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Abstract

The vapor-liquid equilibrium data are necessary for the design of the distillation columns which separate the mixture mesitylene – 

ABE components resulting from the liquid-liquid extraction of butanol from the ABE using 1,3,5-trimethylbenzene as solvent. In this 

work, the vapor - liquid equilibrium data is determined for the binary systems: ethanol + 1,3,5-trimethylbenzene and n-butanol + 

1,3,5-trimethylbenzene at constant pressure of 93.325 KPa using a double phase circulation apparatus. Thus, P-T-x-y data is 

determined, which is further processed by regression to determine the binary interaction parameters of the NRTL and UNIQUAC 

models. Furthermore, the T-x-y diagrams are calculated using the completed thermodynamic models (NRTL and UNIQUAC) and 

the UNIFAC predictive model, and compared with the experimental diagrams.
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1 Introduction
n-Butanol has been proved to be a superior alternative 
to ethanol as additive for fossil fuels used in the internal 
combustion engines (ICE). Butanol is compatible with the 
ICE, it is less flammable than gasoline and is miscible 
with gasoline in any proportion, these properties lead-
ing to the statement that butanol can be added to gaso-
line in the early stage, before storage and distribution [1]. 
n-Butanol is above ethanol in terms of net heat of combus-
tion (NHOC). The NHOC of butanol is 29.2 MJ/L, which 
represents 83 % from NHOC of the gasoline (32.5 MJ/L). 
Ethanol has an NHOC of 21.13 MJ/L, while methanol 
develops 14.63 MJ/L through combustion [2]. But n-bu-
tanol has more advantages than ethanol: it is less hygro-
scopic, is safer than ethanol, considering that the butanol 
has a smaller vapor pressure and a higher flash point than 
the ethanol. Butanol can be considered an ideal alternative 
to other biofuels used until now.

n-Butanol can be obtained through hydrogenation 
of crotonaldehyde (obtained by condensation of two 
molecules of acetaldehyde) or by hydroformylation of 

propylene to butyraldehyde followed by catalytic hydro-
genation (process from which a mixture of iso-butanol 
and n-butanol is obtained). These chemical methods imply 
the utilization of raw materials coming from non-renew-
able sources. n-Butanol can be also obtained from biore-
sources, through fermentation using Clostridium strains 
(Clostridium acetobutylicum, Clostridium beijerinckii, 
Clostridium saccharoperbutylacetonicum, Clostridium 
saccharobutylicum)  [3-7]. In this case, n-butanol is 
obtained as a mixture of water, acetone, n-butanol, and 
ethanol, commonly named ABE. The concentration of 
butanol in the ABE mixture is low, under 4 mass%. On the 
other side, water forms a heteroazeotrope with butanol 
with minimum boiling temperature and a homogenous 
azeotrope with ethanol. This fact makes the separation of 
the ABE mixture a task which is difficult to achieve by 
conventional distillation.

Biobutanol is not yet used on large scale as fuel or fuel 
additive due to the difficult separation from the ABE mix-
ture, which requires large amounts of energy and costly 
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equipment. Separation of butanol through conventional 
distillation needs 18.4 MJ/kg, which represents 54  % of 
the energy developed by combustion of 1 kg butanol [8]. 
Therefore, the separation of butanol from the ABE mix-
ture through simple distillation is not a feasible option 
from  an economic point of view. On the other side, 
the toxicity of acetone and butanol on Clostridium strain 
requires the  removal of fermentation products at certain 
key moments, when their concentration in the broth still 
does not affect the Clostridium strain. This means that 
the proportion of water in the broth is large. The separa-
tion of the mixture by distillation involves the vaporiza-
tion of this large amount of water, a fact that can be trans-
lated in large energy requirements in the reboilers. To save 
energy, other techniques as gas stripping, adsorption, per-
vaporation and liquid-liquid extraction can be combined 
with distillation in complex schemes in order to increase 
the concentration of the ABE mixture.

Gas stripping is a method that can be used to remove 
the ABE compounds in situ. It implies the utilization of 
an inert gas as H2 or CO2 for the stripping of acetone, buta-
nol and ethanol from the fermentation broth. This method 
has the advantage that can be applied in situ [9]. The fer-
menting gas (a mixture of CO2 and H2, [10, 11]), an inert 
gas (CO2 [2] or N2 [12]), or a mixture of inert gases (CO2, 
N2, H2, [13]) can be used as stripping agent.

