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Abstract: The solubility data of 3 ,4-bis(3-nitrofurazan-4-yl) furoxan (DNTF) in binary system ethanol-water at temperatures ranging from 298.15 to
338.15 K were determined by using a laser monitoring system under atmospheric pressure. The van’t Hoff plot, modified Apelblat equation, R-K
model and Jouyban-Acree model were adopted to fit the experimental solubility data. Since the correlation coefficients ( R?) of the four correlation e-
quations are greater than 0.99 and the Root-mean-square deviations (RMSD) are close to 0, four correlation equations can be adopted to correlate

the solubility data. The standard enthalpy of dissolution, standard entropy of dissolution and the Gibbs free energy were calculated based on the ex-

perimental solubility data, from which we conclude that the dissolution of DNTF is an endothermic and non-spontaneous process.
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1 Introduction

3,4-Bis(3-nitrofurazan-4-yl) furoxan (DNTF, Fig. 1) is a
novel energetic material with high density, high energy and
simple synthesis technology. Further study shows that its deto-
nation performance is more superior than octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine ( HMX) but close to 1,2,4,6,
8,10, 12-hexanitro-2, 4, 6, 8, 10, 12-hexaazaisowurtzitane
(CL-20) """,

cused on its synthesis'”’ | crystal structure”’ and comprehen-
[46]

Since it was synthesized, researchers mainly fo-

sive performance

Solution crystallization process is an important and tradi-
tional way to enhance the purity and morphology of solid
products. What's more, the solubility is an extremely signifi-
cant thermodynamic data for crystallization and calculation
other thermodynamic parameters. Besides, solubility can af-
fect the capacity of the crystallization process, as well as its a-
bility to reject undesired compounds and minimize loss in the
mother liquor. Ethanol is the most widely used organic solvent
because of inexpensive, non-toxic and environmental-friend-
ly. Moreover, the solubility of DNTF is moderate and obvious-
ly changes with temperature and concentration in ethanol.
Therefore, ethanol can be used as the solvent for crystallizing
DNTF and it's necessary to study the solubility of DNTF in bi-
nary system ethanol-water.
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In this work, the solubility of DNTF in six different con-
centration ethanol solvents at 298.15-338.15 K is measured.
Four common correlation equations are adopted to correlate
the experimental values. The standard enthalpy of dissolution,
standard entropy of dissolution and standard Gibbs free energy
are calculated according to the experimental data.

Fig.1 Chemical structure of DNTF

2 Experimental

2.1 Chemical Materials

DNTF sample was provided by Xi’an Modern Chemistry
Research Institute. It was purified by recrystallization in alco-
hol and its mass fraction purity, measured by High Perform-
ance Liquid Chromatography, was greater than 0.995. Etha-
nol of analytical reagent grade was purchased from local rea-
gent factory without further purification whose mass fraction
purity was no less than 0.995. Deionized water was made by

a Millipore Mili-Q Plus water system.

2.2 Single Crystal Structure Determination
The transparent single crystal of DNTF was cultivated from

binary system ethanol-water and was characterized by using

Siita
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the single crystal X-ray diffraction analysis, the molecular
structure was shown in Fig.2. The results show that the crystal
is orthorhombic with and the crystal parameters are same with

reference [3].

Fig.2 The molecular structure of DNTF

2.3 Powder DNTF Crystal Structure Determination

Since the solubility may change with the crystal structure,
it's necessary to confirm the crystal structure before the meas-
urement of its solubility. The DNTF single crystal and DNTF
powder used to measure the solubility were identified by pow-
der X-ray diffraction (PXRD) which was carried out by using
CuK, radiation (1. 54 A) within 26 range of 5° to 50° on
Rigaku D/max-2500 ( Rigaku, Japan) at a scanning rate of

=1

1 step - s~ . The result of PXRD was shown in Fig.3 which il-
lustrate clearly that the crystallinity and the crystal form of the
powder DNTF used to measure the solubility are the same with

the single crystal cultivated from binary system ethanol-water.
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Fig.3 Powder X-ray diffraction of DNTF

