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Comparison of simulated equilibrium data and extractive distillation simulations accomplished
by the use of different model parameters sources is presented. Sets of experimental binary vapour-
liquid and liquid-liquid equilibrium data were used to estimate the binary parameters of the NRTL
model equation. Furthermore, UNIFAC method predicted binary NRTL parameters were obtained
from the HYSYS simulation environment.
Both sets of model parameters were used to model the vapour-liquid equilibrium of ternary
mixture containing heptane, toluene, and N-methylpyrrolidone (NMP). The influence of the NRTL
model parameters on the efficiency of extractive distillation unit used for toluene separation from
a mixture with heptane in the presence of NMP was further investigated.
Simulation of extractive distillation column gave similar results for both sets of NRTL model
parameters when the use of a large quantity of extractive solvent was assumed. However, for solvent
to feed ratio lower than 3, higher separation efficiency of the column was observed for original model
parameters compared to HYSYS supplied ones. This fact seems to correlate with the feed compo-
nent’s relative volatility variation with the amount of extractive solvent present in the mixture.
It was found that the source of model parameters influences essentially the quality of binary and
ternary equilibria prediction. Important differences between experimental and modelled equilibrium
data could be expected when unreliable model parameters are used. Especially, model parameters
predicted by the UNIFAC LLE method gave mistaken liquid-liquid and vapour-liquid equilibrium
data fit. As a consequence, at certain simulation conditions the choice of improper phase-equilibrium
model parameters led to wrong separation unit design.

Aromatics are valuable intermediates in chemical
industry. Although their content in crude does not ex-
ceed a few percent, naphtha is their principal source.
Benzene, toluene, and xylenes (BTX fraction) are pro-
duced via pyrolysis and reforming of different naphtha
fractions obtained from oil by fractional distillation.
The reactions occurring during these processes are too
fast to be fully controlled and, therefore, a mixture
of different hydrocarbons is obtained. The content of
aromatics varies upon the reaction conditions; still, in
order to get pure BTX aromatics, it should be sepa-
rated from the remaining hydrocarbons [1]. The other
reasons for aromatics separation from reformat fuel
are the successively stringent requirements on the fuel
aromatics content. BTX fraction is believed to be the
main source of polyaromatic hydrocarbons produced
inside the car engines and emitted to the environment.
Thus, according to European Union legislation, since

January 2005 the content of aromatic hydrocarbons in
fuels for spark-ignition engines should fall below 30 %
and that of benzene should not exceed 1 % [2].
In case of aromatics—nonaromatics mixtures sep-

aration, fractional distillation is of limited use only,
due to similarity of the mixture components’ boil-
ing points. Moreover, various azeotropes restrain re-
quired hydrocarbons separation, e.g. benzene forms
azeotropic mixtures with variety of nonaromatics and
oxygenates [3]. Therefore, other separation processes
for aromatics recovery were developed, of which liquid-
phase extraction is successfully employed for this pur-
pose. Probably, the most widespread extraction pro-
cess used for aromatics separation nowadays is SUL-
FOLANE process introduced in [1, 4].
An alternative to extraction, namely extractive dis-

tillation, was proposed combining advantages of both
liquid-phase extraction and distillation. As in the case

*Presented at the 32nd International Conference of the Slovak Society of Chemical Engineering, Tatranské Matliare,
23—27 May 2005.
**The author to whom the correspondence should be addressed.

Chem. Pap. 59 (6a)421—427 (2005) 421



P. STELTENPOHL, M. CHLEBOVEC, E. GRACZOVÁ

of extraction, addition of a solvent (entrainer) to the
original mixture is needed. However, different proper-
ties of the entrainer are required compared to the sol-
vent used in liquid-phase extraction [5]. Subsequently,
the mixture containing solvent undergoes fractional
distillation.
In the case of hydrocarbons mixture separation, ex-

tractive solvent is a polar compound, thus exhibiting
higher affinity to the mixture components with higher
polarity – aromatics. Due to its low volatility, the pres-
ence of extractive solvent in the mixture causes the rise
of the relative volatility of the nonpolar mixture com-
ponents, i.e. nonaromatics. Basic information about
this separation procedure was given in [6].
In this study, a system composed of alkane (hep-

tane), aromatic compound (toluene), and a solvent (N-
methylpyrrolidone) was chosen with the aim to model
the vapour-liquid equilibrium in an extractive distil-
lation column. Based on experimental binary equilib-
rium data measured within the temperature interval
of 40—60◦C, binary parameters of the NRTL equation
were obtained. Subsequently, they were used to predict
the ternary equilibria and to simulate extractive dis-
tillation of the above-mentioned mixture. Then, the
same simulation procedure was carried out using a
set of alternative NRTL parameters supplied by the
HYSYS simulation program.

