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Excess Enthalpies of Nitrous Oxide + Pentane at 308.15 and 313.15 K 
from 7.64 to 12.27 MPa 

Juan A. R. Renuncio,* Concepcion Pando, Carlos Menduina, and R. Cesar Castellst 

Departamento de Quimica Fisica I, Universidad Complutense, E-28040 Madrid, Spain 

The excess molar enthalpies H: of nitrous oxide + pentane were measured in the vicinity of the critical 
locus and in the supercritical region by means of an isothermal flow calorimeter. Smooth representations 
of the results are presented. Values for HE are similar to  those previously found for carbon dioxide + 
pentane mixtures. 

Introduction 
Nitrous oxide is often used in supercritical fluid extrac- 

tion, and several authors such as Sakaki (1992) or Alex- 
androu et al. (1992) have reported that NzO is a better 
solvent than carbon dioxide for certain compounds. The 
measurement of thermodynamic properties such as the 
excess molar enthalpies (H:) of binary mixtures of ni- 
trous oxide with a hydrocarbon in the vicinity of the critical 
locus and in the supercritical region would be necessary 
for understanding the practical uses of NzO. Pando et al. 
(1983) reported previously measurements of H: for car- 
bon dioxide + pentane a t  308.15 and 323.15 K and 
pressures up to  12.45 MPa. Castells et al. (1994a,b) 
reported previously measurements of H: for nitrous oxide + toluene at  308.15, 313.15 and 323.15 K and pressures 
up to 15.00 MPa. This paper reports values of HE for 
nitrous oxide + pentane at  308.15 K and 9.49 and 12.27 
MPa and a t  313.15 K and 7.64, 9.44, and 12.26 MPa. The 
pressure and temperature conditions of the measurements 
were chosen to compare results for nitrous oxide + pentane 
with those previously obtained for carbon dioxide + pen- 
tane. 

Experimental Section 
The high-pressure flow calorimeter from Hart Scientific 

(Model 7501) used for the experiments and the experimen- 
tal procedure have been described by Christensen and Izatt 
(1984) and by Gmehling (1993). The calorimeter consists 
of two thermostated pumps (ISCO, Model LC2600), a 
thermostated flow cell, and a back pressure regulator. The 
flow cell with a pulsed heater, a calibration heater, a Peltier 
cooler, and a mixing tube wound around a copper cylinder 
is located in a stainless steel cylinder which is immersed 
in a thermostat. The combination Peltier coolerlpulsed 
heater allows the determination of both endothermic and 
exothermic effects. The flow cell is thermostated in a 
silicon oil bath (~t0.0005 K) and a manually controlled 
piston acts as a fine adjustment of the nitrogen pressure 
over the back pressure regulator. Oscillations in pressure 
are smaller than 10.01 MPa. 

The materials employed were nitrous oxide (SEO, 99.99 
mol % pure) and pentane (Aldrich, 99+ mol % pure, HPLC 
grade) previously dehydrated with sodium. 

All runs were made in the steady-state fured composition 
mode. Flow rates were selected to cover the whole mole 
fraction range. In most cases, the measurements were 
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carried out at  a total flow rate of 0.010 cm3w1. A few 
measurements were carried out at  a total flow rate of 0.005 
cm3-s-l. Reproducibility of results was estimated to be k(1 
+ 0.0lH:) Jamol-l. The flow rates measured in cubic 
centimeters per second were converted to moles per second 
and to mole fractions using the densities of the two 
materials estimated as follows. The densities of N2O at 
the temperature of the pump and a t  pressures of 7.649.44, 
9.49,12.26, and 12.27 MPa were calculated by interpolation 
of the pressure-volume isotherms of the liquid nitrous 
oxide measured by Couch et al. (1962). The densities of 
pentane at  the temperature of the pump and at  pressures 
of 7.64, 9.44, 9.49, 12.26, and 12.27 MPa were calculated 
from the densities at  atmospheric pressure given in the 
TRC Thermodynamic Tables (1994) and the isothermal 
compressibilities obtained from the data of Sage and Lacey 
( 1942). 

