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Abstract

The activity coefficients of methanol in sulfolane, tetraethylene glycol dimethyl ether (TEGDME) and 18-crown-6
under conditions of equilibrium have been determined in the temperature range 423—503 K and in the pressure range
0.28—3.5 MPa. A minimum in the activity coefficient was found for the methanol—-TEGDME and methanol—18-crown-6
solutions.

Kurzfassung

Die Aktivititskoeffizienten von Methanol im Sulfolan, Tetraethylenglycoldimethylether (TEGDME) und 18-Krone-6
Kronenether wurden im Temperaturbereich von 423 bis 503 K und im Druckbereich von 0.28 bis 3.5 MPa gemessen.

Erstaunlicherweise wurde ein Minimum in den Aktivititskoeffizienten im TEGDME und 18-Krone-6 festgestellt.

Synopse

Angesichts des Mangels an Originaldaten iiber die
Phasengleichgewichte in bindren Systemen von fliichtigen
und nichtfliichtigen Komponenten muss man sich oft
auf eigene Messungen verlassen. Unter den zahlreichen
Messmethoden, die man in der Fachliteratur findet, sind
nur wenige flir Experimente unter erhohten Temperatu-
ren und Driicken geeignet. In der Regel ist dann auch
mit grossem Aufwand an Geld und Arbeit zu rechnen.
Im Rahmen dieser Arbeit wurde ein besonders einfaches
Messsystem konstruiert, das sich ausschliesslich aus in
einem Hochdrucklabor tiblichen Apparaturen zusammen-
setzt. Ein 570 X 107% m® Hochdruckautoklav aus rost-
freiem Stahl (Abb. 1) ist mit einer Absaugleitung mit
Ventil Vi und einem Injektionsventil V, sowie mit einem
elektronischen temperaturbestindigen Prizisionsmano-
meter ausgestattet. Zur Kontrolle der Stabilitit und der
Homogenitdt der Temperatur sind einige Thermoelemente
installiert. Die elektrischen Heizelemente H,, H, und O

“werden von elektrischen Temperaturreglern gesteuert.
Nach der Injektion des Losungsmittels wird die Luft aus
dem Apparat bei Zimmertemperatur abgesaugt. Eine
genau bekannte Menge von Methanol wird dann durch
den Injektionsventil in den Autoklav hineingesaugt, die
Ventile werden geschlossen und beide mit Verschluss-
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pfropfen versehen. Der Totaldruck wird bei fiinf ver-
schiedenen Temperaturen zwischen 423 und 503 K
gemessen, jeweils nach einer thermischen Stabilisierung
des Apparates. Um eine serienmdssige Durchfiihrung der
Experimenten zu ermdglichen, wurde das Messsystem
mit dem Hewlett-Packard Modell 9826 PC und der HP
3497A Interface—Einheit gesteuert. Eine Verzeichnis
aller Messungen sowie die Messergebnisse sind in Tab. 3
zu finden. Der Berechnung des Aktivititskoeffizienten
des Methanols v; liegt Gl (1) zugrunde, wobei alle
tibrigen Parameter entweder gemessen sind (P, T) oder
auf theoretischem Wege gefunden werden konnen.
Gleichung (2) stellt den Zusammenhang zwischen x; und
¥; dar, und P? folgt aus GI. (3). In einer fritheren Arbeit
[3] wurde eine hohe Genauigkeit der Peng—Robinson
[4] Zustandsgleichung fiir Methanol (Gl, (4)—(6)) fest-
gestellt.

Zur Berechnung werden Gl. (2) und (4)—(7) simulitan
mit den die flissige Phase beschreibenden GI. (8)und (9)
gelost. Die Fugazitdtskoeffizienten ¢ folgen aus den von
Peng und Robinson [4] gegebenen (GI. (10—(13)). Aus
den gemessenen Gleichgewichtskurven (Abb. 24 ) ist es
zu sehen, dass auf Gewichisbasis Sulfolan das beste
Lésungsmittel fiir Methanol ist.

