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ABSTRACT

The solubility of 2,3,4-trichloro-1,5-dinitrobenzene (TCDNB) was measured by a laser dynamic method
over the temperature range from 278.15 K to 323.15 K under 0.1 MPa in fifteen mono-solvents (methanol,
ethanol, isopropanol, n-butanol, toluene, dichloromethane, chloroform, tetrachloromethane, 1,2-
dichloroethane, acetone, ethyl acetate, acetonitrile, N-methylpyrrolidone (NMP), N,N-
dimethylformamide dimethyl sulfoxide (DMF), dimethyl sulfoxide (DMSO). The solubility of TCDNB
could be increased with increasing temperature in fifteen mono-solvents. TCDNB solubility is in the fol-
lowing order at 298.15 K: NMP>DMF>DMSO>toluene>acetone>ethyl acetate>dichloromethane>1,2-dich
loroethane>chloroform>acetonitrile>tetrachloromethane>methanol>ethanol>n-butanol>isopropanol.
The KAT-LSER model was used to investigate the solvent effect, which revealed that the hydrogen bond
acidity of solvents has a greater effect on TCDNB solubility. The van’t Hoff model, the modified Apelblat
model, the /h model, and the non-random two liquid (NRTL) model were used to correlate the solubility
of TCDNB. The calculated solubility data agreed well with the experimental data, and the modified
Apelblat model fit best. Furthermore, the van't Hoff and Gibbs equations were also used to calculate
the dissolution thermodynamic properties of TCDNB in various solvents. TCDNB dissolution could be
an enthalpy-driven, non-spontaneous, and endothermic process in fifteen mono-solvents. The determi-
nation and fitting solubility of TCDNB, as well as the calculation of its thermodynamic properties, would
be critical in the purification and crystallization of its preparation process research.
© 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
rights reserved.

1. Introduction

by some researchers [9,11,12], but the yield of the target product
was low, and when the reaction reached its end point, the system

Halopolynitroarenes are a type of chemical raw material or
intermediate that is widely used in energy materials, medicine,
dyes, pesticides, preservatives, and other fields [1]. Through the Sy-
Ar reaction, a variety of substituents can be introduced into its
structure [2]. The nitro and halogen atoms in its structure may
be replaced depending on the activation degree of the substituent
[3-8]. 2,3,4-trichloro-1,5-dinitrobenzene (TCDNB) is a halopolyni-
troarenes whose chemical molecular structure is shown in Fig. 1,
which can be prepared by nitrification of 1,2,3-trichlorobenzene
with a mixture of nitric and sulfuric acids [9]. 1,2,3-trichloro-4-
nitrobenzene was obtained as a nitro by-product in the prepara-
tion of TCDNB [10]. The SyAr reaction of TCDNB has been studied
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might contain a small amount of unreacted raw materials. By-
products will be produced whether the TCDNB is synthesized or
other compounds are synthesized with TCDNB as a precursor,
reducing the purity of the target product. As a result, in order to
obtain a high-purity target product in the TCDNB production pro-
cess, the reaction products must be separated and purified.
Among the many purification methods available, solution crys-
tallization is a simple operation with a high purification efficiency.
It is widely used and has a significant impact on substance purity
and crystal quality [13,14]. The solid-liquid equilibrium data is
generally expressed by solubility data, which is the basis of solu-
tion crystallization and can effectively improve the purity of the
product [15,16]. However, there is no data on TCDNB solubility
in the previously reported literature. As a result, in order to provide
basic data to guide the purification and crystallization process of
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Fig. 1. Chemical molecular structure of TCDNB.

TCDNB, its solubility in various solvents must be measured [17].
The main impurities in the production of TCDNB are a small
amount of unreacted raw materials and the mononitro by-
product, 1,2,3-trichloro-4-nitrobenzene. The structural and physi-
cal properties of TCDNB influence the solvent selection.

Therefore, in this study, the solubility of TCDNB in methanol,
ethanol, isopropanol, n-butanol, toluene, dichloromethane, chloro-
form, tetrachloromethane, 1,2-dichloroethane, acetone, ethyl acet-
ate, acetonitrile, N-methylpyrrolidine (NMP), N,N-
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO) has
been measured by a laser dynamic method at temperatures rang-
ing from 278.15 to 323.15 K under 0.1 MPa. To investigate the
effect of solvent effect on TCDNB solubility, the KAT-LSER model,
which is based on the concept of linear solvation energy relation-
ship, was used to fit TCDNB solubility data in different solvents
at 298.15 K. Four solubility models were used to fit the experimen-
tal solubility of TCDNB in selected mono-solvents, including the
van't Hoff model, modified Apelblat model, 2h model, and non-
random two-liquid (NRTL) model, extending the application of
TCDNB solubility. Furthermore, using the Van Hoof equation and
the Gibbs equation, the dissolution thermodynamic parameters
such as the standard dissolution enthalpy, standard dissolution
entropy, and standard Gibbs free energy of TCDNB in the corre-
sponding solvents were calculated based on the experimental sol-
ubility data of TCDNB in selected mono-solvents.

