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Abstract

Solubility of hydrocarbons in water is importantedio ecological concerns and new restrictions on
the existence of organic pollutants in water streafso, the creation of a thermodynamic model has
required an advanced study of the phase equilibbatween water (as a basis for the widest spread
muds and amines) and gas hydrocarbon phases intevigeerature and pressure ranges. Therefore, it
is of great interest to develop semi-empirical elations, charts, or thermodynamic models for
estimating the solubility of hydrocarbons in liquicter. In this work, a thermodynamic model based
on Mathias modification of Sova-Redlich-Kwong (SRé&uation of state is suggested using classical
mixing rules with new binary interaction parametetsch were used for two-component systems of
hydrocarbons and water. Finally, the model resaltd their deviations in comparison with the
experimental data are presented; these deviati@ne equal to 5.27, 6.06, and 4.1% for methane,
ethane, and propane respectively.
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1. Introduction

The knowledge of phase equilibrium data on watelrbgarbon systems is fundamental in the
environmental sciences, in petroleum, and in chalmingineering industries. For example, gas
solubility in water is an important issue from amvieonmental aspect due to new legislation on the
restriction of hydrocarbon content in disposed wat€hapoy, 2006). However, it has been
challenging to accurately describe the phase behatisuch systems by using theoretical approaches
due to complicated non-idealities from the stronyglirbgen bonding of water molecules (Li and
Firoozabadi, 2009). Moreover, the creation of arrtteelynamic model has required an advanced
study of the phase equilibrium between water (basis for the widest spread muds) as well as liquid
and gas hydrocarbon phases in wide temperaturgm@sdure ranges from reservoir to atmospheric
conditions (Lieége, 2006). Thus the prediction oé tbxtent, composition, and other equilibrium
properties of the phases in equilibrium is the cofije of thermodynamic calculations. Cubic
equations of state (EOS) are the most widely usedrtodynamic calculation and physical property
estimation in petroleum engineering. The two m@shdus ones are Sova-Redlich-Kwong (SRK)
EOS and the Peng-Robinson (PR) EOS (Yan et alZ)2Q&ing an equation of state requires several
input parameters. For pure component inputs, thgeations require the critical temperature, ciitica
pressure, and an acentric factor; some of the pomldssic equations of state, such as the SRK- and
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PR-EOS, have traditionally had problems in handlaedar components like water. The traditional
way of fixing this limitation of modeling polar cqonents correctly has been to use a modified
attractive term in the equation of state to repoedtihe vapor pressure of the polar components more
accurately (Mathias et al., 1983). Furthermore, trmedern equations of state are developed by
fitting parameters (e.g. binary interaction parar®tto experimental data for both pure components
and mixtures (Althaus, 1999).

2. Thermodynamic model

There are mainly two different approaches towardleting phase equilibriump—@ approach and
y—® approach. The two approaches are based on thth&ct thermodynamic equilibrium, fugacity
values are equal in both vapor and liquid phases.

it (P ='(PT) (1)

The &—@ approach uses an equation of state for each ptidke eystem. Thus the thermodynamic
equilibrium can be written as:

xiQ%(T’ P'xi) = YLQI,/(T; P;Yi) (2)
For each approach toward the calculation of theditg coefficient in the vapor phase and liquid

phase, the use of an equation of state is necessary

Fugacities and/or fugacity-coefficients in mixtuage easily evaluated from all kinds of equation-of
state models. Most equation-of-state models hawepaeature and volume as the independent
variables. In that case, the following, generaliyid;, expression can be used for the evaluatichef
fugacity and/or fugacity-coefficient in mixturesatonstant temperature and composition:

Jia J“’O op RT
}.\ — — — —_— A — — - 3
RTIng} = RTIn (3’ip ) (( STt )dv RTInZ 3)

2.1. Mathias equation of state

The Mathias equation of state is a modificationhef Soave equation, which is of the Redlich-Kwong
type:

RT a(T)

= - 4
P v—b v(w+b) @)
where, for pure fluid, one may obtain:

R?TZ
a;(T) = 0.42747 —a;(T3,) (5)
RT,.
b; = 0.08664 — (6)

