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Compressed Liquid Densities and Excess Molar Volumes of CO+ Hexan-1-ol
Mixtures from (313 to 363) K and Pressures up to 25 MPa

Abel Zufiga-Moreno, Luis A. Galicia-Luna,* Felix F. Betancourt-Cardenas, and Je$s M. Bernal-Garcia

Instituto Politenico Nacional, ESIQIE, Laboratorio de Termodimaa, Edif. Z, Secc. 6, ler Piso, UPALM Zacatenco,
CP 07738, Lindavista, Keco, D.F., M&ico

Compressed liquid densities of hexan-1-ol and o@D + hexan-1-ol (2) binary mixtures (at four different
compositionsx; = 0.1413, 0.2289, 0.3610, and 0.6673) have been measured from (313 to 363) K and pressures
up to 25 MPa. A vibrating-tube densimeter was used to measure the experimental densities. The densities of
hexan-1-ol were correlated with a short explicit volume equation and the Ben@détib—Rubin—Starling equation

of state (BWRS EO0S). Excess molar volumes were calculated using density values calculated with the BWRS
EoS and the SpariWagner EoS for hexan-1-ol and GOespectively.

Introduction are made. Experimental density data are correlated using a short
equation and the BWRS EdS.The range and temperature

Mixtures of CQ + alcohol are important in the chemical  neasyred here is directly related to the application of super-
and biochemical industries and, for different scientific reasons, wyitical fluid technology.

mostly connected to the development and testing of models to

predict the properties of associating fluids mixed with.CO  Experimental Section

Supercritical fluid technology is one of the potential applications ) .

of this type of mixtures. Some of the applications of these ~ Materials. Hexan-1-ol (GH140, 102.177 gmol™*, Chemical
mixtures are in reactiorischromatographic separatiohsnd ~ Abstracts Service Registry No. (CASRN) 111-27-3) was from
supercritical fluid extractiond.CO, is widely used to extract ~ Aldrich (USA) with a stated purity ok = 0.98. CQ (44.010
natural products from natural resources mainly because it is inert,9"'mol™*, CASRN 124-38-9) was research grade with a certified
cheap, and recyclable. However €ftequently is not capable ~ Volume fraction purity of 0.99995 from Air-Products Infra
of extracting polar substances of high molecular weight. (México). The reference fluids for the calibration of the
Therefore, liquid solvents are added to increase the solventVibrating-tube densimeter were water and nitrogen. Water HPLC
power of supercritical CE#4 Additionally, these mixtures have ~ grade was from Aldrich (USA) with a stated purity &f=
diffusivities and viscosities that are intermediate between those 0-9995. Nitrogen chromatographic grade with a certified volume
of supercritical fluids and regular liquids. Thus, phase equilibria fraction purity of 0.99998 was from Air-Products Infra {(Meo).

and thermophysical properties are of great significance in the Hexan-1-ol was stored ove 3 Amolecular sieve to avoid any
development of a new process. Fluid phase equilibria has beenMoisture. The purities of the hexan-1-ol samples were tested
previously reported for the system €@ hexan-1-0F~12 This using a gas c_:hromatograph (HP 5890 series Il) fitted with a
binary system exhibits type Ill phase beha¥dr (based on f|§lme ionization detector a_md a 0.9144 m 0.003175 m
the classification given by van Konynenburg and Séptt ~ diameter column packed with Chromosorb $6The purity
according to the measurements reported by Nickel and Schieider, after drying and distillation of hexan-1-ol was= 0.993. Liquid
Lam et al. Gurdial et al” Scheidger§, Elizalde-Solis et all compounds were degassed under vacuum and vigorous stirring
and Beier et al2 On the other hand, compressed liquid densities Pefore they were used.

for systems C@ + alcohol are scarce in the literature. The Apparatus and ProcedureThe apparatus and experimental

systems studied cover only mixtures containing meth&té?, procedure used in this work has been described previétidiy>
ethanoR221-propanof324and 2-propanot?>and no experi- The measuring cell consisted of a vibrating-tube (Hastelloy
mental data were found for the system £® hexan-1-ol. In C-276 U-tube) containing a sample of approximately £.cin
this work, densities of hexan-1-ol, and €& hexan-1-ol visual sapphire tube cell (with a maximum volume of 12%gm

