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Abstract
To separate the azeotrope of 2-methyl-2-butanol and water, n-heptanol was selected as 
the extractant. Liquid–liquid equilibrium (LLE) data for the ternary system of 2-methyl-
2-butanol + water + n-heptanol were measured at 303.15 K, 313.15 K and 323.15 K under 
101.3 kPa. The quality of the experimental LLE data was verified by the Hand equation, 
the Othmer–Tobias equation, and the mass balance between the feed and the conjugated 
phases. The results show that the correlation coefficients (R2) of the equations are close 
to 1, the relative error of mass balance is less than 0.7%. The selectivity (S) was used to 
represent the ability of n-heptanol to extract 2-methyl-2-butanol from water, which is much 
greater than 133. The experimental data show that S decreases with the mass fraction of 
2-methyl-2-butanol in aqueous phase, and increases with equilibrium temperature. The 
NRTL and UNIQUAC models were used to regress the experimental LLE data, and the 
corresponding binary interaction parameters were obtained. The root-mean square devia-
tions (RMSDs) indicate that the UNIQUAC model performs better than the NRTL model.

Keywords  Liquid · Liquid equilibrium · 2-Methyl-2-butanol · n-Heptanol · NRTL · 
UNIQUAC​

1  Introduction

2-Methyl-2-butanol is an important raw material in production of many chemical prod-
ucts, such as: tert-amylbenzene, tert-amyl anthraquinone, tert-amyl peroxide, pesti-
cides of triazolone, color film developers, and pharmaceuticals [1, 2]. It can also be 
used as solvent, plasticizer, mineral flotation agent, and additive of petroleum products 
[3]. In the production and application of 2-methyl-2-butanol, the azeotropic mixture of 
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2-methyl-2-butanol + water is often produced [4]. The azeotrope cannot be separated by 
ordinary distillation. Therefore, development of a feasible process for separation of the aze-
otrope of 2-methyl-2-butanol + water is of great significance.

Salting out can be used to separate the azeotropic system. Also, many research-
ers have investigated the influence of salts, such as potassium nitrate, sodium nitrate [5], 
sodium chloride [6], potassium chloride [7] and lithium chloride [8], on the LLE behav-
ior of 2-methyl-2-butanol + water system. But salting out leads to corrosion of equipment, 
obstruction of rectifying column and reboiler, and high energy consumption [9]. Liq-
uid–liquid extraction is an effective alternative to separate azeotropic mixtures, which has 
the advantages of large processing capacity, low energy consumption and high efficiency 
[10, 11]. Selection of extractants is the foundation of a liquid–liquid extraction process. 
An economically viable solvent should be cheap, have low toxicity, a moderate boiling 
point, and be easily recycled. Nowadays, ionic liquids are becoming research hotspots of 
novel extractants because of simple recycle [12–14]. But traditional organic extractants are 
widely used in industry for their economical price. LLE data are essential for selection 
of extractants, design of extraction equipment, and optimization of the process [15–17]. 
So far, only few works investigated LLE data concerning the systems of 2-methyl-2-bu-
tanol + water + extractants. However, the reported extractants, such as diethylene glycol 
monohexyl ether [18], diethylene glycol monobutyl ether [19], 2-butyloxyethanol [20], 
o-xylene [21], have the demerits of high boiling point, high price, narrow two-phase zones, 
and high toxicity. In our previous work, n-octanol [22] and ethylbenzene [23] were used to 
extract 2-methyl-2-butanol from water. n-Heptanol is comparable to n-octanol in solubility 
with 2-methyl-2-butanol and water. It has the virtues of ease of separation from 2-methyl-
2-butanol, low toxicity (LD50 oral-rat-female-5500 mg/kg) [24], moderate viscosity, and 
reasonable price. Moreover n-heptanol boils at lower temperature than n-octanol, and 
requires lower temperatures in subsequent separation. What’s more, the distribution coef-
ficient and selectivity of n-heptanol predicted by COSMO-UNIFAC model [25, 26] using 
Aspen plus V11 [27] at 303.15 K are much greater than 1. Thus, it is a potential extract-
ant candidate for separating 2-methyl-2-butanol from water. Up to now, no LLE data of 
the ternary system 2-methyl-2-butanol + water + n-heptanol were reported in literature. In 
this work, the LLE data of the ternary system were measured at 303.15 K, 313.15 K and 
323.15 K under 101.3 kPa.