2. Experimental
2.1. Materials

TCDNB was synthesized using a previous literature process [9],
purified by repeated recrystallization in absolute ethanol, and its
purity was greater than 0.995, as determined by high performance
liquid chromatography (HPLC) (Fig. 2). All of the organic solvents
used in the experiment are analytical grade reagents that were
analyzed using gas chromatography. They were purchased from
Sinopharm Chemical Reagent Co., Ltd., China. Table 1 provides
detailed information on all of the materials used in this work.

2.2. Device and methods

The laser dynamics method was used to determine the solubil-
ity of TCDNB in selected mono-solvents, and its theory and device
are described in Ref. [19,20]. The experimental devices, as shown in
Fig. 3, are the same as those used to investigate the solubility of
1,3-dichloro-2,4,6-trinitrobenzene (DCTNB) in various mono-
solvents [21].
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Fig. 2. HPLC analysis of TCDNB.

The experimental devices were set up as shown in Fig. 3 before
the solubility test experiment. The following are the measurement
steps: Turn on the laser transmitter, allow it to warm up for about
0.5 h, and then set the super constant temperature water bath to
the desired temperature (standard uncertainty of temperature is
0.05 K). Add a certain amount of solvent to the jacketed crystallizer
by pipette (standard uncertainty of 0.01 ml). Then, small amounts
of TCDNB (solute) were added several times, stirring for 0.5 h after
each addition. When the laser intensity received by the signal
receiver is significantly reduced and there is visible undissolved
solute in the jacketed crystallizer to the naked eye, the solute addi-
tion is stopped. Following that, a small amount of solvent was
added several times with a pipette, stirring for 0.5 hours between
additions. When the laser intensity remains stable for 0.5 h and
does not change, it is considered that the solid-liquid equilibrium
point has been reached and the solute has been completely dis-
solved in the system. The amount of solvent and solute added to
the jacketed crystallizer at this time was recorded, and the mole
fraction solubility of TCDNB (x;) was calculated by Eq. (1). Each
temperature point was measured three times in parallel, and the
average value was taken as the final molar fraction solubility of
TCDNB at this temperature point.

m1/M1

=t 1
U M+ G M

where m; and m; are the mass of TCDNB and solvent, respectively;
M, and M, are the molar mass of TCDNB and solvent, respectively.

2.3. HPLC analysis

The purity of TCDNB was determined by HPLC (Shimadzu Cor-
poration, LC-20AD, Japan). The chromatographic conditions for
HPLC analysis are: column: Hypersil ODS2 column (250 mm x 4.
6 mm, 5 pm), detection wavelength: 240 nm, mobile phase:
Vinethanol: Viwater = 70: 30, flow rate: 1.2 ml-min~!, column temper-
ature: 298.15 K, injection volume: 10 pl.

2.4. Differential scanning calorimetry test

Thermal analysis was performed to determine the melting
properties of TCDNB, including melting temperature (T,,) and
enthalpy of fusion (AgsH), using a differential scanning calorimetry
(DSC) apparatus (Mettler Toledo, model DSC 3, Switzerland) in this
work. The reference material was indium, and the instrument was
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Table 1
Detailed information of the materials used in this work

Chemical name Molar mass/g-mol~!

Mass faction purity

Analysis method

Solvent polarity®

TCDNB 271.44 >0.995
Methanol 32.04 >0.995
Ethanol 46.07 >0.995
Isopropanol 60.06 >0.995
n-Butanol 74.12 >0.995
Toluene 92.14 >0.995
Dichloromethane 84.93 >0.995
Chloroform 119.38 >0.995
Tetrachloromethane 153.84 >0.995
1,2-Dichloroethane 98.96 >0.995
Acetone 58.08 >0.995
Ethyl acetate 88.11 >0.995
Acetonitrile 41.06 >0.995
NMP 99.13 >0.995
DMF 73.09 >0.995
DMSO 78.13 >0.995

HPLC® -

GC® 76.2
GC® 65.4
GC®@ 54.6
GC® 60.2
GC® 9.90
GC®@ 30.9
GC® 25.9
GC® 5.20
GC® 327
GC® 355
GC® 23.0
GC® 46.0
GC® 36.0
GC® 40.4
GC® 444

@ High-performance liquid chromatography.
@ Gas chromatography.
@ Solvent polarity was taken from Ref. [18].

/g
I TT
— O

=

Fig. 3. Schematic diagram of the solubility measurement. 1—laser emitter; 2—crystallizer; 3—air condenser; 4—burette; 5—mercury thermometer; 6—display instrument;
7—super constant temperature water bath; 8—signal receiver; 9—magnetic rotor; 10—magnetic stirrer.

calibrated with standard indium and zinc before the determina-
tion. An open DSC pan containing 2 mg of TCDNB was heated from
323.15 to 393.15 K in the apparatus. Furthermore, the test condi-
tions were as follows: N, atmosphere with a flow rate of
50 ml-min~' and a heating rate of 10 K-min~'. The test was
repeated three times, with the average value being used.

