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a b s t r a c t

In this work we investigated the phase equilibrium behavior of the binary asymmetric systems propane
(C3) + n-eicosane (C20) and carbon dioxide (CO2) + n-eicosane (C20). We used a variable-volume view cell
for obtaining fluid–fluid equilibrium (FFE), solid–fluid equilibrium (SFE) and solid–fluid–fluid equilibrium
(SFFE) experimental data. We modeled the phase equilibria of both systems using the Peng–Robinson
Equation of State for describing the fluid phases and an expression for the fugacity of pure solid n-
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eicosane with parameters fit to reproduce the pure n-eicosane melting line. We performed the phase
equilibrium calculations by implementing path-following methods for tracking entire solid–fluid (SF)
and solid–fluid–fluid (SFF) equilibrium curves for binary asymmetric mixtures. This made it possible to
obtain complete isoplethic lines or complete three-phase equilibrium lines in single runs. Although the
model is relatively simple, it is able to grasp the complex observed behavior for the systems studied here.
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. Introduction

Several phase equilibrium studies of binary asymmetric mix-
ures involving a long-chain n-paraffin and a volatile compound
ave been previously carried out [1]. These mixtures are of spe-
ial interest due to their potential for formation of solid deposits.
heir study provides insight about a number of problems of prac-
ical interest, such as the undesired appearance of solid deposits
omposed of long-chain molecules during exploitation, production
nd transport of petroleum fluids, or while using diesel or biodiesel
uels in vehicles. Binary asymmetric mixtures present a quite com-
lex phase behavior [2,3]. This makes the modeling (and even the
alculation) of the fluid–fluid and solid–fluid phase behavior, in
ide ranges of conditions, a challenging task.
In this work, we report new phase equilibrium experimental
ata for the systems carbon dioxide + n-eicosane and propane + n-
icosane. The ranges of conditions correspond to equilibria
nvolving both, fluid and solid phases.
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The propane + n-eicosane system exhibits type I or II phase
behavior [4] according to the classification of fluid phase behavior of
Scott and van Konynemburg [5]. Thus, the vapor–liquid critical line
extends from the critical point of pure propane to the critical point
of pure n-eicosane. No three-phase LLV equilibrium line has been
observed for this system [4,6], i.e., n-eicosane is completely mis-
cible with propane in the liquid phase. A solid–liquid–vapor (SLV)
equilibrium line extending from the pure C20 triple point to lower
temperatures is expected for this system [4].

To our knowledge, no experimental information has been
reported on SL phase boundaries, or on the SLV locus, for the system
propane + n-eicosane. One of the purposes of the present work is to
fill this gap.

Carbon dioxide + n-alkane binary mixtures show partial misci-
bility in liquid phase [7]. For carbon dioxide + n-eicosane mixtures,
type III E diagrams are expected according to Luks [7]. Type III E
diagrams are as type III global phase equilibrium diagrams of the
Scott and van Konynemburg classification [5], but with a LLV equi-
librium line interrupted by a quadruple (Q) point, where a solid
phase appears. At the Q point, three other three-phase equilibrium

lines meet, i.e., two SLV curves and a SLL line. This work involves the
experimental determination of LL, SL, LLV and SLL equilibria for the
carbon dioxide + n-eicosane system. Even though Huie et al. [8] have
already obtained LV, LLV and SLV experimental data for the system
CO2 + C20, and other authors [9–13] have also measured fluid–fluid

http://www.sciencedirect.com/science/journal/08968446
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ransitions for this system, neither SL nor SLL phase boundaries
ave, to our knowledge, been reported, for CO2 + C20, until now, in
he present work.

In this work, we propose a modeling approach for the solid–fluid
quilibria which, among other features, pays close attention to the
eproduction of the solid–liquid (melting) line of the pure heavy
omponent (C20) in a wide pressure range. Since we have chosen to
escribe the properties of the fluid phases using the Peng–Robinson
quation of State, it is clear that we study in the present work one
f the simplest forms of a general modeling approach. Once we
ave chosen a model, the further calculation of fluid–fluid–solid
r fluid–solid equilibrium lines may be difficult. We tackle such
roblem by using numerical continuation methods (see, e.g., Ref.
14]). They are robust and fast.

. Experimental

.1. Materials

Carbon dioxide (99.9 wt% in the liquid phase) and propane
99.5 wt% in the liquid phase, denominated 2.5) were purchased
rom White Martins S.A. and n-eicosane (99 wt%) was purchased
rom Sigma–Aldrich. We used all these materials without further
urification.

.2. Apparatus and experimental procedure

Phase equilibrium experiments were carried out in a high-
ressure variable-volume view cell. The experimental apparatus
nd procedure have been used in a variety of previous studies
15–17]. Briefly, the experimental device consists of a variable vol-
me view cell with two sapphire windows for visual observation, an
bsolute pressure transducer (SMART LD 301, accuracy 0.03 MPa),
portable programmer (NOVUS, 521/3D) for the cell pressure data
cquisition, and a syringe pump (ISCO 260D). The equilibrium cell
as a movable piston, which makes possible to control the pressure

nside the cell. The pure solvent was always used as the pressure
ransmission fluid. A metallic jacket surrounds the cell. Water from
thermostatic bath is used as heating/cooling fluid, which flows

hrough the jacket, so that the cell is kept at the desired temper-
ture. The temperature of the mixture inside the cell is measured
ithin 0.1 K using a type “Y” thermocouple.

Phase transitions were achieved by manipulating the pres-
ure (fluid–fluid transitions) or through temperature changes
solid–fluid or solid–(fluid–fluid) transitions]. Pressure changes
ere imposed by using the syringe pump. Temperature changes
ere carried out through set point changes in the thermostatic bath.