mixtures are measured at temperature from (313 to 363) K andwas used to feed the measuring cell. The pressure measurements
pressures up to 25 MPa. Density measurements for the binarywere made directly in the equilibrium cell by means of a 25
mixtures were made in single liquid phase through the whole MPa Sedeme pressure transducer. The pressure transducer was
range of temperatures and pressures measured. Densities dhermoregulated at a specific value and calibrated periodically.
hexan-1-ol at high pressures have been measured previouslylhe temperature was measured by three platinum probes located
by Bridgmar?® Gylmanov et al?” Matsuo and Makit&® Uosaki at the top and bottom of the sapphire cell and the over inside
et al.2® Shakhverdiev et af® Garg et al3! and more recently ~ the vibrating tube densimeter (VTD). Temperature measure-
by Audonnet and Riua32 Comparisons with these literature ments were made in the ITS90 scale. The calibration of the
data and a published correlation for densities of hexar#l-ol vibrating-tube was performed using water and nitrogen as the
reference compounds. Density reference values of water and

* Corresponding author. E-mail: Igalicial@ipn.mx. Phone52 55-5729- nitrogen were obtained from the equations of Staf[e (EoS)
6000, ext 55133. Fax:+52 55-5586-2728. proposed by Wagner and Préfsand Span et af’ respectively.
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Table 1. Density p) for Hexan-1-ol at Six Temperatures

TK =313.14 T/K = 323.12 T/K = 333.01 TIK = 342.96 TIK = 352.86 T/K = 362.80
P/MPa plkg-m=3 P/MPa plkg-m—3 P/MPa plkg-m—3 P/MPa plkg'm=3 P/MPa plkg-m—3 P/MPa plkg-m—3
1.034 804.9 1.021 797.6 1.023 790.2 1.036 782.9 1.020 775.0 1.011 767.0
2.032 805.6 2.009 798.4 2.011 791.0 2.011 783.7 2.012 775.9 2.009 768.0
3.046 806.3 3.003 799.1 3.042 791.8 3.012 784.5 3.028 776.9 3.024 769.0
4.016 807.0 4.014 799.8 4.000 792.6 4.015 785.4 4.014 777.7 4.006 769.9
5.013 807.7 5.025 800.6 5.014 793.3 5.007 786.2 5.010 778.6 5.021 770.8
6.035 808.4 6.021 801.3 6.004 794.1 6.013 787.0 6.028 779.5 6.035 771.8
7.010 809.1 7.032 802.1 7.021 794.9 7.039 787.8 7.039 780.4 7.009 772.6
8.036 809.8 8.016 802.8 8.012 795.7 8.023 788.6 8.000 781.2 8.023 773.6
9.015 810.5 9.016 803.5 9.002 796.4 9.022 789.4 9.030 782.1 9.041 774.5
10.002 811.2 10.019 804.2 10.004 797.2 10.035 790.2 10.033 782.9 10.000 775.3
11.020 811.8 11.015 805.0 11.026 797.9 11.017 791.0 11.014 783.7 11.014 776.2
12.017 812.5 12.012 805.7 12.020 798.7 12.016 791.7 12.017 784.5 12.026 777.1
13.002 813.2 13.015 806.3 13.018 799.4 13.023 792.5 13.014 785.3 13.045 777.9
14.016 813.8 14.006 807.0 14.009 800.1 14.003 793.2 14.011 786.1 14.030 778.8
15.016 814.5 15.002 807.7 15.019 800.8 15.009 793.9 15.010 786.9 15.012 779.6
16.009 815.1 16.013 808.4 16.017 801.6 16.014 794.7 16.023 787.7 16.031 780.4
17.010 815.8 17.016 809.1 17.006 802.3 17.038 795.4 17.018 788.5 17.003 781.2
18.010 816.4 18.018 809.7 18.018 803.0 18.023 796.1 18.016 789.3 18.020 782.0
19.012 817.1 19.000 810.4 19.013 803.7 19.015 796.8 19.014 790.0 19.033 782.8
20.019 817.7 20.003 811.0 20.037 804.4 20.015 797.5 20.021 790.8 20.004 783.6
21.006 818.3 21.009 811.7 21.029 805.0 21.026 798.1 21.017 791.5 21.006 784.4
22.037 818.9 22.000 812.3 22.008 805.7 22.003 798.8 22.038 792.3 22.032 785.2
23.037 819.6 23.002 813.0 23.026 806.4 23.005 799.5 23.016 793.0 22.989 785.9
24.010 820.2 24.021 813.6 24.019 807.0 24.003 800.1 24.020 793.7 24.055 786.7
25.023 820.8 25.004 814.3 25.025 807.7 25.031 800.8 25.048 794.5 25.035 787.5

