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Phase Equilibria of (Pyrrole + Benzene, Cyclohexane, and Hexane) and Density

of (Pyrrole + Benzene and Cyclohexane) Binary Systems'

Urszula Domanska* and Maciej Zawadzki

Department of Physical Chemistry, Faculty of Chemistry, Warsaw University of Technology, Noakowskiego 3,
00-664 Warsaw, Poland

The phase diagrams of pyrrole with benzene, cyclohexane, and hexane have been measured at ambient
pressure by a dynamic method in a range of temperatures from (240 to 315) K. The simple eutectic system
was observed with complete miscibility in the liquid phase for benzene. An immiscibility gap has been
observed in the systems of {pyrrole (1) + cyclohexane or hexane (2)}. The upper critical solution temperatures
(UCSTs) were observed for these two systems at (285.2 and 314.2) K for cyclohexane and hexane,
respectively. The diagrams of phase equilibria have been correlated using the Wilson and the nonrandom
two-liquid (NRTL) equation. The isothermal densities of pyrrole as a function of pressure was measured.
Densities and excess molar volumes, V& have been determined for pyrrole with benzene and cyclohexane
over temperature range (298.15 to 338.15) K and ambient pressure. The densities of {pyrrole (1) + hexane
(2)} mixture was not determined because of the problem of two phases up to 314.2 K. The temperature and
composition dependences were described by linear or polynomial correlation. Excess molar volumes were
calculated and correlated by the Redlich—Kister polynomial expansion. These systems exhibit negative
excess molar volumes, V&. Volume expansivity, o, and excess volume expansivity, o, were described in
functions of temperature and composition. Our experimental data of & were used for the description of the
excess molar enthalpy, HE, for these systems with the Prigogine—Flory—Paterson (PFP) model. Negative
VE and HE, observed in these systems are probably attributed to the 77— interactions between the aromatic
rings of pyrrole and benzene for the {pyrrole (1) + benzene (2)} mixture and by the high packing effects

for the {pyrrole (1) + cyclohexane (2)} mixture.

Introduction

The experimental solid—liquid phase equilibria (SLE) and
liquid—liquid phase equilibria (LLE) measurements of model
compound as pyrrole are essential to process design and
optimization. Pyrrole has unique physical and chemical proper-
ties and is used in the many laboratories as an entrainer in
different chemical and manufacturing extracting processes.*®
The immiscibility of pyrrole with water makes this compound
ready to use in extraction processes from water.* The knowledge
about density, excess molar volumes, or enthalpies and ther-
modynamic properties including phase equilibria is necessary
to design any process involving pyrrole on an industrial scale.*
Monte Carlo simulations were carried out to compute the
vapor—liquid equilibria (VLE) of pyrrole between other aromatic
compounds.? High-pressure phase equilibria of pyrrole with
carbon dioxide was measured as an important compound in the
enzymatic reactions.>* Ternary LLE were measured for pyrrole
+ hexadecane + nitrogen compound as information in the
possible extraction of sulfur compounds from vehicle diesel.>®

All new data of phase equilibria are useful for determining
parameters for group contribution models. Pyrrole may be used
for determining the parameters of the NHom) group existing
in pyrrole and in the imidazoles. The first model connected with
the imidazoles was made by us with the group contribution
method DISQUAC.” DISQUAC interaction parameters for the
contacts present in the solution with aliphatic hydrocarbons,

" Part of the “Workshop in Memory of Henry V. Kehiaian”.
* Corresponding author. Telephone: + 48-22-6213115. Fax: + 48-22-
6282741. E-mail: ula@ch.pw.edu.pl.

aromatic hydrocarbons, and for the amine/hydroxyl contacts
from the solutions with hydrocarbons and alcohols have been
determined.” Unfortunately, it was impossible to describe the
LLE in many of the binary systems measured by us earlier.
We hope that the new NHomy group coming from pyrrole will
improve the description, not only of pyrrole, but also of
imidazoles. This may be useful for a subsequent study of
imidazolium-based ionic liquid mixtures using DISQUAC.
Imidazolium-based ionic liquids are extremely important for new
technologies.®** On the other hand, the modified UNIFAC(Do)
group interaction parameters were determined for the imidazo-
lium bis{(trifluoromethyl)sulfonyl}imides with alkanes, alkenes,
cyclic hydrocarbons, and alcohols, giving promising results in
the prediction of VLE, activity coefficients at infinite dilution,
and excess molar enthalpies.**~*®

It was proven by the measurements of the activity coefficient
at infinite dilution, y13, that the imidazolium-based ionic liquids
with the thiocyanate anion [SCN]~ have high extraction
efficiencies for the hexane/thiophene or hexane/benzene separa-
tion problems.*>*? These are very promising results for the
separation of sulfur from mixtures of industrial importance and
for the separation of alkanes from aromatics, which needs more
thermodynamic information and the possibility of prediction of
different mixtures. Thus, the interaction parameters for similar
compounds are of industrial importance.

