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Phase compositions and saturated densities for the binary system
of carbon dioxide with 2-ethoxyethanol
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Abstract

The compositions and densities of the liquid and vapor phases at equilibrium of the binary system CO2 + 2-ethoxyethanol were measured in
a high-pressure VLE apparatus at 313.2, 320.2 and 328.2 K and for pressures ranging from ambient up to ca. 10 MPa. These measurements are
ideally suited for testing equation-of-state models. The recently developed non-random hydrogen-bonding (NRHB) model was used for correlating
the experimental data by taking the intramolecular hydrogen bonding in account. A satisfactory agreement was obtained between experimental
and calculated phase compositions and saturated densities.
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. Introduction

The thermodynamic properties of highly non-ideal mix-
ures of associated or hydrogen-bonded fluids and their correla-
ion/analysis in terms of molecular thermodynamic models are
ot only of academic interest but also of importance for the
ational design of industrial chemical processes involving such
ystems. Systematic experimental measurements of these prop-
rties over an extended range of external conditions are of key

nterest in the development and testing of statistical thermody-
amic models capable of correlating the macroscopic properties
f the fluid systems, especially those involving supercritical flu-

ds, with their molecular structure.
The most widely used supercritical solvent is carbon diox-

de, while 2-ethoxyethanol (widely known by its trade name,
ellosolve) is a common solvent in laboratory practice and in
he chemical industry. Their combination is attracting, particular
nterest not only for the increased polarity of the modified super-
ritical solvent but also for the study of the hydrogen bonding
tself of the alkoxyalcohol at supercritical conditions, especially,
ince 2-ethoxyethanol is able to form two types of hydrogen

In our previous work[1], we provided new experimen
spectroscopic data on two alkoxyethanol +n-alkane system
in very dilute mixtures and discussed the extent of the
competing types of hydrogen bonds as well as the va
of the lattice-fluid-hydrogen-bonding[2] statistical thermody
namic approach. A systematic study of other thermodyn
properties (excess enthalpy and volume, dielectric prope
has also been done[3]. The present work falls in the same l
with the previous work[1,3] on systems of alkoxyethanol + in
solvent and extends it with phase equilibrium and density
surements at high pressures.

High pressure vapor–liquid equilibrium (VLE) of the bina
mixture of CO2 + 2-ethoxyethanol at two temperatures has b
published by Ḧolscher et al.[4], and at four temperatures
Joung et al.[5] but we have not found in the open literat
experimental data on phase compositions and simultaneou
on the saturated densities of the phases at equilibrium. In
this type of data are not very abundant, in spite their import
in designing processes involving supercritical fluids.

Recently, we have described and tested a new recircu
type (analytical method) apparatus, equipped with two U-
onds, inter- and intra-molecular ones.

∗ Corresponding author. Tel.: +30 2310 996223; fax: +30 2310 996232.

vibration densitometers for the measurement of saturated den-
sities and with a gas chromatograph for the determination of
phase compositions[6]. In the present work, we have used
this experimental setup and measured the vapor–liquid equilib-
rium compositions and the saturated densities for the system of
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Fig. 1. Schematic diagram of the experimental apparatus: (A) equilibrium cell;
(B and C) vibrating densitometers; (D) gas chromatograph; (E and F) pumps;
(G and H) sampling valves; (I) air bath; (J) CO2 tank.

CO2 + 2-ethoxyethanol at three temperatures (313.2, 320.2 and
328.2 K) and at pressures up to 10 MPa. The new experimental
data have been correlated with the recently developed equation-
of-state model non-random hydrogen-bonding (NRHB)[7] by
properly modifying it in order to account for, both, inter- and
intra-molecular hydrogen bonding.

2. Experimental

2.1. Materials

CO2 was obtained from Air Liquide Mediterranée (>99.98%
purity). 2-Ethoxyethanol (>99% purity) was obtained from
Aldrich and was dried over 4̊A molecular sieves prior to use.
Helium, used as a carrier gas, and nitrogen, used as calibratio
substance in the densitometers, was obtained from Air Liquide
Mediterrańee, 99.999 and 99.95%, respectively. Water was dis-
tilled and deionised (conductivity less than 2�S cm−1).

