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ABSTRACT: Mercury has been applied as a sealing and pressure transmission fluid in
many experimental phase equilibrium studies employing the synthetic visual method as
well as a moving piston in analytical isobaric and/or isothermal methods. However,
mercury is highly toxic and therefore its use is restricted by authorities such as those of
the European Union. A new apparatus employing nontoxic GaInSn liquid metal alloy as a
sealing, moving piston, and pressure transmission fluid for phase equilibrium
measurements with a nonvisual variable volume method is presented. The vapor
pressures of toluene, hexylbenzene, and 2-ethylnaphtalene are provided within the
applied temperature range of 400−620 K. New values for the parameters of the DIPPR
101 and Wagner equations, and PC-SAFT equation of state were regressed. The results
demonstrate that GaInSn can be used in phase equilibrium cells as a very convenient
substitute for mercury, especially at high temperatures.

■ INTRODUCTION

Accurate phase equilibrium data of pure compounds and
mixtures are essential in both chemical process design and
phase equilibrium model development and validation.1 Even
minor variations in the values of the physical properties may
lead to significant over- or underestimation of the sizes and
costs of the process equipment.2 Simple and rigorous
experimental methods, which require preferably minimum
volume of sample of often expensive chemicals, are required to
enable the production of this valuable phase equilibrium
information.
Dohrn et al.1 provided a comprehensive review summarizing

the currently available methods for high pressure phase
equilibrium measurements. The applied techniques can be
divided into analytical and synthetic methods based on the
technique how the compositions of the phases are determined.
Mercury has been often used as a sealing and pressure
transmission fluid in many experimental studies employing the
synthetic visual method such as Cailletet or autoclave
apparati3−6 as well as a moving piston in an analytical isobaric
and isothermal method.7 However, mercury is toxic and
therefore authorities, such as those of the European Union, are
restricting its use in many measurement devices.8 Variable
volume cells have been applied as an alternative to mercury.
Still, the poor suitability of the available piston sealing
materials for the combined severe conditions of high
temperatures and pressures, potentially aggressive chemicals,
and mechanical stress caused by the moving piston restricts the
applicable temperature range. Therefore, variable volume cells

have been applied typically below 600 K.9−12 Variable volume
cells with bellows can withstand very high temperatures clearly
above 600 K but have more difficult experimental procedures
when dealing with volumetric measurements.13

The gallium−indium−tin (GaInSn) eutectic liquid metal
alloy has been introduced as a nontoxic alternative for mercury
in thermometers14 and variety of other applications.15 In
addition to low toxicity, GaInSn has a low reactivity, is
insoluble in water, and is chemically compatible with a variety
of metals (except aluminum), glasses, and organic material,16,17

which makes it a potential substitute for mercury in phase
equilibrium cells. Furthermore, GaInSn has an extremely low
vapor pressure and high boiling point implicating that it could
be employed in phase equilibrium experiments at very high
temperatures as a leak proof replacement for a moving piston
(Table 1). A linear ln P−T−1 approximation to the data
presented in Table 1 indicates that the vapor pressure of
GaInSn remains below 1 Pa up to 1069 K.
The challenge with GaInSn is the fast oxidation of gallium,

which leads to the formation of a 1−2 nm passivating oxide
layer.15,23 Below 1 ppm of oxygen in the surrounding
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atmosphere, the oxidation is suppressed.20 Nonoxidized
GaInSn behaves like a nonwetting Newtonian fluid.23

However, the oxide layer easily adheres on solid surfaces
causing the oxidized GaInSn to wet, for example, glass.20 A
variety of methods has been suggested to prevent, reverse, or
minimize the adverse effects of oxidation and subsequent
wetting. The methods include operation in a hermetic
system,20 rejuvenation of the oxidized alloy with HCl solution
or vapor,17,23 electrochemical removal of the oxide layer,24

coating of the solid surface,25,26 employing a slip fluid such as
water or oil,27 modification of the surface texture of the solid,28