2.3 Experimental Procedures

The laser monitoring system (Fig.4 ), the same method
with Shi et al””’, was used to detect the phase transformation
point at a constant temperature. The procedure of solubility
measurement is same with Lan et al’™®’. The solubility of DNTF
in binary system ethanol-water within 298.15-338.15 K ex-
pressed by mole fraction was calculated by equation (1), the
initial mole fraction composition of the binary solvent mixtures

was defined by equation (2):
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m, /M,
X, = ()
m, /M, +m, /M, +m, /M,
m, /M,
(2)

 Tm, /M, +m, /M,
where x, is the solubility (solid-liquid equilibria) of DNTF in
mole fraction; x, is the solute-free mole fraction of ethanol in
the binary liquid solvents, m,, m,, m, are the mass of DNTF,
ethanol, water, respectively, M, , M,, M, are the molecular

mass of DNTF, ethanol, water, respectively.

3 4

N7

Fig.4 Flow diagrams of experiment
1—Ilaser generator, 2—glass vessel, 3—condenser pipe, 4—burette,
5—mercury thermometer, 6—digital display, 7—thermostatic bath,

8—photoelectric switch, 9—magnetic stirrer
3 Results and discussion

3.1 Measured Solubility

Solubility values of DNTF measured in different concen-
trationbinary system ethanol-water at temperatures ranging
from 298.15 K to 338.15 K are listed in Table 1.

3.2 Correlation of Solubility Data

Since solid-liquid equilibrium is usually not available,
correlation and prediction schemes are frequently utilized. The
van't Hoff plot, modified Apelblat equation, R-K model and
Jouyban-Acree model are adopted to correlate the experimen-
tal values. Root-mean-square deviation (RMSD) is used to
evaluate the fitting results of the correlation equation. The
RMSD is defined as:

RMSD=[1W 2 ”cf‘xw)z] - (3)

where N represents the total number of experimental points,

x,; is the experimental data, x_ is the calculated values.

3.2.1 van’t Hoff plot
Assuming the solution is an ideal solution (y = 1), then
the solubility of DNTF can be correlated by the van’t Hoff

1% which reflects the relationship between the mole frac-

plot'
tion of a solute and the temperature when the solvent effect is
considered. The van’t Hoff plot can be described as follows:

Inx, =A+B/T (4)

o
b))
o
X
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Table 1
and pressure p=0.1 MPa"’

Experimental mole fraction solubility values x;; and calculated solubility values x_; of DNTF in binary system ethanol-water at temperature T

X, T/K 10° x,; X, T/K 10° x,; X, T/K 10° x,;
298.1500 8.1235 298.1500 4.0155 298.1500 1.9221
303.1500 9.3626 303.1500 4.7642 303.1500 2.3859
308.1500 10.9555 308.1500 5.7368 308.1500 2.9937
313.1500 12.8627 313.1500 7.0041 313.1500 3.7940

1.0000 318.1500 15.2488 0.8544 318.1500 8.6617 0.7354 318.1500 4.8531
323.1500 18.4692 323.1500 10. 8404 323.1500 6.2611
328.1500 22.2804 328.1500 13.7188 328.1500 8.1419
333.1500 27.2617 333.1500 17.5420 333.1500 10. 6657
338.1500 33.4828 338.1500 22.6478 338.1500 14.0668
298.1500 1.0967 298.1500 0.6947 298.1500 0.3078
303.1500 1.3607 303.1500 0.8757 303.1500 0.4560
308.1500 1.7170 308.1500 1.1189 308.1500 0.6612
313.1500 2.2006 313.1500 1.4477 313.1500 0.9398