Auf Abb. 5 ist der Aktivitdtskoeffizient des
Metharnols in den drei Losungsmitteln als Funktion der

© Elsevier Sequoia/Printed in The Netherlands



54

Methanolkonzentration in der flissigen Phase wieder-
gegeben. In TEGDME und 18-Krone-6 zeigt sich ein
Minimum in den vy;—x; Kurven, Dieses Phinomen ist
ziemlich ungewohnlich fiir bindre Systeme; nach unserer
Kenntnis waren Gottlieb und Herskowitz [ 7] die ersten,
die diesen Effekt im bindren System von Wasser und 18-
Krone-6 gefunden haben.

Die beschriebene experimentelle Technik ldsst sich
tiberall dort empfehlen, wo die Figenschaften von beiden
Komponenten (Dampfdriicke, Zustandsgleichungen)
bekannt sind und wo man z.B. von mehreren l.dsungs-
mitteln das optimale aussuchen will,

Introduction

Literature data on vapour—liquid equilibria of
binary systems containing methanol and low-volatility
solvents  like sulfolane (tetrahydrothiophene-1,1-
dioxide, C4HgSO,), tetraethylene glycol dimethyl ether
(TEGDME) or 18-crown-6 (1, 4, 7, 10, 13, 16-hexaoxa-
cyclooctadecane) are hard to find, especially for elevated
pressures and temperatures, so we had to determine
them experimentally. Various experimental techniques
are described in the literature. Most of them require
expensive and sophisticated equipment. In this work we
chose to perxorm the Cq‘Lilliurlui‘ﬁ pressure measurements
in a closed vessel system. The determination of the
methanol activity coefficient in the liquid is based on
the measurement of the total pressure and on known
saturated vapour pressure correlations for both com-
ponents. Using this method, vapour—liquid equilibria
of methanol with three different solvents, sulfolane,
TEGDME and 18-crown-6, were measured at temper-
atures between 423 and 503 K in the pressure range
0.28-3.5 MPa. The method was found to be sufficiently
accurate for the comparison at elevated temperatures
and pressures of the solution properties of the solvents
investigated. A significant advantage of the method is
that the experimental system can be kept simple: it
consists exclusively of the usual high pressure laboratory
equipment.

Experimental technique

Methyl alcohol of analytical purity from Merck was
used. The purity of the sulfolane (Merck) was better
than 99.5% and that of the TEGDME and the 18-.crown-6
(both from Janssen, Brussels) was better than 99%.

The melting ranges of 18-crown-6 and of sulfolanc
were determined to be 312.5-313 K and 299-300.1 K,
respectively. Prior to use the solvents were degassed and
dried for 3 hat 513 K under vacuum. No further solvent
purification was undertaken. Other properties of the
solvents used are specified in Table 1. The experimental
system is shown schematically in Fig. I. The autoclave
volume was found to be 570 X107° m® by means of
volumetric measurements of nitrogen expanding from
! MPa to atmospheric pressure at 293 K. An accurately
weighed solvent sample of about 50 g was placed in the

y
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Tig. 1. The experimental set-up: A, 570 X 107% m3 stainless steel
autoclave; Vj, evacuation valve; V3, methanol injection valve;
O, autoclave oven; H,, H,, heating clements; TC, thermo-
couples; P, electronic pressure transducer; S, sample.

autoclave. Care was taken to avoid long exposures of the
solvent to open air. After the autoclave was closed, its
gaseous contents were evacuated through valve V; for
one hour at temperatures of 303—313 K (i.e. above the
melting points of the solvents). A possible loss of solvent
due to evaporation was checked separately in a glass
vacuum apparatus: within the limits of accuracy of our
method the solvents do not evaporate. After evacuation,
the apparatus was cooled down to room temperature
and a liquid methanol sample of known volume, which
previously had been degassed by boiling, was sucked into
the autoclave using injection valve V,. Afterwards plugs
were installed on the valves to prevent leaking. Subse-
quently, the pressure in the autoclave was measured
with an electronic pressure transducer at temperatures
from 423 to 503 K, each time after thermal stabiliza-
tion of the system.

TABLE 1. The properties of sulfolane, TEGDME, 18-crown-6 and methanol

Molar mass Liquid density In PO
(kg kmol™h) (kg m™3) (Pa)
Sulfolane [1] 120.17 1260 (298 X) 70.936 — 10018/T - 6.56331In T
TEGDME 222.28 1032 {298 K) 24.747 — 7156.1/T®
18-Crown-6 264.32 1259 (313 K) 14.508 — 1589.4/T12
Methanol 32.04 791 (293 K) Egn. (3)

2Correlations based on own experimental data. Temperature in K.