and impregnation of the surface of liquid metal with small solid
particles.29 In the experimental phase equilibrium techniques
employing a visual observation of phases, a method to
withstand wetting must be considered. In nonvisual methods,
the wetting is considered less detrimental.
This paper presents a new apparatus for phase equilibrium

measurements with a nonvisual variable volume method. The
apparatus was constructed to enable later simultaneous
determination of the phase equilibrium and volumetric data
above the applicable temperature range of the moving piston
variable volume cell devices. GaInSn is employed as a sealing,
moving piston, and pressure transmission fluid. The new
apparatus is validated by providing measured vapor pressures
for toluene in the temperature range of 400−590 K. The vapor
pressures of hexylbenzene and 2-ethylnaphtalene are provided
as completely new data within the applied temperature range
of 500−620 K. The maximum experimental temperatures were
selected based on the onset temperatures of thermal cracking
of decylbenzene and 2-methylnaphthalene.30 A comparison to
the available literature vapor pressure data is given. Finally,
new parameters for the DIPPR 10131 and Wagner32 vapor
pressure correlations and PC-SAFT equation of state33,34 were
regressed based on the new and literature vapor pressure data.

■ MATERIALS AND METHODS
Toluene, hexylbenzene, and 2-ethylnaphtalene were purchased
from Sigma-Aldrich. The components and the purities are

presented in Table 2. GaInSn was purchased also from Sigma-
Aldrich and had the composition of Ga68.5In21.5Sn10 in wt %.

The experiments were performed with a novel liquid metal
cell design, which can reach temperatures up to 673 K and
pressures up to 17.2 MPa. These limits are based on the
pressure rating of the valves and the maximum temperature of
the air bath used. The cell was made of stainless steel SAE 316.
The sample volume within the cell was approximately 2 mL.
The mixer inside the cell is achieved thanks to an externally
driven magnetic rod covered by titanium housing. The
relatively low density of titanium allows the mixer to float on
GaInSn. The cylindrical external mixing unit was made out of
brass with multiple powerful magnets over its length. The
design of the cell is presented in Figure 1.

The pressure was transmitted, and the sample volume was
adjusted with GaInSn. GaInSn was contained in a vessel, which
was connected to the equilibrium cell from the bottom and to
a Teledyne ISCO 260D syringe pump from the top. The
reported displacement resolution of ISCO was 16.6 nL. The
pump was filled with hydraulic oil. The pressure within the cell
was measured from the hydraulic oil with two UNIK 5000
pressure transmitters. The first sensor had a calibrated
measurement range of 600 to 6000 kPa with the standard
uncertainty of 7 kPa. The second sensor had a calibrated range
of 50 to 600 kPa with the standard uncertainty of 2 kPa. The
calibration of the sensors was performed with a pressure
calibrator BEAMEX MC2-PE with a standard uncertainty of
0.4 kPa for the range of 50−600 and 1.1 kPa for the range of
600−6000 kPa. The changes in hydrostatic pressure of the
GaInSn and the hydraulic oil were taken into account by
renewing the calibration if the amount of GaInSn in the
experimental system was altered. The experimental setup is
presented in Figure 2. Nitrogen was applied in the pressure
calibrations and flushing of the cell.
To avert GaInSn from oxidizing, the liquid metal storage

with enough reserve for all the measurements was filled only
once in the beginning of the experimental series. GaInSn was

Table 1. Comparison of the Selected Properties of GaInSn
and Mercury

property unit GaInSn mercury18

melting point K 254 234.3
boiling point K >1573a 629.8
vapor pressure
293 K kPa 0.00016
473 K kPa 2.3
573 K kPa 32.8
773 K kPa <10−9a,b 820.5
density
293 K kg·m−3 6350c 13546
473 K kg·m−3 6210c 13112
viscosity
297 K mPa·s 2.11c 1.53
373 K mPa·s 1.53c 1.24
surface tension
301 K mN/m 534.6a 471.519

aFor the composition of Ga68.5In21.5Sn10 in wt %.20 bThe vapor
pressure of 1.3 × 10−10 kPa reported for gallium and indium at 792
and 700 K, respectively.21 cFor the composition of Ga67In20.5Sn12.5 in
wt %. Interpolated from the data available in the literature.22

Table 2. Chemicals

chemical CASRN
puritya

mass fraction source

toluene 108-88-3 0.9992 Sigma-Aldrich
hexylbenzene 1077-16-3 0.9978 Sigma-Aldrich
2-ethylnaphtalene 939-27-5 0.9984 Sigma-Aldrich
Ga68.5In21.5Sn10 alloy Sigma-Aldrich
aAnalysis method GC, HP-1 column, FID detector.