The present study is the first of the series of characterization
of the (pyrrole + organic solvent) binary mixtures. This work
is concerned with the investigation of phase equilibria of
mixtures containing benzene, cyclohexane, and hexane and
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Table 1. Physicochemical Characterization of Pure Substances®

M TfuseXp Tfusm AfusHIit 104 o KTexp p298 15.exp

name g-mol~* K K kJ-K™t K™t GPa! g-cm3
pyrrole 67.09 249.55 248.38° 7.91°¢ 8.96 0.608 0.96554
benzene 78.11 278.61 278.68¢ 9.866¢ 12.2 0.967¢ 0.87363
cyclohexane 84.16 280.3 279.6° 2.68° 12.2 1.12° 0.77387
hexane 86.18 0.65507

aMolecular mass, M; experimental temperature of fusion, Ty (this work); literature data of temperature of fusion, Tg™; enthalpy of fusion, AgsH";
volume expansivity, a®® (this work); isobaric compressibility, «t®® (this work); density, p*®15¢ (this work). ® Average values from NIST. ¢ Ref 17.

dRef 18. ®Ref 19. T Ref 20.

densities and excess molar volumes, V&, with benzene and
cyclohexane.

Experimental Section

Materials. Pyrrole was from Acros Organics (CAS No. 109-
97-7, > 99 %) and was distilled before every measurement. The
other chemicals were as follows: benzene (CAS No. 71-43-2,
Fluka, > 99.5 %), cyclohexane (CAS No. 110-82-7, Sigma-
Aldrich, 99.5 %), and hexane (CAS No. 110-54-3, Sigma-
Aldrich, 99 %). The solvent purities are in mass fraction. All
solvents were fractionally distilled over different drying reagents
until the mass fraction purity was better than 99.8 % and were
stored over freshly activated molecular sieves of type 4A (Union
Carbide). All compounds were checked by gas—liquid chro-
matography (GLC) analysis, and no significant impurities were
found. The physicochemical characterization of substances is
presented in Table 1.

Phase Equilibria Measurements. Solubilities have been
determined using a dynamic method that has been described in
detail previously.?* Appropriate mixtures of pyrrole and solvent
placed into a Pyrex glass cell were heated very slowly (less
than 2 K-<h™! near the equilibrium temperature) and stirred
continuously. The sample was placed in a glass thermostat filled
with water or acetone with dry ice. The temperature of the liquid
bath was varied slowly until one phase was obtained. The two
phase disappearance temperatures in the liquid phase were
detected visually during an increasing temperature regime. The
temperature was measured with an electronic thermometer P550
(DOSTMANN electronic GmbH) with the probe totally im-
mersed in the thermostatting liquid. The thermometer was
calibrated on the basis of 1TS-90. Mixtures were prepared by
mass, and the uncertainty was estimated to be better than +
0.0002 and + 0.1 K in the mole fraction and temperature,
respectively. The results of the SLE/LLE measurements for the
binary systems of {pyrrole (1) + benzene, cyclohexane, or
hexane (2)} are presented in Tables 2 to 4. The tables include
the direct experimental results of the SLE/LLE temperatures,
TSLE or TH-E versus x,, the mole fraction of the pyrrole at the
equilibrium temperatures for the investigated systems.

Density Measurements. The densities of all of the chemicals
and their mixtures were measured using an Anton Paar GmbH
4500 vibrating-tube densimeter (Graz, Austria), thermostatted
at different temperatures. Two integrated Pt 100 platinum
thermometers provided good precision in temperature control
internally (T & 0.01 K). The densimeter includes an automatic
correction for the viscosity of the sample. The apparatus is
precise to within 1:107° g-cm3, and the uncertainty of the
measurements was estimated to be better than £ 1-10°g-cm™2,
The densimeter’s calibration was performed at atmospheric
pressure using doubly distilled and degassed water, specially
purified benzene (CHEMIPAN, Poland 0.999), and dried air.
Mixtures were prepared by weighing, the uncertainty in mole
fraction being estimated as less than 5-107* All weighing

Table 2. Experimental SLE Data for the {Pyrrole (1) + Benzene
(2)} Binary System: the Mole Fraction, x;; Temperature, TS-5; and
the Activity Coefficient of the Solute, y;

X1 TSLE/IK Y1 X1 TSLE/K Y1
1.0000 249.6 1.00 0.6714 247.3% 1.77
0.9635 247.2 1.00 0.6196 251.0% 1.64
0.9431 246.1 1.02 0.6047 251.8% 1.60
0.8881 2435 0.98 0.5386 256.22 1.49
0.8474 241.5 0.97 0.4461 260.9% 1.35
0.8247 240.1 1.01 0.4320 261.42 1.33
0.8166 238.6 1.06 0.3806 263.9% 1.27
0.7899 238.1 1.06 0.3212 266.3% 121
0.7580 238.22 2.00 0.2673 268.3% 1.16
0.7343 241.32 1.94 0.2286 269.8% 1.13
0.7086 243.92 1.87 0.1704 272.0% 1.09

0.6886 245,52 1.80 0.0000 278.6%P 1.00

aSecond liquidus curve. ® The results are, for example, (278.6 + 0.1)
K.