2.2. Apparatus and experimental procedure

The schematic diagram of the experimental apparatus i
shown inFig. 1. The main parts of the apparatus are an equi-
librium cell (A), two vibrating density meters (B and C), two
Milton Roy circulation pumps (E and F), a gas chromatograph
( ntal
p
r d b
c ter-
a nd
C

gen
a pres
s vate
t tabl
[ , den
s accu
r cy in

the saturated densities to be less than±10−4 g cm−3 at low and
moderate pressures and up to±7× 10−4 g cm−3 at pressures
near the critical point.

The temperature of the air bath was measured with Sys-
temteknik S 1220, ranging from−120 to +120◦C, resolution
0.001◦C, accuracy±0.002◦C, equipped with a Pt-100 ther-
mometer, which was calibrated against NPL, UK, class 1. The
accuracy of the temperature control was within±0.03 K.

The pressure was measured with a transducer by Tronic rang-
ing from 1 to 250 bar and accuracy±5 kPa. It was calibrated
against a Metronex dead-weight tester, model MTU 600.

The characteristics of the gas chromatograph are the same
as previously[6]. The only change made was on the flow
rate of the carrier gas, which was set to 29.5 mL min−1 and
the column and detector temperatures set to 200 and 220◦C,
respectively. The calibration of the thermal conductivity detector
for 2-ethoxyethanol was achieved by injecting known amounts
of pure compounds through calibrated syringes and sampling
valves. The obtained data were correlated with a linear equa-
tion. The calibration for CO2 was made through the sampling
valves. The CO2 mass (moles), at various pressures, was cal-
culated with PVT data taken from reference[10]. The obtained
data were correlated with a quadratic polynomial equation. The
uncertainty of the equilibrium composition is±0.0005 mol frac-
tion.
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D), two sampling valves (G and H). The detailed experime
rocedure was presented in our previous work[6], where the
eliability and accuracy of the measurements was confirme
ritical comparison with previously published data in the li
ture for two binaries, CO2 + ethanol at two temperatures a
O2 + dichloromethane at three temperatures.
The densitometers were calibrated with water and nitro

t each temperature of interest and for the entire range of
ures. The values for the density of water and nitrogen at ele
emperature and pressure were taken from corresponding
8,9]. Considering the uncertainty of pressure, temperature
ity data used for the calibration of densitometers and the
acy of the period of the oscillator we estimate the accura
n
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y

-
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-
-

. Experimental results

As already mentioned, the vapor (y) and liquid (x) phase
ompositions at equilibrium and the corresponding satu
ensities of the studied CO2(1) + 2-ethoxyethanol(2) syste
ere measured at three temperatures: 313.2, 320.2 and 32
nd at pressures up to 10 MPa. The obtained experimenta
re summarised inTable 1. The mole fraction of the CO2 in the
apor is omitted since its value was found to be equal to 0.
essentially unity) in all cases.

At some high pressures, we do not report the densities
t was very difficult to measure the density near the crit
oint. All these missing densities have large uncertainty bec

he vibration period of the densitometer was largely fluctua
round some mean value.

. Correlation with the NRHB model

.1. The NRHB formalism

The NRHB model is particularly suited for treating our exp
mental data since it is a model applicable to the liquid as
s to the vapor and to supercritical state and, in addition, i
andle hydrogen bonding. The presentation in this parag
ill heavily be based on our previous work[6,7], where the
etails of the original non-random hydrogen-bonding mode
resented.

According to NRHB model, each fluid of typei in our system
s characterised by three scaling constants and one geome
urface-to-volume-ratio factor. The three scaling constants
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Table 1
Liquid phase compositions,x1, and saturated densities of vapor,ρv, and liquid,ρl , for the system CO2(1) + 2-ethoxyethanol(2)

P (MPa) x1 ρv (g cm−3) ρl (g cm−3) P (MPa) x1 ρv (g cm−3) ρl (g cm−3)

T = 313.2 K
1.40 0.110 0.0256 0.9182 5.97 0.525 0.1502 0.9227
2.14 0.177 0.0404 0.9208 7.07 0.686 0.2094 0.9038
2.89 0.238 0.0570 0.9230 7.54 0.764 0.2563 0.8645
3.51 0.295 0.0719 0.9243 7.79 0.845
4.26 0.367 0.0915 0.9266 7.87 0.881
5.12 0.444 0.1186 0.9275