0.6363 318.1500 2.8618 0.5526 318.1500 1.8950 0.4808  318.1500 1.3107
323.1500 3.7724 323.1500 2.5074 323.1500 1.7955
328.1500 5.0356 328.1500 3.3510 328.1500 2.4181
333.1500 6.8010 333.1500 4.5203 333.1500 3.2045
338.1500 9.2856 338.1500 6.1502 338.1500 4.1820

Note: 1) The standard uncertainty u are u(T)=0.1 K, u(p)=0.02 MPa, u (x)=0.3%.

whereT is the absolute temperature of experiment, A and B are
the model parameters. Table 2 lists the model parameters val-
ues of A, B, the correlation coefficient of fitting results and
RMSD. Fig.5 is the fitting curves correlated by equation (4),
which graphically illustrates the function between Inx, and 1/T.

From Fig.5 we can clearly see that it is a linear relationship

Table 2 Model parameters, correlation coefficient and RMSD of van't

Hoff plot

X, A B R? 10’ xRMSD
1.0000 7.0971 -3571.6462 0.9897 0.8996
0.8544 9.0229 —-4361.5616 0.9890 0.7332
0.7354 10.4990 -5017.9904 0.9936 0.3905
0.6363 11.1451 -5385.6756 0.9901 0.3354
0.5526 11.0772 -5497.9764 0.9926 0.1969
0.4808 14.0042 —-6575.3102 0.9992 0.0564
-3
4|
5L
= b= 1000
o (.8544
gLa o7
v 06363
< 0.5526
Bl 04008
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17
Fig.5 Solubility of DNTF in ethanol-water binary system correlated

with different temperatures. The points represent the experimental data.

Curves are calculated according to Eq. (4) using the van’t Hoff plot
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between Inx, and 1/T, the RMSD of the correlation results are
acceptable. So the ideal equation can be used to correlate the

solubility of DNTF in binary system ethanol-water well.

3.2.2 Modified Apelblat Equation
The modified Apelblat equation

13 deduced from the

Clausius-Clapeyron equation is a semiempirical equation,
which has been widely used in correlation the experimental
solubility values. The equation can be expressed as:

Inx, =A+B/T+CInT (5)
where A, B and C are the model parameters. Table 3 lists the
model parameter values of A, B, C, R* and the RMSD. The
experimental solubility values of DNTF in ethanol-water binary
system at different temperatures and the solubility curve fitted
by the modified Apelblat equation are shown in Fig. 6. It is
clear that modified Apelblat equation demonstrates good con-
sistency with the experimental values at different temperatures.
Besides, the correlation coefficient of each concentration etha-
nol is close to 1 and the RMSD is micro, so the modified Apel-
blat equation can correlate the solubility of DNTF in binary

system ethanol-water at different temperatures precisely.

Table 3 Model parameters, R* and RMSD of modified Apelblat equation

X, A B C R? 10° xRMSD
1.0000 —-157.8944 4026.4127 24.4825 0.9968 0.3975
0.8544 —189.7637 4798.7239 29.4945 0.9965 0.3065
0.7354 —224.4064 5823.4107 34.8435 0.9989 0.1098
0.6363 —-100.1344 -301.2858 16.5367 0.9924 0.1978
0.5526 —-114.0275 239.1465 18.5788 0.9952 0.1048
0.4808 -131.1201 606.8177 21.2693 0.9984 0.0442
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Fig.6  Solubility of DNTF in binary system ethanol-water correlated
with different temperatures. The points represent the experimental data.
Curves are calculated according to Eq. (5) using the Modified Apelblat

equation

3.2.3 R-K Model
The R-K model"*™"*! is one of the best models used to cal-
culate the solute solubility in binary solvents and it is expressed

as follows:

Table 4 Model parameters, R* and RMSD of R-K equation

N
Inx, =x,1n () ,+x, 10 (X)) 5 +X,% D S, (x,-x;) (6)
i=1

where X, is the solubility of DNTF, x, and x, stand for the ini-
tial molar fraction composition of ethanol and water in binary
solvent mixtures when the solute is not added, (x, ), and
(x,), are the mole fraction solubility of DNTF in pure ethanol
and water, respectively. S, is the model constant and N can be
0,1,2or3",

and x, =1-x, into Eq. (6) can give a simplified equation as

For binary solvents system, substituting N=2

follows.