P,

4

a;(T;,) is a dimensionless function of the reduced tentpegd[;.,) defined as follows:
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a;(T,)%% = 1+m(1 - T5%) —p;(1 - T,)(0.7 = Ty,) (7)
Below the critical temperature and for supercrit@mamponents one may obtain:

a;(T;)°5 = exp (c;(1 — T)) (8)
where,m; is correlated to the acentric factor:

m; = 0.48508 + 1.55171w; — 0.15613w? (9)
The supercritical parametarsandd; are then given by following relations:

m.
di=1+ 7‘ + 0.3p; (10)

(11)

The so-called “polar parametep;J was introduced by Mathias to improve the represemaf pure
component vapor pressures and is especially eftecfior polar compounds (Table 1)
(Schwartrentruber et al., 1986).

Table 1
Polar parameters.

Compound pi
Acetone 0.115100
Acetonitrile 0.186300
Aniline 0.083350
Benzene 0.027090
1-butanol -0.066952
2-butanol -0.090424
Dimethyl ether 0.009383
Ethane 0.037690
Ethanol 0.087450
n-heptane 0.068940
n-hexane 0.049050
Methanol 0.168700
Methyl acetate 0.059340
Methyl ethyl ketone 0.102430
Methyl-n propyl ketone 0.075940
n-pentane 0.041290
Propane 0.031580
1-propanol -0.009389
Isopropyl alcohol 0.064087

Water 0.142200
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It should be noted that these parameters were ddduam the generalized Antoine law parameters
of the Aspen Plus Pure Component Data Bank.

@; is the fugacity coefficient of componentin the mixture and can easily be derived from the
equation of state using the following relation:

oP
oN;

°° RT
RTIn®; = f Gy~ )4V — RTInZ (12)
14

ConsideringhatZ is the compressibility factor of the mixture, orgains:

P(v—>b) a v+b

Ing; = —In BT bRTln - +Z-1+
Zaa 1lv+bz o, _,_ @ vtb (13)
(,,xjax]- bRT "' v (_xjaxj)( bRT "' v )
JE2] Jj#i
2.2. Mixing rules
For mixtures, quadratic mixing rules for both caséintsa andb are assumed to be given by:
a = ZU ainin (14)
b= Z bi]-xl-xj (15)
ij
a;j = (a;0)*°(1 = kf}) (16)
b; + b;
bij = 12 L(1-kP) (17)

3. Results and discussion

ki is used as the adjusting parameter dgr (attraction term) but because of liquids molecular

structure, the repulsive term has effective infeemon the correct prediction of system properties
especially at high pressures in liquid phase. Thege the solubility of hydrocarbons in water is

sensitive tob;; (repulsive term) andcf’]- is used to adjust its amount. 25 data points othare
solubility data were used to tukg andkf’j through a simplex algorithm in order to minimiaeeeage

absolute deviation (AAD) of the calculated data dodv the experimental data (Culberson and
McKetta, 1951).

Xiexp—Xi,cal

AAD=-¥¥ (18)

Xiexp

where,N is the number of data points,,, is the experimental methane solubility ang, stands for
the calculated methane solubility in water. The samork was done for ethane-water and propane-
water systems; 16 data points were used for ethaer from the work of Culberson and McKetta
(1951) and 37 data points were used for propanersystems (Chapoy, 2004). Finally, two
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polynomial cubic type equations were suggestedefmch system the coefficients of which are
tabulated in Tables 2 and 3.

As can be seen in Table 4, different groups ofetkigerimental methane solubility data were used in
order to study the ability of the suggested therynadhic model and corresponding binary interaction
parameters in the prediction of methane solubititwater. Finally, the absolute average deviatibn o
each data group plus average error of the whole @@ presented; an average error equal to 5.27%
was obtained.

Table 2
New suggested binary interaction parametef for Mathias EOS and classic mixing rules.

kfi=co+cy XT+c; xT? +¢c3 xT? T(°C)
Co c1 Cy C3
Methane 0.46 0.0021 -2.16e-005 8.51e-008
Ethane 0.54
Propane 0.53

Table 3
New suggested binary interaction parametkfjs for Mathias EOS and classic mixing rules.

ki =co+c1 XT+¢; XT? +¢3 X T2 T(°C)

<o 1 c 3
Methane -0.356 -0.0615 0.0002 -1.08e-006
Ethane 3.922 -0.133 0.0009 -3.33e-006
Propane -2.59 -0.087 0.000142 -2.355e-006

Table 4
List of experimental methane solubility data in @rattudied in this work.