Results and Discussion 
Excess molar enthalpies were determined for nitrous 

oxide + pentane over the entire composition range at  
308.15 K and 9.49 and 12.27 MPa and at  313.15 K and 
7.64,9.44, and 12.26 MPa. The results are given in Table 
1. For pentane T ,  is 469.7 K and p c  is 3.37 MPa, while for 
nitrous oxide T ,  is 309.6 K andp, is 7.24 MPa (Reid et al.,  
1988). Owing to the proximity to  the nitrous oxide critical 
point, excess molar enthalpies could not be determined at  
308.15 K and 7.64 MPa. Values for HE a t  each pressure 
and temperature studied were fitted to the equation 

H;/(J.mol-') = [x(1 - x ) / [ l  + k(2x - 1 ) I I ~ C n ( 2 x  - 1)" 

(1) 
where x is the NzO mole fraction. The coefficients C, and 
A are given in Table 2 together with the standard devia- 
tions, s, between experimental and calculated H: values 
and the ratio sIHZ, of the standard deviation and the 
maximum absolute value of H:. Values for sIH:, are 
higher than the estimated reproducibility for the flow 
calorimeter due to the fluctuations in density always 
present when the critical point is approached. 

Figures 1 and 2 are plots of HE against x for the isobars 
studied a t  308.15 and 313.15 K, respectively. Mixtures at  
308.15 K and 9.49 and 12.27 MPa and at  313.15 K and 
12.26 MPa show moderately endothermic mixing. Mix- 
tures at  313.15 K and 9.44 MPa show moderately endot- 
hermic and exothermic mixing in the pentane-rich region 
and nitrous oxide-rich region, respectively. Mixtures at  
313.15 K and 7.64 MPa show very exothermic mixing. 

N 

n=O 
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Table 1. Experimental Excess Enthalpies 
H", for [zNzO + (1 - Z)CSHI~I 

x H;/(Jpl~l-l)  x HD(Jplo1-l) x HE/(J*mol-l) 400 
308.15 K, 9.49 MPa 
0.388 230 0.744 99 0.049 

0.098 
0.145 
0.191 
0.243 
0.285 
0.343 

0.050 
0.100 
0.130 
0.198 
0.248 
0.311 

0.044 
0.089 
0.135 
0.226 
0.324 
0.427 
0.471 

0.045 
0.089 
0.090 
0.135 
0.138 
0.140 
0.179 
0.233 
0.280 
0.281 
0.323 

0.047 
0.097 
0.147 
0.195 
0.247 
0.296 
0.345 
0.439 

24 
85 

126 
161 
196 
205 
226 

61 
119 
149 
220 
272 
307 

-81 
-141 
-234 
-374 
-547 
-764 
-812 

22 
50 
51 
72 
69 
72 
82 

100 
98 

111 
101 

43 
79 

143 
180 
220 
240 
266 
287 

0.440 231 
0.492 221 
0.543 209 
0.594 174 
0.644 158 
0.670 136 

308.15 K, 12.27 MPa 
0.373 344 
0.437 361 
0.498 364 
0.550 362 
0.602 347 
0.652 308 
313.15 K, 7.64 MPa 
0.518 -907 
0.569 -973 
0.623 -1081 
0.672 -1195 
0.728 -1314 
0.779 -1478 
0.835 -1551 

313.15 K, 9.44 MPa 
0.331 105 
0.373 102 
0.376 106 
0.424 91 
0.467 64 
0.474 70 
0.515 38 
0.525 42 
0.571 16 
0.575 27 

313.15 K, 12.26 MPa 
0.442 284 
0.491 284 
0.541 274 
0.542 275 
0.544 280 
0.587 270 
0.638 246 
0.695 218 

0.621 -24 

0.788 
0.847 
0.894 
0.978 

0.701 
0.750 
0.796 
0.841 
0.881 
0.950 

0.878 
0.922 
0.946 
0.969 
0.989 

0.676 
0.718 
0.721 
0.727 
0.832 
0.836 
0.859 
0.888 
0.948 
0.992 

0.698 
0.742 
0.800 
0.844 
0.896 
0.951 

61 
23 

-24 
-26 

282 
263 
231 
192 
134 
59 

-1642 
-1572 
-1511 
-1339 

-929 

-56 
- 88 
-93 
- 100 
-204 
-205 
-226 
-241 
- 177 
-23 

205 
180 
125 
85 
44 
1 

Figure 3 is a plot ofp against T for the nitrous oxide + 
pentane system showing the vapor pressure equilibrium 
curve of nitrous oxide measured by Couch et al. (1962), the 
critical locus in the vicinity of the N20 critical point, and 
the points at which experimental measurements of HE 
have been made. Vapor-liquid equilibrium data or critical 
locus data are not available for nitrous oxide + pentane. 
The critical locus shown in Figure 3 has been estimated 
using the procedure developed by Heidemann and Khalil 
(1980) and the equation of state proposed by Peng and 
Robinson (1976). 

