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ABSTRACT: TIsobaric (T—x~y) binary vapor—liquid equilibrium (VLE) data
were measured and modeled for the n-dodecane + {propan-1-cl, butan-1-ol, or
2-methylpropan-1-ol} systems at 40 kPa. A low pressure dynamic still, capable
of measuring systems of high relative volatility, was used for the
measurements. The vapor and liquid equilibrium compositions were
determined using a gas chromatograph with a thermal conductivity detector.
The experimental data were regressed using the combined method (y—o
approach). The nonrandom two-liquid (NRTL) activity coefficient model was
used to describe the liquid phase nonideality, and the vapor phase was
assumed to be ideal. The NRTL model parameters were determined using
nonlinear least-squares regression. The experimental data were found to be
well correlated with the thermodynamic modeling, No azeotropic behavior has
been observed. The three investigated systems show a large positive deviation
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from Raoult’s law.

INTRODUCTION

To separate alcohols from water in chemical and petrochemical
industries, n-dodecane can be used as a solvent for extraction.
Once the extraction has been performed, it is easy to separate
the alcohols from the solvent (n-dodecane) by distillation
because of the large differences in boiling points between the
two chemicals.

As part of a large research program in our research unit, a
systematic study concerning the phase equilibria of mix-
tures (VLE and LLE) containing light alcohols, water, and
n-dodecane have been undertaken.' > The open literature also
contains VLE data for n-dodecane + butan-1-ol but at very low
pressures (0.06—2.5) kPa.* All these data however have been
measured at isothermal conditions. Usually the design of
distillation columns is based on constant pressure operation,
and vacuum operation is used to lower the column temper-
atures where otherwise very high temperatures would be
needed for distillation.®

Therefore, this paper reports the isobaric measurements,
undertaken for n-dodecane + {propan-l1-ol, butan-l-ol, or
2-methylpropan-1-ol}, systems at 40 kPa using a dynamic low
pressure VLE apparatus. The experimental data were correlated
using the combined method (y—¢ approach) with the NRTL®
activity coefficient model used to describe the liquid phase
nonideality and the vapor phase assumed ideal. There are to
our knowledge no VLE data (P—T—x—y) reported in the open
literature for n-dodecane + {propan-1-ol, butan-l-ol, or
2-methylpropan-1-ol} at 40 kPa.
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B EXPERIMENTAL SECTION

Materials. The chemical purities listed in Table 1 were
verified by analyzing both the refractive index and density. The
refractive indices were measured using an ATAGO RX-7000c
refractometer with an overall uncertainty of 0.00013 (k = 2).
The densities of the chemicals were measured using an Anton
Paar DMA 5000 density meter with an overall uncertainty of
0.00078 kg'm™ (k = 2). All chemicals were purchased from
Merck. Gas chromatography (GC) analysis revealed no
significant impurities, and the measured refractive indices and
densities agree well with the literature.

Equipment. The VLE measurements were undertaken
using the dynamic analytical method on a low pressure
apparatus in our laboratories used primarily for systems of
high relative volatility." Details on the apparatus description and
operating procedure are well documented in a previous work."”
The main feature of the apparatus is the spiral mixer which
enhances the mixing of the recirculated vapor and liquid phases
to eliminate the occurrence of flashing. Figure 1 shows the
schematic layout of the experimental apparatus.

An A class Pt-100 temperature probe was used to measure
the equilibrium temperature. The overall uncertainty in the
temperature measurement is 0.03 K (k = 2). The Pt-100
temperature probe was calibrated using a silicon oil bath
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Table 1. Property Data for the Chemicals Studied

propan-1-ol butan-I-ol 2-methylpropan-1-ol n-dodecane

CAS no. 71-23-8 71-36-3 78-83-1 112-40-3
"
measured 1.3851 1.3992 1.3954 1.4218
literature” 1.3850 1.3993 1.3955 1.4216
p*lkgm™
measured 804.9 8104 8027 750.0
literature’ 803.5 809.8 8018 748.7
GC peak area 0.999 0.997 1.000 1.000
(area fraction)
Claimed purity >0.999 =0.995 =0.999 >0.990
(mass fraction)
Critical Properties'
T./K 536.78 563.05 547.78 658.00
P /kPa 517500  4423.00 4300.00 1820.00
V. jem*mol™ 219.00 275.00 273.00 754.00
acentric factor (w)  0.629 0.590 0.590 0.573
Antoine Constants''
A 774887 792484 8.53516 7.13137
B 144074  1617.52 1950.94 1723.37
C 198.8 203.296 237.147 189.845

