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Solubility of 2,7-Dihydroxynaphthalene in Binary Sodium
Chloride + Water, Sodium Sulfate + Water, and Ethanol + Water
Solvent Mixtures at Elevated Temperatures
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ABSTRACT: The solubility of 2,7-dihydroxynaphthalene in binary sodium chloride + water, sodium sulfate + water, and ethanol +
water solvent mixtures was measured in the temperature range from (283.15 to 328.25) K by a steady-state method. The results of
these measurements were correlated by a modified Apelblat equation.

M INTRODUCTION

As one of the most important aromatic compounds, 2,7-
dihydroxynaphthalene (CAS Registry No. 582-17-2), also named
naphthalene-2,7-diol or 2,7-naphthalenediol, mainly was used as
resins,' > pharmaceutical intermediates,** liquid crystals,®” and
dyes.*” In the solid state, the structure of 2,7-dihydroxynaphthalene
is stabilized by both van der Waals interactions and O—H---O
intermolecular forces.'® It is crystallized in orthorhombic
space group Pna21, with a = 7.826(6), b = 17.448(9), and ¢ =
5.740(4)."" Generally, 2,7-dihydroxynaphthalene can be pre-
pared by the alkali fusion of sodium 2,7-naphthalenedisulfonic
acid at above 550 K.'>~"° The reaction mixture of alkali fusion is
added gradually into hydrochloric acid solution. A given amount
of sodium sulfate and sodium chloride is added to the filtrate.
Sodium chloride and ethanol are all used during the purification
process of 2,7-dihydroxynaphthalene. As a result, the solubility of
2,7-dihydroxynaphthalene in solutions is very important in the
preparation of 2,7-dihydroxynaphthalene. However, to the
best of the authors' present knowledge, the solubility data are
not reported in literature. In this work, the solubility of 2,7-
dihydroxynaphthalene in binary sodium chloride + water, so-
dium sulfate + water, and ethanol + water solvent mixtures was
measured using the steady-state method with the temperature
range from (283.15 to 328.25) K. The data are correlated by a
modified Apelblat equation.

B EXPERIMENTAL SECTION

Chemicals. 2,7-Dihydroxynaphthalene was obtained by Nan-
tong Laijiali Chemical Co., Ltd., and had a mass fraction of 0.997.
Sodium chloride and sodium sulfate, with a mass fraction 0of 0.996
and 0.998, respectively, were purchased from Sinopharm Chemi-
cal Reagent Beijing Co., Ltd. Ethanol was obtained from Shang-
hai Chemical Reagent Co. and had a mass purity of 0.999. The
raw materials were used without further purification. The water
used to prepare solutions was twice-distilled water (conductivity
<5uS-cm ).

Apparatus and Procedure. A 125 mL Erlenmeyer flask is
filled with S0 mL of deionized water and placed into a constant-
temperature bath. The water temperature was controlled by
a constant-temperature water bath (Neslab, model RTE-101)
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recirculated through a copper coil in the water bath with an
uncertainty of 0.01 K. A condenser was connected to the flask to
prevent the solvent from evaporating. The water was stirred
using a Teflon-coated magnetic stirring bar. Excess solute was
placed into flask and allowed to equilibrate in a constant
temperature water bath at a given temperature for at least 3 days.
Aliquots of the liquid phase were taken at 2 h intervals and
analyzed. When composition of the liquid phase became con-
stant, this was taken to indicate that equilibration had been
attained. Attainment of equilibrium was verified both by repeti-
tive measurements after a minimum of 3 additional days and by
approaching equilibrium from supersaturation by pre-equilibrat-
ing the solutions at a higher temperature. Generally, it took about
13 h to reach equilibrium. About 30 min prior to sampling,
stirring was ceased to allow any solid phase to settle. After
equilibrium was achieved, the liquid phase was taken out and
then analyzed quantitatively.