Figure 1. Design of the liquid metal cell.
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transferred from the chemical bottle into the nitrogen flushed
storage vessel with the help of a disposable glass syringe. The
tip of the syringe was submerged in the GaInSn during filling
and emptying to prevent contact with oxygen. After the syringe
transfer, GaInSn was hermetically sealed between the degassed
hydraulic oil and the valves. The valves between the cell and
the liquid metal storage were opened only after the empty cell
was flushed with nitrogen and vacuumed.
The cell was placed into an air bath. The temperature of the

cell was measured with the ALS CTR-2000 unit with two
Pt100 sensors with the standard uncertainties of 0.03 K for the
temperatures below 500 and 0.05 K for the temperatures above
500 K. The calibration was performed by MIKES, the National
Metrology Institute of Finland. The sensors were mounted on
the external surface of the cell on both ends to confirm that no
temperature gradient exists over the cell. Heat bridges were
minimized using insulating materials in the cell support
structures within the air bath. During the measurements, the
temperature of the cell was let to equilibrate until the two
sensors were in agreement. The temperature change during
sample compression was found to transmit within a few
seconds with the precision of 0.02 K. The standard uncertainty
of the temperature gradient between the sample and the
surface of the cell was estimated based on the deviation in the
validation measurements between the measured and predicted
toluene vapor pressures. The uncertainty was found to be 0.37
K.
The sample was degassed prior to vapor pressure measure-

ments by utilizing an ultrasonic bath and a vacuum pump. The
sample was transferred into the cold evacuated cell with the
help of its own vapor pressure by connecting the sample flask
to the sample feed point, vacuuming the air contaminated lines
and opening the valves between the cell and the flask. The
transfer was continued until the cell was full. The GaInSn level
was adjusted to approximately the middle of the cell prior to
the evacuation and transfer. In the vapor pressure measure-
ments, the transferred mass was not recorded, but the cell was
removable from the couplings marked in Figure 2 for
gravimetric sample amount determination. To determine the

mass of the transferred sample, first the GaInSn level is
adjusted and the cell is vacuumed as above. Second, the cell is
detached from the couplings and weighed as empty. The
opened liquid metal line is flushed with nitrogen with the help
of vacuum and the GaInSn waste collection vessel marked in
Figure 2 as the demister. Third, the cell is attached back to the
sample transfer line and the lines are vacuumed again followed
by the sample transfer as above. Fourth, the sample transfer
line is emptied with the help of heat and vacuum, the cell is
detached and weighed as full. Finally, the cell is attached back
to the apparatus, and the liquid metal side t-piece with the
coupling is vacuumed through the demister. Last, the liquid
metal line is pressurized with GaInSn from the liquid metal
storage vessel. The weighing procedure was tested with a
Mettler Toledo XP2004S mass comparator with an uncertainty
of 0.0003 g.
The primary method of measurement was the direct

pressure measurement of a sample which had both liquid
and vapor phases present. In this method, the sample was first
compressed to the liquid state with the help of the syringe
pump, hydraulic oil, and GaInSn. The disappearance of the
vapor phase was easily seen from a sudden change in the dP/
dV curve and a very steep increase of pressure while the sample
was compressed with a constant low flow rate. After this, the
volume of the cell was adjusted to a volume approximately 0.2
mL larger than the volume of the liquid to enable the presence
of vapor phase and the syringe pump was stopped. The vapor
pressure was recorded from a stagnant system. Then, the
sample space was reduced by approximately 0.05 mL, the
pump was stopped, and the pressure was recorded again. This
was done to check that the result remained unchanged
ensuring that the pressure was transmitted from the cell to the
pressure transmitter without a hindrance.
In addition to the primary method, the selected measure-

ments were done with a bubble point method. In this method,
the cell was first pressurized above the expected vapor pressure
of the sample by compressing the sample as above. Then,
GaInSn was withdrawn from the cell with a constant low flow
rate. A clear change in the slope of the dP/dV curve was