The experimental procedure is as follows: [i] an amount of the
eavy component is accurately weighed on a precision scale bal-
nce (SHIMADZU AY220 with 0.0001 g accuracy) and loaded into
he equilibrium cell. [ii] Then, a known amount of the light compo-
ent (propane or carbon dioxide) is introduced into the cell with
he help of a syringe pump so that the desired overall composi-
ion is obtained. From the estimated uncertainties in the quantities
f the loaded gas and solute (n-eicosane), it was possible to esti-
ate, through propagation of error analysis (see Appendix A), that

he maximum uncertainties in mole fraction values here reported
ere never greater than 0.7%, 1.7% and 0.11% for n-eicosane, propane

nd carbon dioxide respectively (the average uncertainties were
ess than 0.62%, 0.4% and 0.03%, respectively). The corresponding
aximum uncertainties for the overall weight fractions were about
.7%, 2.2% and 0.4% for n-eicosane, propane and carbon dioxide
espectively (the average uncertainties were less than 0.6%, 0.6%
nd 0.1%, respectively). For computing these maximum uncertainty
evels, we considered all overall concentration values reported in
critical Fluids 50 (2009) 193–202

this work. [iii] Once the cell was loaded with a mixture at the
desired overall composition, the content was kept at continuous
agitation helped by a magnetic stirrer and a Teflon-coated stirring
bar. Three different procedures were used depending on the type of
phase transitions we wanted to achieve: (a) Fluid–fluid transitions:
For these kind of measurements the temperature controller was
turned on, and, once the desired temperature was reached within
0.1 K, the system pressure was increased until the visualization of
a single-phase system in the cell. At this point the system was sta-
bilized for at least 30 min. Then, the pressure was slowly decreased
(typically at a rate of 0.1–0.3 MPa/min) until the incipient forma-
tion of a new phase was observed. This procedure was repeated at
least three times for each set temperature and set global compo-
sition, with a reproducibility level of 0.2 bar. After completion of
the measurement at a given temperature, the cell temperature was
set at a new value and the experimental procedure was repeated.
(b) Solid–fluid transitions: In this case, the cell pressure was set at
a desired value. Then, the cell was heated until the visualization of
a single–fluid phase system, and stabilized at these conditions for
at least 30 min. Next, the temperature was slowly decreased (gen-
erally at a rate of 0.1–0.2 K/min) until the incipient appearance of
a solid phase. Then, the system was reheated until completing the
re-dissolution of the previously formed solid, thus making possi-
ble to carry out a new measurement of the transition, at the same
pressure. The experimental procedure was repeated at least three
times for each condition, with a reproducibility level of 0.5 K. (c)
Solid–(fluid–fluid) transitions: For this kind of transition, the proce-
dure was similar to the one described in item (b). The difference
was that, when heating the system, a two-phase (fluid–fluid) sys-
tem was achieved instead of a single–fluid-phase system. By using
this procedure, it is possible to measure FF → SFF transitions in a
range of pressure values, at a set global composition.

Our procedure for measuring phase transitions involving solids
consists of looking for the temperature of appearance of a solid
phase, i.e., we search for a freezing point rather than for a melting
point. This was also the choice that Cheong et al. [18] made, on the
grounds of a lower scattering of the data. Cheong et al. [18] ascribed
the lower self-consistency of the melting point data, with respect
to that of the freezing point data, to a possible non-uniformity of
the fluid phase composition when the solid begins to melt.

The procedure for obtaining liquid–liquid–vapor equilibrium
data was similar to procedure (a). The difference was that, after find-
ing a pressure condition such that the system consisted of two fluid
phases, the pressure was further decreased up to the observation
of the appearance of a third (vapor) phase.

It is important to stress that we used the syringe pump not only
to load the light component into the cell, but also to automatically
control the rate of change of the system pressure, when looking for
the appearance of a new fluid phase.

Considering the experimental procedures previously described,
we estimated the uncertainty in the temperature values here
reported to be less than 0.5 K, and the uncertainty in the reported
pressure values to be less than 1 bar.

2.3. Experimental results

Table 1 presents experimental liquid–liquid–vapor (LLV) equi-
librium data for the CO2 + n-eicosane system obtained in this work.
The (T, P) coordinates of Table 1 data appear plotted in Fig. 1 together
with the LLV data of Huie el al. [8] and of Fall et al. [19]. Fig. 1 shows
that our LLV experimental results are consistent with previous data.
Table 2 presents the experimental liquid–liquid (LL) and
solid–liquid (SL) equilibrium data for the system CO2 + n-eicosane
that we obtained in this work. Table 3 reports our experimen-
tal solid–liquid–liquid (SLL) equilibrium data for the same binary
system. The data in Tables 2 and 3 are plotted in Fig. 2, which
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Table 1
Experimental liquid–liquid–vapor (LLV) equilibrium data for the system CO2 + n-
eicosane (this work).

LL → LLV transitions

Overall n-eicosane mole fractiona

in equilibrium cell
T (K) P (bar)

0.135645 302.85 69.7
0.135645 300.85 67.4
0.008146 303.15 71.0
0.004777 302.85 72.45
0.004777 303.75 74.2
0.004777 305.25 76.0
0.001571 303.45 71.2

a The uncertainties in mole fraction values are reported in Section 2.2.

Fig. 1. Experimental liquid–liquid–vapor (LLV) equilibria for the system carbon
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Table 3
Experimental solid–liquid–liquid (SLL) equilibrium data for the system CO2 + n-
eicosane (this work).

