J. Chem. Eng. Dat2007,52,511-516 511

Isothermal Vapor—Liquid Equilibria of Binary Mixtures of Nitrogen with
Dimethyl Sulfoxide, N-Methyl-2-pyrrolidone, and Diethylene Glycol Monobutyl
Ether at Elevated Pressures
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High-pressure vapeiliquid phase equilibriumP, x, y) were measured for the binary systems of nitrogen
dimethyl sulfoxide, nitroger- N-methyl-2-pyrrolidone, and nitrogef diethylene glycol monobutyl ether over

a temperature rage between (323.15 and 393.15) K. In addition to the new data, the Bedheh—Kwong,
Peng-Robinson, and PatelTeja equations of state accompanied by several types of mixing rule were also used
to correlate these vapeliquid phase behaviors. In general, the PafBtja equation incorporated with mixing
rule-C (linear temperature-dependent combining ruleafpryielded the best representation.

Introduction these liquids were greater than 99 %. All the chemicals were

The stripper agent is an important material for photolithog- used without further purification.
raphy technology in the manufacture of semiconductors. In our  Apparatus and ProcedureA semi-flow VLE apparatus, as
laboratory, we are interested in investigating the recovery of shown in Figure 1, was used in this work. The detailed
stripper agent and reducing the pollution impact of the stripper descriptions of the apparatus and the operation have been given
agent on the environment. It is very important to have accurate else wheré:2 The main portion of the apparatus is a presaturator,
and reliable vaporliquid equilibrium (VLE) data, because those and an equilibrium cell with a total internal volume of 600%m
properties of such mixture systems cannot be predicted fromthat was immersed into an oil thermostated bath (model EX-
pure component values. Therefore, VLE data for these mixtures251HT, stability= 0.03 K, Neslab Co., USA) and the equilib-
are essential to design and operate new processes or establisium temperature was measured by a micro-thermometer (model
environment-friendly industrial equipment. Nitrogen is the 1506, Hart Scientific, USA) with a platinum RTD probe to an
preferred carrier gas in most applications of separation processesincertainty of+ 0.02 K. At the beginning of operation, liquid
because it is cheap, nontoxic, and nonreactive toward manystripper agent solute (about 400 dnwas charged into the
materials. A stripper agent waste always includes the mixture presaturator and the equilibrium cell at the temperature of

system of dimethyl sulfoxide (DMSO)NN-methyl-2-pyrroli-  —jnterest. Nitrogen then flowed continuously into the pressure
done (NMP), and diethylene glycol monobutyl ether (DGBE). yessels to contact with the liquid. Nitrogen flow rate was
Hence a knowledge of the VLE data of,N- the compo- 44iysted by micrometering valves and monitored by a wet test

nents of stripper agent waste mixture system is required. In peter The flow rate should be slow enough to ensure that phase
m;sh F;)?gse;u ?e ?/eLrg';:)OrWNip%al\rﬂasug \II\Vlzaj- LII\IS&% tznrge'\isire theequilibrium was attained in the equilibrium cell. After control-

N ' ' ling the equilibrium condition at a constant pressure and
DGBE at tteng rgtur?s frgdmt.(szts'lti to 393('11?) Pihangepres- temperature of interest for 3 h, the saturated vapor stream was
sRurg”s lf'JIEKSV N (Sang; aP rlllog lca)in enne(\évR)a ahd ?3 te?ve diverted to a sampling flask, which was immersed in an ice

edlic ong  FENG RoDINSo & a bath after its pressure and temperature were reduced. The