After each experimental run the transducer was
calibrated using a Bourdon-type precision manometer
having an accuracy of 2.5X1073 MPa. To prevent
thermal shift of the calibration line, the transducer was
kept at a constant temperature of 473 £ 0.1 K during
the experiments and calibration.

Calibrated chromel—alumel thermocouples were used
for temperature measurements; their estimated accuracy
was +0.1 K. After the completion of an experimental
run, the system was cooled again and more methanol
was injected into the autoclave. The measurements were
repeated for various amounts of methanol ranging from
4.1 to 49X10 ¢ m3. Similar experiments with pure
solvent were performed to determine the saturated
vapour pressures of TEGDME and 18-crown-6 between
423 and 503 K. The experimental system described was
automated by means of a Hewlett-Packard 9826A
personal technical computer equipped with an HP 3497A
data acquisition/control unit, which allowed accurate
temperature regulation with a reproducibility to within
0.1 K.

Evaluation of an experiment

The partial molar thermodynamic potentials of the
components at equilibrium are equal in both phases.
The following equation relates the activity coefficient
of component i in the liquid phase to the composition
of both phases at equilibrium:

@)

P is the total pressure, y; and x; are the molar fractions
of methanol in the vapour and in the liquid phase
respectively, and P? is the saturated vapour pressure
of methanol, vy; is its activity coefficient in the liquid
phase at the actual pressure and temperature, v its
molar volume in the liquid phase, and ¢;(P, T) and
;(P?, T) are the fugacity coefficients at the total pres-
sure and at saturated vapour pressure respectively.

Since our aim is to determine the value of v; for
methanol, all other parameters in eqn. (1) have to be
found experimentally or derived from existing correla-
tions. These parameters are evaluated as follows.

P is the total pressure as determined experimentally,

The molar fraction p; in the vapour phase can be
related to x; according to

yi= [P - P(1 —x))/P ()

where P? is the saturated vapour pressure of the solvent.
This equation is only valid for values of y; not too far
from unity. In our case, y; was always greater than 0 96
using sulfolane or TEGDME and greater than 0.9 using
18-crown-6. P2 in eqn. (2) can be calculated using one of
the vapour pressure relations given in Table 1. As litera-
ture data were not available, we had to determine the
vapour pressure relations for TEGDME and 18-crown-6.
The experimental set-up was checked by determining the
vapour pressures for methanol and sulfolane and com-
paring results with literature data. The temperature
dependence for the 18-crown-6 is surprisingly low.

o p_po
Py;¢i(P, T) = PYx;0:(PY, TYv; exp[%‘ﬁ]
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TABLE 2. Parameters in eqn. (3) [2]

Te(K) InPy;(Pa) a; b; cq d;
512.64 1590460 -8.48160 0.58803 -—-2.68463 -—-0.07940

To find the saturated vapour pressure of methanol in
eqn. (1) the correlation given by Ambrose [2] was used:

In PP =1n Po; + (Te/T)@yr + b;7° + ¢;7° +di7®) 3)

where 7=1 — T/T,. The parameters and units are given
in Table 2.

The value of x; can be calculated if the amounts of
methanol, n;e, and of the solvent, ngg, in the liquid
phase are known.

n;o equals the difference between the total amount
of methanol injected and the amount present in the gas
phase. The latter can be calculated from the pressure of
the methanol (P; = y;P) if an appropriate equation of
state is available. In a previous experimental study [3]
we reported that the two-constant Peng—Robinson
equation of state [4] accurately describes the p—v—T
behaviour of methanol in the pressure and temperature
range of interest.

RT a(T)
p= - Pa @)
vi—b vy +b)+b(v; - b)

where
202

a(T)=0.45724 CN+K(1-T))*> Pam®mol?
¢ ®

B(T) = b(T,) = 0.0778 RT,/P, m® mol ! (6)

and

K=037464+1.54226 w — 0.269 92 w? @)

whereas w is Pitzer’s acentric factor, which for methanol
equals 0.564 [3]. To find the amount of methanol in the
vapour phase we divide the volume of the vapour phase
Vs by the molar volume of methanol vapour, as calcu-
lated from eqns. (3)—(6). This can be done when y; is
not far from unity.

