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Abstract
The liquid–liquid equilibrium (LLE) data for 1,3-propanediol + 1-nonanol + extractants 
(1,2-xylene, 1-chlorobutane, isopropyl ether and water) were measured at 298.2  K and 
101.3 kPa. The separation efficiency of the extractant for the mixture of 1,3-propanediol 
and 1-nonanol was evaluated by the distribution constant (D) and selectivity (S). Mean-
while, the empirical equations of Bachman and Othmer-Tobias verified the consistency of 
the experimental data, and the squares of its linear correlation are all greater than 0.98. 
The thermodynamic models NRTL and UNIQUAC were used to correlate the experimen-
tal data, and different model parameters were obtained by regression. After comparing the 
calculated values of the model with the experimental data, it is found that the root means 
square deviation (RMSD%) and absolute mean deviation (AAD%) are less than 0.97% and 
0.60% respectively, which indicate that both models have a reasonable correlation with the 
experimental data of the ternary system and can accurately predict the experimental data. 
Finally, the graphical user interface (GUI) was used to verify that the regression parameters 
have a good consistency.

Keywords  Liquid–liquid equilibrium · 1,3-Propanediol · 1-Nonanol · Extraction · NRTL · 
UNIQUAC​

1  Introduction

Polypropylene terephthalate (PTT) is a polyester material synthesized by polycondensa-
tion of terephthalic acid (PTA) and 1,3-propanediol, as described in the literature [1]. 
PTT has excellent high stability and molding processing performance, and its molecular 
structure has a unique spiral structure, which makes it have the characteristics of soft-
ness, fluffiness and stain resistant. In addition, PTT fiber is easy to dye, has good drap-
ability and strong resilience, and that is very suitable for textile and garment fabrics. 

 *	 Yingmin Yu 
	 yuyingmin@upc.edu.cn

1	 College of Chemistry and Chemical Engineering, China University of Petroleum (East China), 
Qingdao 266580, Shandong, China

http://orcid.org/0000-0002-0444-232X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10953-022-01225-4&domain=pdf


188	 Journal of Solution Chemistry (2023) 52:187–200

1 3

At present, PTT is mainly used in clothing, carpet and other textile industries, as well 
as in engineering plastics and film fields, as described in the literature [2]. The market 
demand continues to rise, and it is expected that the market demand of PTT will reach 
about 1.1 million tons in the next few years.

Waste polyester PTT is difficult to degrade under natural conditions, and its recovery 
methods mainly include hydrolysis, alcoholysis and amination, as described in the lit-
erature [3]. 1-Nonanol could be used for alcoholysis with PTT, and its reaction product 
dinonyl terephthalate is an excellent environmental plasticizer, while the other product 
1,3-propanediol can be recycled.

During the alcoholysis of PTT with 1-nonanol, the boiling points of the reactant 
1-nonanol and the product 1,3-propanediol are close, which are 488.2 and 490.7  K 
respectively. It is difficult to separate them with conventional operation. Liquid–liquid 
extraction has the characteristics of large treatment capacity, good separation effect, 
high recovery rate, continuous operation and convenient automatic control, as described 
in the literature [4]. It is widely used in the separation of azeotropic or near boiling 
mixtures.

To provide data support for the industrial separation of 1,3-propanediol and 1-nonanol, 
four extractants were selected from a large number of preliminary experiments at 298.2 K 
and 101.3 kPa. 1,3-Propanediol and 1-nonanol were separated by 1,2-xylene, 1-chlorobu-
tane, isopropyl ether and water at 298.2 K and 101.3 kPa. And, the thermodynamic models 
NRTL and UNIQUAC were used to simulate the experimental data of LLE to obtain the 
corresponding model parameters, as described in the literature [5, 6]. Finally, the graphical 
user interface (GUI) was used to verify the consistency of the regression parameters.

2 � Experimental Section

2.1 � Chemicals Used

The detailed information of experimental reagents used in the experiment of LLE is 
shown in Table 1. The purity of the reagents were checked and confirmed by gas chro-
matography (GC). All chemical reagents were used without further purification. The 
distilled water used in experiments was self-made.