Table 3. Experimental SLE and LLE Data for the {Pyrrole (1) +
Cyclohexane (2)} Binary System: the Mole Fraction, x;; and
Temperature, TS-&

X1 K TUEK X1 K THEK
1 249.7 05828  270.0° 286.1
0.9903 2493 05457  270.0% 286.4
0.9660 2479 05153  270.0% 286.5
0.9647 2482 04835  270.0% 286.8
0.9490  247.8 04514  270.0° 286.9
09304 2467 04235  270.0% 287.0
09272 247.0° 03923  270.0° 287.1
09084 25157 0.3654  270.0% 287.0
09056  256.0% 03392 2700 286.9
08911  258.9° 03237  270.0% 286.9
08807  261.0° 02916  270.0° 286.7
08690  265.2° 0.2551  270.0% 286.4
08573  265.9° 0.2247  270.0° 286.3
08505  268.2° 0.2007  270.0% 285.9
08338  269.2° 01818  270.0° 285.4
08304  260.4° 01622  270.0% 285.1
07944  2700° 2738 01384  270.0° 284.8
0.7742 2700 2757 01125  270.0 284.2
07633  2700° 2774 00784  270.0® 282.1

0.7428 270.0% 279.1 0.0606 270.0% 279.5°
0.7234 270.0% 280.6 0.0420 271.3%

0.7163 270.0% 281.7 0.0340 274.6%

0.6696 270.0% 284.1 0.0202 276.6%

0.6165 270.0% 285.2 0 280.0%P

aSecond liquidus curve. P The results are, for example, (280.0 + 0.1)
K. ©The results are, for example, (279.5 + 0.1) K.

involved in the experimental work was carried out using a
Mettler Toledo AB 204-S balance, with a precision of 4 1-107*
g. The uncertainty of the excess molar volumes depends on the
uncertainties of the density measurements and can be assumed
as & 0.001 cm3-mol~*. The densities of pyrrole and hydrocar-
bons are shown with other physicochemical properties in Table
1.

For the second part of this work the Anton Paar density
measuring cell for high pressures and high temperatures (DMA
512P) and the mPDS 2000 evaluation unit were used for
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Table 4. Experimental LLE Data for the {Pyrrole (1) + Hexane
(2)} Binary System: the Mole Fraction, x;; and Temperature, T--E

Xg THE/K X1 TLLE/K
0.9070 274.1 0.4234 313.9
0.8925 279.4 0.3935 313.6
0.8605 289.1 0.3657 313.1
0.8240 298.0 0.3363 312.3
0.7948 303.0 0.2972 310.8
0.7682 306.6 0.2549 308.2
0.7393 308.5 0.2122 304.4
0.6950 311.6 0.1702 299.4
0.6408 314.0 0.1373 294.2
0.5857 314.2 0.1070 286.9
0.5390 314.2 0.0869 282.8
0.5008 314.2 0.0627 269.0
0.4678 314.2 0.0351 252.72
0.4261 313.9

2 The results are, for example, (252.7 £ 0.1) K.
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Figure 1. SLE diagram of the binary system {pyrrole (1) + benzene (2)}:
@, experimental points; solid line, calculated by the nonrandom two-liquid
(NRTL) equation; dashed line, ideal solubility curve.

measurements of the densities of pure pyrrole at different
pressures. This type of densimeter is applicable over the
temperature and pressure ranges of (263 to 423) K and (0 to
70) MPa, respectively. The density of the sample is determined
by measuring the oscillation period of the U-shaped tube made
from Hastelloy C-256 stainless steel. The procedure and the
schematic diagram of the apparatus were presented by our group
earlier.??

Results and Discussion

Phase Equilibria. The experimental data of SLE/LLE of the
measured binary systems of pyrrole are shown in Figures 1, 2,
and 3. The simple eutectic system with complete miscibility in
the liquid phase was observed for pyrrole with benzene. This
result is similar to (1H-imidazole, 1-methyl-1H-imidazole, and
2-methyl-1H-imidazole + benzene) binary systems.” It can be
explained by the possible —a interaction between two aromatic
rings of pyrrole and benzene.

The immiscibility with upper critical solution temperatures
(UCSTs) were observed for cyclohexane and hexane (see
Figures 2 and 3). For the cyclohexane the solubility is better
than in hexane, and the UCSTs are (285.2 and 314.2) K,
respectively. The area of the immiscibility is lower for the
cyclohexane than for hexane. In fact, this is typical solution
behavior, observed for pyrrole with alkanes, which was shown
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Figure 2. SLE and LLE diagram of the binary system {pyrrole (1) +
cyclohexane (2)}: @, experimental points; solid line, calculated by the NRTL
equation.
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Figure 3. SLE and LLE diagram of the binary system {pyrrole (1) + hexane
(2)}: @, experimental points; solid line, calculated by the NRTL equation.

earlier in the mixtures with hexadecane.>® Also, 1H-imidazole
and 2-methyl-1H-imidazole revealed SLE with the immiscibility
in the liquid phase in the systems with cyclohexane and hexane.”