In the calculation of Vg, thermal expansion of the
autoclave and that of the liquid-phase volume V, were
taken into account. For ¥y we took

— [+ [
Ve = nyuip + ngouvgy ®)

where v?% and v% are the molar volumes of pure com-
ponents. In eqn. (8) volume contraction effects due to
mixing are neglected: the error caused by this simplifica-
tion is negligible since the fraction of the autoclave
volume occupied by the liquid phase is smaller than 0.1.
Owing to some evaporation, ngg is slightly smaller than
the amount of solvent ny, placed initially in the auto-
clave. Since the partial pressure of the solvent is low,
ngo is given by

Hgg =Ngo — (1 — x)PSVa/RT )

It can be seen that to calculate x; egns. (2) and (4)—(9)
have to be solved simultaneously.
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To calculate vl in eqn. (8), its values at room tem-
perature (the densities are given in Table 1) were extra-
polated to the experimental temperature range using the
corresponding-states method [5].

The value of v in eqns. (1) and (8) was calculated
based on the liquid methanol density taken from the
literature |6].

The fugacity coefficients ¢;(P, T') and ¢,(P?, T) are the
remaining unknown parameters in eqn. (1). A relevant
expression has been derived by Peng and Robinson [4]:

n¢g=Z—1—In(Z — B) - A _1n(Z+2'414B)
2B/2 \Z -0.414B
(10)
where
A =aP/(RT)? (11
B=bPJRT (12)
Z = Pu;/RT (13)

The parameters ¢ and b are those of egns. (5) and (6).
In view of all the assumptions we have made, the
estimated maximum error in 7y; amounts to 3%.

Results

The vapour—liquid equilibrium isotherms for the
binary systems of methanol with sulfolane, TEGDME
and 18-crown-6 as derived from the total pressure
measurements are shown in Figs. 2, 3 and 4, respectively.
The experimental data and the results are specified in
Table 3. The concentration and temperature dependences
of the methanol activity coefficient 7; in the liquid
phase arc given in Fig. 5. Since the values of the partial
molar volumes in the liquid phase are not known exactly,
the +; values are not reduced to a standard pressure. The
results show sulfolane to be the worst methanol solvent,
because it has the highest v; values in the entire concen-

conc. gMeOH/ Isavent

Prsecn | MPa

Fig. 2. The equilibrium isotherms of the sulfolane—mecthanol
system; parameter: temperature in K.

064 423

€ONC. Gpeon/ Tsovent

Pmeor/ MPa

Fig. 3. The equilibrium isotherms of the TEGDME -methanol
system; parameter: temperature in K.

CONC. Qpsechi /9 sotvent

Fig. 4. The equilibrium isotherms of the 18-crown-6—methanol
system; parameter: temperature in K.

tration range. However, on a mass basis, sulfolane is the
best methanol solvent. Regretfully, an accurate estima-
tion of the activity coefficients at inifinite dilution, Ye,
is impossible owing to the lack of data for x; < 0.1;in the
low x; region we cannot obtain sufficiently accurate data
with the experimental technique described.

It can be seen in Figs. 5(b) and (c) that the activity
coefficient asa function of the molar fraction of methanotl
exhibits a minimum both for TEGDME and 18-crown-6.
This is quite uncommon for binary vapour-—liquid sys-
tems. Gottlieb and Herskowitz [7] to our knowledge
were the first to find minima in the activity coefficient,
in their case for the system water—18-crown-6 at 298,
313 and 333 K. Our results support their observations.
It would be interesting to examine whether other binary
systems containing linear and cyclic ethers exhibit a
similar behaviour,