Pervaporation combined with distillation is another 
alternative to separate butanol from the ABE mixture. 
When a hydrophobic membrane is contacted with the ABE 
liquid mixture, acetone, butanol and ethanol pass through 
the  membrane, which helps breaking the ethanol-wa-
ter and butanol-water azeotropes. Pervaporation owns 
the  advantages of a low energy requirement, it does not 
affect microorganisms, while losses of nutrients and sub-
strates are prevented. Pervaporation is particularly prom-
ising for separating azeotropic mixtures with close boiling 
points since the separation is dependent on the solubility/
sorption and diffusivity of components rather than their 
volatility [14]. Numerous researches related to the sepa-
ration of butanol by pervaporation have been performed, 
among which we mention Li et al. [15], Qureshi et al. [16] 
and Lipnizki et al. [17].

Adsorption, along with pervaporation and liquid-liq-
uid extraction, is considered one of the most economical 
processes for separating butanol from the ABE mixture. 
When this technique is applied, butanol adsorbs on the 
surface of a solid adsorbent, and then is removed from by a 
desorption process consisting either in the gradual heating 

of the adsorbent or in the displacement of the molecules 
of adsorbed butanol. In both cases concentrated solutions 
of butanol are obtained. Adsorption capacity, selectivity 
and ease of desorption are essential factors to consider 
when choosing an adsorbent. Numerous studies on the 
adsorption of butanol on different adsorbents have been 
carried out, but few of them also address the reverse buta-
nol desorption process and the adsorbent reuse. Various 
materials such as active carbon [18], polymer resins [19] 
or zeolites [20] may be used as adsorbents.

Liquid-liquid extraction, as mentioned above, is consid-
ered to be one of the most economical butanol separation 
processes if the extraction solvent used has good selec-
tivity for butanol and is readily regenerable. Liquid-liquid 
extraction, followed by distillation, is one of the  pro-
cesses that are highly likely to be used to separate butanol. 
Liquid-liquid extraction applied to ABE separation has 
been studied in several papers [21-28]. A good extraction 
solvent should have a high solubilization capacity, high 
selectivity towards butanol, a boiling temperature differ-
ent from that of butanol and of the other solubilized com-
ponents. It is also very important that the solvent does not 
form an azeotrope with the solubilized compounds and 
have a small latent evaporation heat.

Oleyl alcohol is one of the most well-known solvents 
for liquid-liquid extraction of butanol in ABE. There are 
several papers presenting the results of the research on this 
solvent, whether used as such [21-23] or together with a 
co-solvent. Oleyl alcohol has the advantage of having low 
toxicity on Clostridium bacteria. Other solvents that may 
be used for butanol extraction are higher alcohols such as 
hexanol [24], heptanol, octanol [22, 23], but these  alco-
hols are toxic to Clostridium bacteria, although they have 
a good solvating capacity. Another alcohol proposed and 
studied for butanol extraction is 2-ethyl hexanol [25]. 
In 2010, Kraemer [26] conducted a scan of the properties 
of certain compound (alcohols and alkanes) using CAMD 
(computer-aided molecular design) to determine the com-
patibility of butanol with these compounds in order to find 
a suitable solvent for the butanol extraction. Thus, it was 
found that 1,3,5-trimethylbenzene (mesitylene) is a good 
solvent for the extraction of butanol from ABE, as it 
has a very high selectivity (2500-4300) towards butanol 
in the presence of water [26]. On the other hand, an exper-
imental study [27] of the liquid-liquid equilibrium in the 
water-mesitylene-butanol ternary system confirmed 
that the mesitylene selectivity towards butanol is much 
higher than the mesitylene selectivity towards the water. 
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Liquid-liquid extraction processes with mesitylene [26-28] 
have even been proposed.