Figure 1 shows two experimental liquidus curves of pyrrole
in benzene and benzene in pyrrole. The observed experimental
eutectic point is shifted to the higher pyrrole mole fraction: xy e
= 0.7742, T, = 237.1 K. The eutectic point coming from the
correlation with the NRTL equation is: e = 0.7589, T, =
239.6 K. The eutectic points for two other investigated systems
are shifted to the solvent-rich phase. Below the eutectic
temperature we assume the immiscibility of two solid phases.

Packing effects, conformational changes, and interstitial
accommodation of the investigated molecules in the binary
mixtures are difficult to categorize. All of these effects and the
interactions have the influence on phase equilibria and excess
molar volumes, measured in this work.

Solid—Liquid and Liquid—Liquid Phase Equilibria
Correlation. For the correlation of the solubility of pyrrole in
benzene and the calculation of the solute activity coefficients
y1, the Wilson® and the NRTL equation®® were chosen. As a
measure of the reliability of the correlations, the root-mean-
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Table 5. Correlation of the SLE Data by Means of the NRTL Equation: Parameters and Temperature Standard Deviation, o1/K, in the

{Pyrrole (1) + Benzene (2)} Binary System

Wilson (g — ggo)/d-mol

NRTL (921 - 911)/~]‘m0|71

Al Al or (92 — 92) (G — gu) or
system J-mol™?* Jemol™t K o J-mol~* J-mol™!
benzene 200.01 2333.11 1.34 0.7 2489.88 1495.69 1.28

Table 6. Correlation of the LLE Data by Means of the NRTL Equation: Parameters (gi, — gz = Ci» + bioT + a,T%) and (go1 — G = Co1 +

b T + a1 T?) and the Mole Fraction Deviations a,@

(912 — Gz2)l3-mol ™t

(921 — gu)J-mol~*

system a2 b2 C12 a1 D21 C12 Ox
cyclohexane 13.661 —7592.5 1052963 —29.120 16073 —2208000 0.0073
hexane 1.3572 —759.81 108667 —1.5009 805.81 —103248 0.0285

& Parameter oo = 0.1 in the {pyrrole (1) + cyclohexane or hexane (2)}

square deviation of temperature, o7/K, has been calculated
according to the following definition:

-

where n is the number of experimental points. The values of
the parameters and the corresponding root-mean-square devia-
tions of temperature are listed in Table 5. The resulting curve
calculated with the NRTL equation is presented together with
the experimental points in Figure 1. The solubility of pyrrole
in benzene is lower than the ideal solubility (y; > 1).

The LLE of the systems {pyrrole (1) + cyclohexane or
hexane (2)} was correlated with the NRTL model. The equations
were described by us earlier.’® The NRTL o parameter was set
to a value of oo = 0.1, which has given the best results of the
correlations.

For LLE, the temperature-dependent model adjustable pa-
rameters (giz — Qo2 = C12 + by T + &, T?) and (G — g1 = €t
+ by T + a3,T?) were found by minimization of the objective
function, OF:

n

>

i=1

(Te - Tcalc,i)2 }1/2

XP,i

n—2 1)

OF = Y [(Ax)? + (A )
i=1

where n is the number of experimental points and Ax; and Ax,*
are the differences of calculated and experimental mole fraction
of two liquid phases in equilibrium, defined as

AXy = Xogie — Xexp 3)

The root-mean-square deviation of mole fraction for the LLE
calculations was defined as follows:

2

n n 1/
DA+ D (A
i=1 i=1

2n — 2

(4)

The results of the correlations and values of model parameters
and the corresponding standard deviations are given in Table
6. For the systems presented in this work the average root-mean
square deviation o, equals 0.0018. The results of the correlations
are presented in Figures 2 and 3.

binary system.

Effect of Temperature on Density. The experimental density,
o, versus composition data of {pyrrole (1) + benzene or
cyclohexane (2)} mixtures at different temperatures are listed
in Tables 7 and 8. The densities for the system {pyrrole (1) +
hexane (2)} supposed to be measured in temperatures higher
than Tycst = 314.2 K, which can provide high experimental
error (problem with two phases in the syringe at room
temperature and with injection to the apparatus). This was the
reason that the experimental densities and excess molar volumes
for the mixture of {pyrrole (1) + hexane (2)} were not

determined.

As usual, density decreases with increasing temperature for
pure substances and for the mixtures. We found no previous
data in binary systems as a function of temperature for
comparison. A second-order polynomial was found to satisfac-
torily correlate the change of density with temperature for pure

substances:

p=aT +aT+a,

where T is for the absolute temperature and a,, a;, and a, refer

to the fit coefficients. Fit parameters are listed in Table 9.

Experimental densities at ambient pressure investigated in
this work are shown in Figures 1S and 2S in the Supporting
Information (SI) for benzene and cyclohexane binary systems,
respectively. The linear correlation of the experimental points
as a function of temperature in binary mixtures is presented.

The obtained parameters are shown in Table 1S in the SI.