2.5. Powder X-ray diffraction analysis

In order to determine whether TCDNB will change before and
after the solubility measurement (chemical reaction, crystal trans-
formation, production of solvate chemicals, etc.). A powder X-ray
diffractometer (PXRD) (DX-2700B, Haoyuan Instrument Co., Ltd.,
China) was used to analyze the raw materials and the solid
obtained from the solubility measurement. After the solubility test
of TCDNB at the maximum temperature point, the system was
cooled down and the solids were precipitated. After the system
was cooled to room temperature, the solid obtained from the sol-
ubility measurement was obtained by vacuum filtration and drying

at 40 °C. During the PXRD analysis, Cu K, radiation (4 = 1.54 nm)
was used, the tube voltage and current were 40 kV and 30 mA,
respectively, the diffraction angle (260) ranged from 5° to 60°, the
scanning rate was 5(°) -min~!, and the step size was 0.02°.

2.6. Solubility models

Many solubility models have been used in the study of solid-
liquid phase equilibrium in recent years, due to the rapid develop-
ment of theoretical foundations, and good application results have
been obtained. To broaden the application of measured solubility
data, the experimental solubilities of TCDNB in the selected
mono-solvents were correlated in this study using four solubility
models: the van’'t Hoff model, modified Apelblat model, /h model,
and NRTL model.

2.6.1. van’t Hoff model
The van’t Hoff model is a well-known semi-empirical model
that depicts the logarithm of the solute’s mole fraction as linearly
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related to the reciprocal of the absolute temperature in the ideal
solution [22,23]. The van’t Hoff model is expressed as Eq. (2):

Inx; = A, +E (2)
T

where x; is the mole fraction solubility of TCDNB; T is the absolute

temperature; A; and B; are the model parameters related to the

thermodynamic parameters of dissolved enthalpy and dissolved

entropy.

2.6.2. Modified Apelblat model

The modified Apelblat model is a semi-empirical model that is
widely used to represent the relationship between a compound’s
solubility in a mono-solvent or a mixed solvent and the absolute
temperature [24,25]. The modified Apelblat model is expressed
as Eq. (3):

B
lnX1 :Az +T2+C21nT (3)
where A, B,, C, are the model parameters obtained by regressing
experimental data.

2.6.3. 7h model

The 2h model, first proposed by Buchowski, is a semi-empirical
model that can be used to correlate experimental solubility data
for solid-liquid equilibrium systems [26,27]. The ih model is
expressed as Eq. (4):

A1 —x1)] 1 1

where 4 and h are the model parameters, stand for the association
number of solute molecules in the non-ideal solution and the excess

enthalpy of solution, respectively; T, represents the melting tem-
perature of TCDNB.

2.6.4. NRTL model

The NRTL model is a local composition requirements-based
activity coefficient model that is commonly used to correlate and
predict the solid-liquid equilibrium properties of most nonideal
systems [28,29]. Renon proposed that the NRTL model, which can
be simplified to Eq. (5), be used to calculate the thermodynamic
properties of composition models.

AsH/ 1 1
Inx; = f;; <E—T>—lny1 (5)

where AgysH is the fusion enthalpy of TCDNB. In addition, y; is the

activity coefficient of a solute and can be calculated as Eq. (6):
1G5, 112GT, } (6)

(X1 + Gux3)

Iny, =x

(X2 + G12x3)

where 713, 721, G2 and G, can be calculated by Eqs. (7)-(10):

81— 8»n Agp
Ti2 = ~RT _ RT (7)
81— 8 _ Agx
D =TRT TR (8)
G2 = exp (—0T12) 9)
Gy = exp (—uTa) (10)

where Ag, and Agy are the cross-interaction energies between the
solute and the solvent molecules; « ranging from 0.20 to 0.47 is an
adjustable parameter indicating the non-randomness of the solu-
tion and the recommended value of « is 0.3 in this system.

3. Results and Discussion
3.1. Melting properties of TCDNB

Fig. 4 shows the DSC curve of TCDNB. Through the integral anal-
ysis of the DCS curve obtained by three thermal analyses, the Ty,
and AgsH of TCDNB were obtained to be (365.91 + 0.31) K and
(25.57 + 0.27) kJ-mol ™!, respectively. The T, data in this study is
consistent with the values reported in the previous literature [9].
The uncertainty type of the T, and AgH was standard uncertainty
u (0.68 confidence level), and the uncertainty values were 0.31 K
and 0.27 kJ-mol !, respectively.

3.2. Powder X-ray diffraction analysis

The PXRD patterns of the equilibrium solid phases obtained
from the solubility measurement and the raw materials are shown
in Fig. 5. It can be seen from Fig. 5 that in all selected mono-solvent
systems, the PXRD patterns of the equilibrium solid phase obtained
from the solubility measurement are consistent with those of the
raw material, and there is no peak shift. The results of PXRD anal-
ysis indicated that there was no solvate formation and polymorph
conversion during the solubility measurement process [30].