Teja (PT) equations of state using several types of mixing rules __. ) .
(MR) were also used to correlate the results. In general, the strlé)per agent. solute Wss trappedl n thle fllask ar!d Et?rwelghehd
PT equation incorporated with MR-C (linear tem- to determine its mass by an analytica’ electronic bajance wit
perature-dependent combining rule fap) yielded the best a precision oft 0.1 mg. The corresponding quantity of nitrogen
representation. Ilpergted from the sample was measured with a wet te_s_t n_1eter.
Liquid sample was taken from the bottom of the equilibrium
Experimental Section cell, while the pressure of the cell was maintained at a very
small fluctuation by a vapor stream that passed continuously
over the top of the equilibrium cell from the presaturator. Similar
method was used for composition analysis of liquid samples,
but a graduated cylinder, instead of the wet test meter, was
employed to collect the liberated nitrogen. A pressure transducer
* Corresponding author. E-mail: wengwl@must.edu.tw. Fax886-3- (PDCR-330, 8-300 bar, Druck Ltd., UK) with a digital indicator
6007577. (model DPI 261, Druck Ltd., UK) was employed to read the

Chemicals.Nitrogen with a purity of 99.99 % was supplied
by San Fu Chemical Company (Taiwan). Dimethyl sulfoxide
was obtained from Sigma-Aldrich. NMP and DGBE were
purchased from Fluka Chemicals (Germany). The purities of
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Figure 1. Schematic diagram for the semi-flow VLE apparatus: 1, nitrogen cylinder; 2, regulator; 3, precool equipment; 4, liquid pump; 5, heavy component
input equipment; 6, preheat loop; 7, thermometer; 8, presaturator; 9, equilibrium cell; 10, thermostated bath; 11, pressure transduceted Zytjratiua
13, wet test meter.

Table 1. Vapor—Liquid Equilibrium Data for Nitrogen (1) + Table 2. Vapor—Liquid Equilibrium Data for Nitrogen (1) +
Dimethyl Sulfoxide (2) N-Methyl-2-pyrrolidone (2)
T/IK P/bar Yo X1 Ka=yalx2 Ki= yi/xq T/IK P/bar Y2 X1 K= yalxz Ki1= yi/xa

323.15 30.0 0.0007 0.0026 0.0007 384.4 323.15 30.0 0.0005 0.0060 0.0005 166.6
40.0 0.0005 0.0035 0.0005 285.6 40.0 0.0004 0.0078 0.0004 128.2

50.0 0.0004 0.0044 0.0004 227.2 50.0 0.0003 0.0098 0.0003 102.0

60.0 0.0004 0.0052 0.0004 192.2 60.0 0.0003 0.0119 0.0003 84.0

70.0 0.0003 0.0059 0.0003 169.4 70.0 0.0002 0.0136 0.0002 735

80.0 0.0003 0.0067 0.0003 149.2 80.0 0.0002 0.0159 0.0002 62.9

90.0 0.0003 0.0074 0.0003 135.1 90.0 0.0002 0.0175 0.0002 57.1

100.0 0.0003 0.0080 0.0003 125.0 100.0 0.0002 0.0189 0.0002 52.9

353.15 30.0 0.0012 0.0032 0.0012 312.1 353.15 30.0 0.0008 0.0066 0.0008 151.4
40.0 0.0010 0.0042 0.0010 237.9 40.0 0.0007 0.0089 0.0007 112.3

50.0 0.0009 0.0052 0.0009 192.1 50.0 0.0005 0.0112 0.0005 89.2

60.0 0.0008 0.0063 0.0008 158.6 60.0 0.0005 0.0134 0.0005 74.6

70.0 0.0007 0.0073 0.0007 136.9 70.0 0.0004 0.0158 0.0004 63.3

80.0 0.0007 0.0084 0.0007 119.0 80.0 0.0004 0.0178 0.0004 56.2

90.0 0.0006 0.0094 0.0006 106.3 90.0 0.0004 0.0199 0.0004 50.2

100.0 0.0006 0.0104 0.0006 96.1 100.0 0.0004 0.0215 0.0004 46.5

393.15 30.0 0.0036 0.0043 0.0036 231.7 393.15 30.0 0.0028 0.0083 0.0028 120.1
40.0 0.0031 0.0057 0.0031 174.9 40.0 0.0022 0.0109 0.0022 915