Effect of Composition on Density. The densities are higher
for pyrrole than for benzene or cyclohexane and decrease with
increasing solvent content. The character of changes is presented
in Figures 3S and 4S in the Sl for benzene and cyclohexane
mixtures, respectively. Solid lines were calculated with the
polynomial. The parameters of correlation are shown in Table

2S in the SI.

Experimental excess molar volumes V& data of {pyrrole (1)
=+ benzene or cyclohexane (2)} are recorded in Tables 7 and 8.
The data were calculated by smoothing the Redlich—Kister

equation:

4
Vid(em®-mol ™) = x,(1 = x) 2 AM2x, — 1)
i=1

with temperature dependence parameters

A=a+tbT
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Table 7. Experimental Density, p; Excess Molar Volume, VE; Volume Expansivity, a; and Excess Volume Expansivity, of, for the Binary

System {Pyrrole (1) + Benzene (2)}

TIK
X1 298.15 308.15 318.15 328.15 338.15
plg-cm™3
1.0000 0.96554 0.95683 0.94803 0.93914 0.93013
0.9790 0.96365 0.95492 0.94608 0.93717 0.92812
0.9214 0.95896 0.95013 0.94121 0.93219 0.92304
0.8732 0.95472 0.94581 0.93680 0.92770 0.91846
0.8207 0.95033 0.94134 0.93226 0.92307 0.91374
0.7371 0.94299 0.93385 0.92462 0.91529 0.90582
0.6693 0.93698 0.92773 0.91838 0.90892 0.89934
0.5973 0.93057 0.92115 0.91166 0.90207 0.89235
0.5030 0.92204 0.91244 0.90277 0.89298 0.88308
0.3916 0.91183 0.90201 0.89211 0.88208 0.87195
0.3142 0.90435 0.89436 0.88428 0.87410 0.86391
0.2144 0.89489 0.88468 0.87436 0.86395 0.85341
0.1287 0.88660 0.87617 0.86566 0.85506 0.84434
0.0447 0.87811 0.86749 0.85679 0.84600 0.83510
0.0000 0.87363 0.86291 0.85212 0.84124 0.83026
VE/em3-mol !
1.0000 0.000 0.000 0.000 0.000 0.000
0.9790 —0.042 —0.046 —0.048 —0.052 —0.055
0.9214 —0.186 —0.198 -0.210 —0.222 —0.233
0.8732 —0.275 —0.292 —0.310 —0.328 —0.345
0.8207 —0.381 —0.405 —0.430 —0.455 —0.479
0.7371 —0.504 —0.535 —0.568 —0.602 —0.636
0.6693 —0.581 —0.619 —0.658 —0.697 —0.737
0.5973 —0.643 —0.682 —-0.724 —0.768 —0.812
0.5030 —0.684 —0.726 -0.771 —0.816 —0.864
0.3916 —0.676 —0.718 —0.762 —0.805 —0.851
0.3142 —0.605 —0.644 —0.683 —-0.723 —0.775
0.2144 —0.493 —0.524 —0.553 —0.584 —0.615
0.1287 —0.343 —0.363 —0.382 —0.403 —0.423
0.0447 —-0.127 —0.134 —0.141 —0.148 —0.154
0.0000 0.000 0.000 0.000 0.000 0.000
10%- /K™t
1.0000 9.0 9.1 9.3 9.5 9.7
0.9790 9.0 9.2 9.4 9.6 9.8
0.9214 9.1 9.3 9.5 9.7 9.9
0.8732 9.2 9.5 9.7 9.9 10.1
0.8207 9.4 9.6 9.8 10.0 10.2
0.7371 9.6 9.8 10.0 10.3 10.5
0.6693 9.8 10.0 10.2 105 10.7
0.5973 10.0 10.2 10.5 10.7 11.0
0.5030 10.3 105 10.8 11.0 11.3
0.3916 10.7 10.9 11.2 11.4 11.7
0.3142 11.0 11.2 11.5 11.7 12.0
0.2144 11.3 11.6 11.8 12.1 12.4
0.1287 11.7 11.9 12.2 12.5 12.7
0.0447 12.0 12.3 12.5 12.8 13.1
0.0000 12.2 125 12.7 13.0 13.3
10%- oF/K™t
1.0000 0.00 0.00 0.00 0.00 0.00
0.9790 —0.04 —0.04 —0.04 —0.04 —0.04
0.9214 —0.15 —-0.14 —-0.14 —0.13 —0.13
0.8732 —0.22 —0.22 -0.21 —0.20 —0.20
0.8207 —0.29 —0.28 —0.28 —0.27 —0.26
0.7371 —0.38 —-0.37 —0.36 —0.35 —0.34
0.6693 —0.43 —0.42 —-0.41 —0.40 —0.38
0.5973 —0.46 —0.45 —0.44 —0.43 —0.41
0.5030 —0.48 —0.46 —0.45 —0.44 —0.42
0.3916 —0.45 —0.43 —0.42 —0.41 —0.39
0.3142 —0.40 —0.39 —0.38 —0.36 —0.35
0.2144 —-0.31 —0.30 —-0.29 —0.28 —0.27
0.1287 —0.20 —0.20 —0.19 —0.18 —0.18
0.0447 —0.08 —0.07 —0.07 —-0.07 —0.07
0.0000 0.00 0.00 0.00 0.00 0.00

