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The compatibility of carbon dioxide with synthetic oils, employed as lubricants for compressors in the
refrigeration and air conditioning plants, is a fundamental and still unsolved problem. Mutual solubility
with the refrigerant is one of the properties that influences the choice of a particular lubricant for a specific
application. A systematic study of the solubility of carbon dioxide in polyolester oils (POE) has been started
at our laboratories with the aim to investigate the dependence of this property on various parameters, such
as pressure, temperature, and oil chemical structure. In this paper, experimental measurements of solubility
of carbon dioxide in pentaerythritol hexanoate (PEC6), which is a precursor of polyol ester based lubricants,
are presented in a temperature range of (243 to 343) K and pressures up to about 10 MPa. The uncertainty
in the liquid composition measurements was estimated to be from 0.002 (high CO2 molar fraction) to 0.02
(low CO2 molar fraction). The experimental data were correlated by means of the Peng-Robinson equation
of state with the Huron Vidal mixing rules in which the excess Gibbs energy at infinite pressures was
represented by the UNIQUAC equation.

Introduction

Carbon dioxide (CO2) is currently being considered as a
possible alternative to the high global warming potential (GWP)
refrigerants for some particular applications, but many problems
still remain regarding the design of the working systems. A
refrigerating plant using carbon dioxide is characterized by
operative pressures roughly ten times higher than those typical
for traditional plants, causing very severe conditions for the
compressor. From this observation, the role assumed by the
lubricant becomes fundamental, to preserve the mechanical
moving elements from wear, while maintaining its thermal and
chemical stability. Moreover it is worthwhile to mention that
the presence of lubricant is not confined to the compressor tank,
but because of its solubility with the refrigerant, a certain amount
of lubricant is dragged along all the circuits. The actual
circulating fluid is then a refrigerant + lubricant mixture with
its own thermophysical and thermodynamical properties.1

For these reasons, the knowledge of the phase behavior of
refrigerant-oil mixtures becomes of specific importance for the
correct design of various refrigeration plant components.
However, finding theoretical models able to represent properties
such as the solubility and miscibility limits for this system is
possible only if extensive and accurate experimental data are
available. Since the commercial synthetic lubricants are unspeci-
fied mixtures of several pure components and additives, hence
ill-defined from chemical and thermodynamic points of view,
experimental data regarding the solubility of a refrigerant in a
specific commercial lubricant give significant technical informa-
tion. This information is not sufficient to define proper
thermodynamic models able to work both in a correlative and
predictive way. Indeed, the development of such models requires

a wide production of experimental data on the precursors of
commercial lubricants.

Among all the classes of lubricants that proved to give
acceptable results with carbon dioxide, there are polyol ester
oils (POE). A long-term research program has been started by
our group, focusing on the analysis of the phase behavior of
pure and commercial POE lubricants in mixtures with carbon
dioxide. Particular attention has been given to the dependence
of solubility in pure pentaerythritol esters on molecular mass,
molecular structure of oils, temperature, and pressure.2-5

This paper presents the measurements and the data correlation
for the system composed by CO2 and the pentaerythritol
tetrahexanoate (PEC6) in the temperature range of (243 to 343)
K and for pressures up to 10 MPa, i.e., in typical conditions
for a refrigerating plant working with CO2.

Experimental Section

Materials. The pentaerythritol tetrahexanoate (C29H52O8,
CASRN 7445-47-8) used for the present measurements was
synthesized by Chemipan (Poland) on a laboratory scale with a
declared purity higher than 98 %. Two synonyms of this
chemical are tetra-o-hexanoyl pentaerythritol and pentaerythritol
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Figure 1. Chemical structure of the pentaerythritol tetrahexanoate.
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ester of hexanoic acid. This compound is obtained by the
reaction of pentaerythritol with a carboxylic acid, here, n-
hexanoic acid. The pentaerythritol ester molecule, with its four
equal linear acid chains, is shown in Figure 1. To eliminate the
noncondensable gases, PEC6 was put under a vacuum and then
used with no further purification. Table 1 shows some charac-
teristics of the oil considered in this work. Carbon dioxide (CO2

CASRN 124-38-9) was supplied by Air Liquide with a declared
purity of 99.95 %.