Details about the calibrating procedures of the platinum tem- wheren is the number of experimental data points, and the
perature probes, the pressure transducer, and the vibrating-tubsuperscripts exp and cal represent the experimental density and
densimeter have been given in previous pap&¥s3 The the value obtained from the model, respectively. The average
uncertainties of the experimental quantities presented in this absolute deviation (AAD), the mean deviation (bias), the
work are estimated to b&K = + 0.03, P/MPa = + 0.008, standard deviation (SDV), and the root mean square (RMS) are
and p/kg-m~3 = 4 0.2 for liquid density in the range of the used to evaluate the different correlations. These statistical
reported data, in a similar mode as preceding reported®®&ta.  values were used according to the definitions given in former
Loading of the Measurement CellA detailed procedure of  papers®41
loading the measurement cell has been presented in preceding
papers224 The samples with the desired compositions were Results and Discussion
prepared by successive loadings of a known Afasfshe pure
compounds in the sapphire feeding cell. The amounts of the
pure compounds were determined by weighting carried out with
an uncertainty of=10"" kg with a Sartorius comparator balance - oynerimental results are shown in Table 1 through Table 5. The
(MCA1200), which was periodically calibrated with a standard reported values of density were correlated using eq 1 and eq 2.

mass of 1 kg class E1. The resulting uncertainty for th4e mole The correlation of the mixture data was made at constant
fraction composition of the mixtures was lower thad0™*. composition for each set of data. Parameters along with

Theory.A short explicit volume equation of six parametérs  gtasistical values for the correlations of hexan-1-ol and the four
was used to correlate the densities reported herein. This equationjifterent compositions of the system €@ hexan-1-ol are

is expressed as follows: reported in Table 6. Relative deviations of experimental data

Densities were determined for hexan-1-ol and four different
compositions for the system G@- hexan-1-ol. Measurements
were carried out along six isotherms, from (1 to 25) MPa. The

d. + d.P (0®®) and values calculated with the two correlatiop&Y using
v = 1 21/2 (1) the adjusted parameters reported in Table 6 for hexan-1-ol are
dy — d,T+ds T+ dgP shown in Figure 1. The maximum deviations &6.03 % for

) N ) the six-parameter equation, and the standard deviation reported
wherev is the specific volume, and are adjustable parameters. iy Table 6 is 0.01 %. These values suggest that this equation
The BWRS EoS8'was also used to correlate the experimental yepresents the experimental data within the experimental

densities. This EoS can be written as uncertainty. Similar results were obtained for the BWRS EoS
B RT C T+ DT 4 as can be seen from Figure 1 and the standard deviation reported
p - RT (BRT=A = CJT"+ DJT" ~ EJT) in Table 6; therefore, both correlations are capable to represent
Vi, sz the experimental data within the experimental uncertainty.

2 2 To check for the consistency of the experimental densities
(bRT—a— dT) + o(@+dm) + c( + UViy) eXpCUVy) of hexan-1-ol, comparisons with published density data were
v 3 v e VT2 made. Comparisons with literature data and values calculated
) with the two correlations were performed in the same range of
temperature and pressure reported here; however, only relative
whereVy, is the molar volume. A Marquardi_evenberg least-  deviations of density data sets from literatup) and values
squares optimization procedé#é®is used to fit the parameters  calculated with the BWRS EoSp®) using the adjusted

in eq 1 and eq 2 using the following objective functi@, parameters reported in Table 6 are plotted in Figure 2. The
oo call2 maximum relative deviations observed were-@.3 %,40.05
i %, +0.55 %,£0.1 %, and+0.2 % for the data reported by
S= e 3) Gylmanov et al?” Matsuo and Makitd® Shakverdiev et af®
1= Pi Garg et al3! and Audonnet and Flaa? respectively. Similar
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Table 2. Density p) and Excess Molar Volumes ‘(/i) for CO; (1) + Hexan-1-ol (2)

P/MPa olkg-m~3 VE/cmB-mol1 P/MPa plkg-m~3 VE/cmB-mol-1 P/MPa plkg:m=3 VE/emB-mol-t
% = 0.1413
T/K =313.13 T/K = 323.10 T/K = 332.65