where X, is the mole fraction of the pyrrole, V& is the excess
molar volume, and i is the number of parameters. The values
of the parameters (&) for V& have been determined using a
method of least-squares. The fit temperature dependence of the
Redlich—Kister parameters are summarized in Table 10. The

values of V& as well as the Redlich—Kister fits are plotted in
Figures 4 and 5 for the concentration dependence of the excess
molar volume for benzene and cyclohexane, respectively. The
graphs of V& indicate that both mixtures exhibit negative
deviations from ideality over the entire composition range. The
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Table 8. Experimental Density, p; Excess Molar Volume, VE; Volume Expansivity, a; and Excess Volume Expansivity, of, for the Binary
Systems {Pyrrole (1) + Cyclohexane (2)}

TIK
X1 298.15 308.15 318.15 328.15 338.15

plg-cm™3
1.0000 0.96554 0.95683 0.94803 0.93914 0.93013
0.9424 0.95379 0.94505 0.93621 0.92725 0.91818
0.8824 0.94141 0.93259 0.92370 0.91469 0.90555
0.8376 0.93214 0.92329 0.91435 0.90529 0.89610
0.7610 0.91678 0.90783 0.89879 0.88965 0.88041
0.7183 0.90828 0.89928 0.89020 0.88103 0.87179
0.6712 0.89856 0.88948 0.88032 0.87017 0.86168
0.6032 0.88476 0.87558 0.86633 0.85697 0.84756
0.5058 0.86613 0.85680 0.84740 0.83791 0.82838
0.4446 0.85423 0.84482 0.83534 0.82581 0.81630
0.3549 0.83714 0.82763 0.81803 0.80835 0.79862
0.2637 0.81991 0.81032 0.80064 0.79086 0.78096
0.1864 0.80548 0.79587 0.78614 0.77630 0.76632
0.1409 0.79778 0.78817 0.77844 0.76858 0.75860
0.0749 0.78603 0.77643 0.76672 0.75688 0.74691
0.0000 0.77387 0.76438 0.75477 0.74504 0.73518

V&/emé-mol~?

1.0000 0.000 0.000 0.000 0.000 0.000
0.9424 —0.376 —0.390 —0.404 —0.416 —0.430
0.8824 —0.705 —0.728 —0.754 —0.780 —0.806
0.8376 —0.913 —0.944 —0.977 —1.010 —1.044
0.7610 —1.239 —1.278 -1.320 —1.364 —1.413
0.7183 —1.386 —1.429 —1.476 —1.526 —1.585
0.6712 —1.486 —1.529 —1.576 —1.541 —1.681
0.6032 —1.581 —1.623 —1.671 —1.722 —1.783
0.5058 —1.691 —1.729 -1.773 -1.822 —1.884
0.4446 —1.656 —1.689 —1.728 —-1.777 —1.845
0.3549 —1.519 —1.542 —1.570 —1.604 —1.650
0.2637 —1.242 —1.253 —1.268 —1.287 —1.308
0.1864 —0.899 —0.901 —0.904 —0.908 —0.911
0.1409 —0.741 —0.741 —0.740 —0.738 —0.738
0.0749 —0.368 —0.361 —0.355 —0.347 —0.338
0.0000 0.000 0.000 0.000 0.000 0.000

104 /K™t
1.0000 9.0 9.1 9.3 9.5 9.7
0.9424 9.1 9.3 9.5 9.7 10.0
0.8824 9.3 95 9.7 10.0 10.2
0.8376 9.4 9.6 9.9 10.1 10.4
0.7610 9.6 9.9 10.1 104 106
0.7183 9.8 10.0 103 105 108
0.6712 9.9 10.2 105 10.7 11.0
0.6032 102 10.4 10.7 11.0 113
0.5058 10.6 108 111 114 11.7
0.4446 108 111 11.4 11.7 12.0
0.3549 11.2 115 118 121 124
0.2637 116 11.9 122 125 128
0.1864 118 121 12.4 12.8 13.1
0.1409 12.0 123 126 12.9 13.2
0.0749 121 124 127 13.1 134
0 122 125 1238 131 135

104+ oF/K 1
1 0.00 0.00 0.00 0.00 0.00
0.9424 -1.15 -1.10 —1.06 -1.01 —0.97
0.8824 —2.26 —2.17 —2.09 —2.00 —1.92
0.8376 —2.96 —2.86 —2.75 —2.64 —2.52
0.7610 —3.85 —-3.71 —3.57 —3.43 —3.28
0.7183 —4.14 —3.99 —3.84 —3.68 —3.53
0.6712 —4.28 —4.13 —3.97 —3.80 —3.64
0.6032 —4.17 —4.01 —3.85 —3.68 —-351
0.5058 —3.42 —3.28 —3.13 —2.97 —2.82
0.4446 —2.69 —2.56 —2.43 —2.29 —2.15
0.3549 —1.42 —-1.32 —1.22 —1.12 —1.01
0.2637 —-0.17 —0.10 —0.03 0.03 0.10
0.1864 0.62 0.66 0.69 0.73 0.77
0.1409 0.87 0.89 0.91 0.93 0.96
0.0749 0.82 0.83 0.83 0.84 0.84
0 0.00 0.00 0.00 0.00 0.00

minimum of V&, is (—0.68 and —1.69) cm®-mol™! at x; = 0.50 With the increasing temperature the minimum of V&, shifts to