Table 1   Relevant information of 
chemicals

a Gas chromatography
b The electrical conductivity of water is 7.75 µS·cm−1

Compound CAS Supplier Mass 
fraction 
purity/%

Purity 
analysis 
method

1,3-Propanediol 504-63-2 Aladdin ≥ 99.5 GCa

1-Nonanol 143-08-8 Aladdin ≥ 99.5 GCa

1,2-Xylene 95-47-6 Aladdin ≥ 99.5 GCa

1-Chlorobutane 109-69-3 Aladdin ≥ 99.5 GCa

Isopropyl ether 108-20-3 Aladdin ≥ 99.0 GCa

Distilled waterb 7732-18-5 Self-made – GCa
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2.2 � Instruments and Measurement Methods

Under the conditions of 298.2 K and 101.3 kPa, 30 g of 1,3-propanediol/1-nonanol and equal 
mass extractant were added to the phase equilibrium cell (100 mL, Tianjin Pengxiang Glass 
Instrument Factory), and 2 g solute was added to the cell each time. The phase balance cell 
was placed on a magnetic stirrer (CJ78-1, Wuhan Grammo Testing Equipment Co., Ltd), and 
the water inlet and outlet of the cell were respectively connected with the constant temperature 
tank (CH-1015, Ningbo Haishu Yiheng Instrument Co., Ltd). Stir the cell violently for 2.5 h 
to fully mix the reagents in the cell, and then stand for 5 h to separate the upper and lower 
phases. The mercury meter with an accuracy of 0.1 K was used for temperature measurement. 
In addition, an analytical balance was used to weigh, and a pressure gauge was used to detect 
the system pressure. When the system pressure fluctuates, it can be maintained constant by air 
supply (or exhaust). The experimental device is shown in Fig. 1.

When the ternary mixture reached phase equilibrium, the upper and lower interfaces will 
obviously appear. Carefully pull out about 0.6 µL from each layer with a micro syringe. The 
Agilent GC6820 gas chromatography was used to detect the content of each component in the 
sample, which was calculated using the area normalization method. The chromatography was 
equipped with a thermal conductivity detector (TCD) and Porapak N (3 m × 3 mm) column. 
Hydrogen was used as the carrier gas, the flow rate was 50 mL·min−1, and the flow was kept 
constant. The detector and the vaporization chamber were kept at 518.2 K. The initial tem-
perature of the chromatographic column was 403.2 K, and reached 493.2 K at a heating rate of 
50 mL·min−1.

All samples were measured at least three times until their deviations were within one-thou-
sandth, and the average values were recorded as the component content of the sample. The 
uncertainty calculation of the binary mixture was provided by the GUM standard. The for-
mula is as follows:

(1)s
(
ei
)
=

√√√
√

n∑

i=1

(
ei − ē

)2/
(n − 1)

(2)ē =

n∑

i=1

ei
/
n

Fig. 1   Experimental device 
diagram
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where u represents uncertainty; n represents the number of samples; e represents mass 
fraction, pressure, density and temperature; i represents the ith  result of measurement; ē 
and s(ei) represent the average of ei and measurement standard deviation, respectively.

3 � Results and Discussion

3.1 � Experimental LLE Data

Except for the binary solubility data of 1-nonanol—water, the binary solubility data of 
1,3-propanediol—extractant (1,2-xylene, 1-chlorobutane and isopropyl ether) are not avail-
able, and the results are shown in Table 2.

LLE data of 1,3-propanediol + 1-nonanol + extractant (1,2-xylene, 1-chlorobutane, iso-
propyl ether and water) were measured at 298.2 K and 101.3 kPa, the results are shown in 
Tables 3 and 4. Take the system of 1,3-propanediol + 1-nonanol + water as an example, where 
wI
1
 and wI

2
 represent the mass fractions of 1-nonanol and 1,3-propanediol in the extractant-rich 

phase, and wII
1
 and wII

2
 represent the mass fractions of 1-nonanol and 1,3-propanediol in the 

1-nonanol-rich phase, respectively. Meanwhile, the triangular phase diagram of each system 
is shown in Fig. 2. The triangular phase diagram was drawn based on the mass fraction of 
each component. Obviously, the phase diagram conforms to the type of Treybal I, as described 
in the literature [8]. In addition, it can also be observed from the ternary liquid–liquid dia-
gram that when the concentration of solute is from low to high, the connecting line has a large 
slope, which indicates that the affinity between solute and extractant is much higher than that 
between solute and solvent.