aRefractive index at 293.15 K. u(np) = 0.00013 (k = 2). ®Density at
293.15 K. u(p) = 0.00078 g:em™ (k = 2); ref 11, Antoine equation

logyo P/Pa = A — B/(C + T/K).

(WIKA CTB 9100) and WIKA primary temperature probe
which was connected to a WIKA CTH 6500 multimeter.

The system pressure was measured with the P-10 WIKA
pressure transducer ranging from 0 kPa to 100 kPa absolute.
The pressure transducer was calibrated with a WIKA CPH
6000 unit. The overall uncertainty in the pressure reading is
0.03 kPa (k = 2).

The equilibrium phase samples were analyzed by gas
chromatography using a Shimadzu GC 2010 Plus which was fit-
ted with a thermal conductivity detector. A Zebron ZB-Waxplus
capillary GC column which was 30 m in length with a 025 ym
film thickness was used for good separation with helium as the
carrier gas. The overall uncertainty in the phase equilibrium
compositions is 0.004 mole fraction for all systems measured in
this work. The area ratio method as discussed by Raal and
Miihlbauer® was used for calibration of the GC detector.

Correlation. In this study, the combined (y—g) method
was used to regress the experimental VLE data for the isobaric
measurements. The y—@ equation is represented in the form

y®@iP = x, ,}"sat (1)
where y; is the vapor phase mole fraction of species i, #; is the

liquid phase mole fraction of species i, y; is the activity
coefficient of species i, ®; is the vapor correction factor which is

Figure 1. Schematic diagram for low pressure VLE still: A, packing chamber; B, reboiler; C, Pt-100; D, liquid sampling point; E, vapor sampling
point; G, magnetic stirrer; H, external heater; I, internal heat; j, water bath with chilling fluid; K, coldfinger; L, temperature programmable circulator;
M, condenser; N, pressure transducer; O, digital multimeter; P, control valve; Q, fine-tune valve; R, ballast; S, vacuum pump; T, vacuum flask; U,
vent valve to atmosphere; and V, drain valve.
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Table 2. T—x—y Data for the n-Dodecane + {Propan-1-ol, Butan-1-ol, or 2-Methylpropan-1-ol} Systems at 40 kPa®

x, T/K N 4 x T/K N I x /K N "
n-Dodecane (1) + Propan-1-ol (2) n-Dodecane (1) + Butan-1-ol (2) n-Dodecane (1) + 2-Methylpropan-1-ol

0.000 346.5 0.000 0.000 367.1 0.000 0.000 357.6 0.000
0.010 346.6 0.002 15.56 0.007 366.1 0.002 7.85 0.036 3582 0.004 4.57
0015 346.8 0.002 10.25 0.015 366.5 0.004 7.21 0.059 358.7 0.005 341
0.047 3474 0.005 793 0.076 367.1 0.016 5.51 Q.105 359.8 0.010 3.61
0218 349.3 0.009 2.75 0,133 368.2 0.020 3.73 0.178 361.0 0.011 221
0.474 3517 0.014 1.73 0250 369.6 0.027 2.50 0.295 362.7 0.015 1.67
0.627 352.6 0.015 1.33 0.387 3713 0.034 1.88 0.442 364.2 0.017 1.16
0.796 355.6 0.018 1.07 (RN 3727 0.038 1.49 0.536 365.5 0.019 1.01
0.954 391.3 Q0.111 1.02 0.608 3744 0.043 131 0922 402.6 Q0.161 097
0.975 4129 0.265 1.02 0712 376.6 0.052 1.22 0.955 420.8 0.329 0.98
0.995 440.5 0.703 1.0 0.786 3792 0.058 1.09 1.000 453.7 1.000 1.00
1.000 453.7 1.000 1.00 0.863 385.9 0.085 1.09

0.891 392.6 0.116 1.08

0.934 408.2 0.220 1.05

0,953 423.5 0.381 1.03

0457 426.6 0.428 1.04

1.000 453.7 1.000 1.00

“u(T) = 0.03 K (k = 2), u(P) = 0.03 kPa (k = 2), u(x,) = 0.004, u(y,) = 0.004 ; u(y,) = 0.06; u(y,) = 0.06.

the ratio of the fugacity coefficient to the saturated fugacity
coefficient multiplied by the Poynting correction factor, P is the
total pressure, and P is the saturation pressure of species i.