8.001 814.4 —15.3 8.003 806.8 —21.2 8.012 799.2 —24.9

9.030 815.2 —5.6 9.008 807.6 —14.6 9.010 800.1 —18.9
10.001 816.0 —-2.9 10.001 808.4 —-9.0 9.940 801.0 —14.2
11.001 816.7 2.1 11.000 809.2 —5.2 11.006 801.8 -9.9
12.003 817.5 -1.7 12.000 810.0 —-3.5 12.012 802.6 —-6.8
12.999 818.2 —-1.4 12.999 810.8 —2.7 12.998 803.5 —-4.9
13.988 818.9 -1.2 14.000 811.5 —2.2 14.006 804.3 —-3.8
15.000 819.6 -1.1 15.002 812.3 —-1.8 14.996 805.1 -3.0
15.998 820.4 -0.9 16.000 813.0 —-1.6 16.003 805.9 —-2.5
16.988 821.1 -0.8 16.997 813.7 —1.4 17.010 806.7 —-2.2
17.997 821.7 -0.7 18.008 814.5 —-1.2 18.025 807.5 -1.9
19.003 822.5 —-0.6 19.006 815.2 -1.1 19.008 808.2 -1.6
20.002 823.1 -0.6 20.026 816.0 -0.9 19.999 809.0 -15
20.995 823.8 -0.5 21.007 816.7 —-0.8 21.015 809.7 -1.3
22.009 824.5 —-0.4 22.022 817.4 —0.8 21.988 810.5 —-1.2
22.957 825.1 -0.4 23.003 818.1 -0.7 23.000 811.2 -1.0
24.000 825.8 -0.3 24.000 818.8 —0.6 24.025 812.0 -0.9

T/K = 342.99 T/IK = 352.87 T/IK = 362.75

8.000 791.4 —28.3 8.000 783.3 —-311 8.000 774.2 —33.4

9.011 792.3 —22.4 9.011 784.2 —-25.1 9.015 775.2 —27.4
10.009 793.2 —17.6 10.009 785.2 —20.4 10.008 776.3 —22.6
11.008 794.0 —13.7 11.002 786.1 —16.5 11.003 777.2 —18.8
12.009 794.9 —-10.5 12.012 787.0 —-13.3 12.009 778.2 —15.5
13.021 795.7 —8.0 13.023 788.0 —10.7 12.997 779.2 —12.9
14.029 796.6 —6.2 14.009 788.9 —-8.7 14.006 780.1 —10.7
15.034 797.4 —4.9 15.002 789.8 —-7.0 15.014 781.0 —-8.9
16.012 798.2 —4.0 16.008 790.6 —5.8 16.007 781.9 7.4
17.004 799.0 -3.4 17.006 7915 —-4.8 17.010 782.9 -6.3
18.009 799.8 —-2.9 18.009 792.4 —4.1 18.025 783.9 —5.3
19.012 800.5 —-2.5 18.999 793.2 —-3.5 19.041 784.7 —4.5
19.994 801.3 —-2.2 19.979 794.0 -3.1 20.017 785.6 —-4.0
21.005 802.1 -1.9 21.018 794.8 —2.7 21.025 786.5 —-3.5
22.011 802.9 -1.7 22.009 795.7 —2.4 22.013 787.3 -3.1
22.994 803.6 -1.5 23.005 796.5 —2.2 23.010 788.2 —2.7
24.019 804.3 -1.4 24.001 797.3 —-2.0 24.019 789.1 —2.4

results can be obtained for the six-parameter equation. Excellentmixture; Vim1 and V2 are the pure component molar volumes
agreement was observed with the data reported by Matsuo andat the measured temperature and pressure of the mixtre;
Makita?® The data reported by Garg et %lwere in good andW; are the molecular weights; ang andx, are the mole
agreement with the density values calculated with the BWRS fractions of CQ and hexan-1-ol, respectively. Densities of
EoS; for the remaining sets of data, the deviations were larger hexan-1-ol were calculated in the reported range of pressure
as it is depicted in Figure 2. and temperature by using the BWRS EoS with the adjusted
The extrapolation of densities at atmospheric pressure usingparameters reported in Table 6. The molar volumes of @&e
the BWRS EoS was also tested. Density values calculated atobtained using the equation of state proposed by Span and
atmospheric pressure for hexan-1-ol with the BWRS E89)( Wagner®® The uncertainty in the excess molar volumes is
are compared with published d#&t&' 428 (pl'). The relative  estimated to bet0.15 %, as previously reporté8 A typical
deviations aret0.1 % for all data as can be seen in Figure 3, pehavior of the excess molar volumes as function of pressure
having a better agreement with the data reported by Rodriguezfor this type of mixture is shown in Figure 5. The excess molar
et al.® Hoyuelos et al*/ and most of the data reported by yolumes become less negative as the pressure is increased at
Matsuo and Makit&? constant temperature; on the other hand, the excess molar
Comparison of our experimental data of hexan-1-ol with the yo|ymes become more negative as the temperature is increased
correlation reported by Cibulka and Ziko¥as illustrated in 4t constant pressure, as illustrated in Figure 5. Although only
Figure 4. The maximum deviations at®.01 % and-0.06 %, the composition at; = 0.2289 is depicted in Figure 5, the same

although to evaluate this comparison the RMSW’ behavior is obtained for all the compositions studied in this
RMSD/%, and bias/kgn—2 as defined by Cibulka and Ziko¥a

were calculated for our set of data. The results are as follows:

0.17 kgm~3, 0.02 %, and—0.13 kgm~3, respectively. The Treszczanowicz et &P. suggested thas, is the result of
RMSD and RMSD values are slightly higher than those different opposing effects, divided in chemical, physical, and
obtained for the data of Matsuo and MaRftand Garg et ai! structural contributions. Physical contributions, which are
(see ref 33). The good agreement with these two data sets ig'ONSpecific interactions between real species present in the
therefore confirmed. mixtures, contribute a positive term to5. The chemical
The excess volumes were calculated in the whole temperatureinteractions effects contribute to negative values/pf these
and pressure intervals according to the relation: interactions include dipotedipole interactions. The structural
contributions arise specially from interstitial accommodation;
VE = X Wi W, (Vg + %V, ) ) this effect contributes to negative values \df. Nickel and
m— mix 1Vm1 2Vm

Schneidetperformed near-infrared spectroscopic studies on the
phase behavior of hexan-1-ol in @GOrhese studies allowed
wherevﬁ is the molar excess volume™ is the density of the the determination of the alcohol concentration and of nonas-
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Table 3. Density p) and Excess Molar Volumes ‘(/E,) for CO; (1) + Hexan-1-ol (2)

P/MPa plkg-m~3 VE/cmB-mol? P/MPa plkgr m=3 VE/cmB-mol-? P/MPa plkg-m=3 VE/cmB-mol-?
X, = 0.2289
T/K =313.13 T/K = 323.09 T/K = 332.66
6.000 817.2 —56.2
7.000 818.0 —39.6
8.000 818.8 —25.0 8.001 810.9 —34.5 8.001 802.7 —40.6
9.007 819.7 -9.4 9.023 811.8 —23.7 9.021 803.7 —30.6
10.003 820.5 —-4.8 10.003 812.7 —-14.7 10.005 804.6 —22.7
11.000 821.3 —-3.6 11.001 813.5 —8.6 10.998 805.6 —16.2
12.000 822.1 —-2.9 12.000 814.4 —-5.9 12.010 806.5 —-11.3
13.000 822.9 —-25 12.993 815.2 —4.5 12.988 807.4 —8.2
14.000 823.7 -2.1 14.005 816.0 -3.7 14.031 808.2 —6.2
15.002 824.5 -1.9 15.003 816.9 -3.1 14.998 809.1 —5.1
15.997 825.2 1.7 15.998 817.7 —2.7 15.995 810.0 —4.2
17.001 826.0 —-15 17.001 818.5 —2.4 17.006 810.9 —3.6
18.004 826.8 -1.3 18.010 819.3 -2.1 18.026 811.7 —-3.2
19.000 827.5 -1.2 19.003 820.1 —-1.9 18.999 812.5 —-2.8
20.022 828.3 -1.1 20.023 820.9 —-1.7 19.994 813.3 —-2.5
20.989 829.0 -1.0 20.983 821.6 -1.6 21.009 814.1 —-2.3
22.004 829.7 -0.9 22.021 822.4 —-1.4 21.988 814.9 —2.1
23.004 830.4 -0.8 23.004 823.1 —-1.3 22.998 815.8 —-1.9
24.002 831.2 -0.7 24.003 824.0 —-1.2 24.033 816.6 —-1.7
T/K = 342.15 T/K = 352.88 T/K = 362.60
7.999 794.5 —455 7.999 785.4 —-50.4 7.999 775.8 —54.3
9.012 795.5 —35.8 9.001 786.5 —40.8 9.002 776.9 —44.5
10.003 796.5 —28.2 10.003 787.5 —-33.1 10.005 778.1 —36.8
10.998 797.4 —-21.9 11.003 788.6 —26.9 10.998 779.2 —-30.5
12.004 798.4 —16.7 12.008 789.6 —-21.7 12.004 780.3 —25.3
13.005 799.3 —-12.7 13.016 790.6 —-17.5 13.018 781.4 —20.9