The extraction capacity of different extractants was evaluated by D and S, as described in 
the literature [9, 10], and the formula is as follows:

(3)u = s
�
ei
��√

n

(4)D = wI
2
∕wII

2

(5)S =
(
wI
2

/
wII
2

)/[(
wI
1

/
wII
1

)]

Table 2   Solubility dataa in mass fraction for solvent—extractant systems

Standard uncertainties u are u(T) = 0.3 K, u(P) = 0.1 kPa, u(w) = 0.0004, and w represents mass fraction
a The binary solubility data are 1,3-propanediol—extractant (1,2-xylene, 1-chlorobutane and isopropyl 
ether) and 1-nonanol—extractant (water), respectively

Extractant T/K P/kPa Solvent in extractant Extractant in solventl

wexp wlit wexp wlit

1,2-Xylene 298.2 101.3 0.0062 – 0.0360 –
1-Chlorobutane 298.2 101.3 0.0034 – 0.0220 –
Isopropyl ether 298.2 101.3 0.0243 – 0.0602 –
Water 298.2 101.3 0.0002 0.0004 [7] 0.0390 0.0342 [7]
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where w represents the mass fraction, other parameters are consistent with the preceding 
description. The detailed changes of D and S of solute in extractant-rich phase are shown 
in Figs. 3 and 4.

As shown in Fig.  3, the D of the solute in the extractant-rich phase decreases with 
the increase of its content, and the value of D is greater than 3. This means that all four 

Table 3   Experimental LLE data for 1,3-propanediol(1) + 1-nonanol(2) + extractant(3) ternary systems at 
298.2 K under 101.3 kPa

a Standard uncertainties u are u(T) = 0.3 K, u(P) = 0.1 kPa, u(w) = 0.0004, and w represents mass fraction

Extractant Extractant-rich phase (I) 1,3-Propanediol-rich 
phase (II)

w
I

1
w
I

2
w
I

3
w
II

1
w
II

2
w
II

3

1,3-Propanediol(1) + 1-nonanol(2) + 1,2-xylene(3)
 1,2-Xylene 0.0062 – 0.9938 0.9640 – 0.0360

0.0324 0.2190 0.7486 0.9309 0.0346 0.0345
0.0484 0.2380 0.7136 0.9265 0.0380 0.0355
0.0651 0.2719 0.6630 0.9193 0.0438 0.0369
0.0846 0.3060 0.6094 0.9112 0.0499 0.0389
0.1037 0.3306 0.5657 0.9055 0.0543 0.0402
0.1375 0.3667 0.4958 0.8884 0.0700 0.0416
0.1590 0.3771 0.4639 0.8827 0.0751 0.0422
0.2204 0.3926 0.3870 0.8651 0.0882 0.0467
0.2526 0.3986 0.3488 0.8503 0.0924 0.0573

1,3-Propanediol(1) + 1-nonanol(2) + 1-chlorobutane(3)
 1-Chlorobutane 0.0034 – 0.9966 0.9780 – 0.0220

0.0108 0.1196 0.8696 0.9522 0.0214 0.0264
0.0397 0.2145 0.7458 0.9228 0.0388 0.0384
0.0884 0.2997 0.6119 0.8960 0.0595 0.0445
0.1168 0.3201 0.5631 0.8871 0.0660 0.0469
0.1469 0.3443 0.5088 0.8794 0.0722 0.0484
0.1811 0.3652 0.4537 0.8707 0.0776 0.0517
0.2190 0.3744 0.4066 0.8602 0.0827 0.0571
0.2580 0.3813 0.3607 0.8472 0.0924 0.0604
0.2996 0.3890 0.3114 0.8299 0.1027 0.0674

1,3-Propanediol(1) + 1-nonanol(2) + isopropyl ether(3)
 Isopropyl ether 0.0243 – 0.9757 0.9398 – 0.0602