Equation 1 reduces to the modified Raoult’s law when @; = 1
(vapor assumed to be an ideal gas mixture). The modified
Raoult’s law was used for all VLE data correlation in this work.
Bubble-temperature calculations were performed to regress the
model parameters for the excess Gibbs energy model, namely,
the NRTL® model. The data reduction procedure requires the
minimization of an objective function (OF). The objective
function given in eq 2 was used where 5T, the temperature
residual, is the difference between the measured and the
calculated temperatures:

OF = ). IT! @)

The bias, the average absolute deviations (AAD), and absolute
deviations, where U represents T or y, are given in egs 3, 4, and §,
respectively.

E‘_ Uexp - Ucal

BIAS(U) =
N (Jexp (3)
Usp — U
(U) - l(_)_o_ p cal
N Voo o
1
A(U) = — U, — Ul
( ) NZ cal EXp (5)

B RESULTS AND DiSCUSSION

Table 1 lists the critical properties and the acentric factors for
the chemicals used in this study. The measured refractive
indices and densities agree well with literature.” Table 1 also
lists the pure component Antoine parameters reported in the
literature for all chemicals used in this study.

The measured isobaric vapor—liquid equilibrium data for
the binary systems of n-dodecane + {propan-1-o}, butan-1-c], or
2-methylpropan-1-ol} at 40 kPa are shown in Table 2 and plotted
in Figures 2 to 4. The model parameters for the NRTL model are
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Figure 2. T—x—y data for the n-dodecane (1) + propan-1-ol (2)
system at 40 kPa: W, T—x (exp)0J, T—y (exp); —, NRTL model.
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Figure 3. T—x~y data for the n-dodecane (1) + butan-1-0l (2) system
at 40 kPa: W, T—x (exp); O, T—y (exp); —, NRTL model.
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Figure 4. T—x—y data for the n-dodecane (1) + 2-methylpropan-
1-ol (2) system at 40 kPa: B, T—x (exp); O, T—y (exp); —, NRTL
model.

provided in Table 3. The nonrandom parameter () in the
NRTL model was set to 0.5. The BIAS and the average absolute

Table 3. NRTL Parameters for the n-Dodecane (1) +
{Propan-1-ol, Butan-1-ol, or 2-Methylpropan-1-ol} (2)
Systems at 40 kPa

n-dodecane (1) + 2-

n-dodecane (1) +
methylpropan-1-ol (2)

n-dodecane (1) +
butan-1-ol (2)

propan-1-ol (2)

an” —3.994 —1.329 3209

. 1.898 —9.967 15.194

b /K® 1825.231 944.493 1301.660
by /K 0.701 4160.782 —4989.770
o 05 05 05

;= (ay + (by/T)).

deviations (AAD) for the calculated temperature and vapor
composition of the NRTL model are shown in Table 4.

Table 4. Error Analysis for the n-Dodecane (1) + {Propan-1-
ol, Butan-1-ol, or 2-Methyl-propanl-ol} (2) Systems

n-dodecane (1)  n-dodecane (1) + 2-

n-dodecane (1) +
+ butan-l-ol (2)  methylpropan-1-ol (2)

propan-1-ol (2)

rmsd® 1.225 0433 0.614

AT/K 0.956 0.379 0.489

Ay 0.005 0.003 0.002

AAD 0.254 0.099 0.131
(T/K)

BIAS —0.154 —0.039 0.092
(T/K)

AAD (3) 10,400 3276 8.407

BIAS (y) —1.046 1.787 —3.268

“Root mean square deviation (rmsd):

X, 61y
rmsd = ¢ T

All the systems studied in this work were well correlated
using the modified Racult’s law with the NRTL model
No azeotropic behavior has been observed for the three
investigated systems. They all show a large positive deviation
from Raoult’s law indicating easy separation of these binary
pairs by conventional distillation.