50.0 0.0025 0.0070 0.0025 142.5 50.0 0.0019 0.0138 0.0019 72.3

60.0 0.0022 0.0083 0.0022 120.2 60.0 0.0017 0.0165 0.0017 60.5

70.0 0.0020 0.0096 0.0020 104.0 70.0 0.0015 0.0192 0.0015 52.0

80.0 0.0020 0.0112 0.0020 89.1 80.0 0.0014 0.0214 0.0014 46.7

90.0 0.0019 0.0126 0.0019 79.2 90.0 0.0014 0.0237 0.0014 42.1

100.0 0.0018 0.0146 0.0018 68.4 100.0 0.0013 0.0260 0.0013 38.4

cell's pressure. The fluctuation of pressure was regulated within Figure 2 shows that, can be correlated with the molar density
+ 0.1 bar during the sampling course. The uncertainty of of nitrogen py,) by a quadratic function:

reported pressures was estimated to be lessthanl %. At

least four samples were taken for analyzing the phase composi-

tion at each equilibrium condition. In general, the compositions Iny,=A+ Boy, + C(PN2)2 1)
were reproducedot 2 % for the minor component in the

replicated samples. However, the uncertainty of the reported

vapor-phase more fractions could #e10 % when the value  wherepy, was calculated from the PT equation of statethe

was as low as 10. sameT andP as the corresponding mixture. The coefficients
of A, B, and C were obtained by fitting the equation to the
Results experimental values with a linear-regression method. The above

The equilibrium phase compositions as well as the equilibrium €mPpirical equation quantitatively interpolates hasotherms.
vaporization ratiosk; = yi/x) for nitrogen (1)+ DMSO (2), ~ Table 4 reports the best-fitted results.
nitrogen (1)+ NMP (2), and nitrogen (1} DGBE (2) are We also find that the solubilities of nitrogen in the liquid
listed in Tables 1 to 3, respectively. In those three binary phase X;) increase with both increasing temperature and
systems, the saturated vapor compositions of the stripper agenpressure. Figure 3 presents the relation for nitrogetimethyl
solutes ) increase with increasing temperature and decreasesulfoxide. The pressure dependence is about linear. Further-
with increasing pressure within the investigated conditions. more, each gas solubility isotherm was correlated by the



Journal of Chemical and Engineering Data, Vol. 52, No. 2, 20613

Table 3. Vapor—Liquid Equilibrium Data for Nitrogen (1) +
Diethylene Glycol Monobutyl Ether (2)

TIK P/bar Y2 X1 Ko = y2/X2 Ky = y1/X1
323.15 30.0 0.0001 0.0121 0.0001 82.6
40.0 0.0001 0.0157 0.0001 63.7

50.0 0.0001 0.0201 0.0001 49.7

60.0 0.0001 0.0243 0.0001 41.1

70.0 0.0001 0.0289 0.0001 34.6

80.0 0.0001 0.0330 0.0001 30.3

90.0 0.0001 0.0372 0.0001 26.9

100.0 0.0000 0.0415 0.0000 24.1

353.15 30.0 0.0003 0.0132 0.0003 75.7
40.0 0.0002 0.0187 0.0002 53.5

50.0 0.0002 0.0234 0.0002 42.7

60.0 0.0002 0.0291 0.0002 34.4

70.0 0.0002 0.0338 0.0002 29.6

80.0 0.0001 0.0386 0.0001 25.9

90.0 0.0001 0.0430 0.0001 23.3

100.0 0.0001 0.0482 0.0001 20.7

393.15 30.0 0.0008 0.0144 0.0008 69.4
40.0 0.0007 0.0206 0.0007 48.5

50.0 0.0006 0.0264 0.0006 37.9

60.0 0.0005 0.0312 0.0005 32.0

70.0 0.0005 0.0364 0.0005 27.5

80.0 0.0004 0.0420 0.0004 23.8

90.0 0.0004 0.0479 0.0004 20.9

100.0 0.0004 0.0530 0.0004 18.9

Kl equatiorf to determine Henry's constant. The Kl equation
was defined as

In(fy/x) = In HE , + [A'(? — L/RT] + V,"(P — PRT

whereR is gas constantdl;, is Henry’s constant of nitrogen at
the saturated pressure of the solveRf),(A’ represents the