LL → SLL transitions

Overall n-eicosane mole
fractiona in equilibrium cell

T (K) P (bar)

0.017023 302.95 250.0
302.95 220.4

3. Modeling

To carry out phase equilibrium computations we need expres-
sions for calculating fugacities of all the system components in all
ioxide + n-eicosane: pressure–temperature projection. Experimental data: (�) this
ork; (©) Huie el al. [8]; (�) Fall et al. [19]. Error bars for the experimental pressure

re also presented on this chart, except for the data from Ref. [19], whose authors
stimated a pressure accuracy of ±0.07 bar (not shown here).

hows a good consistency among our LL, SL and SLL experimen-
al data for the system CO2 + n-eicosane. The pressure range of our
LL data is from 71.2 to 250 bar. We obtained such SLL data by

he procedure depicted in item (c), starting from a two-phase sys-
em (liquid–liquid). The set of SLL measurements were started at
he lowest pressure where a two-phase (LL) system was observed
ithout the appearance of a third phase (i.e., a vapor phase). While

xperimentally exploring the LLV conditions for CO2 + n-eicosane,

able 2
xperimental liquid–liquid (LL) and solid–liquid (SL) equilibrium data for the system
O2 + n-eicosane (this work).

iquid phase n-eicosane mole
ractiona

L → LL transitions L → SL transitions

T (K) P (bar) T (K) P (bar)

.001571 303.35 71.6
313.55 95
323.85 117
333.45 134.6

.003142 303.15 83.9 299.85 81.1
312.45 104.3 299.85 91.1
322.65 123.6 299.45 101.3
332.45 147.2

.004777 304.35 113.9 301.55 120.6
314.35 129.8 300.65 130.7
323.35 148.6 300.55 140.9
333.15 169.2

a The uncertainties in mole fraction values are reported in Section 2.2.
301.85 150.8
300.85 102.2
300.05 71.2

a The uncertainties in mole fraction values are reported in Section 2.2.

we observed the appearance of a solid phase at conditions sim-
ilar to those reported for the quadruple point by Huie et al. [8].
Fig. 7 shows, among other items our SLL and LLV experimental data
together with the SLV and quadruple point (Q) experimental data of
Huie et al. [8]. Our SLL data are consistent with the Q point reported
in the literature [8].

Table 4 presents our raw LV and SL experimental data for the
system propane + n-eicosane. We obtained this data by searching
for a phase transition from a initial condition corresponding to a
single liquid phase. Some of Table 4 data appear plotted in Fig. 3,
which shows both solid–fluid and fluid–fluid isopleths.

Table 5 presents PT coordinates for the solid–liquid–vapor (SLV)
equilibrium of the C3H8 + n-eicosane system estimated by intersect-
ing our LV and SL isopleths. The dashed line in Fig. 3 is the SLV line
obtained from smoothing Table 5 data. The shape of such dashed
line is consistent with the expectation of a solid–liquid–vapor (SLV)
equilibrium line extending from the pure C20 triple point to lower
temperatures (see Section 1).

Fig. 4 shows, among other items, all of our experimental
solid–fluid equilibrium data together, for the system propane + n-
eicosane. We have also included in Fig. 4 the pure n-eicosane
melting data, available in Ref. [20]. From Fig. 4, it is clear that the
appearance of solid n-eicosane occurs at higher temperature for
higher n-eicosane concentrations.
Fig. 2. Pressure–temperature diagram for the system CO2 + n-eicosane. Experimen-
tal isoplethic phase equilibrium data (this work). Filled markers: Liquid–liquid;
empty markers: solid–liquid; crosses: solid–liquid–liquid.
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Table 4
Experimental liquid–vapor (LV) and solid–liquid (SL) equilibrium data for the system
C3H8 + n-eicosane (this work).a.

Liquid phase n-eicosane mole
fractionb

L → LV transitions L → SL transitions

T (K) P (bar) T (K) P (bar)

0.009816 294.45 9.7
298.75 10.6
303.95 12.1
309.05 13.6
313.15 14.9
322.55 18
332.25 21.9

0.026720 293.15 9.4
303.85 12
312.85 14.3
322.95 17.7
332.15 21.7

0.113130 288.55 9 287.35 12.2
298.95 10.6 287.25 15.3
304.45 12 287.05 20.4
313.55 14.5
323.15 17.4
332.45 20.8

0.134356 293.15 9.2 287.95 12.4
303.55 11.2 288.35 15.6
313.35 13.5 288.25 19.2
323.35 16.6
333.45 20.5

0.159166 293.55 9.9 289.45 12.1
304.15 12.3 289.55 15.2
313.45 14.8 289.75 20.3
322.55 17.5
333.15 21.2

0.222115 295.25 10.1 293.25 12.7
303.65 12.1 293.25 15.2
313.55 14.2 293.35 20.3
323.35 16.8
333.35 20.2

0.354909 298.35 15.4
298.35 18.4
298.45 22.5

0.499417 307.15 9 301.75 10.3
313.55 9.6 301.95 15.3
323.25 10.9 301.85 20.4
332.95 12.5

0.595405 309.85 9.4 304.55 10.4
319.25 9.9 304.45 15.1
324.05 10.4 304.45 20.4
333.25 11.4

0.747668 314.15 8.4 307.25 11.4
323.55 8.6 307.15 14.9
333.15 9 307.15 20.1

a All equilibrium data for L → LV transitions are bubble point type.
b The uncertainties in mole fraction values are reported in Section 2.2.

Table 5
Estimated solid–liquid–vapora (SLV) equilibrium for the system C3H8 + n-eicosane.

SLV equilibrium

Liquid phase n-eicosane mole fraction T (K) P (bar)

0.113130 287.48 8.8
0.134356 287.55 8.5
0.159166 289.33 9.1
0.222115 293.19 9.8
0.499417 301.58 8.6
0.595405 304.57 9.2
0.747668 307.3 8.4

a Estimated in this work from information in Table 4.

Fig. 3. Experimental solid–fluid (empty markers) and fluid–fluid (bubble points,

filled markers) equilibrium isopleths for the propane + n-eicosane system (this
work). For xC20H42 = 0.159166 and xC20H842 = 0.134356 we present the pressure
experimental error bars. Dashed line: solid–liquid–vapor locus (estimated from
smoothing Table 5 data).

equilibrium phases. We use in this work the Peng–Robinson Equa-
tion of State (PR-EoS) [21] for calculating component fugacities in
fluid mixtures and pure compound fugacities in fluid state.