0.0269 0.0541 0.9190 0.9288 0.0072 0.0640
0.0347 0.1049 0.8604 0.9160 0.0161 0.0679
0.0484 0.1317 0.8199 0.9097 0.0221 0.0682
0.0969 0.2495 0.6536 0.8859 0.0450 0.0691
0.1230 0.2799 0.5971 0.8795 0.0513 0.0692
0.1552 0.3029 0.5419 0.8723 0.0572 0.0705
0.1805 0.3186 0.5009 0.8625 0.0640 0.0735
0.2406 0.3393 0.4201 0.8493 0.0702 0.0805
0.2776 0.3397 0.3827 0.8309 0.0855 0.0836
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Table 4   Experimental LLE 
data for 1-nonanol(1) + 1,3-pro-
panediol(2) + water(3) ternary 
systems at 298.2 K under 101.3 
kPa

Standard uncertainties u are u(T) = 0.3  K, u(P) = 0.1  kPa, 
u(w) = 0.0004, and w represents mass fraction

Extractant Extractant-rich phase (I) 1-Nonanol-rich phase (II)

w
I

1
w
I

2
w
I

3
w
II

1
w
II

2
w
II

3

Water 0.0002 – 0.9998 0.9610 – 0.0390
0.0104 0.1857 0.8039 0.9539 0.0090 0.0371
0.0182 0.2695 0.7123 0.9462 0.0144 0.0394
0.0237 0.2979 0.6784 0.9437 0.0161 0.0402
0.0251 0.3224 0.6525 0.9415 0.0178 0.0407
0.0268 0.3553 0.6179 0.9385 0.0196 0.0419
0.0338 0.4435 0.5227 0.9267 0.0306 0.0427
0.0344 0.4686 0.497 0.9231 0.0338 0.0431
0.0354 0.4921 0.4725 0.9206 0.0362 0.0432
0.0362 0.5053 0.4585 0.9173 0.0391 0.0436

(a) (b)

(c) (d)

Fig. 2   Ternary phase diagram for 1,3-propanediol + 1-nonanol + extractant system at 298.2  K and 
101.3 kPa. (a) 1,2-xylene; (b) 1-chlorobutane; (c) isopropyl ether; (d) water; ( ) experimental data; ( ) 
tie-line; ( ) NRTL model; ( ) UNIQUAC model (Color figure online)
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extractants can separate the mixture of 1,3-propanediol and 1-nonanol by liquid–liquid 
extraction. Figure  4 shows that the S of all extractants is greater than 10 and decreases 
with the increase of the content of solute in the extractant-rich phase. It can be seen from 
the experimental results of LLE that water in all extractants has the highest D and S, which 
means that water has the best separation effect on the binary mixture of 1,3-propanediol 
and 1-nonanol.

3.2 � σ‑Profile Analysis

The σ-profile, which was calculated by COSMO-SAC model, was chosen to describe 
the extraction performance of the six reagents because it can reflect the polarization 
effect of the molecular surface and determine the interaction energy between mole-
cules, as described in the literature [11]. The σ-profiles of 1,3-propanediol, 1-nonanol, 
1,2-xylene, 1-chlorobutane, isopropyl ether and water are shown in Fig. 5. The two dot-
ted lines (σ = ± 0.0082 e·Å−2 ) indicate the critical value of hydrogen bonding ability. 
The middle region is non-polar and the electronegativity is zero, which the left and right 
regions are the donor and acceptor regions of the hydrogen bond, respectively. In the 

Fig. 3   Variation of solute distri-
bution constant in the extractant-
rich phases mass at 298.2 K and 
101.3 kPa. Experimental data: (
) 1,2-xylene; ( ) 1-chlorobutane; 
( ) isopropyl ether; ( ) water. 
NRTL: ( ) 1,2-xylene; ( ) 
1-chlorobutane; ( ) isopropyl 
ether; ( ) water. UNIQUAC: (
) 1,2-xylene; ( ) 1-chlorobutane; 
( ) isopropyl ether; ( ) water 
(Color figure online)