Margules constant, and,” refers to the partial molar volume
of nitrogen at infinite dilution. The fugacity of nitrogen
componentfg) was obtained from the Lewis fugacity rule where
the fugacity of pure nitrogen was calculated by the BWR
equatior? Because the vapor compositions of nitroggy) are
approximate the value of 1, the estimated fugacity of nitrogen
component f{) should be reliable and close to experimental
fugacity, f**. They are the best experimentally recommended
values of the fugacity of nitrogen componef).(The value of
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Figure 2. Correlations between the saturated vapor compositions of the
stripper agent solutes and the molar density of nitrogen at 353.10,K:

N2 (1) + dimethyl sulfoxide (2)a, N2 (1) + N-methyl-2-pyrrolidone (2);

®, N, (1) + diethylene glycol monobutyl ether (2)-, calculated from

eq 1.

Table 4. Correlation for Saturated Vapor Compositions (eq 1)

T 103B 105C

substance K n A cm*mol™t cmfmol2 1(PAAD?

N+ DMSO 323.15 8 —6.26 —11.18 15.56 0.004
353.15 8 —5.95 —8.79 13.53 0.001
393.15 8 —4.82 —1042 18.34 0.004

N2+ NMP 323.15 8 —6.65 —10.54 15.74 0.000
353.15 8 —6.19 —11.03 18.72 0.001
393.15 8 —-5.07 -—10.62 18.26 0.002

N+ DGBE 323.15 8 —8.38 —7.04 6.76 0.008
353.15 8 —7.60 —6.17 4.72 0.000
393.15 8 —6.53 —-7.39 9.62 0.000
n

2 AAD = Z | gaved y;%kp|/n.

V,” was estimated by the generalized equation of Brelvi and
O’Connelf while the liquid density of nitrogen was calculated
from the modified Rackett modéIThe values oH} , and the
Margules constant were then determined by fitting the solubility
data to the Kl equation. Table 5 lists the calculated results, and
Figure 4 illustrates the temperature effects on Henry’s constants,
which show that Henry’s constants decrease with increasing
temperature.

Data Reduction with Cubic Equations of Statd.he new
VLE data were correlated by the SRKRR? and PT equations
of state with various mixing rules. The mixture constaats
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Figure 3. Variations of nitrogen solubility in dimethyl sulfoxide with
pressure and temperaturilt, 323.15 K; A, 353.15 K;®, 393.15 K; cross
bars, the uncertainties of composition measurements.

Table 5. Calculated Results from the Kl Equation

T H;, 1073 Vi©

mixture K bar  cndbarmol~? cm*mol~! 10RPAAD?2
N>+ DMSO 323.15 10982 14.4 33.4 0.80
353.15 9426 115.9 35.2 0.56

393.15 7146 114.2 38.8 1.26

N2+ NMP 323.15 4956 59.0 36.2 0.92
353.15 4431 56.5 37.3 0.99

393.15 3496 5.0 40.1 1.16

N.,+ DGBE 323.15 2548 80.6 50.9 0.71
353.15 2243 83.7 56.8 1.55

393.15 2048 92.1 73.6 1.45

(fy/ X1)ﬁa|Cd = (f/x) ™

a AAD:G)Z|

(|
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12002 _ 2;6 i 2;8 ' 3;0 _ 32 % equation was given by
' G = (G +0c)2 (4)
10000 [ < 10000
-
Three types of combining rules were employed to calcudgte
8000 | - 8000 andb;. The combining rules foa; andb; in MR-A (one-fluid,
. one-parameter van der Waals mixing rule) were defined as
5 eoof 1o follows:
e}
’m 4000 | J 4000 j ij
A
. and
2000 | . ® - 2000
b; = (b + b)/2 (6)
0 i 1 i 1 i L A 0
24 26 > 30 32 wherekyj was a binary interaction constant. In MR-B (one-
1000/ (T/K) fluid, two-parameter van der Waals mixing rule), an additional
Figure 4. Temperature dependence of Henry's constants of the nitrogen/ Cross parameteky; was introduced in the combining rule of
stripper agent solute systemm, N, (1) + dimethyl sulfoxide (2);a, N2 bi]-;
(1) + N-methyl-2-pyrrolidone (2)®, N» (1) + diethylene glycol monobutyl
ther (2).
cther @) by = (1 — ky)(bs + )12 W)

