B
=
|

& Hydrate | ,I
o Hydrate Il

(%]
w

(22)

[#+]
=
1

2
825
20 The bulk and finisher reactors are considered as
%15 1 homogeneous reactors in which the crystallization
S 10 rate is limited by the gas/ liquid mass transfer:

5 A .

ki . &
0 ' ' ' ' ' ' =—6—2 ()ﬁ,eq _)ﬁ,bmk)CHzoVL (23)
0 0.1 0.2 0.3 0.4 0.5 0.6 d 1-&

Volume hydrate fraction

Figure 8: Relative viscosity of a TBAB hydrate Xoo, e¢ 1S calculated from £q.22 anto, y IS

slurry as a function of the volume hydrate fraction calculated from Eq.21. The mass transfer
(D). The relative viscosity is the ratio between the coefficient k'L/db can be determined from the

viscosity of the slurry and the viscosity of the®u ok Hashemi et al (2009) which use a modified

liquid phase. Hydrate | is Structure S26 and cqrrelation from Eq.9 under the following form:
Hydrate Il is structure S38 (Darbouret et al, 2005) y
2
ki s

L =563x10° %

KINETICS d, (,u")3

(24)

It is assumed that the bulk reactor operates in a
Gasl/liquid transfer limited regime. The

temperature in the bulk reactor @Bu,k[°C] and In water system, Eq.24 gives valuesl«éf/db in

the corresponding equilibrium pressure of the pure {he range [0_055_ 0.08@‘1] depending on the
CO, semi clathrate hydrate of TBAB is

PBulkyeq[MPa],given in Eq. 17: temperature and operative pressure. In TBAB

solution (W, =0.32) the calculatedk! /d,
value is lower because of the higher viscosity of

OUT,Bulk _ %Go2 Poukeq 71 the TBAB-water liquid solution. For example, in
Xoo,L = KL T 0,0 21 the temperature range of :
H,CQ,W( Bulk ? pw ) L :
p =[9.2-7.0mPas] and

The values of the Henry constants
k,:ywj'W(T, p.?) are retrieved from experimental

values, or from correlations (Galfré et al, 2014).
is assumed that the solubility of gaseous

compgnent into TBAB solution Is ?‘m”af to the reactor and a finisher. The bulk reactor operates

solubility of gaseous components in pure Water. \ i 5 gas phase at a mole fraction higher than 0.2

¢k, is the fugacity coefficient. in order to form a pure CO2 hydrate. The finisher
captures the remaining CO2 in order to feet the

The bulk reactor is assuming to work at a CO2 Specifications, especially to recover CO2 up to
mole fraction Yo'y, =0.2 . At such a design fraction RECOV.
composition, the semi-clathrate hydrate is a The flowsheet is given in detail in the paper 4/4 o

practically pure C@hydrate (see paper 1/4 of this  thjs series of papers, and we focus here in the
series of 4 papers). The other gas components argjzing of the bulk reactor.

not consumed during the crystallization, and they

ki /d, =[0.013- 0.028™ |

DESIGN
We propose a flow sheet in two stages, a bulk



SIZING

Eq.25. But on another hand, increasinat

constant operative pressure results in decreasing
the equilibrium pressure, by decreasing the
operative temperature (Figure 9), and finally, it

In the bulk reactor, a bubble column, we assume adecreases the gas content in the hydrate phase

realistic gas holdup (for examptg = 0.3), so the
volume of reactor can be determined from Eq.25:

feo,

Vv, = 25
L z (25)

1-¢&;

L

d,

(XCOZ,ext ~ Xco, bulk ) CHZO

Wherer, [mol .s‘1] is the rate of C@to capture
in the hydrate phase.

Once the operative temperature is fixed, the
equilibrium pressure is fixed (Eq. 17), and also is
fixed the occupancy of gas in the hydrate structure
(Eq.19). So, we can evaluate the flow rate of
hydrate to handle which has captured the

equivalent ofrg,, [mol .s‘l] ;

QOUT,Bqu - rCOz
hyd STORAGE
7 j Dhs38,|v|a><

(26)

It is also possible to evaluate the liquid flowerat
from the consideration that the slurry viscosity ca
not be too much high. So the solid content can not

excess a valu&,,,, (to be designed precisely)

which can be around the value @f,,, =0.3
(see Figure 8)

OUT,Bulk _— 1- CDMAX OUT ,Bulk
L - hyd
CDMAX

(27)

Figure 9 and Figure 10 shows a parametric study
on g (given in Eg.18) at constant operative
pressure of 10 MPa. This pressure is a high level
of pressure, and we will discuss the appropriate
level to retain, in paper 4/4 of this series of 4
papers.