14.031 800.2 —-9.8 14.015 791.6 —-14.1 14.013 782.4 —-17.4
15.032 801.2 —-7.8 14.991 792.6 —-11.5 15.005 783.5 —14.5
15.995 802.0 —6.4 16.001 793.6 —9.5 16.000 784.5 —-12.2
17.010 802.9 —-5.4 16.996 794.5 —-7.9 17.004 785.5 —-10.3
18.015 803.8 —-4.6 18.009 795.5 —6.7 18.020 786.5 —8.8
18.999 804.6 —-4.0 19.001 796.4 —-5.8 18.993 787.5 —7.6
19.994 805.5 -3.5 19.982 797.3 —-5.1 19.987 788.5 —6.6
21.000 806.3 -3.1 21.013 798.3 —4.5 21.029 789.5 —5.8
21.898 807.1 —-2.9 21.910 799.0 —4.1 21.917 790.3 —5.2
23.030 808.0 —-25 23.005 800.0 —3.6 22.966 791.3 —4.6
24.008 808.8 —-2.3 24.002 800.9 —-3.3 23.998 792.3 —4.2
Table 4. Density p) and Excess Molar Volumes ‘(/E,) for CO; (1) + Hexan-1-ol (2)
P/MPa plkg-m3 VE/cre-mol P/MPa olkgr m=3 VE/eme-mol- P/MPa plkg-m~3 VE/erme-mol-
x; = 0.3610
T/K = 313.09 T/K = 323.02 T/K = 332.95
8.000 825.3 —39.3 8.000 816.1 —54.2 8.000 806.7 —64.1
9.000 826.3 —14.8 9.000 817.0 —37.4 9.000 807.6 —48.8
10.001 827.3 —7.6 10.001 818.1 —-23.1 10.001 808.8 —36.1
11.000 828.3 —-5.6 11.000 819.1 —-13.4 11.000 809.9 —25.8
12.000 829.2 —-4.6 12.000 820.1 —-9.1 12.000 811.0 —18.0
13.000 830.2 -3.9 13.000 821.1 -7.0 13.000 812.1 —-13.0
14.001 831.0 —-3.3 14.001 822.1 —5.7 14.001 813.1 —9.9
15.000 832.0 =29 15.000 823.1 —4.9 15.000 814.1 —8.0
16.000 832.9 —-2.6 16.000 824.0 —4.2 16.000 815.1 —6.7
17.001 833.8 —-2.3 17.001 824.9 —-3.7 17.001 816.1 —-5.8
18.000 834.6 =21 18.000 825.9 —-3.3 18.000 817.1 —-5.0
19.000 835.5 -1.9 19.000 826.8 —-3.0 19.000 818.1 —4.4
20.000 836.3 -1.7 20.000 827.7 —2.7 20.000 819.1 —-4.0
21.000 837.2 —-1.5 21.000 828.6 —-2.4 21.000 820.0 —3.6
22.000 838.1 —-1.4 22.000 829.5 —2.2 22.000 820.9 —3.2
23.004 838.9 -1.3 23.004 830.4 —-2.0 23.004 821.9 —-2.9
24.000 839.7 -1.1 24.000 831.3 —-1.8 24.000 822.8 —2.7
T/K = 342.80 T/K = 352.72 T/K = 362.56
8.000 797.5 —72.2 8.000 787.3 —79.2 8.000 776.7 —85.5
9.000 798.3 —-57.1 9.000 788.6 —64.1 9.000 7775 —70.1
10.001 799.5 —44.9 10.001 789.9 —-52.0 10.001 778.9 —-57.9
11.000 800.6 —35.0 11.000 791.1 —42.1 11.000 780.4 —48.0
12.000 801.8 —26.9 12.000 792.3 —34.0 12.000 781.7 —39.8
13.000 802.9 —20.5 13.000 793.5 —27.4 13.000 783.0 —33.0
14.001 804.0 —15.9 14.001 794.7 —22.1 14.001 784.3 —27.4
15.000 805.0 —12.6 15.000 795.9 —=17.9 15.000 785.6 —22.8
16.000 806.1 —10.3 16.000 797.0 —-14.7 16.000 786.7 —-19.1
17.001 807.1 —8.6 17.001 798.2 —-12.3 17.001 788.0 —-16.1
18.000 808.1 —-7.4 18.000 799.3 —-10.5 18.000 789.2 —-13.8
19.000 809.1 —6.4 19.000 800.4 -9.0 19.000 790.3 —-11.9
20.000 810.2 —5.7 20.000 801.5 —-7.9 20.000 791.5 —10.3
21.000 811.1 -5.0 21.000 802.5 —=7.0 21.000 792.7 —9.1
22.000 812.1 —-4.5 22.000 803.6 —6.2 22.000 793.8 —-8.1
23.004 813.1 —-4.1 23.004 804.7 —5.6 23.004 794.9 7.2
24.000 814.0 —-3.7 24.000 805.7 —-5.1 24.000 796.0 —6.5

