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Abstract. To provide essential data for the separation of diethoxymethane and system water using mesityl
oxide as the extractant, in this paper, the liquid-liquid equilibrium data of the ternary system of ‘mesityl oxide
+ diethoxymethane + water’ was measured at 303.2 K, 313.2 K and 323 K under normal pressure. The
experimental results showed that partition coefficient and separation factor were both larger than 1, indicating
that diethoxymethane and water could be well separated with mesityl oxide. The linear correlation coefficient
of Bachman and Hand equation was larger than 0.99, indicating that our experimental data has good reliability.
At the same time, the binary interaction parameters of the model were obtained by correlating the experimental
data with the NRTL and UNIQUAC models. The relative root mean square error (RMSD) of the experimental
value and the calculation formula was less than 0.79%, indicating that both the NRTL and UNIQUAC models

can be well associated with experimental data.

1 Introduction

Diethoxymethane is an important organic substance,
which is widely used in chemical industry, pharmaceutical
separation, synthesis of organic intermediates and reaction
solvents [1]. In addition, diethoxymethane is also an
excellent diesel fuel additive, which can increase the

octane number and reduce carbon monoxide emissions [2].

At present, diethoxymethane is mainly synthesized by
formaldehyde and ethanol, however, dicthoxymethane is
easy to form azeotropes with by-products of water and
ethanol during the synthesis process [3], which makes it
difficult to obtain high-purity diethoxymethane and cause
water pollution. Solvent extraction method can well
overcome this azeotropic effect. After screening, it was
found that mesityl oxide was an excellent extractant [4],
which is usually used as a solvent for nitrocellulose and
various resins.

As an effective separation method, solvent extraction
has been widely used in various industries, including
wastewater treatment [5—8], pharmaceuticals [8—10] and
food engineering [11,12]. Reliable liquid-liquid balance
data plays an important role in the extraction and
separation process and equipment design. Therefore,
many researchers have studied the liquid-liquid
equilibrium [13,14]. The research group Wang [15] et al.
studied the liquid-liquid equilibrium of the
‘diethoxymethane + water + toluene/ p-xylene’ ternary
system. In this paper, the liquid-liquid equilibrium data of
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the ternary system of ‘mesityl oxide + diethoxymethane +
water’ at 303.2 K, 313.2 K and 323.2 K were measured
under normal pressure. By consulting the literature, no
research about the mesityl oxide-diethoxymethane-water
ternary system has been published. At the same time, the
extraction effect of mesityl oxide was evaluated by
calculating the partition coefficient and selectivity
coefficient, and the thermodynamic consistency of the
experimental data was checked by the equations of
Bachman [16] and Hand [17]. Finally, NRTL [18] and
UNIQUAC [19] model was associated with experimental
data.

2 Experimental process and method

2.1. Apparatus and reagents

The reagents used in the experiment are shown in Table 1.
Their purities were determined by chromatographic
analysis. All the reagents were used directly without
further purification treatment; the phase equilibration
kettle is shown in Figure 1.

2.2 Experimental process and analysis method

In our experiment, an electronic analytical balance was
used to weigh the quantitative components, and then they
were added to the liquid-liquid equilibrium kettle

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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Table 1 Chemical reagents® Chromatographic analysis conditions: the
. . Purty chromatographic column of TCD (Agilent GC6820) was
Compound CAS  Supplier  ~ analysis Porapak N (3 mm x 3 m); high-purity hydrogen was used
method as the carrier gas, and the gas velocity was 60 mL/ min;
Mesityl oxide ;317' Aladdin 9;0 GCP the temperature of the vaporization chamber and the
: detector were both 493.15 K, the initial column
Diethoxymethane 3223' Aladdin 99>5 GCb temperature was maintained at 403.15 K for 0.5 min, and
1732 2 the temperature was programmed at 15 K/min to 473.15 K
Distilled water |3.s Homemade 99.9 GCb and maintained for 1 min. The injection volume was 0.6