Experimental Apparatus. A specifically built apparatus based
on the static synthetic method, shown in Figure 2, was used to
perform the solubility measurements at the laboratories of ITC-
CNR. The apparatus has already been described in Bobbo et
al.,4 but for the present measurements, some changes were
necessary and here explained. The equilibrium between the two
substances was reached in a stainless steel cell with a calibrated
volume of about 180 cm3, endowed with glass windows for
observing the mixture. A helical stirrer moved by a magnetic
engine was used to force the vapor phase through the liquid
one to accelerate the achievement of the equilibrium. The cell
was immersed in an 80 L thermostatic bath, in which the
temperature was regulated by a PID controller, governing a
heating resistance, which compensated the cooling capacity of
an external auxiliary thermostatic bath with a stability of about
0.01 K. The two thermostatic baths were filled with water for
temperatures higher than 273 K and with ethyl alcohol for lower
temperatures. A 100 Ω platinum resistance thermometer was
used to measure temperature with an accuracy of about 0.02 K,
resulting in a total uncertainty for temperature (∆T) of 0.03 K.
For the pressure measurement, a Druck DPI 145 pressure gauge,

with a full scale of 35 MPa and an uncertainty (∆p) of 20 kPa,
was employed.

The solubility of CO2 in PEC6 was calculated based on the
level of the liquid phase in the equilibrium cell, as explained
below, measured by means of a cathetometer (Gaertner Scientific
M940LE). The resolution of the cathetometer was 0.0001 mm,
while the uncertainty in the level’s measurement (∆l) was
estimated to be 0.05 mm.

Experimental Procedure. The cell volume was determined
by calibration with the following procedure. The cell was filled
with a weighed amount of nitrogen. After measuring temperature
and pressure, the nitrogen density was calculated through the
equation of state used by Refprop 8.0 database.6 Finally, the
volume was obtained by simply dividing the charged mass by
the calculated density. The procedure was repeated several times
at different temperatures and with different amounts of nitrogen,
obtaining a repeatability of the results within 0.1 cm3. The total
estimated uncertainty in the calibration of the cell (∆Vt) was
about 0.8 cm3.

For the measurements, the oil was directly charged in the
cell, after purging it with acetone. The upper part of the cell
was open, and a weighed amount of oil was introduced inside
the cell by means of a glass syringe. The weight of the syringe
was measured before and after the charge by means of an
analytical balance (Gibertini E42S 240 g full scale) with an
uncertainty (∆mw) of 0.002 g. After this operation, the cell was
reassembled, placed inside the bath, connected to the measure-
ment circuit, and kept under vacuum overnight. Then an amount
of carbon dioxide was transferred inside the cell from the sample
bottle by simply exploiting the difference in pressure. The
carbon dioxide mass transferred inside the cell was measured
by weighing the bottle before and after the charge with the
analytical balance mentioned before. Then the stirrer was turned
on, until the inner pressure reached equilibrium, with the
continuous acquisition of temperature and pressure. All along
this procedure, the bath was set at the desired temperature.

Once the equilibrium was reached, the level of the meniscus
between the liquid and vapor phase was measured by means of
the cathetometer, and then the liquid volume Vl was calculated
through a specific calibration equation, correlating volume and
meniscus level. The CO2 mass in the vapor phase was
determined as the product between the vapor phase volume,
calculated subtracting the liquid volume Vl (cm3) from the total
one of the cell Vt, and the CO2 vapor density Fv (g · cm-3),
calculated through the Refprop 8.0 database.