3.3. Solubility data of TCDNB

The experimental mole fraction solubility data (x{*P) and calcu-
lated solubility values (x5*') by the modified Apelblat model of
TCDNB are listed in Table 2 and presented graphically in Fig. 6,
which are in fifteen mono-solvents of methanol, ethanol, iso-
propanol, n-butanol, toluene, dichloromethane, chloroform, tetra-
chloromethane, 1,2-dichloroethane, acetone, ethyl acetate,
acetonitrile, NMP, DMF, DMSO at a temperature of 278.15-
323.15 K under 0.1 MPa. It can be seen that the solubility of TCDNB
in all selected mono-solvents increases when the temperature
increases, indicating that the dissolution of TCDNB is an endother-
mic process. In addition, it can be seen from Fig. 6(a) that the sol-
ubility curves of TCDNB in methanol and n-butanol have an
intersection point around 308.15 K. When the temperature is
lower than 308.15 K, the solubility of TCDNB in methanol is greater
than in n-butanol, while the opposite is true when the temperature
is higher than 308.15 K. This indicates that the effect of tempera-
ture on the solubility of TCDNB is different in different mono-
solvent systems.

0 -
?
B _5 -
=
£
é Thy= 36591 K
5
z -10 -

AfysH =25.57 kJ-mol
_15 L 1 1 1 L 1 1 1 L 1 " 1 " 1

330 340 350 360 370 380 390
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Fig. 4. DSC curve of TCDNB.
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Fig. 5. The P-XRD patterns of raw material and equilibrium solid phases of TCDNB in fifteen mono-solvents. (a): (1) raw material; (2) methanol; (3) ethanol; (4) isopropanol;
(5) n-butanol; (6) toluene; (7) dichloromethane; (8) chloroform; (b): (9) tetrachloromethane; (10) 1,2-dichloroethane; (11) acetone; (12) ethyl acetate; (13) acetonitrile; (14)
NMP; (15) DMF; (16) DMSO.

Table 2
Experimental mole fraction solubility (x§*P) and calculated solubility values (x§*') by the modified Apelblat model of TCDNB in fifteen mono-solvents at the temperature from
278.15 to 313.15 K under 0.1 MPa

T/K Methanol Ethanol Isopropanol n-Butanol Toluene

10°X5° 10%¢" 10°X§*P 10°%5" 10°X4°  10%{" 10°X§*P 10°x§" 10°%5° 10°§"
278.15 0.2623 0.2634 0.2351 0.2368 0.0879 0.0897 0.1751 0.1767 13.99 13.99
283.15 0.3298 0.3315 0.3012 0.3017 0.1248 0.1259 0.2385 0.2388 15.91 15.91
288.15 0.4137 0.4155 0.3818 0.3827 0.1743 0.1751 0.3201 0.3205 18.04 18.04
293.15 0.5188 0.5186 0.4827 0.4835 0.2406 0.2415 0.4275 0.4272 20.39 20.38
298.15 0.6482 0.6449 0.6107 0.6084 0.3333 0.3303 0.5652 0.5656 22.99 22.97
303.15 0.8063 0.7990 0.7650 0.7626 0.4513 0.4482 0.7524 0.7441 25.77 25.80
308.15 0.9847 0.9864 0.9565 0.9524 0.6031 0.6037 0.9674 0.9730 28.92 28.91
313.15 1.207 1.214 1.183 1.185 0.807 0.807 1.262 1.265 32.29 32.31
318.15 1.488 1.488 1.461 1.470 1.069 1.072 1.637 1.635 36.02 36.01
323.15 1.821 1.819 1.821 1.816 1.417 1.415 2.102 2.102 40.05 40.05
T/K Dichloromethane Chloroform Tetrachloromethane 1,2-Dichloroethane Acetone

10°X5° 10%¢" 10°X§*P 10°x5" 10°X5° 10%{" 10°X§* 10°x¢" 10°X5° 107§
278.15 6.887 6.888 5.363 5.370 0.3743 0.3707 6.005 5.986 10.90 10.90
283.15 8.221 8.221 6.601 6.604 0.5819 0.5796 7.355 7.346 12.42 12.42
288.15 9.752 9.761 8.069 8.068 0.8908 0.8910 8.950 8.952 14.12 14.11
293.15 11.56 11.53 9.816 9.795 1.344 1.348 10.82 10.83 15.98 15.99
298.15 13.54 13.56 11.85 11.82 2.012 2.008 13.02 13.03 18.10 18.08
303.15 15.89 15.88 14.13 14.18 2.959 2.948 15.54 15.58 20.36 20.39
308.15 18.52 18.51 16.91 16.93 4.251 4.270 18.50 18.51 22.94 22.94
313.15 - - 20.14 20.10 6.093 6.103 21.94 21.88 25.74 25.76
318.15 - - 23.74 23.75 8.637 8.615 25.75 25.73 28.89 28.86
323.15 - - 27.92 27.92 12.01 12.02 30.08 30.10 32.27 32.28
T/K Ethyl acetate Acetonitrile NMP DMF DMSO