sociated molecules; therefore, it is possible to get information concentration of hexan-1-ol in the liquid phase of the system
about the association behavior. They found that the total massCO, + hexan-1-ol is formed by a monomeric alcohol and
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Table 5. Density p) and Excess Molar Volumes ‘(/E,) for CO; (1) + Hexan-1-ol (2)

P/MPa olkg-m~3 VE/cme-mol? P/MPa olkg-m~3 VE/emB-mol~? P/MPa plkg-m~3 VE/cmB-mol~?
x1=0.6673
T/K =313.12 T/K = 323.04 T/K = 332.91
10.006 832.2 —=12.0
11.070 839.5 —-8.9
11.984 844.0 —-7.5 11.958 805.1 —13.8
12.978 847.7 —6.5 13.000 820.5 —-11.0
14.001 851.0 —5.7 14.003 827.7 —-9.2 13.994 792.4 —-14.7
15.000 854.0 —=5.1 14.985 832.2 7.9 15.014 802.9 —-11.9
16.000 856.8 —-4.6 15.989 836.1 —6.9 16.021 811.3 —10.2
17.001 859.5 —4.2 16.987 839.5 —6.1 16.986 816.5 —-8.9
18.000 862.1 -3.9 17.900 842.4 —5.6 17.972 820.9 —-7.8
19.000 864.4 —3.6 19.002 845.6 —-5.0 18.945 824.7 —7.0
20.000 866.8 —-34 20.011 848.3 —-4.6 19.945 828.5 —6.3
21.000 869.0 —-3.2 21.004 850.9 —4.3 20.986 832.0 —5.8
22.000 871.2 -3.0 22.004 853.4 —-4.0 21.983 835.1 —-5.3
23.004 873.2 —-2.8 22.970 855.7 —3.7 22.933 838.0 —4.9
24.000 875.2 =27 24.005 857.8 —-3.5 24.057 841.0 —4.5
T/IK = 342.84 T/K = 352.76 T/K = 362.63
16.026 783.0 —-15.1
17.179 792.3 —-12.4
18.132 798.6 —10.8 17.936 777.4 —16.0 18.009 753.1 —20.6
19.020 803.4 —-9.7 19.013 785.2 —-13.7 18.957 764.4 —-18.4
20.034 808.1 —8.6 20.014 790.9 —-12.1 20.037 772.1 —16.0
20.962 811.8 7.7 20.987 795.3 —-10.7 21.016 777.3 —-14.1
21.983 815.6 —-7.0 22.012 799.8 —-9.6 22.000 781.8 —-12.6
22.865 818.7 —6.5 22.999 803.6 —8.7
23.906 822.1 -5.9 23.951 806.9 —-8.0

Table 6. Temperature, Pressure and Density Range, Data Points), and Parameters for the Two Correlation Models for Hexan-1-ol, and CQ
(1) + Hexan-1-ol (2) Mixtures and Statistical Value§

hexan-1-ol X, = 0.1413 x; = 0.2289 x; =0.3610 X, = 0.6673
Tmin/K 313.14 313.13 313.13 313.09 312.88
TmalK 362.80 362.75 362.60 362.56 362.63
Pmin/MPa 1.011 8.000 6.000 8.000 10.006
PmafMPa 25.048 24.025 24.033 24.000 24.057
pminfkg-m=3 767.0 774.1 775.7 767.6 753.0
Pmakg-m=3 820.8 825.8 831.1 839.7 875.2
n 150 102 104 102 60

Six-Parameters
di/MPam3-kg~1t —6.540 —157.485 —223.356 —169.183 6.948
do/m3-kg~1 —0.03634 —0.95696 —1.57836 —1.3524 —8.39012
ds/MPa —4679.4 —59781.5 —85929.5 —60648.5 —61865.0
dy/MPaK~1 —11.320 —455.935 —676.759 —571.059 —390.483
ds/MPaK~1/2 —233.03 —11879.17 —17364.78 —14486.62 —2756.01
ds —34.16 —906.95 —1491.97 —1295.01 —7555.33
AAD/% 0.01 0.02 0.02 0.02 0.16
bias/% 0.0005 0.0001 0.0001 —0.0002 0.0003
SDV/% 0.01 0.03 0.03 0.03 0.20
RMS/% 0.01 0.03 0.03 0.03 0.20
BWRS EoS