THEORETICAL

Ideal behaviour of the vapour phase was consid-
ered, as relatively low total pressure, P = 12 kPa, for
all simulations was assumed. This value of the total
pressure reflects the conditions, at which the exper-
imental equilibrium data were obtained. Then, the
vapour-liquid equilibrium could be described by the
modified Raoult law equation

Pyi = P oi xiγi i = 1, 2, . . . , K (1)

where P represents the total pressure, P oi vapour pres-
sure of the pure component i, γi its activity coefficient,
x and y the component’s liquid- and gas-phase mole
fraction, respectively, and K the number of mixture
components.
Vapour pressure of pure components was calcu-

lated using semiempiric Antoine equation in the form

log(P o/kPa) = A − B/(C + t/◦C) (2)

A, B, and C are the parameters and t temperature.
When describing the liquid-liquid equilibrium, iso-

activity condition must be fulfilled

ai1 = ai2 xi1γi1 = xi2γi2 i = 1, 2, . . . , K (3)

aij being the i-th component’s activity in the j-th equi-
librium liquid phase.

In order to evaluate components’ activity coeffi-
cients variation with the mixture composition, the
NRTL model [7] was chosen
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i = 1, 2, . . . , K (4)

The model parameters τ ij and Gij are defined as
follows

τij =
gij − gjj

RT
Gij = exp(−αijτij)

i, j = 1, 2, . . .K i �= j (5)

gij being the interaction parameter between the
molecules i and j, R gas constant, T absolute tem-
perature, and αij nonrandomness model parameter.
To improve the experimental data fit, variation of

interaction parameters with temperature was assumed
in the form

gij − gjj = D + ET i, j = 1, 2, . . .K i �= j (6)

where D and E are the model parameters and T ab-
solute temperature.

EXPERIMENTAL

Antoine equation parameters of the model mixture
components were found in the literature [8, 9] as shown
in Table 1. Vapour-liquid equilibrium (VLE) data of
the binary systems heptane—toluene and toluene—
N-methylpyrrolidone at three temperatures, namely
40◦C, 50◦C, and 60◦C, as well as the liquid-liquid equi-
librium (LLE) and available VLE data of the system
heptane—N-methylpyrrolidone were taken from ex-
periments described elsewhere [10—13] (see Table 2).
For fully miscible systems heptane—toluene and

toluene—NMP, the model parameters were calculated
from the isothermal P-x and/or P-x, y equilibrium
data by minimization of the objective function, F. For
N experimental points the objective function adopts
the form

F =
K∑

k=1

(x1 − xcalc,1)
2
k +

K∑
k=1

(
P − Pcalc

P

)2
k

(7)
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Table 1. Antoine Equation Parameters of the Mixture Com-
ponents

Antoine equation Heptane [8] Toluene [8] NMP [9]
parameters

A 6.02633 6.08627 6.43532
B 1268.583 1349.122 1846.874
C 217.096 219.996 214.131

Table 2. Sources of Experimental Binary VLE and LLE Data

Temperature, t/◦C
Binary system

40 50 60

Heptane—toluene [10] [11] [12]
Heptane—NMP LLE, VLE [11] [12]
Toluene—NMP [13] [13] [13]

For each binary system, this optimization problem
was solved for the three sets of isothermal (40◦C, 50◦C,
and 60◦C) vapour-liquid equilibrium data simultane-
ously using the maximum likelihood method [14]. For
the two binary systems nonrandomness parameter αij

was set to 0.3, a value typical for binaries not present-
ing an important deviation from the ideal behaviour.
The NRTL model parameters of the third bi-

nary system, heptane—NMP, were estimated from
the component’s mutual solubility measured within
the temperature range of 29.9◦C—53.1◦C [11]. Sim-
ilar optimization procedure was applied for the model
parameters estimation as previously. For this binary
system, the objective function was defined as follows