Inx, =B, +B, x,+B, X +B, X, +B, X} (7)
where B,, B,, B,, B,, and B, are the model parameters. The
model parameters values of B,, B,, B,, B,, B,, R* and the
RMSD are displayed in Table 4. The solubility data calculated
by the R-K equation are graphically displayed in Fig.7 which
illustrates clearly to us that the solubility values correlated by
the R-K equation are in good agreement with the experimental
ones. Besides, the R* and RMSD are acceptable, so the R-K
equation can be used to correlate the solubility of DNTF in etha-

nol-water binary system at different concentration accurately.

T/K By B, B, B, B, R? 10° xRMSD
298.15 -22.3169 76.8816 -157.8715 152.8098 -54.3125 0.9979 0.0558
303.15 -16.0126 37.6058 -66.7289 62.5669 -22.1021 0.9994 0.0351
308.15 -10.4332 9.1354 -9.9706 12.6271 -5.8762 0.9996 0.0348
313.15 -12.5686 23.6067 -40.9087 40.7800 -15.2629 0.9999 0.0173
318.15 -2.8862 -28.3402 64.9447 -53.5560 15.6584 0.9999 0.0338
323.15 0.8744 —47.9255 105.8041 -90.8652 28.1156 0.9998 0.0524
328.15 2.7568 -57.2875 126.1851 -110.1939 34.7344 0.9995 0.0698
333.15 -9.3064 12.4146 -17.6670 18.8874 -7.9327 1.0000 0.0259
338.15 -20.3303 76.2986 -149.6736 137.5824 -47.2722 0.9995 0.1064
0.035F consideration. The model is expressed as follows:
n N
2222' : |nX1:X2|n(X1)2+X3|n(X1)3+X2X32 J(x,=x;) /T (8)
- i=1
00201 : where J; is the model constant. Substitution of N=2 into Eq. (8)
- 0015k : can give a new simplified equation as:
0010k * Inx, =A,+A, /T+A, InT+A, x, +A, x, /T+A, (x,)/T+
0.0051 " A, () /T+A, (x,)*/T+A,x,InT (9)
0.000 L - . - . . . where A,-A, are empirical model parameters, which can be
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fig.7 Mole fraction solubility of DNTF in binary system ethanol-water
at various temperatures. The points represent the experimental data.

Curves are calculated according to Eq. (7) using the R-K equation

3.2.4 Jouyban-Acree Model

7781 s also widely used to de-

The Jouyban-Acree model
scribe the solubility of DNTF in the whole temperature range

by taking both composition of solution and temperature into

CHINESE JOURNAL OF ENERGETIC MATERIALS

obtained by least-squares analysis. The model parameters val-
ues of A;-A,, R* and the RMSD are displayed in Table 5. The
three three-dimensional diagram between x, and x,, T is
shown in Fig. 8 which demonstrates to us that all of the experi-
mental values are on the surface fitted by the Jouyban-Acree
model, besides, the R* is very close to 1 and the RMSD is
close to 0. Therefore, the Jouyban-Acree model is a perfect e-
quation to correlate the experimental solubility data of DNTF

in ethanol-water binary system. What's more, we can calcu-

W
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late the solubility of DNTF in ethanol-water binary system at
random temperature and concentration by the Jouyban-Acree

model obtained from this study.