Analysis. Aliquots of saturated 2,7-dihydroxynaphthalene
solutions were transferred into a tarred volumetric flask. The
concentration of 2,7-dihydroxynaphthalene in aqueous solutions
was determined using a Shimadzu-6A high-performance liquid
phase chromatograph (HPLC). The chromatographic column
used is a unimicro Kromasil C18, S um (250 mm X 4.6 mm),
maintained at 3082 K. The HPLC system consisted of a
Shimadzu SPD-6A UV single wavelength spectrophotometric
detector set to 254 nm." The mobile phase consisted of 450 mL
+ 550 mL + 1.6 g of methanol + water + tetra-N-butylammonium
bromide. The concentration ranges from (0 to 1) mg-mL_1 of
analysts were used for the construction of calibration curves.
Each analysis is repeated three times, and the average value of the
three measurements was considered as the final value of the
analysis. The mole fraction solubility (x) was calculated based on

ml/Ml

x = (1)

my /My + my/M, + m3/M;

where m; represents the mass of 2,7-dihydroxynaphthalene, m,
represents the mass of sodium chloride, sodium sulfate, or
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ethanol, and mj; represents the mass of water; M;, M,, and M; are
the molecular weight of the solute and solvent, respectively.
The uncertainty of the experimental solubility values is about
2.0 %. The uncertainty in the solubility can be due to uncertain-
ties in the temperature measurements and weighing procedure.

B RESULTS AND DISCUSSION

The measured solubility of 2,7-dihydroxynaphthalene in aque-
ous solutions of sodium chloride, sodium sulfate, and ethanol are
presented in Tables 1, 2, and 3, respectively. The corresponding
solubility curves are shown in Figures 1,2, and 3. It can be learned
from these figures that the solubility of 2,7-dihydroxynaphtha-
lene increases with the increase in temperature range from
(283.15 to 328.25) K. With the increase in sodium chloride or
sodium sulfate concentrations, the solubility of 2,7-dihydroxy-
naphthalene decreases. Because the polarity of the drug is closer
to the first, the solubility of 2,7-dihydroxynaphthalene in water is
higher than that in sodium chloride or sodium sulfate aqueous
solutions.

However, with the increase in ethanol concentrations, the
solubility of 2,7-dihydroxynaphthalene increases. Obviously
ethanol can increase the solubility of 2,7-dihydroxynaphthalene.
The reason is explained as follows. Ethanol that solubilizes a 2,7-
dihydroxynaphthalene molecule via specific interactions such as

Table 1. Mole Fraction Solubility x of 2,7-Dihydroxy-
naphthalene in (1 — w) Water + w Sodium Chloride between
(283.15 and 328.15) K*

T w = 0.05 w=0.10 w=0.15 w =020
K 10*x 10°RD 10*x 10°RD 10*x 10°RD 10*x 10> RD
28315 1.50 —439 111 311 072 —396 042 422
288.15 213 —112 131 —497 091 —062 046 —3.03
29315 291 054 175 003 116 285 054 —583
298.15 378 —0.66 224 111 141 056 065 —7.26
303.15 484 —125 287 274 171 —252 080 —695
30815 596 —3.86 3.58 218 213 —355 108 027
31325 743 —333 436 —034 266 —492 140 212
31815 906 —330 534 —191 348 —179 186 510
32325 11.02 —1.85 665 —139 458 096 228 —0.85
32825 1320 —042 851 221 575 —124 281 —7.74

1 .
“RD = (x; — ) /x;; w, mass fraction.

complexation interact with the ethanol molecule in a noncovalent
manner that lowers the chemical potential of the molecules in
solution. These noncovalent bulk and specific solubility-enhancing

Table 3. Mole Fraction Solubility x of 2,7-Dihydroxy-
naphthalene in (1 — w) Water + w Ethanol between (283.15
and 328.15) K