T = 320.2 K
2.06 0.140 0.0375 0.9142 6.29 0.478 0.1513 0.9154
2.67 0.186 0.0499 0.9151 6.94 0.529 0.1795 0.9069
3.31 0.234 0.064 0.9163 7.52 0.600 0.2096 0.9040
3.85 0.273 0.0768 0.9171 8.02 0.676 0.2448 0.8905
4.49 0.319 0.0935 0.9178 8.53 0.755 0.2971 0.8459
5.09 0.368 0.1105 0.9178 8.83 0.852 0.3433 0.7848
5.68 0.420 0.129 0.9172

T = 328.2 K
1.53 0.098 0.0262 0.9013 7.01 0.457 0.1664 0.9005
2.27 0.142 0.0401 0.9026 7.81 0.522 0.2015 0.8952
3.15 0.201 0.0581 0.9040 8.54 0.592 0.2417 0.8847
3.93 0.251 0.0755 0.9047 9.37 0.692 0.3117 0.8549
4.68 0.291 0.0938 0.9050 9.58 0.724 0.3326 0.8414
5.45 0.348 0.1147 0.9047 9.88 0.787
6.24 0.404 0.1387 0.9033

the mean interaction energy per segment,ε∗
i , the hard-core vol-

ume per segment,v∗
i , and the hard-core density,ρ∗

i = 1/v∗
sp,i.

The molecules are assumed to be arranged on a quasi-lattice of
Nr sites,N0 of which are empty, with a lattice coordination num-
ber,z, assumed to be equal to 10 in this work. Each molecule is
divided intori segments and hasqi = siri external intermolecular
contacts, wheresi is its geometric factor. Similar scaling con-
stants, indicated without subscript, are defined for the mixture
through the following combining and mixing rules.

The average segmental interaction energy,ε*, for a binary
mixture is given by

ε∗ = P∗v∗ = RT∗ = θ2
1ε∗

1 + θ2
2ε∗

2 + 2θ1θ2ε
∗
12 (1)

where a Berthelot-type combining rule is adopted for the cross
term

ε∗
12 = (1 − k12)

√
ε∗

1ε
∗
2 (2)

The average segmental volume,v∗, is given by

v∗ = φ2
1v

∗
1 + 2φ1φ2v

∗
12 + φ2

2v
∗
2 (3)

where

v

( ∗1/3 ∗1/3
)3

a om-
p

The adjustable parametersk12 and λ12 are determined by
fitting the experimental data through a Simplex least-squares
minimisation procedure.

As described previously[6], the equation of state of our mix-
ture has the following form:

P̃ + T̃

[
ln(1 − ρ̃) − ρ̃

(∑
i

φi

li

ri
− νH

)
− z

2
ln
(

1 − ρ̃ + q

r
ρ̃
)

+ z

2
ln Γ00

]
= 0 (4)

while the chemical potential for the component 1 is given by:

µi

RT
= ln

φi

ωiri
− ri

∑
j

φjlj

rj
+ ln ρ̃ + ri(ṽ − 1) ln(1− ρ̃)

− z

2
ri

[
ṽ−1 + qi

ri

]
ln
[
1 − ρ̃ + q

r
ρ̃
]

+ zqi

2
[ln Γrr

+ ri

qi

(ṽ − 1) lnΓ00

]
−qi

T̃
+ ri

P̃ ṽ

T̃

[
2
φ1v

∗
1 + φ2v

∗
12

v∗ −1

]

−2qiΘrΓrr

[
θ1ε

∗
1 + θ2ε

∗
12 − ε∗

RT

]
+ µH,i

RT
(5)

where T̃ = T/T ∗, P̃ = P/P∗and ṽ(= 1/ρ̃ = ρ∗/ρ)are the
reduced temperature, pressure and specific volume, respec-
t or
e e
n site
a cen-
t qua-
∗
12 = (1 − λ12)

v1 + v2

2

ndϕi, θi are the site fraction and the surface fraction of c
onenti, respectively.
ively. Furthermore,li andωi are characteristic quantities f
ach fluid. The parametersΓ 00 and Γ rr are factors for th
on-random distribution of empty sites around an empty
nd for the distribution of molecular segments around a

ral molecular segment, respectively. Details for the e
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tions that define all these parameters can be found elsewhere
[6,7].