* The standard uncertainties u are u(P) = 0.1 kPa and u(7) = 0.1 K. u(w)
=0.002; ® Gas Chromatography.
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—
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Figure 1 Phase Equilibration kettle

in different proportions. And then, the thermostatic jacket
was connected with the super thermostatic water bath to
keep the temperature in the equilibrium kettle constant,
stir for 2 hours, and let it stand for 8 hours after the stirring
stops to ensure that the two phases were fully balanced.
After equilibration, samples were taken from the upper
and lower sampling ports of the balance tank by using a
micro-injector for analysis. The internal standard method
was used with gas chromatography (TCD) to
quantitatively analyze the upper and lower samples to
determine the mass fraction of each component, and
isopropanol was used as the internal standard. Each
sample was measured at least 3 times to ensure that the
standard deviation is less than 0.1%, and the average value
was used as the experimental value, and the uncertainty of
the experimental value was calculated by using the GUM
[20] standard.

ul.

3 Experimental results and discussion

3.1 Experimental data

The liquid-liquid equilibrium data is shown in Table 2, and
all the compositions are expressed in mass fraction. The
ternary phase diagram is shown in Figure 2. From the
ternary phase diagram, it can be seen that the two-phase
region has a larger range for extraction operations. The
partition coefficient and selectivity coefficient can
evaluate the extraction ability of the extractant [5]. The
formulas of distribution coefficient and selectivity
coefficient are as follows:

D = wh/w}

(D
(@)
1

Among them, w) and w} represent the mass
fraction of diethoxymethane and water in the organic
phase respectively, and wil and wil represent the mass
fraction of diethoxymethane and water in the water phase,
respectively. The partition coefficient and selectivity
coefficient are shown in Table 2, and the partition
coefficient and selectivity coefficient are shown in Figure
3 and Figure 4. Through analysis, it can be known that
mesityl oxide has a good extraction effect on
diethoxymethane. The partition coefficient increases with
the increase of diethoxymethane concentration in the
organic phase, and increases with the rise of temperature;
at the same time, it can be found that the selectivity
coefficient of mesityl oxide is much greater than 1,
indicating that mesityl oxide has good selectivity on
diethoxymethane and increases with the increase of the
diethoxymethane concentration in the organic phase, and
at the same time increases with the temperature.

= (wf - wl/f - w)

Table 2 The LLE data (mass fraction), distribution coefficient (D) and selectivity coefficient (S) of ternary system of mesityl oxide
(1) + diethoxymethane (2) + water (3) at 298.2, 303.2 and 313.2 K under 101.3 kPa".

T/K Organic (I) Aqueous (IT) D S
aly awl2 aWI3 b leI2 leI3

0.9658 - 0.0355  0.0226 - 09766 - -
0.9296  0.0332  0.0348  0.0215 0.0019 09768 1744  489.52
0.8725  0.0930  0.0345 0.0189 0.0042 0.9775 2196  622.22

3032 08440 0.1204 0.0339 0.0176  0.0052 09778 2333 673.99
0.8127  0.1524  0.0335  0.0153  0.0060 0.9789 2546  744.09
0.7780  0.1866  0.0322  0.0147  0.0072 0.9790 2589  786.06
0.7386  0.2305  0.0310  0.0137  0.0083 0.9792 27.92  883.11
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0.6848  0.2865 0.0289  0.0104  0.0099 0.9798 28.94  982.23
0.6547 03240 0.0282  0.0102 0.0107 0.9807 30.18  1048.59

0.6169 03573  0.0281 0.0095 0.0111 0.9811 32.05  1120.85
0.9612 - 0.0388  0.0218 - 0.9772 - -

0.9327  0.0299 0.0374 0.0212 0.0014 0.9775 21.88 572.46
0.8999  0.0609  0.0367  0.0207  0.0026 0.9775 23.42 624.47
0.8734  0.0881  0.0374  0.0190  0.0033 0.9777 26.90 704.05
0.8441  0.1185 0.0352  0.0175  0.0043 0.9778 27.30 757.98