We have noticed that the UNIFAC predictive model was 
used to assess the use of mesitylene as a solvent for dif-
ferent process schemes based on liquid-liquid extraction. 
However, the vapor-liquid equilibrium of the  n-butanol/
mesitylene and ethanol/mesitylene mixtures, required to 
design the solvent recovery column, is better predicted 
by  thermodynamic model with parameters determined 
from experimental data, such as NRTL or UNIQUAC. 
To the best of our knowledge, binary interaction parameters 
of the NRTL or UNIQUAC models specific to the mesity-
lene + n-butanol are missing from the literature. Following 
experiments performed in the laboratory, we  found that 
mesitylene is completely miscible with n-butanol, ethanol 
and with acetone. This paper aims to present vapor-liquid 
equilibrium data for n-butanol + mesitylene and for eth-
anol + mesitylene mixtures, determined at constant pres-
sure, and to determine the binary interaction parameters of 
the NRTL and UNIQUAC thermodynamic models.

2 Experimental
2.1 Materials
The vapor-liquid equilibrium (P-T-x-y data) for the binary 
mixtures n-butanol + mesitylene and ethanol + mesitylene 
is determined at constant pressure of 93.33 kPa. The com-
position of the initial mixtures is varied from 0 up to 1 
alcohol mole fraction. The apparatus and the procedure 
are explained below.

The chemicals used in the experimental and their prop-
erties are presented in Table 1. All chemicals were used 
with no further purification.

2.2 Apparatus and procedure
The apparatus for determining the vapor-liquid equilib-
rium is shown in Fig. 1. It is produced by NORMAG Labor 
und Prozesstechnik GmbH and consists of a compactly 
built, highly sophisticated body of borosilicate glass.

The front view (Fig. 1b) shows on the right side 
the  vapor-liquid equilibrium section (1) with an inner 
high-vacuum-insulated jacket and an outer tempera-
ture-stabilized jacket for separating the vapor from the 
liquid phase, in the middle the liquid return (2) and on the 
outer left the condensate return (3). Both return sections 
are provided with temperature-stabilized jackets, which 
can be cooled or kept at a given temperature with a heat-
ing/cooling thermostat.

The vapor-liquid equilibrium vessel (4) is heated 
by  means of an internally situated quartz-rod immersion 
heater (5), whose heating power can be adjusted. The sur-
face of the quartz-rod immersion heater is rough and thereby 
promotes the formation of boiling bubbles. If this is not suf-
ficient, boiling chips made from e.g. PTFE can be intro-
duced via the threaded opening (6). The vapor-liquid equi-
librium section (1) incorporates a drain valve (7) for  the 
liquid mixture and a thread (6) for introducing an air leak 

Table 1 Materials used in the experimental [29-31]

Component name Source nD
20 Purity / mass 

fraction

Ethanol Chemical 
Company 1.3610[29] 0.993

n-Butanol Sigma 
Aldrich 1.3990[30] 0.995

1,3,5-Trimethylbenzene Sigma 
Aldrich 1.4990[31] 0.98

Fig. 1 Vapor-liquid equilibrium body of apparatus for determining 
vapor-liquid equilibrium: a-view from right; b-front view; c-view 
from left; d-view from above; 1-vapor-liquid equilibrium section; 
2-liquid return; 3-condensate return; 4-vapor-liquid equilibrium 
vessel; 5-quartz-rod immersion heater; 6-threaded opening of the 
vapor-liquid equilibrium vessel; 7-drain valve of the vapor-liquid 
equilibrium section; 8-mixing chamber; 9-threaded opening for the 
mixing chamber; 10-valve tappet guided from above for the liquid 
return; 11-valve tappet guided from above for the liquid return; 
12-sampling valve for vapor return; 13-sampling valve for liquid 
return; 14-capillary thread with insertion septa for small quantity 
liquid sample; 15-capillary thread with insertion septa for small 

quantity of condensed vapor sample; 16-Cotrell pump
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tube. The liquid return (2) and the condensate return (3) end 
in a mixing chamber (8), in which a stirring bar can be intro-
duced via a threaded opening (9) in order to achieve suffi-
ciently thorough mixing with a small magnetic stirrer.

The liquid return (2) and the condensate return (3) can 
be closed via the manually operated glass valve tappets 
guided from above (10+11) and thereby stemmed so that 
larger samples can be easily drawn off via the sampling 
valves (12+13). Both the liquid return and the vapor-con-
densate return are provided with capillary threads (14+15) 
with insertion septa for small sample quantities.