10°X5° 10%¢" 10°X§*P 10%x5 10°X5° 10%§" 10°X§* 10°x5" 10°X5° 107§
278.15 9.696 9.682 4.012 4.020 27.80 27.87 19.44 19.44 - -
283.15 11.14 11.14 5.108 5.113 29.15 29.11 21.15 21.16 - -
288.15 12.77 12.78 6.445 6.447 30.53 30.51 23.03 23.04 - -
293.15 14.61 14.62 8.063 8.061 32.13 32.07 25.08 25.09 23.81 23.80
298.15 16.69 16.70 10.02 10.00 33.80 33.79 2741 27.33 26.17 26.17
303.15 19.05 19.03 12.32 12.31 35.72 35.69 29.79 29.76 28.73 28.74
308.15 21.67 21.64 15.05 15.05 37.71 37.78 32.39 3241 31.49 31.52
313.15 24.51 24.56 18.26 18.28 40.05 40.08 35.22 35.29 34.54 34.52
318.15 27.85 27.81 22.03 22.05 42.55 42.60 38.37 3843 37.80 37.76
323.15 3141 3143 26.45 26.44 45.42 45.36 41.90 41.84 41.22 41.24

Note: Due to the fact that the boiling point of dichloromethane is 312.90 K and the freezing point of DMSO is 291.55 K, the temperature point and quantity are adjusted

accordingly when measuring the solubility of TCDNB in these two solvents.

The relative standard uncertainty of the solubility is u,(x;) = 0.05; the standard uncertainties are u(T) = 0.1 K, u(p) = 0.02 MPa.



Y.-Z. Liu et al./Chinese Journal of Chemical Engineering 58 (2023) 224-233 229

20

A—
! ! 1 ! ! ! ! ! !

0.0
275 280 285 290 295 300 305 310 315 320 325

T/K

(@

50

10%x,

0
1 1 1 1 1 1 1 1 1
275 280 285 290 295 300 305 310 315 320 325
K

(b)

Fig. 6. The mole fraction solubility (x;) of TCDNB in fifteen mono-solvents at the temperature from 278.15 to 323.15 K under 0.1 MPa: (a) B, methanol; @, ethanol; A,
isopropanol; ¥, n-butanol; (b) W, toluene; ®, dichloromethane; A, chloroform; V, tetrachloromethane; 4, 1,2-dichloroethane; <, acetone; a, ethyl acetate; <, acetonitrile; %,
NMP; ¢, DMF; A, DMSO; solid lines are calculated curves by the modified Apelblat model.

When the temperature is 298.15 K, the order of the experimen-
tal mole fraction solubility (x{*?) of TCDNB in the selected mono-
solvent is isopropanol (0.003333) < n-butanol (0.005652) < ethanol
(0.006107) < methanol (0.006482) < tetrachloromethane (0.0201
2) < acetonitrile (0.1002) < chloroform (0.1185) < 1,2-dichloroe
thane (0.1302) < dichloromethane (0.1354) < ethyl acetate (0.166
9) < acetone (0.1810) < toluene (0.2299) < DMSO (0.2617) < DMF
(0.2741) < NMP (0.3380). However, the order of polarity of the
selected mono-solvents is aprotic solvent (tetrachloromethane
(5.20), toluene (9.90), ethyl acetate (23.0), chloroform (25.9),
dichloromethane (30.9), and 1,2-dichloroethane (32.7)) < dipolar
parent solvents (acetone (35.5), NMP (36.0), DMF (40.4), DMSO
(44.4), and acetonitrile (46.0)) < alcohols (isopropanol (54.6), n-
butanol (60.2), ethanol (65.4), and methanol (76.2)). This indicates
that the order of TCDNB solubility in all selected mono-solvents is
inconsistent with the order of solvent polarity. This phenomenon
shows that the dissolution process of TCDNB in the selected
mono-solvent is not only affected by the polarity of the solvent
but may be affected by multiple factors, such as molecular struc-
ture, functional groups, van der Waals forces, solvation and other
properties of the solvent, etc.

3.4. Solvent effects: KAT-LSER model

Kallet et al. [31,32] proposed the KAT-LSER model based on the
linear solvation energy relationships (LSER) concept. This model
can relate the solubility of a substance to the properties of a
mono-solvent, so as to understand the influence of the types, direc-
tions, and extent of various interactions on solvent effects in solid-
liquid equilibrium. Eq. (11) is the calculation formula of the KAT-
LSER model.

_ Vo2
Inx, :co+clo¢+c2[5+cgn*+c4(10501£'7_> (11)

where « is the hydrogen bond acidity of solvents, 8 is the hydrogen
bonding basicity of solvents, ©* is the dipolarity/polarizability of
solvents, and dy is the Hildebrand solubility parameter of solvents;
vs is the molar volume of the solute and its calculation formula is as
Eq. (12), and its calculated value is 136.90 cm®-mol~'; R is the gas
constant (8.3145 J-mol~'-K™!). Moreover, c, refers to the intercept
at o = f = * = 6y = 0; ¢; and ¢, denote the solute’s susceptibility

to the specific solute-solvent interactions; cs and ¢, denote the
sensitivity of the solubility to the nonspecific solute-solvent and
solvent-solvent interactions, respectively [33].

vs=M/p (12)

where s is the molar volume of the solute, M is the relative molec-
ular mass of the solute, and p is the density of the solute.