Three types of hydrogen bonds occur in the CO2 + 2-
ethoxyethanol system, through the self-association of 2-
ethoxyethanol, namely intermolecular OH···OH and OH···O
and intramolecular OH···O hydrogen bonds. In this case, the
average per segment number of intermolecular hydrogen bonds
is given by:

νH = NH

rN
= N11 + N12

rN
(6)

whereN11 and N12 are the number of intermolecular hydro-
gen bonds OH···OH and OH···O , respectively. For the number
of intramolecular hydrogen bonds, we will follow our previous
approach[1,11].

In the general case of alkoxy alkanols, ifx is the number of
ether oxygen acceptor sites, the number of proton donors and
acceptors of type 1 (OH) isN1, and of proton acceptors of type
2 ( O ) is xN1. As previously[1,11], x is assumed to be equal
to 2. As a consequence, the total number of free proton donors
is:

N10 = N1 − N11 − N12 − B (7)

whereB is the number of intramolecular bonds OH···O in the
system. Applying the rationale of the LFHB approach[1,11], the
n ained
f
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Table 2
Scaling constants for pure fluids

Fluid ε* = RT*

(J mol−1)
v∗ =
ε∗P∗−1(cm3 mol−1)

v∗
sp =

ρ∗−1(cm3 g−1)

s = q/r

CO2 [6] 3040 5.970 0.707 0.909
2-Ethoxyethanol 4837.4 11.731 1.002 0.938

N11 = K11

KBNx + B(K11 − K12)
BN1 (13)

B = (NxKB − K12B)

N

[
N1 − B − B

K12

xKB

xN1 − B

N

−N1
K11B

xNKB + B(K11 − K12)

]
(14)

The last equation contains only the unknownB and it can be
solved numerically by successive substitutions. The solution for
B can then be replaced in Eqs.(12) and(13) in order to obtain
N12 andN11, respectively.

Having obtained the numbers of hydrogen bonds in the sys-
tem, the hydrogen bonding contribution to the chemical potential
of 2-ethoxyethanol is given by[11]:

N1µ1H

RT
= NH + N1 ln

(
1 − NH + B

N1

)
+ N1 ln

(
1 − N11

N1

)

+xN1 ln

(
1 − N12

xN1 − B

)
(15)

The corresponding contribution for the inert CO2 is given by:

µ2H

RT
= rνH (16)
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umber of the three types of hydrogen bonds can be obt
rom the following coupled equations:

B(xN1 − B)

(xN1 − B − N12)N10x
= c exp

(
−G0

B

kT

)
= KB (8)

N11

(N1 − N11)N10
= ρ̃

rN
exp

(
−G0

11

kT

)
= K11

N
(9)

N12

(xN1 − B − N12) N10
= ρ̃

rN
exp

(
−G0

12

kT

)
= K12

N
(10)

hereG0
11and G0

12are the free energy changes upon for
ion of the intermolecular hydrogen bonds of types 1–1
–2, respectively, andG0

Bis the corresponding free ener
hange for the formation of the intramolecular hydrogen bo
he free energy change for thei–j bond can be resolved

ollowing:

0
ij = E0

ij + PV 0
ij − TS0

ij (11)

0
ij, V 0

ijand S0
ijare the energy, volume and entropy chan

espectively, upon formation of the same hydro
ond.

After some algebra the above three coupled equations le
he following equations

12 = K12

KBNx
B(xN1 − B) (12)
.

o

.2. Correlation of experimental data

All experimental data reported inTable 1were correlated wit
he NRHB model enhanced by the formalism of the prev
aragraph. The scaling constants for pure fluids as well a
ydrogen bonding parameters are reported inTables 2 and 3,
espectively.s is not an adjustable parameter and was obta
rom the UNIFAC group-contribution calculation scheme
efore[7].