For the highly asymmetric systems that we consider here, we
assume that the solid phase, in any equilibrium situation, is com-
posed of only the pure heavy compound. Thus, once we establish
an equation for calculating the fugacity of the pure solid as a func-
tion of temperature and pressure, and adopt the PR-EoS for the
fluid phases, we can calculate both, solid–fluid and solid–fluid–fluid
equilibria. In this work, we use numerical continuation methods for
all phase equilibrium computations (see, e.g., Ref. [14]). Continua-
tion methods are known for their ability to track highly curved lines.
The fugacity of the pure heavy component in solid state at system
T and P, i.e., f S

2 (P, T) is given in this work by the following equation:

f S
2 (P, T) = [f2(T, P)]pure,liquid exp(U) (1)

Fig. 4. Solid–fluid equilibrium isopleths for the system propane + n-eicosane. The
numerical labels correspond to fluid phase n-eicosane mole fraction values. Mark-
ers: experimental data {this work, except for pure n-eicosane (�) [20]}. Lines:
model used with �VSL values in Table 9, except for the line labeled as SLV
which is the solid–liquid–vapor equilibrium line, calculated with the model using
�VSL = −0.0244054587 m3/kmol, which equals Table 9 C3–C20 average value for
�VSL .
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Table 6
Properties of pure compounds.

Compound Ttp (K)a Ptp (Pa)b Tcrit (K)a Pcrit (Pa)a ωa

Propane 369.83 4,248,000 0.152291
CO2 304.21 7,383,000 0.223621
n-Eicosane 309.58 2.10470817 10−2 768 1,160,000 0.906878

a
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Fig. 5. Solid–liquid equilibrium curve for pure n-eicosane. (�) Experimental melting
line data for pure n-eicosane [20]. Line: model (this wok).

Table 8
n-Eicosane constants for Eq. (2).

it was the case for the dashed line of Fig. 3, the shape of Fig. 4 SLV
line is consistent with the expectation of a solid–liquid–vapor (SLV)
equilibrium line extending from the pure C20 triple point to lower
temperatures (see Section 1).
From DIPPR database [22]. Tcrit: critical temperature; Pcrit: critical pressure. ω:
centric factor.
b Ptp: PR-EoS pure compound vapor–liquid equilibrium pressure at the triple point

emperature Ttp (this work).

We calculate [f2(T, P)]pure,liquid, i.e., the fugacity of the pure heavy
omponent in (hypothetical) liquid state at system T and P, using
he PR-EoS. The variable U is defined as follows:

= �VSL

RTtp

[
C1

(
1 − Ttp

T

)
+ C2

(
Ttp

T
− 1 + ln

(
T

Ttp

))

+ C3

(
T

2Ttp
− 1 + Ttp

2T

)
+ Ttp

T
(P − Ptp)

]
(2)

In Eq. (2), the constants Ttp, Ptp (see Table 6), �VSL, C1, C2
nd C3 correspond to the pure heavy component (component 2,
.e., n-eicosane). �VSL is the solid–liquid molar volume difference
�solid − �liquid) for pure n-eicosane. Constants C1, C2 and C3 char-
cterize the pure heavy component solid–liquid equilibrium curve
melting curve). R is the universal gas constant. We obtained Eq.
2) by extending a derivation available in Ref. [23] to the case of
solid–liquid heat capacity difference set as a linear function of

emperature.
We obtained the parameters C1, C2 and C3 for n-eicosane by

egression of the pure n-eicosane solid–fluid equilibrium experi-
ental data from Ref. [20]. Table 8 reports the resulting values for

1, C2 and C3.
The systems of equations for calculating phase equilibria arise

rom imposing the equality of component fugacities in all phases,
s well as the uniformity of temperature and pressure throughout
he heterogeneous system.

.1. Parameterization of the PR-EoS

To describe the fluid phase behavior of the systems studied, first
e fitted the PR-EoS [21] interaction parameters kij (attractive) and

ij (repulsive) by reproducing our experimental fluid–fluid equilib-
ium data. For the system C3H8 + n-C20H42, we fitted our bubble
ressure data; and for the system CO2 + n-C20H42, our fluid–fluid
quilibrium data. We used the SPECS [24] software package for fit-
ing the parameters. The properties of the pure substances used in
he present work are presented in Table 6. Only Tcrit, Pcrit and ω
ppear in the PR-EoS. Table 7 reports the optimum kij and lij values
e found.

.2. Modeling results
By imposing equal fugacities for the pure solid and the pure
iquid in Eq. (1), it is possible to obtain an expression for the
olid–liquid saturation pressure P as a function of temperature T
nd of constants C1, C2 and C3. Fig. 5 shows the ability of Eq. (1)
used with Table 8 parameter values) to reproduce the pure n-

able 7
inary interaction parameters for the PR-EoS (this work).

ystem kij lij Source of experimental data

3H8 + n-eicosane 0.0485 −0.0386 This work
O2 + n-eicosane 0.0933 0.0054 This work
C1 (bar) −11,688.9617
C2 (bar) 34,047.5683
C3 (bar) −70,535.1757

eicosane solid–liquid equilibrium curve, in a wide pressure range,
by comparison with experimental melting line data from Ref.
[20].

The value of �VSL does not affect the pure heavy compound
melting curve at set values of C1, C2 and C3. Therefore we can use
parameter �VSL as a degree of freedom to obtain the best possible
reproduction of solid–fluid equilibrium data. This is the approach
we adopted in this work.

We intended to correlate our solid–fluid experimental data for
the C3H8 + n-C20H42 system by using a unique value for �VSL and
found that the model performance was not satisfactory enough.
We were able, however, to correlate individual isoplethic data sets.
Table 9 reports the resulting �VSL values for C3H8 + n-C20H42. Fig. 4
shows our calculated and experimental solid–fluid equilibrium iso-
pleths for the system propane + n-eicosane. We observe a good level
of agreement, which we obtained at the expense of not having a sin-
gle value for the �VSL parameter for this system. Fig. 4 also presents
a line labeled as SLV. It is the solid–liquid–vapor equilibrium line,
calculated with the model using �VSL = −0.0244054587 m3/kmol.
This is Table 9 average value for �VSL of propane + n-eicosane. As
Table 9
�VSL values for Eq. (2).