2 � Experimental

2.1 � Materials

2-Methyl-2-butanol, n-heptanol and water were used in the experiments. Detailed informa-
tion of the chemicals is given in Table 1. Water was self-made by bi-distillation with the 
electrical conductivity less than 0.0562 µS·cm–1. All the other chemicals were used with-
out further purification. The purity of the reagents was determined by gas chromatography 
(GC).

2.2 � Experimental Apparatus and Procedures

The liquid–liquid equilibrium experiments were carried out in a 50 mL glass vessel reported 
in literature [28]. The temperature of the system was controlled by a thermostatic water bath 
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(GHC-30, Ningbo Scientz Biotechnology Co. Ltd.) with an accuracy of ± 0.01 K. The tem-
perature of the equilibrium vessel was measured by a Pt-100 sensor connected to a digital tem-
perature meter (AMETEKDTI-1000) with an uncertainty of 0.04 K. The atmospheric pressure 
was measured by a manometer with an uncertainty of 0.35 kPa.

About 30  mL of the mixture was gravimetrically prepared using an electronic balance 
(AR1140, Ohaus Corporation) with an accuracy of ± 0.0001 g. It was put into the liquid–liquid 
equilibrium cell and stirred with a magnetic stirrer for 4 h. Then, it was settled at the specified 
temperature for 24 h to ensure the phase equilibrium to be achieved. The samples of organic 
phase and aqueous phase were taken from the upper and lower sampling ports respectively 
with micro-syringes. The samples were analyzed by a gas chromatograph (SP-3420A, sup-
plied by Beijing Beifen Ruili Analysis Instrument Ltd.) with a thermal conductivity detec-
tor (TCD) and a (2 m × 3 mm) column packed with GDX-401. The flow rate of the carrier 
gas, hydrogen, was 20  mL·min−1. The temperatures of the column, vaporization chamber, 
and detector were set as 443.15 K, 493.15 K, and 513.15 K, respectively. The samples were 
quantitatively analyzed by the area normalization method using ethanol as internal standard. 
The composition of each sample was determined by using the relative correction factors deter-
mined from mixtures prepared gravimetrically.

2.3 � Standard uncertainty

The experimental standard uncertainty is determined according to the JCGM 100:2008 [29] 
as follows:

(1)s
�
wk

�
=

�∑n

k=1

�
wk − w

�2
n − 1

(2)w =
1

n

n∑
k=1

wk

(3)u =
s
�
wk

�
√
n

Table 1   Details of the chemical reagents used in this work

a Combined standard uncertainty: u(w) = 0.0020

Component Molecular formula CAS Source Purity 
(mass 
fraction)a

Analysis method

2-methyl-2-butanol C5H12O 75–85-4 Macklin Reagent 
Co., Ltd

0.9950 GC

n-heptanol C7H16O 111–70-6 Aladdin Reagent 
Co., Ltd

0.9910 GC

water H2O 7732–18-5 self-made
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where n represents the measurement times of each sample, wk is the mass fraction of the 
k th measurement, w is the average value of the measurement results of n measurements, 
s(wk) represents the experimental standard deviation, and u is the standard uncertainty.

Each sample was measured at least three times, and the average value was taken as the 
measurement result.

Taking into account the effects of other factors, such as thermal gradients, deviation 
from equilibrium and impurities, on the measurement, the corresponding experimental 
combined standard uncertainties were listed under Tables 1, 2 and 3.

3 � Results and Discussion

3.1 � Experimental LLE Data

The LLE data were measured at 303.15 K, 313.15 K, and 323.15 K under 101.3 kPa. The 
solubility data of the binary systems 2-methyl-2-butanol + water and water + n-heptanol 
are shown in Table 2, together with the corresponding literature data. And the experimen-
tal LLE data of the ternary system 2-methyl-2-butanol + water + n-heptanol are listed in 

Table 2   Experimental and literature solubility data (mass fraction) of the binary systems 2-methyl-2-bu-
tanol (1) + water (2) and water (2) + n-heptanol (3) under 101.3 kPa

Combined standard uncertainties are u(T) = 0.04 K, u(p) = 0.35 kPa, u(wI

2
) = 0.0077, u(wII

2
) = 0.0150

T/K Experimental data References Literature data References

w
I

2
w
II

2
w
I

2
w
II

2

2-methyl-2-butanol (1) + water (2)
303.15 0.900 0.227 [21] 0.9067 0.2260 [20]