B CONCLUSIONS

New isobaric VLE (T—x—y) data for binary systems comprising
n-dodecane + {propan-1-ol, butan-1i-ol, or 2-methylpropan-1-
ol} at 40 kPa are reported. The three isobaric systems do not
exhibit azeotropic behavior. They all show a large positive
deviation from Raoult’s law. The experimental VLE data were
successfully correlated with the NRTL activity coefficient
model,

B AUTHOR iNFORMATION

Corresponding Author
*E-mail: |_negadi@mail univ-tlemcen.dz. Tel.: +213 40 91 46 28,

Funding

Z. T. gratefully acknowledges a grant from the Algerian
Ministry of High Education and Scientific Research (MESRS).
The research was also supported by Joint Research Grant under
the SA/Algeria Agreement on Cooperation in Science and
Technology “Measurement of Thermodynamic and Thermo-
physical Data for Fluorinated Organics and Petrochemicals”.

Notes
The anthors declare no competing financial interest.

¥ REFERENCES

(1) Narasigadu, C.; Subramoney, S. C; Naidoo, P.; Coquelet, C;
Richon, D.; Ramjugernath, D. Isothermal Vapor—Liquid Equilibrium
Data for the Propan-1-ol + Dodecane System at (323.0, 343.4, 353.2,
363.1, and 369.2) K. J. Chem. Eng. Data 2012, 57, 862—868.

(2) Raal, J. D; Motchelaho, A; Perumal, Y,; Courtial, X;
Ramjugernath, D. P—x Data for Binary Systems Using a Novel Static
Total Pressure Apparatus. Fluid Phase Equilib. 2011, 310, 156—165.

(3) Lasich, M.; Moodley, T.; Bhownath, R, Naidoo, P.;
Ramjugernath, D. Liquid—Liquid Equilibria of Methanol, Ethanol,
and Propan-2-ol with Water and Dodecane. J. Chem. Eng. Data 2011,
56, 4139—4146.

(4) Belabbaci, A.; Villamanan, R. M.; Negadi, L.; Martin, C. M,; Ait
Kaci, A; Villamanan, M. A. Vapor—Liquid Equilibrium of Binary
Mixtures Containing 1-Butanol and Hydrocarbons at 313.15 K. J.
Chem. Eng. Data 2012, 57, 114—~119.

(5) Sinnott, R. K. Coulson and Richardson’s Chemical Engineering Vol
6: Chemical Engineering Design, 4th ed.; Butterworth-Heinemann:
Oxford, 2005.

(6) Renon, H.; Prausnitz, J. M. Local Compositions in Thermody-
namic Excess Functions for Liquid Mixtures. AIChE J. 1968, 14, 135~
144.

(7) Bhownath, R. The Use of n-Dodecne as a Solvent in the
Extraction of Light Alcohols from Water. Master of Science in
Engineering (Chemical Engineering), Thesis, University of KwaZulu-
Natal: South Africa, 2008.

(8) Raal, ]. D.; Miihlbauer, A. L. Phase Equilibria: Measurement and
Computation; Taylor & Francis: Washington D. C., 1998; Chapters 2
and 4.

(9) Lide, D. R. CRC Handbook of Physics and Chemistry, 86th ed.;
CRC Press Inc.: Boca Raton, FL, 2005—2006.

(10) Poling, B. E; Prausnitz, . M; O'Connell, ]. P. The Properties of
Gases and Liquids, Sth ed.; McGraw-Hill: New York, 2001.

(11) Gmehling, J.; Rarey, J.; Menke, J. Data Bank for Thermo-Physical
Properties for Process Design; Dortmund Data Bank Software and
Separation Technology (DDBST): Oldenburg, Germany, 2009;
http://www.ddbst.com.

dx.doi.org/10.1021/je500237g | J. Chem. Eng. Data XXXX, XXX, XXX—XXX