T w=0.05 w=0.10 w=0.15 w =020
K 10*x 10*RD 10*x 10*RD 10*x 10°RD 10*x 10*RD
283.15 458 127 608 118 776 —0.74 944 136
288.15 570 250 742 176 899 —3.64 11.04 1.19
29315 7.04 322 919 396 1106 —041 1320 3.08
29815 876 490 1110 390 13.10 —1.02 1540 248
303.15 10.60 415 1330 325 1560 —1.07 1810 251
30815 126  1.89 1570 132 1830 —2.61 2090 0.73
31325 1510 0.64 1870 043 21.80 —2.55 2480 1.58
31815 1830 072 2250 073 2640 —0.77 2930 196
32325 22.60 2.88 27.60 310 3130 —1.09 3460 225
32825 27.70 449 3310 342 3670 —249 4080 237
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Figure 1. Solubility x of 2,7-dihydroxynaphthalene in aqueous solutions
of sodium chloride at different temperatures: W, 5 % NaCl; @, 10 %
NaCl; A, 15 % NaCl; ¥, 20 % NaCl; —, calculated values.

Table 2. Mole Fraction Solubility x of 2,7-Dihydroxynaphthalene in (1 — w) Water + w Sodium Sulfate between (283.15 and

328.15) K
T w=0 w = 0.05 w=0.10 w=0.15 w =020

K 10* x 10> RD 10* x 10> RD 10* x 10> RD 10* x 10> RD 10* x 10> RD
283.15 291 3.80 1.88 2.56 1.16 3.79 0.67 223 0.34 1.42
288.15 347 1.58 231 —0.16 1.44 0.16 0.82 —1.75 0.45 —0.85
293.15 4.07 —1.83 276 —4.76 1.74 —5.49 1.04 —1.17 0.60 0.32
298.15 5.01 0.13 3.51 -1.92 221 —5.14 129 —2.68 0.78 3.12
303.15 6.11 1.63 435 —0.78 2.94 0.76 1.64 —-1.39 0.96 226
308.15 7.41 3.01 5.38 1.04 3.71 1.99 2.11 1.35 1.13 0.12
313.25 8.91 3.99 6.59 272 473 4.90 2.69 3.40 131 —1.50
318.15 10.49 3.34 7.81 1.95 5.73 3.56 3.26 0.75 1.52 —0.75
32325 12.1 1.10 9.09 0.15 6.7 —0.66 4.02 0.05 1.72 —0.40
32825 14.12 0.35 10.41 —2.56 7.91 —341 4.87 —2.19 1.96 2.63
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Figure 2. Solubility x of 2,7-dihydroxynaphthalene in aqueous solutions
of sodium sulfate at different temperatures: B, water; @, 5 % Na,SOy; A,
10 % Na,SOy4; ¥, 15 % Na,SO,; 4, 20 % Na,SO,; —, calculated values.
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Figure 3. Solubility x of 2,7-dihydroxynaphthalene in aqueous solutions
of ethanol at different temperature: W, $ % C,H;OH; @, 10 % C,H;OH;
A, 15 % C,H;OH; V¥, 20 % C,H;OH; —, calculated values.

interactions are the basis of the phenomenon that “like dissolves
like” and include van der Waals forces, hydrogen bonding, dipole—
dipole, and ion—dipole interactions. The solubility of 2,7-dihydrox-
ynaphthalene typically increases with an increase in the fraction of
ethanol.

The relationship between temperature and solubility of 2,7-
dihydroxynaphthalene is correlated by a modified Apelblat
equation, which is a semiempirical equation

In(x) = A +

B
(T/K) + CIn(T/K) (2)
where T is the absolute temperature, and x stands for the
solubility of 2,7-dihydroxynaphthalene in aqueous solutions of
sodium chloride, sodium sulfate, or ethanol in mole fraction. A, B,
and C are parameters. The C value represents the effect of
temperature on the fusion enthalpy, as a deviation of heat capacity
(AC,). The values of constants A and B reflect the variation in the
solute activity coeflicient and provide an indication of the effect of