0.8926 0.2307 [19]
0.9060 0.2280 [18]
0.8988 0.2268 [30]
0.8990 0.2269 [31]

313.15 0.921 0.215 [21] 0.9216 0.2175 [20]
0.9127 0.2166 [19]
0.9210 0.2070 [18]

323.15 0.933 0.209 [21] 0.9320 0.2080 [20]
water (2) + n-heptanol (3)
298.2 0.0634 [32]
303.15 0.9965 0.0632 0.9981 0.0633 [33]

0.0632 [32]
0.0576 [34]

0.9984 0.0520 [35]
313.15 0.9960 0.0621 0.9981 0.0622 [33]

0.9987 0.0575 [35]
313.3 0.0587 [34]
323.15 0.9956 0.0618 0.9988 0.0629 [35]
333.3 0.0656 [34]
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Table 3. The ternary phase diagrams at different temperatures are presented in Figs. 1, 2 
and 3. In this work, all concentrations are expressed in mass fraction. wi, w

I
i
, and wII

i
 rep-

resent the mass fractions of component i in the feed mixture, the aqueous phase, and the 
organic phase, respectively, and i is the number of the component in the mixture, i = 1, 2 
and 3, which denote the 2-methyl-2-butanol, water, and n-heptanol, respectively.

To evaluate the ability of n-heptanol to extract 2-methyl-2-butanol from the mixture, 
distribution coefficient (D) and selectivity (S) were calculated by the following formulas:

The values of distribution coefficient (D) and selectivity (S) are listed in Table 3.
Table  2 shows that there are minor distinctions between the experimental solubility 

data and the literature data, which verifies the reliability of the experimental apparatus and 
method. It can be seen from Table 3 and Figs. 1, 2 and 3 that the system of 2-methyl-2-bu-
tanol (1) + water (2) + n-heptanol (3) has two partially miscible binary subsystems and one 
completely miscible region at the studied temperatures. Therefore, the ternary system exhibits 
Type II liquid–liquid phase behavior. It also can be seen from Figs. 1, 2 and 3 that the aque-
ous phase points are located at the lower left of the figure, while the organic phase points are 
distributed in the right of the figure, resulting in positive slopes of the tie-lines. Moreover, the 

(4)Di =
wII
i

wI
i

(5)S = D1∕D2 =
(
wII
1
∕wI

1

)
∕
(
wII
2
∕wI

2

)

0.00 0.25 0.50 0.75 1.00
0.00

0.25

0.50

0.75

1.00
0.00

0.25

0.50

0.75

1.00

0.00 0.03 0.06 0.09 0.12
0.00

0.03

0.06

0.09

0.12

0.90

0.93

0.96

0.99

n-heptanolwater

2-methyl-2-butanol

Fig. 1   Ternary phase diagram for the system 2-methyl-2-butanol (1) + water (2) + n-heptanol (3) at 
303.15 K under 101.3 kPa: black circle solid, experimental data; green triangle up solid, calculated data 
from NRTL model; red box solid, calculated data from UNIQUAC model; blue star solid, calculated data 
from COSMO-UNIFAC model; × , feed composition; cyan circle solid, experimental binary data for water 
(2) + n-heptanol (3); magenta circle solid, binary data for 2-methyl-2-butanol (1) + water (2) [21] (Color 
figure online)
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contents of 2-methyl-2-butanol and n-heptanol in the aqueous phase are very low, while those 
in the organic phase are much higher. When the content of 2-methyl-2-butanol in aqueous 
phase increases, its content in organic phase increases significantly.

The quality of the experimental LLE data was verified by Othmer–Tobias equation [36] 
(Eq. 6) and Hand [37]) equation (Eq. 7):

where, a1 and b1 are the parameters of Othmer–Tobias equation; a2 and b2 are the param-
eters for Hand equation.

Table  4 shows the parameters and the corresponding regression coefficient (R2) values 
of the two equations obtained by regression the experimental data. The Othmer–Tobias and 
Hand plots are presented in Figs. 4 and 5, respectively. According to the fitting results, the val-
ues of R2 are close to 1, which indicates good consistency of the measured LLE data.