System Heavy component mole fraction �VSL (m3/kmol)

C3H8 + n-eicosane 0.113130 −0.0180999869
0.134356 −0.0190606549
0.159166 −0.0204406020
0.222115 −0.0243716919
0.354909 −0.0300064985
0.499417 −0.0344533180
0.595405 −0.0422779461
0.747668 −0.0545822546

CO2 + n-eicosane All −0.0725476936
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Fig. 6. Isopleth for the system C3H8 + C20H42 at 0.595405 C20H42 fluid phase mole
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Fig. 8. PT projection for the system carbon dioxide + n-eicosane. (*) Experimental
LLV equilibrium data (this work). Lines: model. (—) SLL equilibrium; (- - -) SLV equi-
librium (from quadruple point to low temperature); (· · ·) SLV (from quadruple point
to triple point of C20H42); (- · - · -) LLV equilibrium (from quadruple point to critical
raction. Filled triangles: experimental solid–fluid equilibrium data (this work).
mpty triangles: experimental bubble point data (this work). Lines: model. (- - -)
ubble line; thin solid line: Dew line; thick solid line: solid–liquid equilibrium; (· · ·)
olid–vapor equilibrium.

Fig. 6 shows the isopleth at 0.595405 C20H42 mole fraction
n the fluid phase for the system C3H8 + C20H42. The lines cor-
espond to the model and the markers to our experimental
ata. The model gives a phase envelope made of a low-pressure
olid–vapor segment, followed by a dew point segment, a bub-
le point segment and a solid–liquid line. We observe a good
greement with our experimental data. Notice that the solid–vapor
egment is visible because of the log scale for pressure. The inset
n Fig. 6 has a linear pressure scale. We obtained all PR-EoS fluid
hase equilibrium modeling results using the computer program
PEC [25,26].

For the CO2 + n-C20H42 system we obtained a single value for
VSL by forcing the model to give a quadruple point (Q-point)
t a temperature equal to the experimental Q-point temperature
eported in Ref. [8]. Table 9 reports the only �VSL value we used
n this work for CO2 + n-C20H42. It produces a SLL line (Fig. 7) less
teep than the line that could be obtained directly from our exper-
mental data (Fig. 2). Fig. 7 shows two SLV lines and a SLL line, all

ig. 7. PT projection of LLV, SLV and SLL equilibria for the system carbon dioxide + n-
icosane. Experimental data: (�) SLL equilibrium (this work); (�) SLV equilibrium
Huie et al. [8]); (*) LLV (this work); Q: quadruple point [8]. We also present the
emperature experimental error bars for the SLL equilibrium. Lines: model. (—) SLL
quilibrium; (- - -) SLV equilibrium (from quadruple point to low temperature); (· · ·)
LV (from quadruple point to triple point of C20H42); (- · - · -) LLV equilibrium (from
uadruple point to critical end point).
end point); (- · · - · · -) vapor pressure of pure CO2; ( ) critical line (from CO2

critical point, to critical end point).

of them calculated with the present model and parameters from
Tables 6–9. It also shows our calculated LLV line. All four lines meet
at the Q-point. Fig. 7 also presents our SLL and LLV experimental
data together with the SLV experimental data of Huie et al. [8],
which agree well with our model predictions. This is also the case
for our LLV experimental data. Fig. 8 shows the same model results
than Fig. 7, but in a narrower pressure range. It also presents the cal-
culated vapor–liquid critical line and vapor–liquid saturation curve
for pure CO2. Notice that the CO2 vapor pressure line and the LLV
equilibrium lines are very close, as it was expected for this kind of
systems [7]. Figs. 7 and 8 provide a fairly complete behavior map for
the carbon dioxide + n-eicosane system at temperatures relatively
close to the critical temperature of pure CO2. Only one line, out of
the four three-phase lines that meet at the Q point in Fig. 7, exists in
a temperature range such that temperature is less that the Q tem-
perature. This is similar to the case presented on page 56 of Ref.
[3].

In Fig. 9 we present the temperature–composition projection
that our model gives for the system carbon dioxide + n-eicosane,
at conditions of three-phase equilibria, when one of the phases
is solid n-eicosane. We label the phases at SLV equilibrium
corresponding to the SLV line that extends from the quadru-
ple point (Q) to the pure n-eicosane triple point as follows:
V-LPHT (low-pressure/high-temperature vapor), L-LPHT (low-
pressure/high-temperature liquid) and S (pure solid). For the phases
at SLV equilibrium of the SLV line that stems from the quadru-
ple point (Q) and extends towards lower temperatures, our labels
are the following: V-LPLT (low-pressure/low-temperature vapor),
L-LPLT (low-pressure/low-temperature liquid), and S (pure solid).
For the SLL equilibrium line our labels are: L1 for the light liquid,
L2 for the heavy liquid, and again S for the pure solid. Notice that
the solid phases (S) are all located on the right end of Fig. 9, i.e., at
a heavy component mole fraction equal to unity (pure compound).
Fig. 9 indicates that at the Q-point the following transitions occur:
vapor V-LPLT becomes vapor V-LPHT, liquid L-LPLT becomes liq-
uid L1 and liquid L-LPHT becomes L2. On the other hand, lines

V-LPHT, L-LPHT and S meet at the pure n-eicosane triple point. The
maximum temperature in Fig. 9 (350 K) corresponds to 2400 bar
approximately.
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Fig. 9. Temperature–composition diagram for the system carbon dioxide + n-
eicosane at conditions of three-phase equilibria. Lines: model. The phases at SLL
equilibrium are: liquid 1 (L1), liquid 2 (L2) and pure solid (S). The phases at the SLV
equilibrium that goes from the quadruple point (Q) to the n-eicosane triple point are:
low-pressure/high-temperature vapor (V-LPHT), low-pressure/high-temperature
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Fig. 11. Pressure–composition diagram of the system carbon dioxide + n-eicosane.

the same information than Fig. 12 plus our SLE experimental data at
0.00477 C20H42 mole fraction. Fig. 9 shows that at this last concen-
tration value only the V-LPHT vapor line is intersected. Therefore,
within the universe of the model, a solid–vapor segment exists for
iquid (L-LPHT), and pure solid (S). The three phases at the SLV equilibrium that starts
t Q and goes to low temperature are: low-pressure/low-temperature vapor (V-
PLT), low-pressure/low-temperature liquid (L-LPLT), and pure solid (S). The vertical
ashed lines correspond to isopleths discussed in Figs. 12 and 13.