3132 0.7019  0.2676  0.0316  0.0128  0.0089 0.9794 29.94 928.98
0.7048  0.2720  0.0305 0.0123  0.0090 0.9786 30.18 968.00
0.6472  0.3212  0.0300 0.0118  0.0099 0.9796 32.38 1057.56
0.6139  0.3529  0.0297 0.0107 0.0104 0.9795 33.79 1114.13
0.5897  0.3803  0.0291  0.0103  0.0107 0.9799 35.68 1202.62
0.9617 - 0.0383  0.0186 - 0.9806 - -
09318  0.0305 0.0377 0.0184 0.0010 0.9806 30.33 789.75
09133  0.0500 0.0372  0.0180 0.0016 0.9807 31.05 818.46
0.8764  0.0889  0.0363  0.0172  0.0028 0.9810 31.56 853.26

1932 0.8486  0.1166 ~ 0.0348  0.0162  0.0036 0.9814 32.41 914.21

0.8181  0.1487  0.0338  0.0148  0.0043 0.9816 34.64 1007.11
0.7877  0.1808  0.0327 0.0133  0.0050 0.9817 36.25 1087.27
0.7451  0.2208  0.0309 0.0124  0.0060 0.9820 37.06  1179.58
0.7060  0.2595  0.0301 0.0104 0.0068 0.9824 38.15 1244.69

0.6134  0.3592 0.0274 0.0092 0.0087 0.9826 41.23 1479.15
* Standard uncertainties u are u(T) = 0.1 K, u(p) = 0.1 kPa, u(w; ) = 0.002, u(w, ) = 0.0005, u(ws; ) = 0.0032.

2 x': the organic data; ® x'!: the aqueous data.

1.00 /=

0.00 0.25 0.50 0.75 100
Mesityl oxide

(c)

Figure 2 Ternary diagrams of mesityl oxide (1) +
diethoxymethane (2) + water (3) system at different
temperatures (a) 303.2 K; (b) 313.2 K; (c) 323.2 K; (m)
Experimental value; (o) NRTL; (A) UNIQUAC;

3.2 Reliability test of experimental data

The consistency of the experimental data thermodynamics
data was tested by the Bachman [16] and Hand [17]
equations, and the formula is as follows:

0 xl = A+ B(xl/xl) 3)
0.00 025 0.50 0.75 100 In (xé/x{) =A+ Bln(x%l/x{') 4)
Mesi oxide Among them, A, B, C, D represent the Bachman, Hand

(b) equation parameters, respectively; xi and x} represent

the mass fraction of mesityl oxide and diethoxymethane in

the organic phase respectively; xi', xI' and xi!

represent the mass fraction of mesityl oxide,
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diethoxymethane and water in the water phase
respectively. 1300
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Figure 3 The distribution coefficient versus mass fraction of
diethoxymethane in the organic phases 298.2, 303.2, and 313.2
K under 101.3 kPa. (0) 303.2 K, (A) 313.2K (#) 323.2K

diethoxymethane in the organic phases at 298.2, 303.2, and
313.2 K under 101.3 kPa. (o) 303.2 K, (A)313.2 K (¢)323.2K

The parameter values and linear correlation
coefficients of the Hand equation of the Bachman equation
are shown in Table 3. The fitting curves of the Hand
equation of the Bachman equation are shown in Figure 5
and Figure 6. Through analysis, it can be seen that the
linear coefficients are all close to 1, indicating that the
phase balance data has high consistency and reliability.

Table 3 Bachman and Hand parameters at various temperatures.

Bachman Hand
T/K A B R C D R
303.2 0.0080 0.9686 1.0000 -2.4213 -0.98224 0.9974
313.2 0.0043 0.9729 1.0000 -2.5236 -0.97854 0.9992
323.2 0.0043 0.9762 1.0000 -2.7234 -1.0310 0.9991
1.0

3.3. Thermodynamic model

This paper uses Aspen Plus software, and uses NRTL [18]
and UNIQUAC [19] thermodynamic models to correlate

0.54

0.0

054

)
3

laboratory data. The surface area (r) and van der Waals 3
surface parameters (q) of the UNIQUAC model were
obtained from the Aspen Plus database, as shown in Table
4

In(x: '2/x

pd
7

204

The least square method is used to correlate the 251 o
experimental data to minimize the objective function (OF)

[21], so as to obtain the best parameters of the
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1.00 Figure 6 Hand plots for diethoxymethane at different

temperatures. (0) 303.2 K, (A)313.2K (#)323.2K
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Table 4 The UNIQUAC structural parameters (r and q).