F =
K∑

k=1

(x11 − xcalc,11)
2
k+

K∑
k=1

(x12 − xcalc,12)
2
k (8)

In this case, the nonrandomness model parame-

ter αij = 0.4 was assumed reflecting the liquid phase
strong nonideality. The set of model parameters ob-
tained by the direct fitting of experimental data is
hereinafter denoted as the original one.
HYSYS simulation engine supplied the second set

of binary NRTL model parameters. Only the binary
parameters corresponding to the system heptane—
toluene were directly available in the HYSYS
(DECHEMA) database. Remaining binary parame-
ters were either UNIFAC LLE (heptane—NMP) or
UNIFAC VLE (toluene—NMP) predicted [15]. Ta-
ble 3 summarizes both sets of the NRTL model pa-
rameters.

RESULTS AND DISCUSSION

For the sake of brevity, just the equilibrium data
for the binary system heptane—NMP at 50◦C are
presented. Serious differences between the two pre-
dicted vapour-liquid-liquid equilibria could be seen in
Fig. 1. Both, original and HYSYS supplied, sets of
NRTL model parameters were able to predict the im-
miscibility region. However, the position of immisci-
bility region calculated for the two parameters’ sets
overlapped only partially. Moreover, a great differ-
ence between the vapour pressures of the predicted
vapour-liquid-liquid equilibria was found. When using
the original model parameters the vapour pressure of
about 17 kPa was obtained; meanwhile, the value cal-
culated for the HYSYS supplied parameters was P =
11.39 kPa.
These differences were caused by the values of

model parameters used. Original ones were obtained
by the direct fitting of experimental data. Meanwhile,
the HYSYS supplied binary parameters for the sys-
tem heptane—NMP were UNIFAC predicted; thus,
less precise. Accuracy of the liquid-liquid equilibria fit
for the same binary system is shown in Fig. 2. One can
observe that the UNIFAC prediction does not match
with the experimental data at all.
Fig. 3 shows the flow sheet of an extractive distil-

Table 3. Binary Model Parameters and Objective Function Values Estimated from Experimental Data and Model Parameters
Supplied by the HYSYS Simulation Program

Binary system

Heptane—toluene Heptane—NMP Toluene—NMP

Parameters and objective function values derived from the equilibrium data
gij − gjj 43.0068 − 0.1877 × T 6700 − 17.315 × T 904.6165 + 0.0711 × T
gji − gii 225.1605 + 0.1805 × T 4000 − 9.1× T −381.9910 − 0.0420× T
αij 0.3 0.4 0.3
F 1.889× 10−3 7.342× 10−3 1.617 × 10−3

Parameters supplied by the HYSYS simulation program
gij − gjj −160.0340 −480.8750 734.9159
gji − gii 425.1932 2468.5830 −456.5560
αij 0.302 0.2 0.3
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Fig. 1. Experimental (symbols) [11] and NRTL modelled (solid
line – original parameters, dotted line – HYSYS predic-
tion) VLE data of the binary system heptane—NMP at
50◦C.
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Fig. 2. Experimental (symbols) [11] and modelled (solid line –
original parameters, dotted line – HYSYS prediction)
LLE data of the binary system heptane—NMP.

lation column for toluene separation from a mixture
with heptane using NMP as an extractive solvent. For
this purpose HYSYS simulation program (version 2.1)
was used. Counter-current flow of feed and extractive
solvent within the distillation column was assumed in
order to improve the contact of NMP with separated
mixture. Extractive solvent is effective only in the liq-
uid phase and, being the least volatile component of
all, it is present primarily in the liquid phase flow-
ing from the column top downwards [1]. Therefore,
the inlet tray for NMP was situated at the fifth stage

Fig. 3. HYSYS flow sheet of extractive distillation column.