The quality of the experimental data was tested by the material balance between the feed 
and the two phases in equilibrium [38], which is described by the following equations:
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Fig. 2   Ternary phase diagram for the system 2-methyl-2-butanol (1) + water (2) + n-heptanol (3) at 
313.15 K under 101.3 kPa: black circle solid, experimental data; green triangle up solid, calculated data 
from NRTL model; red box solid, calculated data from UNIQUAC model; blue star solid, calculated data 
from COSMO-UNIFAC model; × , feed composition; cyan circle solid, experimental binary data for water 
(2) + n-heptanol (3); magenta circle solid, binary data for 2-methyl-2-butanol (1) + water (2) [21] (Color 
figure online)
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where M,MI andMII represent the mass of the feed mixture, the mass of the aqueous phase, 
and the mass of the organic phase, respectively.

MI andMII were calculated by solving the overdetermined linear Eqs.  (8–10) with the 
least—squares method using Matlab R2108a. The relative error of mass balance RE is 
expressed as follows:

The results show that RE is less than 0.7%, which verifies that the experimental data are 
reliable.

The trends of selectivity with the mass fraction of 2-methyl-2-butanol in the aqueous 
phase 

(
wI
1

)
 at different temperatures are plotted in Fig. 6. To further appraise the extracting 

ability of n-heptanol, S of the reported extractants versus wI
1
 at various temperatures are 

also presented in Fig. 6.
It is obvious from Table 3 and Fig. 6 that 2-methyl-2-butanol is enriched effectively in 

the organic phase, and the values of selectivity are much greater than 133. The selectivity 
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Fig. 3   Ternary phase diagram for the system 2-methyl-2-butanol (1) + water (2) + n-heptanol (3) at 
323.15 K under 101.3 kPa: black circle solid, experimental data; green triangle up solid, calculated data 
from NRTL model; red box solid, calculated data from UNIQUAC model; blue star solid, calculated data 
from COSMO-UNIFAC model; × , feed composition; cyan circle solid, experimental binary data for water 
(2) + n-heptanol (3); magenta circle solid, binary data for 2-methyl-2-butanol (1) + water (2) [21] (Color 
figure online)
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(S) of n-heptanol decreases with wI
1
 and increases with the equilibrium temperature. It also 

can be seen from Fig. 6 that the selectivity of n-heptanol is much higher than the reported 
extractants except o-xylene, ethylbenzene and n-octanol. The selectivity of o-xylene and 
ethylbenzene is significantly greater than that of n-heptanol only when wI

1
 is very low. 

With the increase of wI
1
 , the selectivity of o-xylene, ethylbenzene and n-octanol is only 

slightly greater than that of n-heptanol. Because n-heptanol boils higher than o-xylene 
and ethylbenzene, the separation of n-heptanol from 2-methyl-2-butanol is easier than that 
of o-xylene and ethylbenzene. Although n-heptanol boils lower than n-octanol, the large 
boiling point difference between n-heptanol and 2-methyl-2-butanol makes the degree of 
difficulty in its recovery from 2-methyl-2-butanol almost equivalent to that of n-octanol. 
And n-heptanol requires lower utility temperature in the separation process than n-octanol. 
Moreover, n-heptanol has lower toxicity (LD50 Oral-Rat-female-5500  mg·kg−1) [24] 
than o-xylene (LD50:1364  mg·kg−1) [39] and ethylbenzene (LD50 Oral-Rat-male and 

Fig. 4   Othmer–Tobias equation 
plots for the ternary system 
2-methyl-2-butanol (1) + water 
(2) + n-heptanol (3): black circle 
solid, 303.15 K; green triangle 
up solid, 313.15 K; red box solid, 
323.15 K (Color figure online)
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Fig. 5   Hand equation plots for 
the ternary system 2-methyl-
2-butanol (1) + water (2) + n-hep-
tanol (3): black circle solid, 
303.15 K; green triangle up 
solid, 313.15 K; red box solid, 
323.15 K (Color figure online)



235Journal of Solution Chemistry (2022) 51:224–239	

1 3

female-3500 mg·kg−1) [40]. Thus, n-heptanol is a promising solvent to extract 2-methyl-
2-butanol from the mixture of 2-methyl-2-butanol + water.

3.2 � Data Correlation

The mixture of 2-methyl-2-butanol and water is a partially miscible system, NRTL [41] and 
UNIQUAC models [42] are selected to correlate the experimental data. The corresponding 
binary interaction parameters for NRTL and UNIQUAC models were regressed by Aspen 
Plus V11 software. According to the recommended values by the software, the non-ran-
domness parameters ɑij in NRTL model for the pairs of (2-methyl-2-butanol – water), (water 
– n-heptanol), and (2-methyl-2-butanol – n-heptanol) were set as 0.2, 0.2 and 0.3, respectively. 
The structural parameters r and q in UNIQUAC model from Aspen plus V11 [27] software 
database are given in Table 5.