The temperature in the equilibrium cell is measured 
with Pt 100 digital thermometer (measuring range −20° 
to +200 °C, reading accuracy 0.01 °C). The temperature 
in the external heating jacket is maintained with a Julabo 
heating thermostat (operating range +20° to + 200 °C).

2.3 Procedure
A mixture of 70 cm3 consisting of ethanol and mesity-
lene (respectively butanol and mesitylene) was introduced 
in the apparatus through the thread (15). The whole system 
was coupled to the vacuum pump to maintain the pres-
sure at 93.33 kPa (the operating pressure in the experi-
ments) and gradually heated. As a result of the action 
of the  Cotrell pump at the top end of the liquid-filled 
vapor-liquid equilibrium vessel, vapor bubbles and liquid 
droplets are delivered into the vapor space. In the process 
they separate without condensate and evaporative losses 
and generate a circulation of the liquid phase and the sepa-
rated vapor condensate back into the vapor-liquid equilib-
rium vessel. They are mixed with each other again in the 
mixing chamber and forced by convection in the vapor-liq-
uid equilibrium vessel to the boiling surface, at  which 
they  boil again. After a period, the mixture reaches 
the  state of equilibrium, in which the vapor and liquid 
phases are found at  the exact boiling temperature at  the 
working pressure. The vapor and liquid phases in equilib-
rium can be clearly characterized by the concentration of 
the  two components. The composition of the phases can 
be determined by sampling and analysis by GC or refrac-
tive index method. The samples are taken simultaneously, 
30 minutes after  reaching of the equilibrium state, when 
no variation of the temperature in the equilibrium cell 
and no variation of the pressure is observed. This proce-
dure was performed for each binary mixture. 8 ethanol + 
mesitylene mixtures and 8 butanol + mesitylene mixtures 
with  different concentrations were considered, covering 
the whole composition range (from 0 to 1 ethanol mole 

fraction, respectively from 0 to 1 butanol mole fraction). 
The samples taken during experiments were analyzed and 
the results are presented in the Section 3.

3 Experimental results
The composition of the samples was determined by mea-
suring the refractive index (with a Carl Zeiss Abbe 
Refractometer Type 6), after determining a calibra-
tion curve for  each binary mixture. The pairs refractive 
indexes – known composition of the mixtures are dis-
played in Table 2. The values from Table 2 were used to 
plot the calibration curves displayed in Fig. 2 and Fig. 3.

Fig. 2 and Fig. 3 also display the fitted curves (red line) 
obtained by the regression of the values from Table 2.

The regression of the data sets refractive indexes - com-
position (expressed in mole % of ethanol), for the mixture 
ethanol + mesitylene lead to the Eq. (1) which describes 
the mathematical correlation between composition and 
refractive index. For this correlation Radj

2  = 0.99998.

Table 2 Refractive indexes of the samples prepared for the calibration 
curves for the binary mixtures: ethanol + mesitylene and 

n-butanol + mesitylene

Ethanol + mesitylene n-Butanol + mesitylene

mole % ethanol nD
20 mole % butanol nD

20

0 1.4992 0 1.4992

31.47 1.4770 31.34 1.4744

47.89 1.4599 43.24 1.4647

56.69 1.4490 62.58 1.4460

73.97 1.4230 67.86 1.4402

82.69 1.4060 73.28 1.4335

92.13 1.3840 80.12 1.4255

100 1.3625 100 1.3995

Fig. 2 Variation of refractive index with the composition 
(as mole % ethanol) used as calibration curve for the binary 

mixture ethanol + mesitylene
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1 4⋅ ⋅− z

	 (1)

The correlation between composition and refractive 
index for the mixture butanol + mesitylene was established 
in a similar way. The variation of the of nD

20  with compo-
sition for the mixture n-butanol + mesitylene is described 
by the Eq. (2). The Radj

2  was in this case Radj
2  = 0.99997.

n z z
z

= − ⋅ + ⋅

− ⋅ −

⋅ ⋅

⋅

− −

−

1 4992 9 31514 10 9 10588 10

1 70535 10 7

4 6 2

7 3

. . .

. .229354 10
10 4⋅ ⋅− z

	 (2)

For both Eq. (1) and Eq. (2), the term n refers to the 
refractive index of the mixture, while z refers to the com-
position of the mixture, expressed as mole percent of eth-
anol, respectively mole percent of butanol.