If qis increased, the mass transfer driving force
(xcoz’ext - XCOZ,bqu) is increased, and the volume

of reactor (Figure 10) is decreased, following

(Eg.19) and the bottom hydrate volume flow rate
is increased in proportion.

N

P=10 MPa

t
g
©

I
+
=
o

I
+
=
S

Pure CO2 equilibrium

pressure [MPa]

o
t

In

[N}

N

Over temperature [K or

T T T 0.8
14 1.6 1.8
Over Pressure Coefficientq

Figure 9 Bulk reactor operative conditions to
operate at a total pressure of 10MPa. The over
pressure coefficient q is given in Eq.18. The over
temperature is the difference between the
operative temperature and the temperature at the

congruent point (10.38°C).
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Figure 10. Bulk reactor liquid volume and hydrate
bottom volume flow rate. The over temperature is
the diffence between the operative temperature
and the temperature at the congruent point
(10.38°C).



ANNEX A : ViscosITY

PURE WATER VISCOSITY

Tablel Viscosity of pure water at
atmospheric pressure (Perry, 1998)
T[°C] u- [ uPals]
0 1793
10 1307
20 1002
30 797.7
40 635.2
50 547.0

TBAB SOLUTION VISCOSITY

The viscosity" of the TBAB solution has been

measured by Douzet (Ph.D. work, 2011) as
function of temperature in the range

TBAB SOLUTION DENSITY
At temperature in the range [24°C - 10°C] and
TBAB mass fraction (W) in the range [0.2 -

0.4], the density of TBAB aqueous solution varies
from 1021 to 1039kg/m3 (Darbouret et al, 2005,
Obata et al, 2003, Belandria et , 2009).

From these data, Douzet (2011) has proposed a

correlation with a precision of 0.1%

o =1000+ 99. 7, . (29)

ANNEX C : SURFACE TENSION

PURE WATER SURFACE TENSION

o Table3 Surface Tension of pure water at
4<0[°C]<2land TBAB mass fraction in the .
atmospheric pressure (Perry, 1998)
range 0.08< W, < 0.£ . He proposed the (est-ce bien la meme source que la
following correlation: table 2 du coup?)
p- = 224(Weys ) - 22.30%,,, + 5.6007 T[°C] o [mN on*]
2 (28) 0 75.63
+[—58(\A¢BAB) 1618, -1.211% I1© = o
20 72.75
" [mPa E'l;] is given with an average precision of 30 71.20
4.25% 40 69.60
' 50 67.94

ANNEX B : DENSITY

PURE WATER DENSITY

Table2 Density of pure water at atmospheric
pressure (Perry, 1998)
T [oc] ,OL I:g Em—lil
0 0.99984
10 0.99970
20 0.99821
30 0.99565
40 0.99222
50 0.98803

TBAB SOLUTION SURFACE TENSION

The surface tension «, ) is determined using
equation 4 based on the work of Tamaki (1974).

JL I:mNm_:L] = A%[ V CTBAB + BStCTBAB

where A, and B, are constants depending on the
ion and alkyl chain in the tetra-alkyl ammonium
molecule; for TBAB, A, is 17 and B is 160;

CTBAB[mOI .dm‘3] is the molar concentration of

TBAB (Eqg.31). The surface tension is obtained in
dyne.cn which is the same as mNn{the S.I.
unit is N.m").

(30)



L L
Crppe =22 (31)

M TBAB

ANNEX D : DIFFUSIVITY IN WATER SOLUTIONS

An empirical correlation given Eq.32 has been

proposedby Funazukuet al. (1995) for predicting

binary/pseudo binary diffusion coefficients of
carbon dioxide in water and in aqueous electrolytic

solutions,

D, _1.013« 10"
- 0.9222
T (#)

(32)

Where, D, is diffusion coefficient [rfis], T is

temperature [K], angu is viscosity [Pa s]. The
average absolute deviation AAD
correlation is 5.6% for the literature data Dy,

of CO, in water with number of data points N of
79 and 3.9% (N = 103) for those in aqueous

electrolytic solutions.
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