Table 4. Parameters of Equation 1 for 2,7-Dihydroxy-

naphthalene in Aqueous Solutions of Different Mass

Fractions
solvent A B € rmsd- 10*
sodium chloride ~ w = 0.05 288.11 —17158542 —41.85 0.17
w=010 —70.17 —783.51 11.30 0.09
w=0.15 —331.56 11034.57 50.14 0.06
w=020 —52627 19885.58 78.98 0.08
sodium sulfate w=0 180.80 —11473.99 —26.30 0.40
w = 0.0S 6496  —6390.86 —9.03 0.13
w=0.10 1226  —442240 —1.02 0.15
w=0.15 —109.88 1033.05 17.11 0.05
w=020 —5§70.79 21915.78 85.59 0.37
ethanol w=0.0S —94.97 890.09 14.90 0.53
w=0.10 —100.89 1335.90 15.72 0.54
w=0.1S5 —130.33 2856.15 20.03 0.43
w=020 —145.33 3747.80 22.16 0.54

Table 5. Curve-Fitting Parameters of Equation 3 for 2,7-
Dihydroxynaphthalene in Aqueous Solutions of Different
Mass Fractions

solute a; b; G rmsd
sodium chloride A (i=1) 720.62 —9498.31 16357.00 3.90
B(i=2) —36891.09 433904.66 —752090.00 204.84
C(i=3) —10608 141041 —2431.00  0.56
sodium sulfate A (i=1) 142.56 98442 —2170229  64.07
B(i=2) —9696.06 —52085.61 1002460.00 2949.05
C(i=3) —2064 —14325 321543 951
ethanol A(i=1) —8410 —13404  —908.00  4.90
B(i=2) 241.44 9040.76 44584.00 219.86
C(i=3) 13.32 19.43 131.00 0.73

4092

solution nonidealities on the solubility of the solute. The values
of parameters A, B, and C were evaluated by multidimensional
unconstrained nonlinear minimization using MATLAB software.
The difference between experimental and calculated results is also
presented in Tables 1, 2, and 3, respectively. The regressed values
of A, B, and C together with the root-mean-square deviations
(rmsd's) are given in Table 4. The rmsd is defined as follows:

1/2

1 N
_xi)l

( x;alc

N-14

(3)

rmsd =

where N is the number of experimental points. x{™° is the
solubility calculated from eq 2, and «; is the experimental value
of the solubility. Table 4 shows that the values of parameters B and
C increase with the increase in sodium chloride, sodium sulfate,
and ethanol concentrations for 2,7-dihydroxynaphthalene, while
the values of parameter A decrease. From Figures 1 to 3, we can
see that the calculated solubility shows good agreement with the
experimental values.

Equation 1 was effective only for constant solvent composi-
tion. To use eq 2 to correlate the solubility of 2,7-dihydroxy-
naphthalene at different solvent compositions, parameters A, B,
and C were assumed to be a function of sodium chloride, sodium
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sulfate, or ethanol in mass fraction w,

A=a; + byw + aqw?
B =a, + byw + cw? (4)
C=ay + byw + czu?

where ay, by, ci, a, by, ¢, a3, by, and ¢; are coeflicients. The
calculated solubility of x at solvent compositions of w = 0, 0.05,
0.10,0.15, and 0.20 and in the temperature range from (283.15 to
328.15) Kis plotted in Figures 1 to 3. The values of coefficients
ay, by, ¢y, az, by, 3, as, by, and c3 are listed in Table S together with
the root-mean-square deviations. The values of parameters A, B,
and C can be calculated with eq 3 according to these values of
coeflicients. It can be seen from Table 4 that the calculated values
of parameters A, B, and C show good agreement with the
regressed values.

From Tables 1 to 3, we could elicit the following conclusions:
(1) The solubility of 2,7-dihydroxynaphthalene in aqueous
sodium chloride, sodium sulfate, or ethanol solutions increases
with temperature, but the increase with temperature varies
according to different mass concentrations of solute solution.
(2) The experimental data can be regressed by eq 1 for each
group. The experimental solubility and correlation equation in
this work can be useful in the manufacturing and separating

processes of 2,7-dihydroxynaphthalene in industry.
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