The parameter values of «, g, 7* and dy for all selected mono-
solvents in the experiment are shown in Table 3. The KAT-LSER
model was fitted by using Origin 2018 software via multiple linear
regression analysis (MLRA) and the result is shown in Eq. (13).

_ . vsd
Inx; = -237-2.1700+ 0.854 + 0.637* — 1.40 <1OORT) (13)

RMSD = 0.0224, R?=0.9469, F =231.6096

The value of R? approached 1, and the low values of RMSD indi-
cated that the model had a good fitting effect. F is the F-test.

It can be seen from the negative coefficient of « that the hydro-
gen bond acidity of the selected mono-solvent is not conducive to
the dissolution of TCDNB, while the coefficients of g and ©* are pos-
itive, indicating that the hydrogen bond basicity and dipolarity/po-
larizability of the solvent are conducive to the dissolution of
TCDNB. Moreover, the negative value of c4 indicates that the sol-
vent-solvent interaction makes the solution have higher self-
cohesiveness, which was not conducive to the dissolution of
TCDNB. In addition, according to the proportion of all coefficients
and absolute values of constant terms in Eq. (13), the proportions
of o, B, m* and &y in the total solvent effect are 0.293, 0.115,
0.085, and 0.188, respectively, so the order of their influence on
the solubility of TCDNB is: o > éy > g > 7. It showed that for the
solubility of TCDNB in all selected mono-solvents, the hydrogen
bond acidity of the solvent has a significant influence, the sol-
vent-solvent interactions have a great influence, the hydrogen
bonding basicity has a relatively small influence, and the polarity
| polarizability has the smallest influence. In addition, for alcohol
solvents, the value of o is methanol > ethanol > n-butanol > isopro
panol, while the corresponding TCDNB solubility order is the same,
which shows that the significant effect of hydrogen bond acidity on
the solubility of TCDNB is not obvious when the value of o is large,
which again shows that the solubility of TCDNB in the solvent is
the result of the combined action of many factors.
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Table 3
Values of «, 8, 7* and oy for the fifteen mono-solvents
Solvents o® O 7@ 54@[/MPa'?
Methanol 0.98 0.66 0.60 22.30
Ethanol 0.86 0.75 0.54 19.40
Isopropanol 0.76 0.84 0.48 16.40
n-Butanol 0.84 0.84 0.47 15.80
Toluene 0.00 0.11 0.55 2.00
Dichloromethane 0.13 0.10 0.82 6.10
Chloroform 0.20 0.10 0.58 5.70
Tetrachloromethane 0.00 0.10 0.28 0.60
1,2-Dichloroethane 0.00 0.10 0.81 4.10
Acetone 0.08 0.48 0.71 7.00
Ethyl acetate 0.00 0.45 0.55 7.20
Acetonitrile 0.19 0.40 0.75 24.40
NMP 0.00 0.77 0.92 7.20
DMF 0.00 0.69 0.88 11.30
DMSO 0.00 0.752 1.00 10.20
@ 4, B, and 7* was taken from Ref. [34].
@ sy was taken from Ref. [35], and T = 298.15 K.
Table 4
The values of model parameters, ARD and RMSD obtained using four solubility models
Model Parameter Methanol Ethanol Isopropanol n-Butanol Toluene
van't Hoff Ay 8.21 8.90 13.07 11.74 5.63
B, —3951.24 —4173.00 -5601.76 —5043.21 —2115.65
10°ARD 1.24 1.41 1.06 1.32 0.37
10°RMSD 0.09 0.09 0.04 0.07 0.95
Modified Apelblat Ay -76.63 -81.92 —47.66 —58.56 -20.81
By —81.52 -26.23 —2809.16 -1819.22 -921.04
G 12.61 13.50 9.02 10.44 3.94
10°ARD 0.37 0.34 0.60 0.34 0.04
10°RMSD 0.04 0.04 0.02 0.03 0.13
Jh ) 417 x 107 4.79 x 102 8.04 x 102 9.16 x 102 0.64
h 77111.39 72836.15 64298.61 49634.82 2868.13
10°ARD 1.68 1.46 1.70 1.44 0.18
10°RMSD 0.11 0.09 0.04 0.08 0.53
NRTL Agi2 13606.82 7683.80 -1867.29 63498.37 -3119.37
Ag2 3447.87 3316.82 5848.98 4661.14 1666.58
o 0.30 0.30 0.30 0.30 0.30
102ARD 0.97 0.55 0.78 0.66 0.17
10°RMSD 0.06 0.04 0.02 0.04 0.45
Model Parameter Dichloromethan Chloroform Tetrachloromethane 1,2-Dichloroethane Acetone
van't Hoff Ay 7.51 8.95 19.20 8.78 5.65
B, —2833.07 —3304.49 —6888.59 —3226.53 —2192.65
10°ARD 0.18 0.25 0.76 0.14 0.60
10°RMSD 0.24 0.35 0.15 0.25 1.18
Modified Apelblat Ay -14.16 -3.39 52.28 8.32 -36.11
B, —1876.87 —2743.35 —8418.18 —3205.31 —305.51
G 3.24 1.84 -4.91 6.95E-02 6.22
10°ARD 0.09 0.15 0.31 0.13 0.06
10°RMSD 0.16 0.27 0.11 0.25 0.15
2h 2 0.67 0.87 1.65 0.95 041
h 3972.35 3714.61 4274.05 3360.94 4135.07
10°ARD 0.14 0.18 0.72 0.10 0.49
10°RMSD 0.19 0.29 0.14 0.28 1.10
NRTL Ag12 9570.03 56591.99 —13434.57 1065.67 27886.66
Ag —-6213.63 583.79 13551.55 -603.13 —2791.70
o 0.30 0.30 0.30 0.30 0.30
10°ARD 0.25 0.26 1.16 0.27 1.62
10°RMSD 033 0.33 0.19 0.48 3.14
Model Parameter Ethyl acetate Acetonitrile NMP DMF DMSO
van't Hoff Ay 6.22 10.28 229 3.94 451
B, —2386.56 —3752.07 —-1000.25 —1559.83 —1744.59
102ARD 0.78 0.20 1.31 0.90 0.26
10°RMSD 1.39 0.18 5.29 2.96 091
Modified Apelblat Aq —46.52 19.88 -98.15 —65.20 -36.96
By -0.29 —4189.32 3510.84 1554.92 158.47