Assuming only CO2 in the vapor phase, due to the low vapor
pressure of PEC6, the mass of CO2 solved in the liquid m was
calculated by a simple subtraction from the total mass charged
mw (g), as eq 1 shows

m)mw - (Vt -Vl) · Fv (1)

At this point, the temperature of the bath was moved to the
next desired value, and the entire procedure was repeated. It
must be underlined that this temperature change was possible
only in the thermostatic fluid working ranges. For this reason,
the present experiment was performed in two independent runs,
which covered the temperature ranges from (243.15 to 273.15)
K and from (303.15 to 343.15) K. The isotherm at 283 K was
measured in the past, independently from this series of measure-
ments, and has already been the object of a publication.2 Once
all the isotherms of the same class were measured, a new amount
of CO2 was added to the one already present inside the cell,
reaching a new mixture composition, and the whole process
could start again, until the range of compositions for each

Table 1. Some Characteristics of Pentaerythritol Tetrahexanoate

MMo densitya

chemical
name (acronym)

chemical
formula g ·mol-1 kg ·m-3

pentaerythritol
tetrahexanoate

PEC6 C29H52O8 528.73 1004.2

a p ) 1 bar, T ) 283.15 K.

Figure 2. Schematic diagram of the apparatus. ATB, auxiliary thermostatic
bath; CDB, carbon dioxide bottle; CTM, cathetometer; PC, data acquisition
computer; MCS, measurement cell stirrer; MTB, main thermostatic bath;
PGC, pressure gauge for measurement cell; PTC, PID temperature controller;
SMC, solubility measurement cell; STR, stirrer; TMS, temperature measure-
ment sensor; Va,b, valves; VP, vacuum pump.
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isotherm in the actual class of temperature was completed. At
this point, the fluid inside the thermostatic bath was changed,
and all the operations were repeated for the new class.

For temperatures higher than the ambient temperature, the
connection pipes outside the bath and the sensor of the pressure
gauge were heated with a wire resistance regulated by a PID
controller, to avoid the CO2 condensation inside the tubes and
the density deviations due to the temperature differences
between the bath and the ambient temperature.

Considering all the estimated experimental uncertainties, the
uncertainty in the liquid composition measurements (∆x),
according to the following equation

∆x)�( ∂x
∂m)2

·∆m2 + ( ∂x
∂mo

)2
·∆mo

2 +

( ∂x
∂MM)2

·∆MM2 + ( ∂x
∂MMo

) ·∆MMo
2

(2)

was estimated to be from 0.002 (high CO2 molar fraction) to
0.02 (low CO2 molar fraction). x is the molar fraction; mo is
the mass of the oil; ∆m and ∆mo are the total uncertainties in
the mass of carbon dioxide and the mass of the oil; and MM
and MMo (g ·mol-1) represent the carbon dioxide and oil molar
masses, respectively.

x is calculated as

x) 1

1+
mo

m
· MM
MMo

(3)

The two quantities depending on MM and MMo (g ·mol-1)
give negligible contributions to the total uncertainty and can
be neglected.

Deriving eq 3, as indicated by eq 2, the ∆mo term being the
uncertainty declared for the mass of the samples ∆mg, the only
unknown quantity is ∆m, which could be calculated through
the following expression

∆m)�( ∂m
∂mw

)2
·∆mw

2 + (∂m
∂Vt

)2
·∆Vt

2 + (∂m
∂Vl

)2
·∆Vl

2 +

(∂m
∂p )2

·∆p2 + (∂m
∂T )2

·∆T2 + (∂m
∂Fv

)2
·∆Fv

2

(4)

deriving eq 1.

The term (∂m/∂Vl)
2 ·∆Vl

2 depends on the level measurements
uncertainty (∆l) through the linear relationship Vl ) f(l) between
the volume of the liquid phase and the level of the meniscus.
For this reason, it becomes

(∂m
∂Vl

)2
·∆Vl

2 ) [f ′ (l) · Fv] ·∆l2 (5)

Moreover, in the last term of eq 4, the uncertainty in the vapor
phase density calculation (∆Fv) was assumed to be the one
declared by the Refprop 8.0 database for the implemented
equation of state, i.e., 0.05 %.

Results and Discussion

Experimental Data. The solubility along eight isotherms from
(243.15 to 343.15) K was measured for the CO2 + PEC6

system. All the experimental data are shown in Figure 3 and in
Table 2. In this table, it is possible to distinguish the data
obtained for the same bulk composition, being in the same row.
Moreover, in every column, an asterisk indicates a new CO2

charge after putting the cell under a vacuum, i.e., the composi-
tion for which CO2 was charged to pure PEC6. It is worth noting
that the isotherms at (323.15 and 343.15) K, i.e., over the critical
temperature of CO2, were measured up to 10 MPa, which
is the maximum acceptable pressure inside the measurement
cell. The figure shows that solubility increases when temperature
decreases. Moreover, the system shows a negative deviation
from Raoult’s law, presumably due to the great difference in
molecular size of the mixture components.