Conclusions

The vapour—liquid equilibrium in binary systems
of methanol in sulfolane, tetraethylene glycol dimethyl
ether and in 18-crown-6 has been determined by means
of simple total equilibrium pressure measurements.
Based on the data obtained, the methanol activity coef-
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Sulfolane TEGDME 18-Crown-6
Voi T P x; vi Voi T Py Xi i Voi T Py xi Vi
107%m® (K) (MPa) (107%m? (K) (MPa) 107 8m3) (K) (MPa)
44.94 g solvent injected 51.64 g solvent injected 47.6 g solvent injected
4.1 423 0.286 0.13 1.75 4,75 423 0.315 0.23 1.08 5.00 423 0.384 0.28 1.10
4.1 443  0.349 0.12 1.61 4.75 443  0.397 0.21 1.02 5.00 443 0.503 0.24 1.15
4.1 463 0422 0.10 1.61 4.75 463 0.494 0.18 1.04 5.00 463 0.621 0.20 1.24
4.1 483 0481 0.09 1.52 4.75 483 0.596 0.16 1.10 5.00 483 0.717 0.16 1.29
4.1 503 0.559 0.08 1.64 4.75 503  0.699 0.13 1.19 5.00 503 0.816 0.13 1.46
5.1 423 0.329 0.17 1.59 7.00 423 0410 0.33 1.01 7.00 423 0486 0.37 1.06
5.1 443 (0416 0.15 1.53 7.00 443 0.543 0.29 0.99 7.00 443 0.643 0.32 1.08
5.1 463 0.504 0.13 1.51 7.00 463 0.683 0.26 1.00 7.00 463 0.803 0.27 1.15
5.1 483 0.581 0.11 1.46 7.00 483 0.817 0.23 1.02 7.00 483 0.934 0.23 1.18
5.1 503 0.678 0.10 1.59 7.00 503 0.950 0.20 1.06 7.00 503 1.071 0.19 1.32
7.1 423 0427 0.22 1.52 9.00 423 0486 0.39 0.98 9.00 423 0.575 0.44 1.04
7.1 443 0.544 0.20 1.45 9.00 443 (0.648 0.36 0.96 9.00 443 0.770 0.39 1.06
71 463 0.661 0.18 1.41 9.00 463 0.818 0.32 0.95 39.00 463 0.970 0.33 1.10
7.1 483 0.778 0.16 1.42 9.00 483 0988 0.29 0.96 9.00 483 1.140 0.29 1.13
7.1 503 0.894 0.14 1.47 9.00 503 1.158 0.26 1.00 9%.00 503 1.307 0.24 1.23
9.0 423  0.502 0.28 1.44 11.00 423  0.559 0.45 098 10.00 423 0.613 047 1.03
9.0 443  0.655 0.25 1.40 11.00 443  0.760 0.41 097 10.00 443 0.822 0.42 1.03
9.0 463 0.807 0.22 1.38 11.00 463 0.958 0.38 0.95 10.00 463 1.043 0.36 1.07
9.0 483 0951 0.20 1.37 11.00 483 1.157 0.34 0.95 10.00 483 1.238 0.31 1.11
9.0 503 1.096 0.17 1.41 11.00 503 1.355 0.31 0.97 10.00 503 1420 0.27 1.19
11.0 423  0.579 0.33 1.40 13.00 423 0.618 0.50 0.98 12.50 423 0.694 (.53 1.01
11.0 443  0.761 0.29 1.36 13.00 443 0.847 0.46 0.96 12.50 443 0.940 049 1.00
11.0 463 0.944 0.26 1.34 13.00 463 1.083 0.43 094 12.50 463 1.199 044 1.01
11.0 483 1.126 0.24 1.34 13.00 483 1.318 0.39 0.94 12.50 483 1.444 0.38 1.04
11.0 503 1.308 0.21 1.40 13.00 503 1.553 0.35 097 12.50 503 1.660 0.34 1.08
13.0 423 0.637 0.37 1.34 15.25 423  0.670 0.54 0.96 15.00 423 0.761 0.539 1.00
13.0 443 0.858 034 1.33 15.25 443 0943 0.51 0.96 15.00 443 1.044 0.55 0.98
13.0 463 1.078 0.30 1.32 15.25 463 1.217 0.47 095 15.00 463 1.339 0.50 0.98
13.0 483 1.289 0.27 1.32 15.25 483 1.491 0.43 0.94 15.00 483 1.636 045 1.00
13.0 503 1.500 0.24 1.36 15.25 503 1.765 0.40 0.96 15.00 503 1.888 0.40 1.02
15.0 423 0.695 041 1.32 17.00 423 0.711 0.57 0.96 17.00 423 0.802 0.62 0.99
15.0 443  0.946 0.38 1.30 17.00 443 1.007 0.54 096 17.00 443 1.118 0.59 0.98
15.0 463 1.210 0.34 1.31 17.00 463 1.314 0.50 095 17.00 463 1.452 0.54 097
15.0 483 1437 0.30 1.31 17.00 483 1.621 0.47 095 17.00 483 1.766 0.49 097
15.0 503 1.694 0.27 1.35 17.00 503 1.928 0.43 0.97 17.00 503 2.060 0.44 1.00
17.4 423  0.748 045 1.27 20.00 423 0.864 0.67 0.99
17.4 443 1.045 0.42 1.28 46.38 g solvent injected 20.00 443 1.214 0.64 0.97
174 463 1.342 0.38 1.28 T 20.00 463 1.581 0.59 095
17.4 483 1.625 0.35 1.28 26.50 423 0914 0.71 0.97 20.00 483 1.984 0.54 0.97
17.4 503 1.892 0.31 1.30 26.50 443  1.347 0.69 0.98 20.00 503 2.328 049 0.99
26.50 463 1.825 0.65 0.98 27.00 423 0.976 0.74 0.99
52.29 g solvent injected 26.50 483 2,290 0.61 0.96 27.00 443 1424 0.72 099
26.50 503 2.727 0.58 0.96 27.00 463 1.886 0.68 0.96
33.00 423 0.913 0.61 1.14 34.00 423  0.999 0.77 0.98 27.00 483 2.347 0.64 0.94
33.00 443  1.329 0.59 1.13 34.00 443 1,500 0.75 0.99 27.00 503 2.776 0.61 0.93
33.00 463 1.804 0.56 1.13 34.00 463 2.055 0.72 0.97 32.00 423 1.035 0.78 1.00
33.00 483 2.334 0.52 1.15 34.00 483 2.624 0.69 0.96 32.00 443 1.521 0.76 0.99
33.00 503 2.827 0.49 1.16 34.00 503 3.172 0.66 0.95 32.00 463 2.066 0.73 097
40.00 423  0.997 0.66 1.14 40.00 423 1.050 0.80 0.98 32.00 483 2.593 0.69 0.94
40.00 443 1.459 0.64 1.13 40.00 443  1.590 0.78 0.99 32.00 503 3061 0G.67 (.92
40.00 463 1984 0.61 1.11 40.00 463 2.217 0.76 0.98
40.00 483 2.541 0.59 1.09 40.00 483 2.865 0.73 0.96
40.00 503 3.123 0.56 1.11 40.00 503 3.497 0.71 0.95
49.00 423 1.051 0.71 1.11
49.00 443 1.546 0.69 1.09
49.00 463 2.144 0.67 1.08
49.00 483 2.762 0.65 1.06
49.00 503 3.389 0.63 1.04
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Fig. 5. Methanol activity coefficient in (a) sulfolane, (b) TEGDME and (c) 18-crown-6.