(at T = 298.15 K) for benzene and cyclohexane, respectively. the higher values of V&, The excess molar volume data become
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Table 9. Fit Parameters ay, &, and a, for the Empirical Correlation
of the Density as a Function of Temperature for Pure Substances®

107-a, 10%-ay a
compound g-cm3-K?2  g-em3-K!  geem?d R
pyrrole —4.93 —5.71 1.1797 0.9999
benzene —4.36 —8.07 1.1529 0.9999
cyclohexane 6.14 —5.76 1.0003 0.9999

2 pol(g-cm3) = ay(T/K)? + a(T/K) + a (in the range of experimental
data).

Table 10. Coefficients of the Redlich—Kister Equation® for the
Correlation of the Excess Molar Volume, VE&/(cm3-mol~?), with
Temperature-Dependent Parameters®

i a lOZ-bi
Pyrrole (1) + Benzene (2)

1 2.610 —1.794
2 0.205 —0.170
0°=0.0057 cm®-mol~*
Pyrrole (1) + Cyclohexane (2)
1 —1.006 —1.907
2 —4.253 1.591
3 —3.883 1.528

0°=0.027 cm®-mol !

aVE/(cm®-mol™) = xy(1 — x)TLAM (2% — 1)L PA = a + bT.
‘o= [1/N Z(VeExp - VcEaIc)Z]llz-

VE / cmPmol

A I I I I

Figure 4. Excess molar volume V&, versus x; for the {pyrrole (1) + benzene
(2)} binary system at different temperatures: @, 298.15 K; 4, 308.15 K; W,
318.15 K; O, 328.15 K; <, 338.15 K. Solid lines represent the Redlich—Kister
equation.

more negative in the following order: cyclohexane < benzene.
The higher negative deviations from ideality are observed for
cyclohexane. However, it cannot be a result of a stronger
interaction of pyrrole with cyclohexane. The strength of the
intermolecular interaction coming from the phase equilibria is
opposite. The molecular size and shape of the components and
the packing effect are here the equally important factors. The
free volume effect, which depends on differences in the
characteristic pressures and temperatures of the components,
makes also a negative contribution. Packing effects or confor-
mational changes of the molecules in the mixtures are more
important in the mixture with cyclohexane. Also, the interstitial
accommodation and the effect of the condensation give further
negative contributions in the mixture with cyclohexane.

From the density—temperature dependence one can calculate
the volume expansivity (coefficient of thermal expansion), a,

V,.E/ cmPmol

Figure 5. Excess molar volume V& versus x; for the {pyrrole (1) +
cyclohexane (2)} binary system at different temperatures: @, 298.15 K; 4,
308.15 K; W, 318.15 K; O, 328.15 K; <, 338.15 K. Solid lines represent
the Redlich—Kister equation.

defined as:

- h o

where the subscript p indicates constant pressure. If one
considers a plot of p versus T to be linear, then the magnitude
of o increases with increasing temperature. Using the egs 6 to
8, the volume expansivity can be presented in a function of the
composition and temperature. The results of our analysis for
pure substances and their mixtures are listed in Tables 7 and 8.
The errors of derived values of parameters calculated through
the statistical analysis depend significantly on the form of an
equation chosen to represent density as a function of temperature
at constant pressure. As a result, the increasing volume
expansivity with increasing temperature was observed. This is
typical behavior for fluids in general. Plots of volume expan-
sivity a of the binary {pyrrole (1) + benzene, or cyclohexane
(2)} systems against mole fraction x; at different temperatures
(298.15, 308.15, 318.15, 328.15, and 338.15) K are shown in
Figures 5S and 6S in the Sl for benzene and cyclohexane,
respectively. The trends of the volume expansivity with the
composition of the mixtures are the same for two solvents, for
which the parameter o decreases with an increase of the mole
fraction of pyrrole. This decrease is nonlinear, being less regular
at low mole fractions of the pyrrole. Thus, these solutions reveal
the volumetric properties typical for mixtures of two organic
compounds.

Next the corresponding excess function was determined. The
excess volume expansivity was calculated by the equation:??

o = a - ¢ia, — gia, 9)

where ¢!¢ is an ideal volume fraction given by the following
relation:
XiVmi

id _
A X Vit T %V, (10)

in which V,,; stands for a molar volume for a pure component
i
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Table 11. Isothermal (T = 298.15 K) Density Measurements for
Pyrrole as a Function of Pressure®

p/MPa plg=cm™
0.1 0.96554
0.5 0.96571
1 0.96600
15 0.96630
2 0.96659
25 0.96690
3 0.96719
4 0.96777
5 0.96835

apl(g-cm™3) = a + bp, where a = 0.9654 g-cm™ and b =
0.588-107° g-cm~3-MPa ™.