Fig. 10 shows the pressure–composition projection of the SLL
nd SLV equilibria for the system carbon dioxide + n-eicosane. In
his plot, as in Fig. 9, it is also possible to observe, at the quadruple
oint, the continuous nature of the liquid lines and of the vapor

ines. It is clear too that the LPHT lines and the S line meet at
point having unity n-eicosane mole fraction. This point has a

ressure value which corresponds to the triple point pressure that
he heavy component has within the universe of the model (see
able 6).

Fig. 11 is similar to Fig. 10. The difference is in the nature (lin-
ar/log) of the scale for the mole fraction axis. Fig. 11 also includes
he experimental data [8] for the liquid phase composition corre-
ponding to the SLV line which develops between the quadruple
oint (Q) and the pure n-eicosane triple point. There is a good
greement here between the model and the experimental data.
Diagrams such as Fig. 9 are useful for calculating solid–fluid iso-
leths. Notice the vertical dashed line at 0.003142 C20H42 mole
raction. This line intersects twice the L1 phase of the SLL hyperline.
herefore, a pressure–temperature projection of the SL equilib-

ig. 10. Pressure–composition diagram for the system carbon dioxide + n-eicosane
t conditions of three-phase equilibria. Lines: model (labels as in Fig. 9).
This is similar to Fig. 10 but with a linear scale for the abscissa. This figure shows
a comparison between the model (lines) and the experimental data (�) from Huie
et al. [8], for the liquid phase at SLV equilibrium, for the SLV line which develops
between the quadruple point (Q) and the n-eicosane triple point.

rium isopleth at 0.003142 C20H42 mole fraction should intersect
twice the PT projection of the SLL line. This is verified in Fig. 12
which presents for the system carbon dioxide + n-eicosane the
calculated high-pressure segment of the Solid–fluid equilibrium
isopleth at 0.003142 C20H42 mole fraction, together with the cal-
culated three-phase equilibrium lines which we have included for
reference. Fig. 12 also presents, for comparison, our experimental
SLLE data and SLE data at 0.003142 C20H42 mole fraction. Fig. 9 also
shows an intersection between the vertical dashed line at 0.003142
C20H42 mole fraction and the V-LPHT vapor. This means that there
must exist, for the model, a solid–vapor segment for the 0.003142
C20H42 mole fraction isopleth, intersecting the low-pressure/high-
temperature SLV line. We visualize such segment in Fig. 13 thanks to
the log scale in the pressure axis. Notice that Fig. 13 presents mostly
Fig. 12. Pressure–temperature diagram for the system carbon dioxide + n-eicosane.
(- - -) Calculated high-pressure segment of the solid–fluid equilibrium isopleth at
0.003142 C20H42 mole fraction. The solid lines are the calculated three-phase equi-
librium lines and have been included for reference. Experimental data (this work):
(�) SLE at 0.003142 C20H42 mole fraction; (�) SLLE. See in Fig. 9 the vertical line at
0.003142 C20H42 mole fraction.
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Fig. 13. Pressure–temperature diagram for the system carbon dioxide + n-eicosane.
Calculated solid–vapor isopleths. (- - -) 0.003142 C20H42 mole fraction; (- · - · -)
0.004777 C20H42 mole fraction. The solid lines are the calculated three-phase equi-
librium lines and have been included for reference. Experimental data (this work):
(�) SLE at 0.003142 C20H42 mole fraction; (©) SLE at 0.004777 C20H42 mole frac-
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ion. See in Fig. 9 the vertical lines at 0.003142 and 0.004777 C20H42 mole fraction.
he calculated high-pressure segment of the solid–fluid equilibrium isopleth at
.003142 C20H42 mole fraction of Fig. 12 (- - -) is also shown here but this time using
logarithmic scale for pressure.

his isopleth (which we show in Fig. 13) but not a SL segment. This
s in disagreement with our experimental SLE data. Notice, how-
ver, that the vertical dashed line at 0.00477 C20H42 mole fraction,
s very close to the L1 line (Fig. 9). Thus, a slight change in the values
f the model parameters should give the right qualitative behavior
t 0.00477 C20H42 mole fraction. The reader should bear in mind
hat the only experimental information involving a solid phase that
e considered to set the �VSL value was the Q-point temperature

or the system carbon dioxide + n-eicosane.

Fig. 13 shows only the solid–fluid segments of the 0.003142

20H42 mole fraction isopleth. Fig. 14 completes such information
y showing also the calculated fluid–fluid portions for such iso-
leth. The linear scale of the pressure axis makes the visualization
f the solid–vapor segment impossible (such segment has already

ig. 14. Pressure–temperature projection of the isopleth at 0.003142 C20H42

uid phase mole fraction for the system CO2 + C20H42. Filled triangles: experi-
ental solid–fluid equilibrium data (this work); empty triangles: experimental

iquid–liquid equilibrium data (this work). Lines: model. (- - -) Dew line or
iquid–liquid (LL) line; (—) solid–fluid equilibrium line (SF).
critical Fluids 50 (2009) 193–202

been shown in Fig. 13). Fig. 14 also presents our experimental SL and
LL data for this isopleth. We observe, for the model, a dew line which
has a continuous transition to a liquid–liquid line, which meets a
SL line. This last line meets another LL line at higher pressure.