Fig. 4   Variation of solute selec-
tivity constant in the extractant-
rich phases mass at 298.2 K and 
101.3 kPa. Experimental data: (
) 1,2-xylene; ( ) 1-chlorobutane; 
( ) isopropyl ether; ( ) water. 
NRTL: ( ) 1,2-xylene; ( ) 
1-chlorobutane; ( ) isopropyl 
ether; ( ) water. UNIQUAC: (
) 1,2-xylene; ( ) 1-chlorobutane; 
( ) isopropyl ether; ( ) water 
(Color figure online)
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polar region, the closer σ is to the threshold, the stronger the compound’s ability to 
accept or provide hydrogen bonds, as described in the literature [12].

As show n in Figs. 1, 3 and 5-propanediol and 1-nonanol have the broad σ-profiles, 
both from − 0.016  to 0.016 e·Å−2. 1,3-Propanediol and 1-nonanol have further profile 
peaks (0.013 e·Å−2) in the hydrogen acceptor donor zone, which indicates that both 
1,3-propanediol and 1-nonanol have strong ability to accept hydrogen bonds, while the 
profile peak of water at −  0.014 e·Å−2 indicates that water has strong ability to pro-
vide hydrogen bonds. Therefore, water can well extract 1,3-propanediol from 1-nonanol. 
Compared with 1-chlorobutane and isopropyl ether, 1,2-xylene has slightly greater abil-
ity to provide hydrogen bond and slightly higher extraction ability, except for water.

3.3 � Data Reliability Verification

This paper used the empirical equation of Bachman equation and O-T equation to exam-
ine the linear of the measured results, and the formula is as follows:

 where a and b are parameter values of the fitting equation y = a + bx, and the other param-
eters are the same as described above.

After obtaining the value of the parameters in the equation, the least square method 
was used to obtain the linear correlation coefficient (R2) of the experimental data. The 
closer R2 is to 1, the higher the fitting degree is. The related parameters of the equation 
are listed in Table 5, and the graphs are shown in Figs. 6 and 7. The data results show 
that R2 values are all greater than 0.98, which means that the data have good reliability 
and regularity.

(6)w
I

3
= a + bw

I

3

/
w
II

1

(7)ln
[(
1 − wI

3

)/
wI
3

]
= a + b ln

[(
1 − wII

1

)/
wII
1

]

Fig. 5   The σ-profiles of chemical 
reagents used
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Table 5   Bachman and Other-Tobias equation parameters (a, b) and regression coefficients (R2) for the stud-
ied systems 1,3-propanediol + 1-nonanol + extractant at T = 298.2 K

Equations Parameters Extractant

1,2-Xylene 1-Chlorobutane Isopropyl ether Water

Bachman a − 0.0682 − 0.0803 − 0.0806 − 0.0443
b 1.0144 1.0263 1.0026 1.0056
R2 0.9999 0.9985 0.9996 1.0000

Othmer-Tobias a 4.1233 3.8948 5.6933 6.1347
b 1.9780 1.9706 3.1223 2.4560
R2 0.9936 0.9920 0.9861 0.9886

Fig. 6   Bachman equation plots 
for the ternary systems 1,3-pro-
panediol + 1-nonanol + extractant 
at 298.2 K and 101.3 kPa. ( ) 
1,2-xylene; ( ) 1-chlorobutane; 
( ) isopropyl ether; ( ) water 
(Color figure online)

Fig. 7   Othmer-Tobias equation 
plots for the ternary systems 
1,3-propanediol + 1-nona-
nol + extractant at 298.2 K and 
101.3 kPa. ( ) 1,2-xylene; (
) 1-chlorobutane; ( ) isopropyl 
ether; ( ) water (Color figure 
online)
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3.4 � Thermodynamic Modeling

The thermodynamic models NRTL and UNIQUAC are the activity coefficient math-
ematical models that can be associated with the phase equilibrium data, which are 
included in Aspen simulation software system. The experimental data was correlated 
with NRTL and UNIQUAC models, and the binary regression parameters and NRTL 
non-random parameter α of the two models were obtained by using Aspen Plus V11. 
Table  6 lists the parameters of the UNIQUAC model obtained from the Aspen Plus 
database.