Table 12. Characteristic Parameters of Pure Components: Volume
V*, Temperature T*, Pressure P*, Reduced Volume 7, and
Interaction Parameters, y1,, for Pyrrole Binary Systems at T/K =
298.15

% ™ pP* 12
component cm3+mol~* K Jecm™3 v Jemol3
pyrrole 56.69 5567 661 1.226
benzene 69.24 4715 628 1.291 —56.3
cyclohexane 84.27 4715 541 1.291 —121

Typical concentration dependencies of excess expansivity are
given in Figure 7S in the Sl for the {pyrrole (1) + benzene
(2)} binary system. This mixture reveals a minimum of of with
the absolute minimum value at x; = 0.50 (—0.48 K~ at 298.15
K). The curves are symmetrical, and the values increase (are
less negative) with an increase of temperature.

A different picture is observed for the system {pyrrole (1) +
cyclohexane (2)} with the maximum located at x; = 0.14 and
minimum located at x; = 0.67 (see Figure 8S in the SI). Thus,
the specific interaction between two dissimilar molecules
increases for the larger mole concentration of pyrrole. The
excess expansivity increases with an increase of temperature.

Prigogine—Flory—Paterson (PFP) Model. The theory of
Flory and co-workers®®=?" has been useful in predicting and
correlating the thermodynamic properties of binary mixtures of
polar and nonpolar molecules. The PFP model has been applied
to the mixtures investigated in this work using the same
procedure and formulas as published before.?® The interchange
parameter y1, Which minimized VE experimental data was
adjusted and then used to calculate HE, in the systems {pyrrole
(1) + benzene, or cyclohexane (2)}, using the thermal expan-
sivity, a, and isobaric compressibility, «t, of pyrrole measured
for this purposes (see Table 1). The values of density of pyrrole
as a function of pressure are listed in Table 11. The pure
substance characteristic parameters, volume V*, temperature T*,
pressure P*, reduced volume 7, and the interchange parameter
y12 at T = 298.15 K are presented in Table 12.

A comparison of the predicted excess molar enthalpy for these
two systems shows that predicted HE, values for the (pyrrole +
benzene) mixture are less negative (H5mi, = —0.85 kJ-mol™?)
than for the (pyrrole + cyclohexane) mixture (H5min = —2.1
kJ-mol~1). The values of predicted HE, values are summarized
in Table 3S in the SI. The predictive curves of HE, are plotted
in Figure 9S in the SI. For both solvents the excess molar
enthalpies are negative. The negative excess molar enthalpies
demonstrate strong interactions between pyrrole and solvents
under study. The presented results from phase equilibria
demonstrated that pyrrole interacts with cyclohexane (LLE)
more weakly than with benzene (SLE) in the solutions. Thus,
it should be noted that estimates of excess molar volumes and
enthalpies, on the basis of the interchange energy parameter,

obtained from the present analysis of excess molar volumes,
may exhibit relatively large deviations from the experimental
results (no HE data for pyrrole) due to the importance of
contributions from other structural effects and conformational
changes in the solution.

Conclusions

The SLE for one and LLE for two new binary (pyrrole +
organic solvent) systems were determined. Complete miscibility
in the liquid phase was observed with benzene. The experimental
data of LLE in binary systems of pyrrole with cyclohexane and
hexane demonstrates the miscibility gap in the liquid phase. The
existence of the LLE is the evidence that the interaction between
the pyrrole and the solvent is not significant. This knowledge
was not confirmed by the excess molar volumes and excess
molar enthalpy discussion. The impact of different factors on
the liquid-phase behavior of pyrrole was discussed.

New data on the densities of pure pyrrole, benzene, cyclo-
hexane, and their binary mixtures were measured. From the
density—temperature dependence the excess molar volumes, the
volume expansivity, the excess volume expansivity, and the
isobaric compressibility were described for the pyrrole mixtures
at different temperatures. In this work the negative deviations
were observed for excess molar volumes and excess molar
enthalpies calculated by the PFP theory. The lower V£, of pyrrole
with cyclohexane may be explained by possible better packing
effects.

The results of the correlations with the second-order poly-
nomial, the Redlich—Kister equation, and PFP theory of density
and excess molar volumes were with very low standard
deviations.

Supporting Information Available:

Density for the {pyrrole (1) + benzene or cyclohexane (2)}
binary systems as a function of temperature at different mole
fractions of pyrrole in Figures 1S and 2S and as a function of mole
fraction at different temperatures in Figures 3S and 4S. Fit
parameters for these systems in Tables 1S and 2S. Plots of volume
expansivity and excess volume expansivity in Figures 5S—8S.
Excess molar enthalpy in Figure 9S and Table 3S. This material is
available free of charge via the Internet at http://pubs.acs.org.
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