Notice that both, Figs. 6 and 14, show an acceptable agreement
between the PR-EoS and the fluid–fluid equilibrium experimental
data that we obtained in this work.

4. Summary, discussion and conclusions

In this work, we report phase equilibrium data that we mea-
sured for the asymmetric systems carbon dioxide + n-eicosane and
propane + n-eicosane.

For the system carbon dioxide + n-eicosane, we obtained: [a]
liquid–liquid (LL) equilibrium data (T range: 303.15–333.45 K,
P range: 71.6–169.2 bar, liquid phase n-eicosane mole fraction
(xC20) range: from 0.001571 to 0.004777); [b] SL data (T range:
299.45–301.55 K, P range: 81.1–140.9 bar, liquid phase xC20 range:
from 0.003142 to 0.004777); and [c] solid–liquid–liquid (SLL) equi-
librium experimental data (T range: 300.05–302.95 K, P range:
71.2–250 bar). We also obtained some liquid–liquid–vapor (LLV)
equilibrium experimental data for system carbon dioxide + n-
eicosane (T range: 300.85–305.25 K, P range: 67.4–76 bar). We
found a good agreement among our data and the SLV and LLV data
from Huie et al. [8].

For the system propane + n-eicosane, we measured: [a]
liquid–vapor (LV) isopleths in the temperature (T) range from
288.55 K to 333.45 K (pressure (P) range: from 8.4 to 21.9 bar, liq-
uid phase n-eicosane mole fraction (xC20) range: from 0.009816
to 0.747668), and, [b] solid–liquid (SL) transitions at constant
composition (SL isopleths) in the T range from 287.05 K to
307.25 K (P range: 10.3–22.5 bar, liquid phase xC20 range: from
0.113130 to 0.747668). From such information we estimated the
solid–liquid–vapor (SLV) locus, whose shape is the expected one.

We have also attempted to model the fluid phase equilibrium
(FPE), the solid–fluid equilibrium (SFE) and the solid–fluid–fluid
equilibrium (SFFE) for both systems. We used the Peng–Robinson
Equation of State for the fluid phases and Eq. (1) for describing
the fugacity of pure solid n-eicosane. The distinguishing feature of
the present approach is the close attention to the reproduction of
the pure heavy component solid–liquid equilibrium (melting) line
[27,28].

With regard to the parameter values of the model, we first dealt
with fluid–fluid equilibrium (FFE) and then with equilibria involv-
ing one or more fluid phases and a solid phase. We carried out
the second step by searching for optimum values for variable �VSL.
This is the solid–liquid molar volume difference for the pure heavy
component (n-eicosane). In the present approach, the pure heavy
compound melting line is invariant with respect to the �VSL value
at set values of C1, C2 and C3. �VSL should have a unique value,
since it should be a constant for n-eicosane. We have however found
that we needed to use varying �VSL values for correlating different
isoplethic sets of SL data for the system propane + n-eicosane. On
the other hand, for carbon dioxide + n-eicosane, a single value for
�VSL was enough to provide a quite acceptable performance for
the model. However, the �VSL value regressed from CO2 + C20 data
does not fall within the range of values corresponding to the system
C3 + C20.

These limitations could be overcome in different ways. One pos-
sibility would be to fit all parameters simultaneously using the
fluid–fluid and the solid–fluid experimental information together.

Another possibility is to use more flexible mixing rules within the
equation of state adopted for representing the fluid phases. We
stress that what we have proposed in this work should be seen as a
modeling approach, rather than as a specific model, for solid–fluid
equilibria computations.
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The model predicts a SLV locus with the proper shape for the sys-
em propane + n-eicosane. The model also describes properly the
hapes of the SLL line and of the higher temperature SLV line of sys-
em CO2 + C20. It also reproduces well the liquid phase composition
t SLV equilibrium for the system CO2 + C20. Therefore, we con-
lude that the model is basically able to grasp the complex observed
ehavior for the systems here studied. The richness of such behav-

or, which we obtained from coupling the Peng–Robinson (PR)-EoS
ith Eq. (1), may seem surprising to some readers, in view of

he relative simplicity of Eq. (1) and of the PVTx relationship
hat defines de the PR-EoS. However, the simpler van der Waals
vdW) EoS already generates a wide variety of phase diagrams,
s clearly shown by van Konynenburg and Scott, who “generated
he first, nearly comprehensive classification of fluid phase equilib-
ia” [29]. In other words, if a vdW-like EoS, such as the PR-EoS,
an generate a widely varying behavior for fluid systems, then,
he combination of such EoS with an equation for representing
he fugacity of solids, e.g., Eq. (1), must produce a much greater
umber of patterns for the phase equilibria involving fluid and
olid phases. However, such patterns may be difficult to obtain,
ue to the highly non-linear behavior of curves such as those in
ig. 9. The calculation methods of choice for tackling this prob-
em are of the numerical continuation type [30], which are also
amed curve-tracking and/or path-following and/or tracing meth-
ds.

In situ wax formation can seriously hinder the process of recov-
ring reservoir fluids (RFs). These are multicomponent mixtures
ith methane as the prevalent component. The presence of car-

on dioxide, ethane and propane can also be considerable in RFs,
.g., in gas condensates and volatile oils [33]. Since carbon dioxide
njection is used for enhanced oil recovery [34], the CO2 concen-
ration may become significantly greater than the natural RF CO2
oncentration. Thus, wax formation in (multicomponent) reservoir
uids can be influenced, among other components, by propane and
arbon dioxide. The experimental data obtained in this work con-
ribute to the knowledge of the macroscopic manifestations of the
nteractions between propane or carbon dioxide and the wax-like
omponent eicosane, under fluid–fluid and solid–fluid equilib-
ium conditions. Such binary data can be used to fit parameters
or models developed to describe the multicomponent equilib-
ia found in reservoir fluids. This is because conventional models
ypically rely on binary parameters for predicting the proper-
ies of multicomponent systems. Besides, the experimental data
btained in the present work could also be helpful in the devel-
pment of models to be used in the simulation of supercritical
ynthetic-wax fractionation processes [35]. Progress in the model-
ng of the phase equilibria of multicomponent asymmetric systems
equires a good understanding of the behavior of models over
ide ranges of conditions for binary systems. This can be achieved

y the application of systematic methods for generating both,
inary global phase equilibrium diagrams involving fluid and solid
hases, and, subsequently, binary phase diagrams at constant
emperature/pressure/composition. This is the approach we used
n this work, and the one we recommend to readers interested
n studying the properties of complex highly asymmetric mix-
ures.
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Appendix A. Estimation of uncertainty levels for
experimental concentrations of carbon dioxide, propane
and n-eicosane