counting from the column top, allowing good contact
of the extractive solvent with the separated mixture,
but not as close to the column top to get NMP in the
distillate. Reflux ratio, RR = 3, was selected according
to preliminary calculations. This value allowed opti-
mum contact of the vapour and liquid phases preserv-
ing good separation efficiency of the column. Liquid
backflow was formed in a total condenser situated at
the column top. The amount of distillate corresponded
to the input molar flow of heptane in the feed. Bottom
product, containing main portion of toluene and prac-
tically all the extractive solvent, was withdrawn from
the reboiler. There, the vapour flow passing through
the column was formed. All simulations were carried
out at a column total pressure of 12 kPa. This pressure
was chosen with the aim to work roughly within the
temperature range, for which the original model pa-
rameters were obtained. The composition of hydrocar-
bons feed was chosen arbitrarily (heptane to toluene
mole ratio of 1), as the content of aromatics in refor-
mat fuel varies within a broad concentration range.
Column operation conditions applied during the col-
umn simulation are shown in Table 4.
In order to evaluate quantitatively the column sep-

aration efficiency, η, the amount of separated heptane
in distillate was compared to its amount in the feed.
Fig. 4 shows that the purity of distillate is gradually
improved, increasing the amount of NMP used. For
the solvent to feed mole ratio of about 2.5 practically
pure heptane is obtained at the column head inde-
pendently of the model parameters set used for the
column simulation. However, the curve form differs
substantially for the two sets of NRTL model param-
eters when looking at the extractive solvent to hy-
drocarbons mixture ratio lower than 2. At these con-
ditions, higher-purity distillate was obtained for the
original model parameters compared to the distillate
composition calculated for the HYSYS parameters’
set.
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Table 4. Experimental Conditions for Simulation of Extractive
Distillation Column

Parameter Value

Column pressure, P/kPa 12
Number of stages (without reboiler) 15
Feed composition ṅ(heptane)/ṅ(toluene) 1 : 1
Feed temperature, tF/◦C 43.33
Feed stage 11
Extractive solvent temperature, tE/◦C 50
Extractive solvent stage 5
Solvent to feed ratio, ṅE : ṅF 0 : 1—5 : 1
Total molar flow rate, 40
(ṅtot = ṅE + ṅF)/(kmol h−1)

Reflux ratio, RR 3
Distillate molar flow rate, ṅD/(kmol h−1) Heptane molar

flow in feed
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Fig. 4. Variation of the column separation efficiency (solid line
– original parameters, dotted line – HYSYS prediction)
and of the number of equilibrium stages necessary to
reach 99.5 % yield of heptane in distillate (dashed line
– original parameters, dotted-dashed line – HYSYS pre-
diction) with the solvent to feed mole ratio.

The number of trays, on which NMP is in con-
tact with the mixture to be separated, seems to be
important for the distillate purity. Therefore, the col-
umn operation conditions, at which 99.5 % separa-
tion efficiency was achieved, i.e. heptane mole frac-
tion of 0.995 in distillate, and no NMP loss observed,
were investigated. The corresponding data are shown
in Fig. 4.
All calculations of the minimum number of equi-

librium stages were carried out for the reflux ratio RR
= 8. At these conditions, intensive-enough contact of
vapour and liquid phases was achieved, allowing reach-
ing prescribed distillate purity even if relatively small
amount of extractive solvent was used. As expected,
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Fig. 5. Variation of heptane to toluene relative volatility with
heptane content in the mixture for the (NMP) : (hep-
tane + toluene) mole ratios of 0 : 1, 1 : 1, and 3 : 1
(from bottom to top): solid line – original parameters,
dotted line – HYSYS prediction.