The results of vapor-liquid measurements are tabulated 
in Table 3 (ethanol + mesitylene) and Table 4 (n-butanol + 
mesitylene). The activity coefficients γ1 and γ2 calculated 
starting from the experimental data by using Eq. (3) and 
Eq. (4) are also displayed. The Antoine coefficients [32] nec-
essary for vapor pressure calculations are shown in Table 5.

γ1
1

1 1

=
Py
Px

	 (3)

γ
2

1

2 1

1

1
=

−( )
−( )

P y
P x

	 (4)

Where: P – experimental pressure; P1 and P2 - vapor pres-
sure of component 1, respectively of component 2, calculated 
with Antoine equation; x1 and y1 – liquid and vapor composi-
tion, respectively, expressed as alcohol mole fraction.

The variation of activity coefficients for the studied 
binaries is displayed in Fig. 4 and Fig. 5. These plots can 
be used for the evaluation of the thermodynamic consis-
tency of the experimental data.

4 Binary interaction parameters for NRTL and 
UNIQUAC models and data correlation
The vapor-liquid equilibrium data obtained were regressed 
in PRO/II 9.3 in order to obtain the binary interaction 
parameters of the NRTL and UNIQUAC thermodynamic 
models, specific to the studied binary mixtures.

The NRTL model with 5, 8, 10 and 14 binary interaction 
parameters were considered for regression of the equilibrium 

Fig. 3 Variation of refractive index with the composition 
(as mole % n-butanol) used as calibration curve for the binary 

mixture n-butanol + mesitylene

Table 3 Experimental (vapor + liquid) equilibrium data for temperature 
T, pressure P, liquid-phase mole fraction x and vapor phase mole 

fraction y, for the system ethanol (1) + mesitylene (2)a

T/K P/kPa x1 y1 γ1 γ2

434.84 93.42 0 0 - 0.997

381.35 93.42 0.0268 0.8142 9.516 0.980

373.70 93.42 0.0738 0.8775 4.821 0.899

365.55 93.41 0.1275 0.8833 3.747 1.245

356.55 93.39 0.2050 0.9112 3.362 1.501

355.55 93.34 0.2652 0.9273 2.747 1.387

352.55 93.33 0.6016 0.9454 1.388 2.184

351.35 93.33 0.7947 0.9671 1.127 2.690

350.17 93.39 0.9152 0.9804 1.040 4.089

349.38 93.33 1 1 1.002 -
a uncertainties: u(T) = 0.03 K, u(P) = 0.01 kPa, u(x1) = u(y1) = 0.0001

Table 4 Experimental (vapor + liquid) equilibrium data for temperature 
T, pressure P, liquid-phase mole fraction x and vapor phase mole 

fraction y, for the system butanol (1) + mesitylene (2)b

T/K P/kPa x1 y1 γ1 γ2

434.84 93.35 0 0 - 0.997

412.55 93.31 0.0655 0.5248 3.576 0.943

404.88 93.35 0.1671 0.6335 2.159 1.031

399.15 93.35 0.2494 0.7134 1.970 1.072

395.15 93.28 0.3806 0.7833 1.624 1.117

392.87 93.37 0.5402 0.8033 1.272 1.475

390.35 93.39 0.7302 0.8196 1.050 2.509

389.55 93.31 0.7681 0.8501 1.065 2.490

388.65 93.28 0.8705 0.8828 1.007 3.594

388.77 93.39 1 1 1.027 -
b uncertainties: u(T) = 0.03 K, u(P) = 0.01 kPa, u(x1) = u(y1) = 0.0002

Table 5 Antoine coefficients used in the calculation of vapor pressure 
of the components, with Antoine equationc [32]

Ai Bi Ci

Ethanol 18.9119 3803.98 −41.68

N-butanol 17.2160 3137.02 −94.34

Mesitylene 16.2893 3614.19 −63.57

c Antoine equation lnP A B
C Ti i

i

i

= −
+

, with Pi in mmHg and T in K
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data. Only the NRTL with 8 binary interaction parameters 
gave satisfying results in terms of deviation of the calculated 
parameters (pressure and compositions) from those deter-
mined experimentally, for both studied binaries.