(continued on next page)



Y.-Z. Liu et al./Chinese Journal of Chemical Engineering 58 (2023) 224-233 231
Table 4 (continued)
Model Parameter Methanol Ethanol Isopropanol n-Butanol Toluene
G 7.85 -1.43 14.97 10.30 6.16
10?ARD 0.11 0.08 0.12 0.12 0.06
10°RMSD 0.26 0.10 0.48 0.46 0.24
4h 2 0.48 1.07 -0.11 0.26 0.33
h 4077.99 3541.07 3538.25 3241.70 3182.10
10°ARD 0.24 0.10 0.06 0.19 0.25
10°RMSD 0.58 0.11 0.24 0.61 0.94
NRTL Agin 32600.92 -1393.10 —~12257.95 ~6067.30 —18460.83
Ag> ~1605.95 2252.61 6218.52 3914.59 24013.62
o 0.30 0.30 0.30 0.30 0.30
10°ARD 1.61 1.08 0.20 0.43 0.29
10°RMSD 2.85 1.01 0.79 1.49 1.30
3.5. Evaluation of solubility models AHY,, = —R x slope (18)
The average relative deviation (ARD) and root mean square ASY, = R x intercept (19)
deviation (RMSD) were used to evaluate the accuracy of the
selected models mentioned above. The formulas for ARD and RMSD N
are shown in Egs. (14) and (15). Tinean = N (20)
1L x5 — s Z:Ti
i
ARD = S P o (14)
i=1 i where N represents the number of measurement temperature
points for any selected mono-solvent, T; represents the measure-
1 o a2 1/2 ment temperature from 278.15 to 323.15 K.
RMSD = N 21: (™ —x7) (15) It can be seen from Eq. (17) that the AGY;, will be affected by the
i-

where N is the total number of experiment points in each mono-
solvent.

The parameters of the four selected models, along with ARD and
RMSD, are listed in Table 4. It can be seen from Table 4 that for the
selected model, all 10?ARD values are less than 1.70, and the aver-
age values are 0.72 (van't Hoff), 0.19 (modified Apelblet), 0.60 (/h),
0.69 (NRTL); all 10°RMSD values were less than 5.30, and the aver-
age values were 0.94 (van’'t Hoff), 0.18 (modified Apelblet), 0.35
(#h), and 0.83 (NRTL). The calculated results show that the ARD
and RMSD of the four solubility models are all small, indicating
good agreement with the experimental data. Among the four mod-
els, the modified Apelblat model has the best correlation.

3.6. Thermodynamic parameters of dissolution

In the solid-liquid equilibrium system, the study of thermody-
namic properties is helpful to understand the dissolution behavior
of TCDNB in selected mono-solvents. The thermodynamic parame-
ters of dissolution mainly include standard dissolution enthalpy

(AHS.,), standard dissolution entropy (ASS), and standard Gibbs

free energy (AGﬂis). The analysis of dissolution thermodynamic

parameters is conductive to understanding the variety of TCDNB
solubility, which can be calculated by the van’'t Hoff and Gibbs
equations, whose calculation equations are shown in Egs. (16)
and (17) [36-38].

AHgis AS'gis
]nX]——T‘FT (]6)
AGgis = AHgis - TmeanASgis (17)

Here AHY;, and ASS can be calculated from the slope and inter-
cept of the lines fitted by the van’t Hoff equation, respectively [39],
as shown in Eqgs. (18) and (19); Tiean is the mean harmonic tem-
perature, and the value is 299.96 K in this work, which was calcu-
lated as Eq. (20):

relative sizes of AHS, and AS}, during the dissolution process.
Therefore, the driving force of the dissolution process is divided
into two types: enthalpy-driven and entropy-driven, which are
represented by enthalpy contribution (¢4) and entropy contribu-
tion (&), respectively [40,41], and the calculation equations of
the two are as Eqs. (21) and (22):

)AHgis
= % 100% 21)
‘AHdis + ’TmeanAsdis
1k
2k
3L
b

7k

1 1 1 1 1 1
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
TYK!