Table 5

DNTF in binary solvent system of ethanol-water binary system

Parameters of the Jouyban-Acree model for the solubility of

parameters  value parameters value

Ap -227.6819 Ag -6594.1178
A, 2858.2636 A, 1615.9072
A, 36.7655 Ag 3.9613
A, ~40.2101 R? 0.9995
A, 2884.4629 10 xRMSD 0.1687
A, 8472.7321

3
Fig.8 Experimental mole fraction solubility of DNTF in binary system

ethanol-water. The points represent the experimental data, and the sur-

face represents the results fitted by the Jouyban-Acree model

3.3 Thermodynamic Parameters for DNTF Dissolution
Some thermodynamic properties such asthe standard en-
thalpy of dissolution, standard entropy of dissolution and the
standard Gibbs free energy can be calculated by the solubility
data measured. The function between the mole fraction solu-

bility of DNTF and the absolute temperature can be expressed

as!"?7,

Ay H® AL S°
| —_ 9  LTds7 10
nx, TR (10)
where R represents the gas constant (8.3145 )+ K™ - mol™),

A H%and A, S° are the standard enthalpy of dissolution and

standard entropy of dissolution of DNTF. Assuming the Inx, is
dependent variable, 1/T is independent variable, so the Inx, is
linear relation with 1/T and we can calculate the A, H® from
the slope and A, S® from the intercept of the linear equation
displayed in Fig.5. The standard Gibbs free energy of dissolu-
tion of DNTF in different solvents can be calculated as:
Ay G =A, H®-TA,.S® (1)
In this work, we calculated change in Gibbsfree energy at
318.15 K asa mean temperature (A, Go...).

The relative contributions from enthalpy % &, and entropy
% & to the standard free Gibbs energy of the solution are de-

fine by the following two equations'*®’ .

% g, = |44, H° | x100 (12)
[ A H [+ ] T4, 57 |
TA S
%o b= | TAq,S° | %100 (13)

A, H® |+ TA, S|

The calculated enthalpy, entropy, and Gibbs energy of
dissolution together with % ¢,,, % & calculated under the mean
temperature are displayed in Table 6. Since the values of
A, H® are positive in all solvents, the dissolution of DNTF in
binary system ethanol-water is an endothermic process. In ad-
dition, the dissolution of DNTF is a non-spontaneous process

because the values of A, G?... are positive. Moreover, the

mean
main contributor to the standard molar Gibbs energy of disso-
lution is the enthalpy instead of entropy in that the % &, is

greater than % ¢;.

4 Conclusions

(1) The solubility values of DNTF increase with increas-
ing the ratio of ethanol and temperature as a nonlinear func-
tion.

(2) Four correlation equations selected in this study all
can be used to fit the solubility values of DNTF precisely.
What's more, all of the 54 experimental values are used to
correlate the parameters of Jouyban-Acree model and the cor-
related results are better than other three equations by compa-
ring the R* and RMSD.

( 3 ) Some important thermodynamic properties such as

Table 6 Standard enthalpy, entropy of the dissolution of DNTF in different solvents and the standard Gibbs free energy of solution at mean tempera-

ture (318.15 K)

X, AgiH® Ay S° Agis Gorean %, %o g R2
/k) - mol™! /) - K"+ mol™ /k) + mol™
1.0000 32.1731 66.6687 10.9624 0.6027 0.3973 0.9923
0.8544 40.1884 87.1229 12.4702 0.5918 0.4082 0.9928
0.7354 45.6290 99.3142 14.0322 0.5909 0.4091 0.9961
0.6363 50.5210 110.3018 15.4285 0.5901 0.4099 0.9947
0.5526 50.8256 107.8025 16.5282 0.5971 0.4029 0.9960
0.4808 52.4800 109.7261 17.5706 0.6005 0.3995 0.9995
Chinese Journal of Energetic Materials, Vol.24, No.9, 2016 (886-891) A fe A A www. energetic-materials. org. cn
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the standard enthalpy of dissolution, standard entropy of disso- and correlation of the solubilities of tetra(5,5-dimethyl-1,3-diox-
lution and standard Gibbs free energy of dissolution have been aphosphorinanyl-2-oxy) neopentane in different pure solvents
calculated. [J]. Fluid Phase Equilib, 2014, 367 117-124.
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