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Isobaric Binary and Ternary Vapor-Liquid Equilibria of 
N-Methylpyrrolidone with Water and Toluene at 760 mmHg 

8. K. Gupta and B. S. Rawat' 
I n d h  Institute of Petroleum, Dehra Dun 248 005, Indie 

Isobark vapor-Uquld oqulllbrlum data have been 
gonorated for wator-Nmethylpyrrdldone, 
toIumo-Nmothylpyrrolldone, and 
wator-td~-NmothylpyrrolMono systems at 760 
nwnHg. The data wero corrolated satlsfactorlly through 
NRTL, Wlkon, UNIQUAC, UNIFAC, and three constant 
Rdkh-Kktor oquatlonr. 

Introduction 

In  the industrial extraction of aromatics from naphtha 
streams like reformates, hydrogenated pyrolysis gasolines, and 
straight run naphthas, N-methylpyrrolidone (NMP) is used as a 
solvent. This solvent is always used with water as an anti- 
&vent In concentrations varylng from 10% to 20% by weight. 
In the process there are steps like extractive distillation, solvent 
recovery, and/or stripping. For designing, revamping, or opti- 
mization of these steps, vapor-liquid equilibrium (VLE) data are 
essential on systems of interest. 

The VLE data for water-toluene-NMP ternary are not 
available in the literature. However, some isobaric and iso- 
thermal VLE data for water-NMP and toluene-NMP binaries are 
reported in the literature ( 7 - 7) .  

In  the present study the VLE data for water-NMP, toluene- 
NMP, and water-toluene-NMP systems have been determined 
and correlated by different solution models. 

Exp.rknental Soctlon 

Matdab. Pure toluene and NMP were obtained from M/s 
BDH, India, ane M/s Aklrich Chemicals, USA, respectively. 
Toluene was used as such, and NMP was distilled under vacuum 
and its heart cut was collected and used in the study. The 
purlties of these chemicals were checked by measuring their 
densities and refractive Indices which corresponded to a min- 
imum of 99 % . 

-& procwkre. The VLE studies for the binary and 
ternary systems were carried out In a modified Smith and 
Bonner (8)  type of still provided with a magnetic stirrer. The 
experimental details are described in an earlier paper (9). For 
ternary VLE determination of water-toluene-NMP in the mis- 
cible region, the liquid-phase compositions were chosen from 
a ternary equilibrium solubility diagram determined at 25 O C  by 
a titration method (IO). 

Ana&& d Vapw PIMI.. The binary water-NMP is a mis- 
cible system, and there is a wide difference in the refractive 
indices of the two components. The vapor samples for this 
system were, Wefore, analyzed by a calibrated R I  compo- 
sitkn chart prepared at 20 OC. The accvacy of measvements 
of the compositions was found to be within f0.5 % . 

For toluene-NMP binary, the vapor-phase samples were 
analyzed by gas chromatography (GC). 

The vapor samples of water-toluene-NMP ternary always 
formed two liquid phases on condensation. These vapor sam- 
ples were made homogeneous by the addition of a known 
amount of anhydrous sulfolane. The homogeneous samples 
were then analyzed by QC using a PerkinIlmer Slgma 300 gas 
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Table 1. Experimental VLE Data for Water 
(1)-N-Methylpyrrolidone (3) at 760.0 mmHg: Temperature, 
t ,  and Liquid-Phase, I,, and Vapor-Phase, y,, Mole 
Fraction Compositions 

t / " C  X I  VI t l ° C  x1 VI 
~~~ 

100.0 1.0 1.0 106.0 0.7830 0.9885 
100.5 0.9799 0.9989 109.0 0.7004 0.9822 
101.2 0.9550 0.9977 114.7 0.5713 0.9685 
102.0 0.9261 0.9963 128.5 0.3495 0.9225 
102.9 0.8898 0.9944 144.5 0.1964 0.8373 
104.0 0.8438 0.9920 202.8 0.0 0.0 

Table 11. Experimental VLE Data for Toluene 
(2)-N-Methylpyrrolidone (3) at 760.0 mmHg: Temperature, 
t ,  and Liquid-Phase, x2, and Vapor-Phase, yz, Mole 
Fraction Compositions 

~~~ 

t p c  x2 Y2 tpc x.2 Y2 
110.6 1.0 1.0 137.2 0.4154 0.9035 
114.0 0.9044 0.9918 145.6 0.3141 0.8527 
117.5 0.8113 0.9828 155.5 0.2157 0.7747 
121.0 0.7115 0.9712 170.5 0.1125 0.6080 
125.0 0.6125 0.9565 202.8 0.0 0.0 
130.2 0.5168 0.9302 

Table 111. Experimental VLE Data for Water (1)-Toluene 
(2)-N-Methylpyrrolidone (3) at 760.0 mmHg: Temperature, 
t ,  and Liquid-Phase, x,, x2,  and Vapor-Phase, y,, yzr Mole 
Fraction Compositions 

t l "C  2 1  X 9  Y1 V O  

97.5 
97.6 
97.6 
98.4 
98.5 

101.6 
103.1 
106.2 
109.8 
111.5 
112.5 
114.1 
119.0 
127.2 
136.6 

0.3804 
0.6441 
0.1846 
0.2182 
0.4922 
0.5795 
0.2309 
0.4926 
0.2188 
0.2291 
0.5277 
0.3792 
0.2261 
0.2351 
0.2158 