Fig. 7. The relationship between Inx and 1/T of TCDNB in fifteen mono-solvents at
temperature from 278.15 K to 323.15 K under 0.1 MPa: B, methanol; @, ethanol; A,
isopropanol; V¥, n-butanol; €, toluene; =, dichloromethane; A, chloroform; ¢,
tetrachloromethane; %, 1,2-dichloroethane; <), acetone; /4, ethyl acetate; [J,
acetonitrile; O, NMP; ¢, DMF; +, DMSO; solid lines are calculated curves by van’t
Hoff model.
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Table 5
The thermodynamic properties of TCDNB in fifteen mono-solvents at mean temperature (299.96 K) under 0.1 MPa
Solvent AHS;, /K] - mol ! ASS/1-K " -mol™! AGY:, /K] - mol ™ n/% &s/%
Methanol 32.85 68.29 12.37 61.59 38.41
Ethanol 34.70 73.98 12.50 60.99 39.01
Isopropanol 46.58 108.70 13.97 58.82 41.18
n-Butanol 41.93 97.61 12.65 58.88 41.12
Toluene 17.59 46.80 3.55 55.62 44.38
Dichloromethane 23.56 62.41 5.28 56.31 43.69
Chloroform 27.48 74.41 5.16 55.18 44.82
Tetrachloromethane 57.28 159.63 9.39 54.47 45.53
1,2-Dichloroethane 26.83 73.03 4.92 55.05 4495
Acetone 18.23 46.97 4.14 56.41 43.59
Ethyl acetate 19.84 51.73 433 56.12 43.88
Acetonitrile 31.20 85.48 5.55 54.89 45.11
NMP 8.32 19.00 2.62 59.33 40.67
DMF 12.97 32.80 3.13 56.87 43.13
DMSO 14.51 37.50 2.96 55.69 4431
‘TmeanASg- the van’t Hoff model, the modified Apelblat model, the /h model,
1S . . g
b = 5 x 100% (22) and the NRTL model, with the Apelblat equation providing the best
‘AHdis + ‘TmeanAsgis fitting results. In addition, the dissolution thermodynamic param-

The relationship curve between logarithm of mole fraction sol-
ubility (Inx;) and (1/T) for TCDNB in all selected mono-solvents at
different temperatures is shown in Fig. 7. The values of thermody-
namic parameters (AHY, ASqi,, AGYi, &, and &) for TCDNB dis-

solved in all selected mono-solvents are listed in Table 5. As

shown in Table 5, all the values of AHY;; and AGY; are both positive,

indicating that the dissolution behavior of TCDNB in all selected
mono-solvents is a non-spontaneous and endothermic process

[42]. Moreover, the values of Asgis are all positive, indicating that
the dissolution of TCDNB in all selected mono-solvents is an
entropy-increasing process.

Moreover, when the value of AGj is smaller, the solid-liquid
equilibrium system is more stable, the non-volume work required
for dissolution is smaller, and the solubility of the substance is lar-
ger in the system. As can be seen from Table 5, the order of
AGY values are: isopropanol > n-butanol > ethanol > methanol >
tetrachloromethane > acetonitrile > dichloromethane > chloro-
form > 1,2-dichloroethane > ethyl acetate > acetone > toluene
> DMF > DMSO > NMP. This also shows again that TCDNB has
the smallest molar solubility in isopropanol and the largest molar
solubility in NMP. Furthermore, the values of all ¢4 are greater than
¢s and more than 54.46%, which indicates that the driving force for
the dissolution process of TCDNB in all selected mono-solvents is
enthalpy-driven.

4. Conclusions

In this work, the laser dynamic method was employed to mea-
sure the solubility of TCDNB in fifteen mono-solvents. The mea-
surement results showed that the solubility of TCDNB increased
with the increase of temperature. The molar fraction solubility
(x1) of TCDNB decreases in the order of NMP, DMF, DMSO, toluene,
acetone, ethyl acetate, dichloromethane, 1,2-dichloroethane, chlo-
roform, acetonitrile, tetrachloromethane, methanol, ethanol, n-
butanol, and isopropanol at 298.15 K. The effect of solvent param-
eters on the solubility of TCDNB was investigated by correlating
the solubility data using the KAT-LSER model. The results show
that the hydrogen bond acidity of the solvent and the solvent-sol-
vent interaction are both unfavorable to the dissolution of TCDNB
and have a greater degree of influence; while the hydrogen bond
basicity and dipolarity/polarizability of the solvent are favorable
to the dissolution of TCDNB, the influence is relatively small. The
experimental solubility of TCDNB was successfully correlated by

eters of TCDNB in all selected mono-solvents were calculated, and
the results showed that the dissolution of TCDNB is a non-
spontaneous and endothermic process. The solubility data, correla-
tion models, and thermodynamic parameters can provide a basis
for the study of the crystallization and purification process of
TCDNB.
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