No. of Experimental AAD (%)

Ref. T (K) P (MPa) points This work

Culberson and McKetta (1951) 283.15-444.26 1.04-9.38 35 3.22

Chapoy (2004) 298.15-333.15 1.04-18 12 5.64

Davis and McKetta (1960) 310.9-394.3 0.689-2.758 37 6.66

Yang et al.(2001) 298.1 4.11-12.68 17 5.62

Yarym et al. (1985) 298.15-338.15 2.5-12.5 15 4.72

Lekvam and Bishnoi (1997) 274.48-285.37 1.005-7.058 14 6.7

Gillepsie and Wilson (1982) 323.2-423.2 1.379-13.79 9 6.03

Crovetto et al. (1982) 297.5-430.6 1.327-2.131 5 3.71
Average Error 5.27

Like methane, the same tables of data are presentedhi@mme (Table 5) and propane (Table 6); the
average errors equal to 6.06% for ethane-waterdab¥ for propane-water systems show that our
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model, using the suggested binary interaction patars, has the enough capability of the prediction
of these hydrocarbons solubility in water.

Table 5
List of experimental ethane solubility data in wagiidied in this work.

No. of Experimental AAD (%)
points This work

Culberson and McKetta (1951) 310.93-444.26 0.401-8.38 27 6.06

Ref. T (K) P (MPa)

Table 6
List of experimental propane solubility data in eragtudied in this work.

i 0,
Ref. T (K) P (MPa) No. of Experimental AAD (%)

points This work
Chapoy (2004) 277.62-368.16 0.357-3.915 61 1.89
Azarnoosh and McKetta (1958) 310.9-394.3 0.362-3.528 52 6.66
Claussen and Polglase (1952) 288.7-377.6 0.5516-3.4474 17 5.62
Kobayashi and Katz (1953) 310.93-383.150.496-5.585 14 3.57
Wehe and McKetta (1961) 344.3 0.5114-1.247 8 1.98
Average Error 4.10

Figures 1-3show of the calculated results of oudehéor methane-water, ethane-water, and propane-
water systems respectively in comparison with tkgeemental data .As can be seen, there is good
agreement between the calculated results and fierimental data.
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Figure 1
Methane solubility in liquid phase (water); expesimal data are from Culberson and McKetta.
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Figure 2
Ethane solubility in liquid phase (water); experirtad data are from Culberson et al.

0.0003
o) _
£ 0.00025
=
=
= 0.00021
]
(8}
o
0.00015-
o mT=277.62 K
£ T=283.06 K
g 00001 ©T=293.13K
g T=308.13 K
0.00005- T=338.15 K
AT=353.18 K
0 T T T T T T
0 05 1 1.5 2 2.5 3 35

Pressure (MPa)

Figure 3
Propane solubility in liquid phase (water); expeital data are from Chapoy.

4. Conclusions

For methane solubility in pure water, suitable tiefes fork;’ andkf’j as binary interaction parameters

were suggested and for the temperature range o2 Kito 444.26 K and pressures up to 18 MPa,
the absolute average error was equal to 5.27%hé&nmbre, for ethane solubility in water, in additio

to the presentation of relations ﬂq@ andk{’j for a working temperature range of 310.93 K t0.264
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K and pressures up to 8.4 MPa, the absolute avenagewas equal to 6.06%. Finally;; andkf’j

binary interaction parameters were developed fopgne solubility in water in a temperature range of
277.62 K to 394.3 K and pressures up to 5.6 MPalamdbsolute average error was 1.89%.

5. Nomenclature

a :Parameter of the equation of state (Co-voluntarpater) fn3.Mole™!]
: Binary interaction parameter for the classicading rules
: Binary interaction parameter for the classicading rules
: Parameter of the equation

: Pressure (MPa/psia)

: Temperature (K)

: Volume

: Liquid mole fraction

: Compressibility factor

: Supercritical parameter

: Supercritical parameter

: Polar parameter

: Fugacity

: Fugacity coefficient

: Acentric factor

. Alpha function of the equation of state

: Gas

: Component

: Component

cal : Calculation

exp : Experimental

T T"@Re® *TOOONX<dU3 xO
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