0.2207 
0.0502 
0.4893 
0.4240 
0.1242 
0.0553 
0.3353 
0.0634 
0.2662 
0.2263 
0.0163 
0.0742 
0.1797 
0.0864 
0.0448 

0.5157 
0.5731 
0.5801 
0.5663 
0.5050 
0.5667 
0.5205 
0.5900 
0.5268 
0.5321 
0.8138 
0.6461 
0.5516 
0.5860 
0.6886 

0.4696 
0.4121 
0.4037 
0.4166 
0.4775 
0.4141 
0.4575 
0.3810 
0.4420 
0.4327 
0.1504 
0.3144 
0.4005 
0.3361 
0.2015 

chromatograph with a thermal conductivity detector and LCI- 
100 laboratory computing integrator. The analysis was carried 
out on a Tenax-GC column (1 X 2 mm) with hydrogen as a 
carrier gas. This column was also used for toluene-NMP 
samples. The accuracy of analysis for GC was found to be 
about 2% in both cases. 

Results and Dlrcururlon 

The experimental VIE data for water-NMP, tdueneNMP and 
water-toluene-NMP systems are presented in Tables I, 11, and 
I I I, respectively. The binary liquid-phase activity coefficients 
required for the estimation of binary parameters were caicu- 
lated using the classical relation ( 7 7). 

The second vlrial coefficients B4 were calculated by Pitzer- 
Cud's correlation as modlfled by Tsonopoubs (72). The critical 
constants and acentric factors for water and toluene were 
taken from the literature ( 73), and for NMP they were calculated 
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Table IV.  Coeff ic ients a ,  b ,  and c in Liquid M o l a r  Vo lume VCorre Ia t ion"  and Anto ine  Constants A ,  B ,  and C 
component a b c /  10-4 A B C 

water 22.8882 -0.036425 0.6857 7.966 81 1682.21 228.0 
toluene 98.865 -0.557 8 2.770 6.953 34 1343.943 219.377 
NMP 102.635 -0.11794 3.2323 7.362 566 1874.715 2 15.508 

Vk/(cm3 mol-') = a + b ( T / K )  + c(T/K12. blog @?/mmHg) = A - B/((t/"C) + C). 

Table V. Corre la t ion  Parameters  f o r  the Consti tuent  
B i n a r i e s  and Root Mean Square Dev ia t ions  in Vapor-Phase 
M o l e  Fract ions,  R M S D ( y , )  

water (1)- water (1)- toluene (2)- 
parameter toluene (2) NMP (3) NMP (3) 

1. NRTL (Three-Parameter) 

Pg21IR 2488.456 K 89.7835 K 420.185 K 
a12 0.2 0.3 0.3 
RMSDbi) 0.0048 0.0071 

h 2 / R  290.071 K 38.683 K 
X21/R 131.614 K 81.276 K 
RMSDbJ 0.0091 0.0070 

AU12lR 3131.712 K -124.236 K 20.827 K 
Au21IR 552.168 K 9.013 K 28.266 K 
RMSDbJ 0.0335 0.0113 

RMSDbi) 0.0081 0.0073 

BIZ 0.037 80 0.126 77 
0.027 25 0.009 32 

Dl2 0.048 78 0.040 11 
RMSDbJ 0.003 4 0.007 0 

Pg12IR 881.052 K -23.054 K -219.615 K 

2. Wilson (Two-Parameter) 

3. UNIQUAC (Two-Parameter) 

4. UNIFAC 

5. Redlich-Kister (Three-Constant) 

Cl2 

T a b l e  VI. Root Mean Square Dev ia t ions  (RMSD) in 
Vapor -Phase  M o l e  F r a c t i o n  (yi) V a l u e s  f o r  the Pred ic t ion  
o f  T e r n a r y  VLE b y  Different M o d e l  Equat ions  

RMSDb;) 
equation water toluene NMP 

NRTL 0.0234 0.0167 0.0150 
UNIQUAC 0.0340 0.0332 0.0142 
UNIFAC 0.0492 0.0450 0.0171 

by the method of Hakuta and Hirata (74).  The liquid molar 
volumes KL for water and toluene at three different tempera- 
tures were taken from the literature (73), and for NMP they 
were calculated from the experimental density values and fitted 
to a quadratic equation with coefficients a, b ,  and c given in 
Table I V .  The pure component vapor pressures PIs were 
calculated from Antoine constants A, 8 ,  and C available in the 
literature (75, 3) and are also reported in Table IV. 