variation of the number of column stages is indirectly
proportional to the extractive solvent molar flow. At
low values of solvent to feed ratio, the number of equi-
librium stages determined using the set of parameters
calculated from the original experimental data was
lower compared to the number of stages obtained for
the predicted parameters’ set. The opposite was true
for ṅE to ṅF ratio higher than about 2.5.
To explain such behaviour of the model ternary

mixture, additional calculations of the components
relative volatility variation with the mixture compo-
sition at 12 kPa were performed.
The three pairs of curves shown in Fig. 5 corre-

spond to different extractive solvent to hydrocarbons
mixture mole ratios. The pair of curves situated at the
chart bottom represents relative volatility of heptane
in the mixture with toluene only. The intermediate
couple of curves was obtained for the equimolar ex-
tractive solvent—feed mixture. By addition of NMP
to the hydrocarbons mixture, the relative volatility of
heptane with respect to toluene was increased from
the value of about 1—2 to 3—5. Moreover, the hep-
tane to toluene relative volatility calculated using the
original NRTL binary parameters was higher than the
value obtained for the model parameters supplied by
the HYSYS simulation program within the whole con-
centration range.
Further increase of the solvent to hydrocarbons

mixture mole ratio to 3 : 1 causes even higher values
of heptane relative volatility, 5—8. This time however,
the values of heptane to toluene relative volatility cal-
culated for the HYSYS parameters prevail over those
obtained for the set of original model parameters, es-
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Fig. 6. Residue curve map of the system heptane—toluene—
NMP at a pressure of 12 kPa calculated using original
NRTL model parameters: thin dotted lines – residue
curves, thin solid line – immiscibility region border,
thick dotted-dashed line – liquid-phase composition
within the extractive distillation column, thick solid
line – graphical representation of the column overall
material balance. B – residue, D – distillate, E – ex-
tractive solvent, F – hydrocarbons feed.
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Fig. 7. Residue curve map of the system heptane—toluene—
NMP at a pressure of 12 kPa calculated using HYSYS
supplied NRTL model parameters: thin dotted lines –
residue curves, thin solid line – immiscibility region
border, thick dotted-dashed line – liquid-phase com-
position within the extractive distillation column, thick
solid line – graphical representation of the column over-
all material balance. B – residue, D – distillate, E –
extractive solvent, F – hydrocarbons feed.

pecially in the case of mixtures with high toluene con-
tent. At these conditions the mixture boiling temper-

ature exceeded the temperature window (40—60◦C),
for which the original model parameters were ob-
tained. Then, the accuracy of the vapour-liquid equi-
librium prediction, based on the original set of NRTL
model parameters, was not assured.
Figs. 6 and 7 present residue curve maps (RCM)

of the ternary system heptane—toluene—NMP calcu-
lated by the original and the HYSYS supplied model
parameters, respectively. Both charts are qualitatively
similar, showing small immiscibility region resulting
from heptane—NMP partial miscibility. Over each
RCM, graphical representation of the corresponding
material balance and the liquid-phase concentration
profile of the extractive distillation column is super-
imposed. Presented tray liquid compositions were cal-
culated by the HYSYS simulation program taking into
account the conditions shown in Table 4 and extrac-
tive solvent to feed mole ratio ṅE : ṅF = 1 : 1.
One can see that the liquid composition on sev-

eral column trays lays within the immiscibility region.
This is not true for the RCM chart calculated using
the HYSYS model parameters (Fig. 7), as the immis-
cibility region is shallower and shifted towards lower
heptane concentrations. Moreover, higher-purity dis-
tillate was found for the simulation based on original
model parameters compared to the result obtained by
the set of UNIFAC predicted parameters.
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SYMBOLS

A, B, C Antoine equation parameters, eqn (2)
ai activity of component i
D, E model parameters, eqn (6)
F objective function defined by eqn (7) or (8)
Gij NRTL model parameter
gij NRTL model interaction para-

meter cal* mol−1

K number of mixture components
N total number of experimental points
n experiment
ṅ molar flow kmol h−1

P system pressure kPa
P oi vapour pressure of pure component i kPa
R gas constant

(= 1.98721 cal mol−1 K−1) cal mol−1 K−1

RR reflux ratio
T thermodynamic temperature K
t temperature ◦C
x component’s liquid-phase mole fraction
y component’s vapour-phase mole fraction

* The HYSYS software required the unit cal instead of
J.
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Greek Letters

α heptane to toluene relative volatility
αij nonrandomness NRTL model parameter
γi activity coefficient of pure component i
η separation efficiency
τ ij NRTL model parameter

Subscripts

calc calculated
D distillate
E extractive solvent
F feed
H heptane
i, j component or equilibrium phase
T toluene
tot total
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