_ ) MR-C included eq 6 fob; and the linear temperature-dependent
bm, andcm in those equations of state were calculated from  combining rulé® for a;:

2 2 s T .
0= Z Z XX0; 3) ay = |1 — kyj + ky; _1003(5%31)05 ®)
=1 =

wherekyj; andkyj were binary interaction constants. The optimal
wherex; is the mole fraction of componentand @ represents  interaction parameters, includingj, Koij, kij, and ky; were
the equation constaat b, or c. The subscripij represent$—j determined from the bubble pressure calculations by minimiza-
pair interaction properties. The combining rulecpfor the PT tion of the objective functiorr with a modified Levenberg

Table 6. Parameters of Pure Compounds
substance TAK Pdbar o2 mP K cd Fd Ae Be ce De Ee

nitrogen 126.2 3398 0.037 0.5380 0.43133 0.326 0.500

DMSO 729 56.5 0.281 0.9084 0.78670 0.309 0.797 5463E —7.62E+03 —4.63E+00 4.38E-07 2.00E-00
NMP 724 47.8 0.358 1.0209 0.89218 0.304 0.883 6:0QE —8.55E+03 —6.44E+00 2.93E-18 6.00E-00
DGBE 654 25.6 0.932 1.7941 1.57757 0.276 1.416 2HQ@E -—-1.76E+04 —2.67E+01 3.49E-17 6.00E-00

aTaken from DIPPR, NIST Standard Reference DatabadeHstimated from generalized correlation reported as SeRegllich-Kwong & wherem =
0.480+ 1.574v — 0.176w2 © Estimated from generalized correlation reported as Peng and RolSingoerex = 0.37464+ 1.542260 — 0.26992,2,
d Estimated from generalized correlation reported as Patel and Whgrel. = 0.329032— 0.0767992 + 0.021194@%2 andF = 0.452413+ 1.30982
— 0.29593%2 ePva = exp@A + (B/T) + C In T + DTE) where P'a/Pa andT/K, the coefficients were taken from DIPPR, NIST Standard Reference
Database I

Table 7. Bubble Pressure Calculations from the SoaveRedlich—Kwong, Peng—-Robinson, and Patet-Teja Equations of State

mixing rule-A mixing rule-B mixing rule-C
mixture ID? kaij 10°AP/P 102Ay2 kaij kbij 10°PAP/P 102Ay2 klij k2ij 10PAP/P 102Ay2
Soave-Redlich-Kwong Equation of State
M1 0.4408 5.26 0.040 —0.4985 —0.1789 2.67 0.084 0.1195 0.9315 1.81 0.030
M2 0.2474 3.55 0.023 0.1235 -0.0223 3.14 0.025 0.0909 0.4616 1.70 0.019
M3 0.2711 7.92 0.010 0.1518 —0.0169 7.78 0.011 —0.2293 1.4889 5.01 0.008
overall AAD 5.58 0.024 4.53 0.040 2.84 0.019
Peng-Robinson Equation of State
M1 0.4358 4.04 0.041 0.1218 -0.0688 3.68 0.056 0.2384 0.5753 1.90 0.034
M2 0.2686 2.82 0.025 0.1575 -0.0230 2.72 0.029 0.1373 0.3735 1.68 0.023
M3 0.2986 7.36 0.012 0.0737 —0.0370 7.33 0.015 —0.0582 1.0565 5.04 0.009
overall AAD 4.74 0.026 4.58 0.033 2.87 0.022
Patel-Teja Equation of State

M1 0.4023 3.45 0.039 —-0.1059 -—0.1117 2.51 0.063 0.2208 0.5298 1.76 0.034
M2 0.2045 1.72 0.023 0.0804 —0.0263 1.62 0.026 0.1443 0.1656 1.52 0.022
M3 0.1247 4.45 0.011 0.1010 —0.0045 4.41 0.011 0.0540 0.2050 4.34 0.010
overall AAD 3.21 0.024 2.85 0.033 2.54 0.022

aM1, Nz (1) + DMSO (2); M2, N (1) + NMP (2); M3, N, (1) + DGBE (2).