Figure 2. Experimental setup. (PI-1) UNIK 5000 50−600 kPa, (PI-2) UNIK 5000 600−6000 kPa, (PI-3) BEAMEX MC2-PE 0−6000 kPa,
couplings for detaching the cell (●), liquid metal (blue), sample transfer lines (red), hydraulic oil (green).
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detected at the bubble point. The vapor pressure was recorded
from the turning point. In the second method, GaInSn was
moving during the measurement and therefore a very low flow
rate was used to avoid bias due to pressure drop in the lines
between the cell and the pressure transmitter. The changes in
the hydrostatic pressure by the changing GaInSn level in the
liquid metal cell were compensated by recording the changes
of the volume with the help of the syringe pump and correcting
the recorded pressure. The thermal expansion of GaInSn was
taken into account based on the density data presented by
Plevachuk et al.22 It should be noted that when the critical
point is approached, the molar volumes of the coexisting
phases merge, and therefore the bubble point method is not
applicable close to the critical point.
The models employed and compared in this work were

DIPPR 10131 (eq 1), Wagner32 (eq 2) vapor pressure
correlations, and PC-SAFT equation of state.33,34 These
models were selected because the DIPPR 101 equation
parameters for all the studied components were available in
the literature,31 the Wagner equation is one of the most
accurate vapor pressure correlations available,35 and PC-SAFT
performs also extremely well in predicting vapor pressures of
pure liquids including benzene derivatives.33 The parameter
regression was performed with Aspen Plus software.36

P A
B
T

C T DTln ln E= + + +
(1)

P
T

A T B T C T

D T

ln
1

(1 ) (1 ) (1 )

(1 )

r
r

r r
1.5

r
3

r
6

= [ − + − + −

+ − ] (2)

■ RESULTS AND DISCUSSION
The data of the validation measurements performed with
toluene and the new vapor pressure data for hexylbenzene and
2-ethylnaphthalene are presented in Table 3. Table 3 presents
also the comparison of the experimental results to the DIPPR
101 equation with the literature parameters presented in Table
4. The new regressed parameters of the DIPPR 101 and
Wagner equations and PC-SAFT equation of state for
hexylbenzene and 2-ethylnaphthalene are provided in Table
5. The relative absolute average deviations (RAAD) of the
experimental data from the models are also given in Tables 4
and 5. For toluene, only the data presented in Table 3 were
used in the comparison. With hexylbenzene and 2-ethyl-
naphthalene, the comparison included both the new data
provided in this work and the data available in the
literature.18,31,37−41 The ln P−T−1 diagram in Figure 3 shows
a visual presentation of the validation measurements to the
calculated vapor pressures from the DIPPR 101 equation with
the literature coefficients. The ln P−T−1 diagram in Figure 4
provides a visual comparison of the new and literature data of
hexylbenzene and 2-ethylnaphthalene from 1 kPa to critical
pressures and the calculated vapor pressures from the Wagner
equation after the parameter regression.
The measured vapor pressures of toluene displayed an

excellent agreement with the literature data. The vapor
pressures of hexylbenzene and 2-ethylnaphthalene deviated
from the vapor pressures calculated from the DIPPR 101
equation employing the literature values for the coefficients by
3.1% and 5.4%, respectively. No experimental literature data
above the boiling point temperature was found for either of the

compounds, except the critical points measured by Nikitin and
co-workers.40,41 This may be the reason for the discrepancy
between the new data and values calculated from the DIPPR
101 correlation. To improve the accuracy, new values for the
coefficients were regressed by utilizing the new and literature
data. After the regression, better agreement with the DIPPR
101 equation was gained, 2.2% and 1.8%, respectively. As
expected, the Wagner equation gave the best fit with RAADs of
2.0% and 1.5%. PC-SAFT gave comparable results with the
vapor pressure correlations, for which the RAADs were 2.5%
and 1.5%, respectively. In addition to vapor pressures, the full