0.85

050 Component r q
R mesityl oxide 3.8600 4.3632

0.70 diethoxymethane 3.7960 4.3131

065 1 water 1.4000 0.9200

0604 o

thermodynamic model NRTL and UNIQUAC equations.

OF =Y}, Z?=1 T [(x;e]_;;(p - xicjt}cl)z]

T T T T T T T T
0.60 065 0.70 0.75 080 085 090 095 1.00

(6))

1,0
X/xy

Figure 5 Bachman plots for diethoxymethane at different

ex, al :
temperatures. (0) 303.2 K, (A) 313.2 K () 3232 K Among them, x*? and x““ represent the mole fraction

of the experimental value and the calculated value,
respectively. The subscripts 7, j and k represent the
composition, phase state and connection line respectively,
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and M represents the total number of connection lines.

After the correlation, the binary interaction parameters
of the NRTL and UNIQUAC models were obtained, as
shown in Table 5; the error of the experimental value and
the calculated value was compared by calculating the root
mean square error (RMSD); the RMSD equation is as
follows:

1
2

X —Xi+
RMSD (%) = 100 X Z¥=1Z?=1Z?=1(”"T”k

exp cal)2

(6)

Among them, the symbol in the formula has the same
meaning as the formula (5). The RMSD values of the
calculated and experimental values of the two models are
shown in Table 5. At the same time, the calculation results
of the NRTL model and the UNIQUAC model are plotted

in Figure 1. It can be seen from Table 5 and Figure 1 that
the experimental values have a high degree of agreement
with the NRTL model and the UNIQUAC model. At the
same time, the RMSD values at different temperatures are
all less than 0.8%, indicating that both the NRTL model
and the UNIQUAC model can better correlate with the
‘mesityl oxide + diethoxymethane + water’ ternary system.
It also shows that choosing a non-random variable o 0of 0.3
in the NRTL model is reasonable.

Using the NRTL model and the UNIQUAC model as
well as the respective binary interaction parameters
obtained can well predict the ternary system of ‘mesityl
oxide + diethoxymethane + water’, which provides a basis
for the design and simulation of the extraction process of
diethoxymethane and water with mesityl oxide as
extraction agent.

Table 5§ The NRTL and UNIQUAC binary interaction parameters for the ternary system.

NRTL UNIQUAC
T/K l-J gij-Lij gji-gii RMSD/% Uij-Ujj Uji-Uii RMSD/%
/J-mol! / Jmol™! o / Jmol! / Jmol™!
3-1 1230473 3074.035 03 9218 252062
303.15 32 9615765 6661.778 0.3 06124 400 aangs 07948
12 9071427 -442599 03 088615 .348.835
3-1 1274947 3158701 0.3 135192 25988
313.15 . 0.6530 - 0.5863
32 10738.12  5721.806 0.3 1009.8)  485.3359
12 7103242 -3768.67 03 100465  _360.621
3-1 1319422 3243368 0.3 41167 267595
323.15 3 1186048 4781.833 03 0.3486 16578 1094936 02056
12 5135057 -311136 03 102068 _372.406

4 Conclusion

The liquid-liquid equilibrium data of ‘mesityl oxide +
diethoxymethane + water ternary system’ at 303.15 K,
313.15 K and 323.15 K were determined in this paper
under normal pressure. It can be known from the partition
coefficient and selectivity coefficient that the increase in
temperature is beneficial to improve the extraction effect
and selectivity of mesityl oxide. The Bachman equation
and Hand equation were used to verify that the
experimental data had good thermodynamic consistency.
The experimental data was correlated through the NRTL
and UNIQUAC models, and the binary interaction
parameters between the components were obtained. At the
same time, the root mean square error (RMSD) of the
calculated and experimental values were both less than
0.8%, indicating that the NRTL and UNIQUAC models
can be better associated with experiment data. From the
above analysis, it can be known that the binary interaction
parameters obtained by regression using the NRTL model
and the UNIQUAC model can provide a basis for the
process design and simulation of the separation and

recovery of diethoxymethane in water using mesityl oxide
as the extractant.
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