DataCorrelation.DatawerecorrelatedusingthePeng-Robinson
(PR) Equation of State (EoS)7 in the form

p) RT
V- b

- a

V2 + 2Vb- b2
(6)

where p is the pressure (kPa); R is the universal ideal gas
constant (R ) 8.31445 J ·K-1 ·mol-1); V is the molar volume
(L ·mol-1); T is the temperature (K); a and b are the EoS
parameters; and the PR EoS was used with the Huron-Vidal
mixing rules8 and the UNIQUAC equation9 for the gE at infinite
pressures.

Applying the HV mixing rules

a) b · (x1

a11

b1
+ x2

a22

b2
)- g∞

E · c (7a)

and

b) x1 · b1 + x2 · b2 (7b)

with, specifically for the PR EoS,

c) 2√2

ln[ (2+ 2√2)

2- 2√2 ]
(8)

and subscripts 1 and 2 are related to CO2 and PEC4 throughout
the paper, respectively.

In eq 7a, g∞
E is represented by the UNIQUAC equation.

Figure 3. Solubility in molar fraction of CO2 in PEC6 at: O, 243.15 K; 0,
253.15 K; ∆, 263.15 K; ), 273.15 K; b, 283.15 K; 9, 303.15 K; 2, 323.15
K; and (, 343.15 K; s, PR-HV-UNIQUAC EoS model.
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The temperature dependence a22 took the following expres-
sion

a22 ) a22,0 + a22,1 · (T- 273.15) (9)

Moreover, two parameters for the UNIQUAC equation had
to be found, with similar temperature dependence

τ12 ) τ12,0 + τ12,1 · (T- 273.15) (10)

and

τ21 ) τ21,0 + τ21,1 · (T- 273.15) (11)

The correlation of data about components with unknown
general thermodynamic properties, as PEC6, needs a special
procedure because it is impossible to define the temperature
dependence of the a22 parameter in the EoS applied. So, the
actual value of the a22 parameter and its temperature dependence
were found from the correlation of the solubility data together

with the regression of UNIQUAC parameters, with their
temperature dependence. The second EoS parameter character-
izing PEC6, i.e., b2, was found from the estimated values of
the critical parameters of POE, and it was assumed independent
of temperature. Six parameters were regressed: two are char-
acteristic for the ill-defined component, i.e., PEC6, and four
refer to the interaction between CO2 and PEC6. The estimated
critical parameters10,11 along with the UNIQUAC (Rk) and (Qk)
parameters obtained from the van der Waals group volume and
surface areas given by Bondi12 are shown in Table 3. The
parameters were found minimizing the following objective
function

obj)∑
i)1

Np |pcalc - pexp|

pexp
(12)

and they are summarized in Table 4.
The deviations in pressure are presented in Figure 4. It is

evident that data are quite randomly distributed as a function
of composition, being mostly within ( 1 %. Greater deviations
are observed only for low CO2 concentration, due to a greater
uncertainty in the composition measurements in this domain,
as evident from the error analysis. It is worth mentioning that
the found parameters with their linear temperature dependence
are able to represent experimental data both below and above
critical temperature of CO2. Slightly greater deviations were
noted only at pressures above CO2 critical pressure (pc).
Probably, they could be observed also in proximity of pure CO2

critical point because of the simplicity of the model applied. In
general, however, the overall representation of the experimental
data is satisfying.

Conclusions

This paper presents a series of solubility measurements of
carbon dioxide in pentaerythritol tetrahexanoate at temperatures
between (243.15 and 343.15) K. The solubility data were
successfully correlated with a model based on the Peng-Robinson
equation of state and Huron-Vidal mixing rules with the
UNIQUAC equation for the gE at infinite pressures.
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