NRTL thermodynamic model with 8 binary interaction 
parameters [33, 34] can be described through Eq. (5) – (9): 

lnγ
τ

τ
τ

i

ji ji ji
i

ki k
i

j ij

kj k
ij

k kj kj
k

kj k
k

G x

G x
x G
G x

x G

G x
= + −





∑
∑ ∑

∑
∑











∑
j

	 (5)

τ ij ij
ij ija
b
T

c
T

= + + 2
 (unit is K)	 (6)

τ ij ij
ij ija
b
RT

c
R T

= + + 2 2  (unit is kcal or kJ)	 (7)

Gij ji ij= −( )exp α τ 	 (8)

α α βji ji jiT= ′ + ′ . 	 (9)

The results of the regression with NRTL thermody-
namic model expressed as relative deviations of the calcu-
lated quantities from the experimental measured quanti-
ties, are displayed in Table 6, Fig. 6 and Fig. 7.

The maximum relative deviations and the average 

relative deviation (calculated as 1 100

1

8

n
y y
y
t calc

calci

n
exp

−
⋅

=

=

∑ ) for: 

pressure, and composition of the vapor phase are displayed 
in Table 6. The maximum relative deviations of pressure 
in case of the ethanol + mesitylene binary mixture is nega-
tive and near to −20 %, while for the mixture butanol + mes-
itylene the maximum relative deviation is 10.12 %. The aver-
age deviation for pressure does not exceed 8 %. The average 
deviation for vapor composition does not exceed 6 %.

Fig. 4 The variation of activity coefficient γ with the molar composition 
of the liquid phase, for the binary mixture ethanol (1) + mesitylene (2)

Fig. 5 The variation of activity coefficient γ with the molar composition 
of the liquid phase, for the binary mixture butanol (1) + mesitylene (2)

Table 6 The maximum relative deviation and the average relative 
deviation of pressure and molar composition of the vapor phase, 

for the binary mixtures ethanol + mesitylene and n-butanol + 
mesitylene, for the regression with NRTL model

Mixture

Ethanol (1) + 
mesitylene (2)

n-Butanol (1) + 
mesitylene (2)

Maximum 
relative 

deviation 
%

Average 
relative 

deviation 
%

Maximum 
relative 

deviation 
%

Average 
relative 

deviation 
%

Pressure −19.06 7.56 10.12 4.63

Concentration 
of component 
(1) in vapor 
phase

1.71 0.53 −13.32 1.30

Concentration 
of component 
(2) in vapor 
phase

−12.91 5.84 11.64 3.68

Fig. 6 Relative differences Δy ⁄ y = (yexpt − ycalc) ⁄ ycalc of the experimental 
vapor composition yexpt, expressed as mole fraction, from those 

calculated with NRTL model, ycalc, for the binary mixture 
ethanol (1) + mesitylene (2)



452|Nicolae and Bîldea
Period. Polytech. Chem. Eng., 64(4), pp. 446–456, 2020 

The deviations of the compositions in the vapor phase, 
calculated during regression of the experimental data 
with  NRTL model for both studied binaries are shown 
in Fig. 6 (for the binary ethanol + mesitylene) and Fig. 7 
(for the binary n-butanol + mesitylene).

The UNIQUAC model with 2 and with 4 binary interac-
tion parameters was tested for the regression of the equilib-
rium data for the two studied mixture. Better results in terms 
of deviations of the measured quantities from  the calcu-
lated ones were obtained with UNIQUAC with  4 binary 
interaction parameters. Equations (10) – (18) describe the 
UNIQUAC model [35] with 4 binary interaction parameters:

ln ln lnγ γ γi i
c

i
r= +( ) ( ) 	 (10)

ln lnγ θ τ
θ τ
θ τi

r
i j ji

j
i i

j ij

k kj
k

j
q q q( ) = −









 + −∑ ∑∑

	 (11)

ln ln lnγ
ϕ θ

ϕ
ϕ

i
c i

i
i

i

i
i

i

i
j j

jx
z q l

x
x l( ) = + + − ∑

2
	 (12)

l z r q rj j j j= −( ) − −( )
2

1 	 (13)

θi
i i

j j
j

q x
q x

=
∑

	 (14)

ϕi
i i

j j
j

r x
r x

=
∑

	 (15)

τ ij
ijU
T

= −






exp  when unit is K	 (16)

τ ij
ijU
RT

= −






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U a b Tij ij ij= + . 	 (18)

The deviations of the vapor composition, calculated 
during the regression of the experimental data with the 
UNIQUAC thermodynamic model, are displayed in Fig. 8 
and Fig. 9.