Journal of Chemical and Engineering Data, Vol. 52, No. 2, 20615

0000 0005 0010 0015 0990 0.992 0.994 0.996 0.998 1.000
120 —————— o f—————————
100 |- °
80 |

5 60

O

=~

QL
40
20 |
0 1 1 1 1 1 ,I/V L 1 2 1 1 1 " 1 i
0.000 0005 0010 0015 0890 0.992 0.994 0.996 0.998 1.000

X, Y,

Figure 5. Comparison of VLE calculations from the SRK, PR, and PT
equations of state with MR-C for the nitrogen (%) dimethyl sulfoxide
(2): m, 323.15 K; A, 353.15 K;®, 393.15 K;—, calculated from SRK;

- - -, calculated from PR - -, calculated from PT.
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Figure 6. Comparison of VLE calculations from the SRK, PR, and PT
equations of state with MR-C for the nitrogen ()N-methyl-2-pyrrolidone

(2): W, 323.15 K; A, 353.15 K;®, 393.15 K;—, calculated from SRK;
- - -, calculated from PR - -, calculated from PT.
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wheren is the number of data points. The superscripts exp and
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Figure 7. Comparison of VLE calculations from the Patdleja equation
of state with different mixing rules for the nitrogen (¥)diethylene glycol
monobutyl ether (2)8, 323.15 K;a, 353.15 K;®, 393.15 K;—, calculated
from MR-A; - - -, calculated from MR-B: - -, calculated from MR-C.

equation or the PR equation. Good agreements between the
calculated results from these cubic equations of state with MR-C
and experimental values have been obtained fof-NDMSO

and N + NMP mixture systems. Figures 5 and 6 show that
these cubic equations of state with MR-C can quantitatively
describe the vaperliquid phase behaviors for N+ DMSO

and N + NMP systems, respectively. As the comparison made
in Figure 7, it is indicated that the VLE equilibrium calculations
for the N, + DGBE system from the PT equation are
approximately comparable, regardless of which various mixing
rule was used. In general, the PT equation with MR-C produces
the best correlated results for those three nitrogestripper
agent solute systems.

Conclusion

The VLE data were determined experimentally for three
binary systems of nitrogen with DMSO, NMP, or DGBE at
temperatures from (323.15 to 393.15) K and pressures up to
100 bar. The saturated vapor compositions of the stripper agent
solutes could be correlated with the molar density of nitrogen
within the entire investigated conditions. The study also found
that nitrogen solubilities in the stripper agent solutes increased
with increasing temperature and that Henry’s constants of the
nitrogen decreased with increasing temperature. According to
the results of the bubble pressure calculations, these cubic
equations of state with MR-C could satisfactorily represent the
phase-equilibrium behavior of nitrogenDMSO and nitrogen
+ NMP systems. However, the VLE calculations for thg-N

calcd denote the experimental value and the calculated value,pGBE system from the PT equation are approximately com-
respectively. The pure component parameters used in VLE parable, regardless of which various mixing rule was used.

calculations and determining Henry’s constants are given in

Generally, the PT equation with MR-C yielded the best results

Table 6. Table 7 reports the results of the data reductions wherefor those three investigated systems.

the absolute average deviations (AAD) AP/P and Ay, are
defined as

calcd )
10 PP

AP/P == Z

n
n
|

As seen from Table 7, the values of the objective function
from the PT equation are smaller than those from the SRK

(10)
Py®

1
Ay, = - Yox| (11)
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