The changes observed in the excess enthalpy with 
temperature and pressure may be discussed in terms of 
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Figure 1. Excess molar enthalpies HE against NzO mole frac- 
tion for nitrous oxide + pentane at 308.15 K as a function of 
pressure: 0, 9.49 MPa; A, 12.27 MPa; -, calculated from eq 1. 
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Figure 2. Excess molar enthalpies H: against NzO mole frac- 
tion for nitrous oxide + pentane at 313.15 K as a function of 
pressure: 0, 7.64 MPa; 0, 9.44 MPa; A, 12.26 MPa; -, calculated 
from eq 1. 

liquid-vapor equilibrium and critical constants for the 
nitrous oxide + pentane mixtures and the densities of NzO 
and pentane at the conditions of temperature and pressure 
of the experiments. A detailed discussion of these changes 
has been given for carbon dioxide + pentane by Pando et 
al. (1983) and for nitrous oxide + toluene by Castells et al. 
(1994a,b). When the states and densities of the pure com- 
ponents and the mixture are similar, the values of HE are 
negative or slightly positive. This is so for the nitrous oxide 

Table 2. Coefficients, Standard Deviation, 8, and Ratio s/pmsl for Least-Squares Representation of 
@(Jmol-l) for Nitrous Oxide + Pentane by eq 1 

308.15 K 313.15 K 
9.49 MPa 12.27 MPa 7.64 MPa 9.44 MPa 12.26 MPa 

co 
c1 
CZ 
c3 
c4 
k 

s/J-mol-' 
1 OOslHE, 

- 

861.31 1463.3 -3465.4 222.50 1138.0 
474.68 -43.799 417.99 806.91 188.63 

366.34 1759.5 292.52 
-21.875 -236.09 -354.30 -655.80 -165.44 

-1268.9 -1893.7 -810.71 
0.96972 

6.5 7.7 33 7.5 4.7 
2.8 2.1 2.0 3.1 1.6 
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Figure 3. Plot o fp  against T for nitrous oxide + pentane showing 
the nitrous oxide vapor-liquid equilibrium curve (- - -1 measured 
by Couch et al .  (19621, t he  nitrous oxide critical point (A) taken 
from Reid et al .  (1988), the  critical locus (-) estimated using the  
Peng-Robinson equation of state (Peng and  Robinson, 19761, and  
(T,p) coordinates (0) where experimental measurements were 
made. 

+ pentane mixtures at  308.15 K for isobars at 9.49 and 
12.27 MPa and at  313.15 K for isobars at  9.44 and 12.26 
MPa when the values of density are similar for NzO and 
pentane. When the states and densities of the pure 
components differ and the resulting mixture is a liquid, 
large negative values of HE are observed. This is so for 
the isobar at  313.15 K and 7.64 MPa when a value of 326 
kgm-3 is obtained for the NzO density from the data of 
Couch et al. (19621, while a value of 615 kgm-3 is obtained 
for the pentane density from the TRC Thermodynamic 
Tables (1994) and the data of Sage and Lacey (1942). The 
large negative values of HE seem to be a consequence of 
the nitrous oxide change of state from that of a low-density 
fluid to  that of a liquid mixture component. 

The shape of the isobars in Figures 1 and 2 denotes a 
behavior similar to that previously reported for carbon 
dioxide + pentane by Pando et al. (1983). The critical 
temperature (T ,  = 304.21 K) and pressure ( p ,  = 7.38 MPa) 
of carbon dioxide are taken from the Carbon Dioxide, 
IUPAC Thermodynamic Tables of the Fluid State (1976) 
and are very close to  those of nitrous oxide, and the carbon 
dioxide + pentane and nitrous oxide + pentane critical loci 
are very similar. The temperature and pressures at which 
experimental measurements have been made for carbon 
dioxide + pentane and nitrous oxide + pentane have a 

similar position with respect to the critical locus in the p 
against T plot. This may be seen by comparing the plot of 
Figure 3 with a similar one shown for carbon dioxide + 
pentane by Pando et al. (1983) in Figure 2 of their paper. 
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