The relative deviations of the composition in the vapor 
phase for the binary n-butanol + mesitylene, calculated 
with  UNIQUAC model, are displayed in Fig. 9. It can be 
observed that similarly to the binary ethanol + mesitylene 
(Fig. 8), the relative deviations of the concentration of the 
alcohol (n-butanol) in the vapor phase are smaller than 2.5 %.

The relative deviations of the vapor phase composition 
for the mixture n-butanol + mesitylene, calculated during 
regression with the UNIQUAC thermodynamic model are 

Fig. 7 Relative differences Δy ⁄ y = (yexpt − ycalc) ⁄ ycalc of the experimental 
vapor composition yexpt, expressed as mole fraction, from those 

calculated with NRTL model, ycalc, for the binary mixture 
n-butanol (1) + mesitylene (2)

Fig. 8 Relative differences Δy ⁄ y = (yexpt − ycalc) ⁄ ycalc of the experimental 
vapor composition yexpt expressed as mole fraction, from those 
calculated with UNIQUAC model, ycalc, for the binary mixture 

ethanol (1) + mesitylene (2).

Fig. 9 Relative differences Δy ⁄ y = (yexpt − ycalc) ⁄ ycalc of the experimental 
vapor composition yexpt expressed as mole fraction, from those 
calculated with UNIQUAC model, ycalc, for the binary mixture 

n-butanol (1) + mesitylene (2)
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displayed in Fig. 9. For this mixture, the relative deviations 
of the concentrations of the components are smaller than 
in the case of ethanol + mesitylene. The relative deviations 
of the concentrations of n-butanol are situated between 
−4 % – +2 % and the relative deviations of the concentra-
tions of mesitylene are situated in the interval −8 % ‒ +8 %.

The maximum deviation and average absolute deviation 

(calculated as 1
1

8

n
y yt calc

i

n

exp
−

=

=

∑ ) of the molar concentrations 

of ethanol and butanol in the vapor phase, for the fitted mod-
els are also presented in Table 7.

The binary interaction parameters of the NRTL thermo-
dynamic model with 8 binary interaction parameters and 
of the UNIQUAC thermodynamic model with  4  binary 
interaction parameters, resulted from the regression of 
the experimental data, for both studied binaries, are pre-
sented in Table 8.

The T-x-y diagrams for each binary were generated 
using the thermodynamic models NRTL and UNIQUAC 
completed with the binary interaction parameters deter-
mined from regression. They were plotted in the same 
graph with the T-x-y diagram generated with the pre-
dictive model UNIFAC [36], and with the experimental 
points. The comparative T-x-y diagrams for the ethanol + 

mesitylene mixture can be observed in Fig. 10, and for the 
mixture n-butanol + mesitylene they can be seen in Fig. 11.

Fig. 10 shows that the experimental points correspond-
ing to the molar composition of the liquid phase are closer 
to the composition of the liquid phase calculated with the 
UNIQUAC model, while the experimental points corre-
sponding to the molar composition of the vapor phase are 
closer to the composition calculated with UNIQUAC and 
UNIFAC models. All the diagrams displayed in Fig. 10 
show a non-ideal system.

Fig. 11 shows comparatively the T-x-y diagrams 
for  the binary mixture n-butanol + mesitylene, calcu-
lated with UNIQUAC, NRTL and UNIFAC models, and 
the experimental points.