The binary interaction parameters of NRTL and UNIQUAC are obtained by minimizing 
the following objective function:
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Fig. 6   Selectivity (S) of different extractants versus mass fraction of 2-methyl-2-butanol in the aqueous 
phase 

(
w
I

1

)
 at different temperatures: a n-heptanol in this work: red circle solid, 303.15 K; red box solid, 

313.15 K; red triangle up solid, 323.15 K. b n-octanol [22]: magenta circle solid, 303.15 K; magenta box 
solid, 313.15 K; magenta triangle up solid, 323.15 K. c o-xylene [21]: green circle solid, 303.2 K; green 
box solid, 313.2 K; green triangle up solid, 323.2 K. d ethylbenzene [23]: gray circle solid, 293.15 K; gray 
box solid, 303.15 K; gray triangle up solid, 313.15 K. e diethylene glycol monobutyl ether [19]: black circle 
solid, 293.15  K; black box solid, 303.15  K; black triangle up solid, 313.15  K. f 2-butyloxyethanol [20]: 
blue circle solid, 293.15 K; blue box solid, 303.15 K. g diethylene glycol monohexyl ether [18]: cyan circle 
solid, 293.15 K; cyan box solid, 303.15 K; cyan triangle up solid, 313.15 K (Color figure online)
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where, i, j, and k are the serial numbers of components, phases and tie lines, respectively; 
N is the number of tie lines;�T is the standard deviation of the experimental temperature; �w 
is the standard deviation of the mass fraction; Texp and Tcal represent the experimental and 
calculated temperatures, respectively; wexp and wcal are the experimental mass fraction and 
that calculated by the models, respectively.

The consistency between the experimental data and the calculated ones is evaluated by 
the following root mean square deviation (RMSD):

The regressed binary interaction parameters of NRTL and UNIQUAC models and root 
mean square deviations (RMSDs) are presented in Table 6. The LLE data calculated by 
NRTL and UNIQUAC using the regressed parameters are shown in Figs. 1, 2 and 3. For 
comparison, the LLE data predicted by the COSMO-UNIFAC model using Aspen plus 
V11 are also shown in Figs. 1, 2 and 3.

Table 6 and Figs. 1, 2 and 3 show that the LLE data predicted by NRTL and UNIQUAC 
models fit well with the experimental data, with the RMSDs no greater than 0.87%. NRTL 
model performs a little better than UNIQUAC model in describing the LLE behavior of 
the system 2-methyl-2-butanol (1) + water (2) + n-heptanol (3). Meanwhile, Figs. 1, 2 and 
3 indicates that the COSMO-UNIFAC model predicts the LLE data for the system well and 
the RMSD is less than 0.83%.

4 � Conclusion

The LLE data of the ternary system of 2-methyl-2-butanol + water + n-heptanol were 
determined at 303.15 K, 313.15 K, and 323.15 K under 101.3 kPa. The reliability of the 
experimental data was tested by the Hand equation, the Othmer–Tobias equation, and the 
mass balance between the feed and the two phases in equilibrium. The values of correla-
tion coefficient R2 for both Hand and Othmer–Tobias equations are close to 1. The relative 
error of mass balance is less than 0.7%. The extraction effect of n-heptanol was described 
by selectivity. The experimental data show that the selectivity is much greater than 133, 
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Table 5   The UNIQUAC 
structural parameters (r and q) 
for pure components

Taken from Aspen Plus V11 physical properties databank [27]

Component r q

2-methyl-2-butanol 4.2538 3.4460
water 0.9200 1.4000
n-heptanol 5.4773 4.6720
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which indicates that n-heptanol is a promising extractant for separating 2-methyl-2-butanol 
from water. It can be derived from the experimental LLE data that S decreases with the 
mass fraction of 2-methyl-2-butanol in aqueous phase and increases with the equilibrium 
temperature. The NRTL and the UNIQUAC models were used to regress the experimen-
tal data. The RMSD between the experimental data and the calculated data by the NRTL 
model is 0.79%, and the RMSD for the UNIQUAC model is 0.87%. This work provides 
the fundamental liquid–liquid equilibrium data and related binary interaction parame-
ters for simulation and design of the process separating the azeotrope of 2-methyl-2-bu-
tanol + water by extraction.

Supplementary Information  The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s10953-​022-​01144-4.
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