ficients in the liquid phase have been calculated for
temperatures of 423 to 503 K.

Unexpectedly, minima have been found for the
methanol activity coefficient in TEGDME and 18-crown-6.
Sulfolane, which is not an ether compound, does not
exhibit such behaviour. With the procedure outlined,
separate chemical analysis of the two phases is not
necessary and a disturbance of the equilibrium by
sample taking is avoided.

The experimental technique described can be recom-
mended for experiments at moderate pressures, where
the simplifying assumptions made do not cause signifi-
cant errors.
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Nomenclature

a(T) parameter in Peng—Robinson equation, Pa
mol™2 m™8

A parameter defined by eqn. (11)

a;, b;, parameters in eqn. (3)

Cis d,'

b(T) parameter in Peng—Robinson equation, m?®
mol !

B parameter defined by eqn. (12)

K characteristic constant in Peng--Robinson equa-
tion

n quantity, mol

P pressure, Pa

R gas constant, 8.3144 J mol™! K1

T absolute temperature, K

v molar volume, m® mol ™!

14 volume, m?

04 08

X molar fraction in liquid phase
» molar fraction in gas phase

zZ parameter defined by eqn. (13)
Y activity coefficient in liquid phase
b fugacity coefficient

T parameter in eqn. (3)

w acentric factor

Subscripts

c critical parameter

G gas phase

i component {

¢ liquid phase

r reduced parameter

s solvent

0 amount injected

Superscripts

0 saturated vapour
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