Table 7 Maximum deviations and average absolute deviations of 
the molar concentrations of ethanol and butanol in the vapor phase (y1) 

for NRTL and UNIQUAC models

Binary

NRTL UNIQUAC

Maximum 
deviation

Average 
absolute 
deviation

Maximum 
deviation

Average 
absolute 
deviation

Ethanol + 
mesitylene 0.0151 0.0047 0.0034 0.0104

Butanol + 
mesitylene −0.0252 0.0091 0.0207 0.0098

Table 8 Binary interaction parameters of NRTL and UNIQUAC 
thermodynamic models

Parameter
NRTL model UNIQUAC model

Ethanol + 
mesitylene

Butanol + 
mesitylene

Ethanol + 
mesitylene

Butanol + 
mesitylene

aij 0.89569 0.95119 637.2529 2189.006

bij 68.492 73.257 −2.117807 −5.842757

cij −53739 −73059 - -

aji −1.7566 −4.4103 −2604.021 −2713.483

bji 174.05 71.264 8.729953 7.800027

cji 2.2010 × 105 7.3122 × 105 - -

αij 1 0.9 - -

βij −0.0072298 −0.00526 - -

Fig. 11 Comparative T-x-y diagram for the binary mixture n-butanol + 
mesitylene: full circle – experimental points; dash line – calculated 
with UNIFAC predictive model; dot line – calculated with UNIQUAC 
model; dash dot line – calculated with NRTL model; continuous line – 

calculated with IDEAL model

Fig. 10 Comparative T-x-y diagram for the binary mixture ethanol + 
mesitylene: full square – experimental points; dash line – calculated 
with UNIFAC predictive model; dot line – calculated with UNIQUAC 
model; dash dot line – calculated with NRTL model; continuous line – 

calculated with IDEAL model
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Observing the shape of the curves, it can be concluded 
that the mixture n-butanol + mesitylene is a strongly non-
ideal system which tends to form an azeotrope with high 
concentration of n-butanol at the experimental pressure 
of 93.33 kPa.

The relative volatility (α1 ⁄ 2) for the studied binaries was 
calculated with Eq. (19) starting from experimental com-
positions and from the compositions calculated with the 
NRTL and UNIQUAC thermodynamic models.

α
1
2

1 1

1 1

1

1
=

−( )
−( )

y x
x y

	 (19)

The results are displayed in Fig. 12 for the binary 
ethanol (1) + mesitylene (2) and in Fig. 13 for the binary 
n-butanol (1) + mesitylene (2).

In Fig. 12 is displayed the variation of the relative 
volatility for the ethanol-mesitylene binary. The abso-
lute deviation of the volatility calculated with NRTL and 
UNIQUAC models from the volatility calculated with the 
experimental data is situated under 10 %.

Fig. 13 displays the variation of the relative volatility 
for  the n-butanol-mesitylene binary. The absolute devia-
tion of the volatility calculated with NRTL and UNIQUAC 
models from the volatility calculated with experimental 
data is situated under 8 %.

5 Conclusions
The paper approaches the vapor-liquid equilibrium for two 
binary mixtures: ethanol + mesitylene and butanol + mesi-
tylene. The P-T-x-y data for the binary mixtures was deter-
mined at constant pressure with a double phase circula-
tion apparatus from Normag. The samples taken during 
the experiments were analyzed by the refractive index 
method. The binary interaction parameters of the NRTL 
and UNIQUAC thermodynamic models, specific to the 
studied binaries, were found by regressing the experimen-
tal using PRO/II 9.3 software.

The NRTL and UNIQUAC models with regressed binary 
interaction parameters were used to calculate the T-x-y dia-
gram at a constant pressure of 93.33 kPa. The T-x-y diagram 
was plotted for each binary as experimental values, val-
ues calculated with the NRTL and UNIQUAC models, and 
the values predicted with the UNIFAC model. All diagrams 
show that both binaries have a strongly non-ideal behav-
ior. In particular, the binary n-butanol + mesitylene shows 
large relative volatilities at low alcohol mole fraction, while 
the relative volatility approaches 1 at alcohol mole fraction 
exceeding 0.9. Thus, when mesitylene is used as solvent 
in the ABE process, it is easy to recover the butanol from the 
butanol-mesitylene extract. However, obtaining high-purity, 
solvent-free butanol appears to be a difficult task.
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Fig. 13 Comparative relative volatilities for the mixture n-butanol + 
mesitylene, calculated from experimental data (symbol) and with the 

NRTL model (red line) and UNIQUAC model (black line)

Fig. 12 Comparative relative volatilities for the mixture ethanol + 
mesitylene, calculated from experimental data (symbol) and with the 

NRTL model (red line) and UNIQUAC model (black line)
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