Table 3. Measured Vapor Pressures of Toluene,
Hexylbenzene, And 2-Ethylnaphthalene Accompanied by
the Relative Deviations of the Measured Vapor Pressures
from the DIPPR 101 Equation Employing the Literature
Parameters Listed in Table 4a

component T/K Pmeas/kPa Pmodel/kPa deviation (%)c

toluene 400.27 159 158 0.2
400.28 158 158 0.0
400.28 156 158 −1.2
450.50 491 492 −0.1
450.53b 492 492 0.0
499.28b 1170 1167 0.3
499.35 1163 1168 −0.5
500.67 1190 1193 −0.3
548.28b 2366 2376 −0.4
548.70 2394 2390 0.2
550.13 2429 2436 −0.3
585.78 3836 3803 0.9
588.53b 3967 3929 1.0
590.32b 4071 4012 1.5

hexylbenzene 499.53 101 102 −1.1
500.50b 104 104 −0.1
501.00b 107 105 1.2
533.11b 208 206 1.1
533.11 207 206 0.9
533.12b 207 206 0.5
550.42 288 284 1.4
551.13 289 287 0.7
551.14 290 287 0.9
566.00b 381 372 2.6
566.05b 381 372 2.6
597.08 624 609 2.5
598.90b 645 626 3.1
599.97 646 636 1.6

2-ethylnaphthalene 533.25 105 105 −0.5
533.60 106 106 −0.3
533.61b 107 106 1.0
566.12b 202 200 1.1
566.21 204 200 1.7
566.46b 202 201 0.3
600.59 366 361 1.2
600.68 366 362 1.1
600.79 368 362 1.4
619.74 491 487 0.8
620.13 493 490 0.8
620.18b 496 490 1.2

aStandard uncertainties: u(T) = 0.37 K, u(P<600 kPa) = 2 kPa,
u(P>600 kPa) = 7 kPa. bMeasured with the bubble point method
described in Materials and Methods chapter. cRelative deviation =
(Pmeas − Pmodel)/Pmodel.
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range of the density of liquid from the triple point to critical
temperature was used in PC-SAFT parameter regression.18 It
should be noted that after the regression, PC-SAFT was able to
predict the densities of these compounds with the RAADs of
3.2% and 2.6% excluding the temperatures close to the critical
temperature, for which the deviations were tens of percents.
These results demonstrate that GaInSn can be applied in

phase equilibrium cells as a substitute for mercury. Both
methods, the bubble point method and the simple pressure
measurement with both vapor and liquid phases present
yielded comparable results. The bubble point method can be
applied to measure bubble points of multicomponent systems
with the apparatus. However, it should be noted that GaInSn
was found to be rather tedious to work with due to two
reasons. First, GaInSn formed a slurry-like substance with
either the sample or the construction material of the cell,

clogging the pressure transfer line at the bottom of the cell.
This was likely caused by the shear forces of the floating mixer,
which allowed part of the sample to mix with GaInSn and
possibly also mechanically eroded due to the contact between
the mixer and the cell cylinder surface. The problem was
averted by discharging GaInSn from the cell and rinsing the
transfer line. The validation measurements with toluene
showed that the slurry formation did not bias the results
when rinsing was done often enough. However, in the
measurements of multicomponent systems, the issue should
be avoided by minimizing the shear forces between the liquid
metal and the sample with a different mixer design as suggested
in Figure 5. In the new design, the shaft is nonrotating and the
mixer is magnetically driven as in the original design. The
height of the mixer is adjusted to the upper half of the cell to
keep it above the level of liquid metal throughout the
measurement. In addition to the slurry formation issue,
GaInSn formed a gray coating on any surface it touched,
which was quite a nuisance for laboratory cleanliness. Wiping
caused spreading of the gray surface. Household dishwashing
liquid was a good counter for the coating and effectively
removed the formed layer. Morley et al.17 provide a helpful
introduction for the practical issues while working with liquid
metals.