The objective function (OF) was used to calculate the optimal binary interaction 
parameters of the above two models, as described in the literature [13], and the formula 
is as follows:

where M represents the number of tie lines, subscripts i, j and k represent the components, 
phases and tie lines, respectively. wcal and wexp represent the calculated and experimen-
tal composition of components respectively. At the same time, the correlation between the 
measured data and the fitted data was evaluated by the following formula:

 where the parameters k, j, i, M, wcal, wexp are the same as described above.
Table 7 lists the estimated values of RMSD and AAD obtained from NRTL and UNI-

QUAC models, which are less than 0.97% and 0.60%, respectively. At the same time, 
the experimental and calculated value of the two models are compared in Figs. 2, 3 and 
4. It indicates that the experimental data are well related to the thermodynamic models.

Take the relevant data of 1,3-propanediol + 1-nonanol + water system at 298.2 K and 
101.3 kPa as an example, the binary interaction parameters were verified by GUI-MAT-
LAB, as described in the literature [14–17]. The NRTL binary parameter miscibility 

(8)OF =

M∑

k=1

2∑

j=1

3∑

i=1

(
w
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ijk
− wcal
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)2

(9)AAD(%) = 100 ×

M∑
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2∑

j=1

3∑
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|||
w
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(10)RMSD(%) = 100 ×
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M∑

k=1

2∑

j=1

3∑

i=1

(
w
exp

ijk
− wcal

ijk

)2
/

6M

}1∕2

Table 6   The UNIQUAC 
structural parameters

The structural parameters are obtained from the Aspen V11 database

Component r q

1,3-Propanediol 3.0831 2.7880
1-Nonanol 6.8260 5.7520
1,2-Xylene 4.6579 3.5360
1-Chlorobutane 3.6902 3.1880
Isopropyl ether 4.7423 4.0880
Water 0.9200 1.4000
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boundary, the calculated GM/RT surface and the experimental LLE connection line of 
the system are shown in Figs. 8 and 9.

As can be seen from Fig. 8, only components 1 and 3 are partially miscible in the 
system, and other components can be completely miscible. This result is consistent 
with the LLE data measured in this study. As can be seen from Fig. 9, the connecting 
line calculated by the software and the measured data is tangent to the lower surface of 
GM/RT, indicating that the mixed Gibbs free energy is in the minimum state. The binary 
interaction parameter is the local optimal solution, and the linear relationship between 
the experimental data is good. Therefore, according to the binary interaction parameters 
obtained by fitting, the LLE data measured in the experiment is reliable.

Fig. 8   NRTL binary param-
eter miscibility boundary 
for the ternary system of 
1-nonanol(1) + 1,3-propan-
ediol(2) + water(3) at 298.2 K

(a) (b)

Fig. 9   Calculated GM/RT surface and experimental LLE tie-lines for the 1-nonanol(1) + 1,3-propane-
diol(2) + water(3) ternary system at T = 298.2 K: (a) 3D representation and (b) sectional plane in the direc-
tion defined by the ternary tie-line 5
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4 � Conclusion

The LLE data of ternary system of 1,3-propanediol + 1-nonanol + extractant (1,2-xylene, 
1-chlorobutane, isopropyl ether and water) were measured at 298.2 K and 101.3 kPa. The 
ternary systems studied are Treybal’s type I. From the above experimental results, it can 
be concluded that the four extractants in this study can well separate 1,3-propanediol and 
1-nonanol, with high distribution constant and selectivity, especially when the concentra-
tion of solute is low. RMSD and AAD are less than 0.97% and 0.60% respectively, which 
are in good agreement with the experimental data. The COSMO model was used to ana-
lyze the extraction effect from the molecular level. Compared with Van der Waals force, 
water can produce hydrogen bond with 1,3-propanediol, and its extraction effect is the 
best. In addition, the binary interaction parameters of NRTL and UNIQUAC models were 
obtained, which is conducive to the design and optimization of the separation process. 
Finally, the GUI-MATLAB tool were used to illustrate the reliability of experimental data 
and binary interaction parameters.
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