The experimental VLE data for the binary mixtures of 
water-NMP and toluene-NMP were correlated through Wilson 
(76), NRTL (77), and UNIQUAC (78) equations using the Sim- 
plex optimizatlon technique (79). These two binaries were 
further correlation by UNIFAC (20, 21) and three parameter 
Redlich-Kister (22) equations. The binary parameters for 
partially miscible water-toluene binary were calculated by NRTL 
and UNIQUAC equations from the mutual solubility data re- 
ported in the literature (23) at 99.4 OC. The estimated binary 
parameters along with the root mean square devlation (RMSD) 
betwen experimental and calculated vapor-phase compositions 
are presented in Table V. The binary data satisfy the Her- 
ington's (24 )  area consistency test (water-NMP, D = 12.07, 
J = 41.0; toluene-NMP, D = 23.36, J = 37.73). 

From the calculated constituent binary parameters of NRTL 
and UNIQUAC models, the ternary VLE data were calculated 
using their ternary forms. The ternary data were also calculated 

from the UNIFAC model from the t - x  data. The comparative 
results are given in Table VI. 

I t  b obviouS from Table V that water-NMP and toluene-NMP 
bhries are best represented by three constant Redlich-Klster, 
NRTL, and UNIFAC equations. 

n number of data points 
ps/ 
P total pressure, mmHg 
R 

0-v 

pure component saturated vapor pressures, mmHg 

molar gas constant, cal mol-' K-' 
RMSD- ~c;=lcv/.,,," - Y/.calcd)2/n)1'2 

cvi 1 
t temperature, OC 
T absolute temperature, K 
VLi 
x/ 
Yi 

Subscripts 
i component i 
calcd calculated value 
exptl experimental value 

pure component liquid molar volume, cm3 moi-' 
liquidphase mole fraction of component i. 
vapor-phase mole fraction of component i . 

Reggktry No. NMP, 872-50-4; toluene, 108-88-3. 

Llterature CHed 

Bogoslovsky, V. E.; Mikhalyuck. G. I.; ShamoHn, A. I .  i.h. M I .  Khlm. 
(Leningrad), 1972. 45, 1154. 
Golubkov, Yu. V.; Repneva. T. 0.; Raglnskaya, L. M. Promst. Slnt. 
Uauch. 1975, 7 ,  1. 
Glevcz, P.; Rogalskl, M.; Malanowski, S. F I M  Phase E q M .  1985, 22 

Zaretskil, M. I.;  Kogan, V. B.; Kononov, N. F.; Miroshnichenko. A. A.; 
Usyshkina, I. V.; Podoiyak, V. G. Zh. MI. Khlm. (Lenlnpad) 1974, 

Rogozilnikwa, L. A. Fazovyl Ravnovedya I Frakt. Aspekty Romssov 
Razdsleniya R ~ v N e f i e k h i m .  Sht.  M. 1980. 117. 
Chen, J.; Huang, T.; Wen, C. Chen~Iu Keji Daxue Xuebao 1983, 2 ,  

Li, J. Tianjh Daxue Xuebao 1888, 7 ,  107. 
Smith, T. E.; Bonner, R. F. Ind. €ng. Chem. 1949, 41 ,  2867. 
Rawat, 8. S.; Goswaml, A. N.; Krlshna, S. J .  Chem. Technol. Bio- 
technol. 1980, 30, 557-562. 
Alders, L. LqM-Llqdd Extraction: Theory and Laboratory Practice, 
2nd ed.; Elsevier: Amsterdam, 1959. 
Van Ness, H. C. Classical The"$ynamlcs of NonElectrwe Sdu- 
thms; Macmlllan: New York, 1964. 
Tsonopoubs. C. A I C E  J .  1874. 20 (2). 263-272. 
Prausnitz, J. M.; Eckert. C. A.; Orye, R. V.; OConneli, J. P. Computer 
CalculeMons for Mu-t Vapor-Liquid EquiHbria ; Prentice-Hall: 
Englewood Cuffs, NJ, 1967. 
Hakuta. T.; Hlrata, M. J .  C h m .  Eng. Jpn. 1970, 3 (I), 5-8. 
Dreisbach, R. R. physical Properties of Chemical Compounds: Ad- 
vances In Chemistry Series 29, 15; American Chemical Society: 
Washington, DC, 1961, 1955. 
Wilson. 0. M. J .  Am. Chem. Soc. 1864. 86, 127-130. 
Renon, H.; Rausnitz, J. M. AICM J .  1968, 74, 135-144. 
Abrams, D. S.; Rausnitz, J. M. A I C M J .  1975. 21, 116-128. 
Nelder, J. A.; Mead, R. Comput. J .  1984, 3 ,  308-313. 
Fredenslund, A.; Jones, R. L.; Prausnitz, J. M. AICM J .  1975, 21 (6), 
1065. 
Tlegs, D.; Gmehllng, J.; Rasmussen. P.; Fredenslund, A. Ind .  Eng. 
Chem. Res. 1987, 20, 159-161. 
Redlich, 0.; Kister, A. 1. Ind. Eng. Chem. 1948, 40, 345. 
Anderson, F. E.; Prausnitz, J. M. Fluid Phase €quM~. 1886, 32 (l), 
63-76. 
Herington, E. C. G. J .  Inst. Pet. 1951, 37, 457. 

(l), 107-122. 

47 (9), 2087. 

107. 

Received for review January 8, 1991. Revised September 5, 1991. Ac- 
cepted December 2, 1991. 