Table 4. Coefficients for the DIPPR 101 Equation31 and the
Relative Absolute Average Deviations of the Measured
Vapor Pressures from the Model

component toluene hexylbenzene 2-ethylnaphthalene

DIPPR 101
A 76.945 89.03 114.75
B −6729.8 −10020 −11322
C −8.1790 −9.2577 −13.3110
D 5.3017 × 10−6 5.4537 × 10−18 5.7148 × 10−6

E 2 6 2
RAAD 0.5%a 3.1%b 5.4%c

aRAAD for the new data reported in this work. bRAAD for the new
and literature data.18,31,38,40 cRAAD for the new and literature
data.18,37,39,41

Table 5. Regressed Coefficients for the DIPPR 101 and
Wagner Equations and PC-SAFT Equation of State for
Hexylbenzene and 2-Ethylnaphthalene Accompanied by the
Relative Absolute Average Deviations of the Measured
Vapor Pressures from the Models after the Parameter
Regression

component hexylbenzene 2-ethylnaphthalene

DIPPR 101
A 108.37 116.92
B −10587 −11532
C −12.3901 −13.5893
D 5.3773 × 10−6 5.6029 × 10−6

E 2 2
RAAD 2.2%a 1.8%b

Wagner
Tc 695c 763c

Pc 2350c 2790c

A −9.6961 −6.7455
B 3.1968 −1.5980
C −7.0573 0.2137
D 1.3193 −9.0434
RAAD 2.0%a 1.5%b

PC-SAFT
m 4.2698 3.7024
σ (Å) 3.9217 3.9182
ε/k (K) 288.63 336.93
RAAD 2.5%a 1.5%b

aRAAD for the new and literature18,31,38,40 data. bRAAD for the new
and literature18,37,39,41 data. cAccording to the literature.40,41

Figure 3. The ln P−T−1 diagram for the measured vapor pressures of
toluene (●) and calculated values from the DIPPR 101 equation with
the coefficients represented in Table 4 ().

Figure 4. The ln P−T−1 diagram for the measured vapor pressures of
hexylbenzene (●) and 2-ethylnaphthalene (■) including selected
literature data of hexylbenzene (○, critical point in gray)18,31,38,40 and
2-ethylnaphthalene (□, critical point in gray)18,37,39,41 and calculated
values from the Wagner equation with the coefficients represented in
Table 5 ().
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■ CONCLUSIONS
Mercury is toxic and therefore authorities, such as the
European Union, are restricting its use in measurement
devices. In this work, nontoxic GaInSn liquid metal alloy was
applied as a substitute for mercury in a phase equilibrium cell
operated with the nonvisual variable volume method. Vapor
pressures were provided for toluene, hexylbenzene, and 2-
ethylnaphthalene in the temperature range of 400−620 K. To
our best knowledge, no experimental vapor pressure data for
hexylbenzene and 2-ethylnaphthalene were previously available
between the normal boiling points and critical points of these
compounds. New values for the parameters of the DIPPR 101
and Wagner equations, and PC-SAFT equation of state were
provided for hexylbenzene and 2-ethylnaphthalene. The results
demonstrated that mercury can be replaced with GaInSn liquid
metal in phase equilibrium cells.
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■ ABBREVIATIONS

A = parameter in the DIPPR 101 or Wagner equation
B = parameter in the DIPPR 101 or Wagner equation
C = parameter in the DIPPR 101 or Wagner equation
D = parameter in the DIPPR 101 or Wagner equation
E = parameter in the DIPPR 101 equation
RAAD = relative absolute average deviation
Pc = critical pressure
Pr = relative pressure Pr = P·Pc

−1

Tc = critical temperature
Tr = relative temperature Tr = T·Tc

−1

PC-SAFT = perturbed chain statistically associating fluid
theory
m = segment number parameter in PC-SAFT equation of
state
ε/k = segment energy parameter (K) in PC-SAFT equation
of state
σ = segment diameter parameter (Å) in PC-SAFT equation
of state
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