Bo/cmi-mol—t 398.92 422.89 2611.20 1802.66 1429.46
Ag/bar-cmP-mol~2 3.7753x 107 2.8936x 107 8.6772x 107 6.7722x 107 3.6073x 107
Co/barK?2-cmf-mol—2 1.2543x 1012 3.1228x 1012 5.5687x 101 5.9561x 101 —6.4697x 101
Do/bar-K3-cmf-mol—2 —3.2235x 10" —3.8227x 10" 1.1752x 10'5 1.2141x 10 9.3667x 1014
Eg/barK4-cmf-mol—2 —1.3798x 10Y7 —2.6354x 10Y7 2.0812x 107 2.2789x 107 2.0680x 107
b/cmB-mol—2 4.8698x 10 3.9033x 10° —1.1583x 1P —4.3040x 10* —7.7136x 10¢
a/barcm®mol—3 3.2074x 10° 4.4107x 1C° 5.3592x 108 5.1981x 108 3.3373x 10°
d/barK-cmP-mol—3 4.2905x 100 —6.5417% 100 —3.8760x 10w —2.1404x 10w —7.1862x 10w
c/barK2-cm®mol-3 —2.9969x 104 1.1808x 1015 1.1808x 1015 1.1808x 10 1.1808x 101
o/cm?-mol—3 2.6655x 107 2.6019x 107 1.2634x 107 5.2279x 1P 3.0940x 10°
wcmP-mol—2 1.1509x 10* 3.8643x 107 3.8643x 107 3.8643x 107 3.8643x 107
AAD/% 0.01 0.03 0.02 0.02 0.23
bias/% —0.0006 —0.0002 —0.0003 —0.0002 0.0006
SDV/% 0.01 0.04 0.02 0.02 0.29
RMS/% 0.01 0.04 0.02 0.02 0.29

aAAD, average absolute deviation; bias, mean deviation; SDV, standard deviation; and RMS, root mean square.

associated alcohol species. From the results obtained, Nickelof monomer decreased as the pressure was increased at constant
and Schneidérconclude that in the liquid region most of the temperature, as can be demonstrated with the data reported in
alcohol is associated at low temperatures but the mass concenTable 3 in the work by Nickel and SchneideBased on the
tration of monomer increased as the temperature increasesdiscussion of Treszczanowicz et dlthe results given by Nickel
Although the effect is less pronounced, the mass concentrationand Schneidet,and the behavior of the excess molar volume
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Figure 1. Relative deviations of experimental densities reported h&i8 (
and values calculatecp®) with the two correlations used in this work,
using the adjusted parameters reported in Table 6 for hexan-O;adix-
parameter equatiorny, BWRS EoS.
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of the CQ + hexan-1-ol, the interactions in this system are

described as follows. Nickel and Schnefdshown that in the
low-temperature region most of the molecules of alcohol are literature. These data were successfully correlated using two
associated, then the interactions with the Gfiblecules are
weak, resulting in small negative values for the excess molar two correlations became larger as the &@mposition increase.
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volume. As the temperature is increased, the hydrogen bond
interaction starts to break and the interaction between the
monomeric alcohol molecules and g@crease, these will re-

sult on greater negative values for the excess molar volume.
At constant temperature, when the pressure increased the num-
ber of monomer molecules of alcohol decréased the
interaction between alcohol and @Molecules becomes weak,
then the molar volume becomes closer to the mixture ideal
volume.

Conclusions

Densities of pure hexan-1-ol and €& hexan-1-ol binary
mixtures at four different mole fractions were studied as a
function of temperature and pressure. Densities of hexan-1-ol
were in good agreement with published data. For the range of
temperature and pressures studied here, the six-parameter model
presents similar deviations than those obtained from the BWRS
EoS. The six-parameter model is more practical to use in
engineering due to less parameters and being volume explicit.
Thus, it can be easily implement to represent compressed liquid
densities. Experimental densities for the systemy @exan-

1-ol are the first published as far as we could find in the

different equations; however, the deviations obtained with the
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This is due to the system being more compressible, and these
models cannot include this effect. The excess molar volumes
were calculated in the whole range of reported data. These datd?V)
were negative in the whole range of measurements and becam(%zz) Zifiga-
more negative as the temperature increased at constant pressure
meanwhile excess molar volumes became less negative as the

pressure was increased at constant temperature.
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