The weight fractions (wC20H42 and wlight), and mole fractions
(xC20H42 and xlight), of the heavy (C20H42) and light (CO2 or C3H8)
components are given by the following equations:

wC20H42 = mC20H42

mC20H42 + mlight
(A.1)

wlight = mlight

mC20H42 + mlight
(A.2)

xC20H42 = mC20H42 /MWC20H42

(mC20H42 /MWC20H42 ) + (mlight/MWlight)
(A.3)

xlight = mlight/MWlight

(mC20H42 /MWC20H42 ) + (mlight/MWlight)
(A.4)

In the above equations mC20H42 and mlight are, respectively, the
masses of n-eicosane and light component (CO2 or C3H8) loaded
into de equilibrium cell, while MWC20H42 and MWlight stand for the
corresponding molecular masses. The mass of C20H42 (mC20H42 ) is
directly measured by using a precision balance, with an estimated
uncertainty of ±0.0001 g (�mC20H42

= 0.0001 g). The mass of the
light compound (CO2 or C3H8) loaded into the cell is calculated
from the following equation:

mlight = �light(V
0
light − VF

light) (A.5)

In Eq. (A.5) V0
light

is the total volume of light component stored
within the syringe pump [under controlled temperature (Tpump)
and pressure (Ppump) conditions] before loading the cell with such
component. On the other hand, VF

light
is the total volume of light

component remaining in the syringe pump, after completion of
the light component loading process. The temperature and pres-
sure conditions at which VF

light
is measured are the same than for

V0
light

. In this work, Tpump and Ppump were 280.15 K and 150 bar, for
Carbon dioxide, and 278.15 K and 50 bar for propane. The uncer-
tainty in the measured values of Tpump and Ppump were estimated to
be ±0.5 K (�Tpump = 0.5 K) and ±2.59 bar (�Ppump = 2.59 bar), respec-
tively. �light is the density of the light component at Tpump and Ppump.
Tpump and Ppump have values that guarantee a single phase for the
light component stored in the syringe pump. For both pure com-
pounds, we obtained �light from the NIST Chemistry WebBook [31].
The experimental uncertainty in V0

light
and/or VF

light
is estimated to

be ±0.01 ml (�V0
light

= �VF
light

= 0.01 ml). From Eqs. (A.1) to (A.5), it is

clear that the variables wC20H42 , wlight , xC20H42 and xlight are functions
of the (directly measured) independent variables mC20H42 , V0

light
,

VF
light

, Tpump and Ppump. From standard propagation of error analysis
[32], we write:

�zi
=

∣∣∣∣ ∂zi

∂mC20H42

∣∣∣∣�mC20H42
+

∣∣∣∣∣
∂zi

∂V0
light

∣∣∣∣∣�V0
light

+
∣∣∣∣∣

∂zi

∂VF
light

∣∣∣∣∣�VF
light

+
∣∣∣∣ ∂zi

∂Tpump

∣∣∣∣�Tpump +
∣∣∣∣ ∂zi

∂Ppump

∣∣∣∣�Ppump (A.6)

In Eq. (A.6) �zi
is the estimated uncertainty in the dependent
variable zi, which represents any of the variables wC20H42 , wlight ,
xC20H42 and xlight. Symbols �mC20H42

, �V0
light

, �VF
light

, �Tpump and �Ppump

represent the estimated uncertainties in the independent variables.
The partial derivatives in Eq. (A.6) are obtained analytically for the
case of the first three terms of the right hand side of Eq. (A.6). The
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erivatives with respect to Tpump and Ppump are computed as follows:

∂zi

∂Tpump
= ∂zi

∂mlight

∂mlight

∂Tpump
= ∂zi

∂mlight

[
(V0

light − VF
light)

∂�light

∂Tpump

]
(A.7)

∂zi

∂Ppump
= ∂zi

∂mlight

∂mlight

∂Ppump
= ∂zi

∂mlight

[
(V0

light − VF
light)

∂�light

∂Ppump

]
(A.8)

The partial derivative ∂zi/∂mlight is obtained analytically. On the
ther hand, the partial derivatives ∂�light/∂Tpump and ∂�light/∂Ppump

re computed numerically from information on densities for CO2
or for C3H8) in narrow enough ranges of temperature and pressure,
entered at the point (Tpump, Ppump). We obtained density values
or CO2 and/or C3H8 from the NIST Chemistry WebBook [31]. The
alues we used for the estimated uncertainties of the directly mea-
ured variables are �mC20H42

= 0.0001 g, �V0
light

= 0.01 ml, �VF
light

=
.01 ml, �Tpump = 0.5 K and �Ppump = 2.59 bar. Notice that �zi

is an
bsolute uncertainty. The relative percent uncertainty is calculated
s (100�zi

/zi). Although we computed the percent uncertainty in
C20H42 , wlight , xC20H42 and xlight for every experimental point, we
nly report, in the main text, the maximum and average values.
inally, notice that in the present propagation of error analysis we
ave assumed that the uncertainties in the molecular masses of the
omponents have negligible effects on the uncertainties of variables
C20H42 , wlight , xC20H42 and xlight.
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