One single set of binary adjustable parameters, indepe
f temperature, was used for the binary system. These regr
inary parameters are reported inTable 4. In the same tab
re also reported the average absolute percent deviatio
AD) between experimental and calculated pressure, v

able 3
ydrogen bonding parameters[1]

ydrogen bond EH (J mol−1) SH (J K−1 mol−1) VH

(cm3 mol−1)

H···OH −28100 −26.5 0.0
H···O inter-molecular −19000 −24.0 0.0
H···O intra-molecular −10470 −16.0 0.0
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Table 4
Binary interaction parameters and average absolute deviation (AAD%) between
experimental and calculated data

System CO2–2-ethoxyethanol
k12 −0.0698
λ12 −0.0192
AAD (%) in yCO2

a <0.02
AAD (%) in pressurea 6.7
AAD (%) in saturated densitiesa 12.7

a AAD (%) = 1
n

∑
i

∣∣∣Xcal
i

−X
exp
i

X
exp
i

∣∣∣× 100.

composition and saturated vapor and liquid densities, for given
temperature and liquid phase composition.

The experimental and calculated data for our CO2 + 2-
ethoxyethanol system are compared inFigs. 2 and 3. As
observed, the NRHB model can simultaneously correlate, rather
satisfactorily, the phase compositions as well as the saturated
densities for this system.

Fig. 2. Comparison of experimental vapor–liquid equilibrium compositions for
the system CO2 + 2-ethoxyethanol; (�) 313.2 K; (©) 320.2 K; (♦) 328.2 K; with
c

F
e
b

5. Discussion and conclusions

The reported experimental data in this work are simul-
taneous measurements of compositions and densities of the
vapor and liquid phase at equilibrium for mixture of CO2 + 2-
ethoxyethanol over a range of external temperatures and pres-
sures. Although data on phase compositions can be found rather
easily in the literature, simultaneous data on the densities of the
phases at equilibrium are rather scarce. This kind of experimen-
tal measurements are ideally suited for testing equation-of-state
models of highly non-ideal systems of fluids.

The additional interest of this particular system is that it
exhibits inter- and intra-molecular hydrogen bonding. In terms,
then, of data interpretation the question that arises is whether the
hydrogen bonding parameters, obtained from systems of the 2-
ethoxyethanol with inert solvents at ambient conditions, can be
transferred to our system in the studied temperature and pressure
range. The results of this work indicate that this can be done with
thermodynamically consistent equation-of-state models, such as
the LFHB and the NRHB models, since the very same hydrogen
bonding parameters, obtained previously from the spectroscopic
and heats of mixing measurements[1,3], can be used in corre-
lating rather satisfactorily the present VLE (phase composition
and density) data.

It should be pointed out that the contribution to the key ther-
modynamic properties of intramolecular hydrogen bonding is in
n must
t

L
B pes

E
G
k
K
n
N
N
N
N gen

N

orrelated values by NRHB (—).
ig. 3. Comparison of experimental saturated densities for the system CO2 + 2-
thoxyethanol; (�) 313.2 K; (©) 320.2 K; (♦) 328.2 K; with correlated values
y NRHB (—).

P
r
R
s
S
T
v

V
x
X
y
z
z

o way negligible and, thus, modelling of these systems
ake it into consideration.

ist of symbols
number of intra-molecular hydrogen bonds of ty
1–2
energy
Gibbs energy
binary interaction parameter
parameter defined by Eqs.(9) and(10)
number of experimental points
number of molecules

r total number of lattice sites
0 number of empty lattice sites
11, N12 number of types 1–1 and 1–2 intermolecular hydro

bonds
10 number of free proton donors

pressure
number of segments per molecule
gas constant
surface to volume fraction
entropy
temperature
average segmental volume
volume
mole fraction in liquid phase, number of –O– sites

i physical quantity at pointi
mole fraction in vapor phase
lattice coordination number

q average number of external contacts per molecule
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Greek letters
Γ non-random factor
ε interaction energy
θ hole-free surface (contact) fraction
Θ surface fraction
λ binary interaction parameter
µ chemical potential
νH average per segment number of hydrogen bonds
ρ density
ϕ segment fraction
ωi flex constant, characteristic for each fluidi

Superscript
∼ reduced quantity
* scaling constant
l liquid phase
v vapor phase

Subscript
H hydrogen bond
i component of typei
o property pertinent to holes
r property pertinent to molecular segments
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