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Solid—Liquid Equilibrium and Phase Diagram for the Ternary p-Nitrobenzoic
Acid + m-Nitrobenzoic Acid + Ethanol System

Gan-Bing Yao*

College of Chemistry and Chemical Engineering, YangZhou University, Yangzhou, Jiangsu, 225002, P. R. China

Solubility data for the ternary p-nitrobenzoic acid + m-nitrobenzoic acid + ethanol system were measured
at 273.1 K, 283.1 K, and 313.1 K, respectively. Three isotherma phase diagrams of the system were
constructed on the basis of the measured solubilitities. Two solid phases, m-nitrobenzoic acid and
p-hitrobenzoic acid, were formed and confirmed by Schreinemaker’ s wet residue method. The crystallization
regions of m-nitrobenzoic acid and p-nitrobenzoic acid increase as the temperature decreases. At different
temperature, the crystallization region of p-nitrobenzoic acid is larger than that of m-nitrobenzoic acid.

I ntroduction

m-Nitrobenzoic acid is an important intermediate which is
widely used in the chemical field of agricultural chemicals,
pharmaceuticals, dyes, and particularly for synthesis of procaine
hydrochloride, procaine ammonium salts, and amino-nitroben-
zoic acid.*® Many processes for preparation of m-nitrobenzoic
acid have been reported in the literature.> ** Generally, it can
be prepared by the nitration of benzoic acid by means of nitric
acid, amixture of nitric and sulfuric acids, or mixtures of nitrates
and sulfuric acid. All these methods lead to the production
of amixture containing principally the m-nitrobenzoic acid with
asmaller proportion of the ortho and percent of the paraisomer
as a byproduct to the formation of m-nitrobenzoic acid. Pure
m-nitrobenzoic acid can be separated from the mixture of
isomeric nitrobenzoic acids by repeated crystallization from
solvents,®*? such as water, alcohol, a mixture of alcohol and
water, acetone, and so on, and at the cost of a large decrease of
the yield of the acid.

It iswell-known that solid—liquid phase equilibrium data are
important in crystallization processes. Obviously, during the
crystallization process of m-nitrobenzoic acid from itsisomeric
mixtures, the mutual solubility of isomeric mixtures in one
solvent is needed. The separation process by crystallization in
ethanol is based on the phase diagram of the quaternary system
of m-nitrobenzoic acid + o-nitrobenzoic acid + p-nitrobenzoic
acid + ethanol. It is very important to study the system and
construct the phase diagram of the m-nitrobenzoic acid +
o-nitrobenzoic acid + p-nitrobenzoic acid + ethanol system.
The solubility of m-nitrobenzoic acid, o-nitrobenzoic acid, and
p-nitrobenzoic acid in different solvents was investigated in the
literature.®>'* Recently, the solubility data of systems o-
nitrobenzoic acid + menitrobenzoic acid + ethanol,*® o-
nitrobenzoic acid + p-nitrobenzoic acid + acetone,®® and
m-nitrobenzoic acid + o-nitrobenzoic acid + acetone'” were
reported. The objective of this research is to generate and
analyze the phase diagrams of the ternary p-nitrobenzoic acid
+ m-nitrobenzoic acid + ethanol system at 273.1 K, 283.1 K,
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and 313.1 K by Schreinemaker's wet residue method*® and
demonstrate the temperature dependence of the ternary phase
diagram.

In aternary system involving at least one solid and one liquid
phase, the composition of the solid phase is often determined
indirectly, to avoid separating the crystals and completely
removing the adhering mother liquor from them. Extrapolation
is made by Schreinemakers method of wet residues.*® Equi-
librium solid adhering some equilibrium liquid is called a“wet”
residue. The method is based on the following: The tie line
joining the composition of the pure solid and of the saturated
liquid in equilibrium with it is the locus of al intermediate
compositions corresponding to varying amounts of solid and
liquid phases. Thisincludes the composition of the liquid phase
and of crystals wet with mother liquor. A straight line drawn
through a pair of points representing such compositions on a
phase diagram is a segment of the tie line and therefore passes
through the composition of the pure solid. The lines drawn
through several such pairs of compositions, each corresponding
to a different origina mixture, have a common intersection
at the composition of the pure solid phase. The composition of
the common intersection is in agreement with direct analysis
obtained by crystallization. In this work, Schreinemaker’s wet
residue method was employed to study the ternary p-nitroben-
zoic acid + mrnitrobenzoic acid + ethanol system.

Materials Section

Materials. m-Nitrobenzoic acid was purchased from Chang-
zhou Hubin Medicine Raw Materials Co. Ltd., China, with a
mass fraction of 0.991. The crude material was recrystallized
from CHCl3, and again from water, giving a product which was
pure white in color. The contents of the crystalline m-
nitrobenzoic acid were determined in our laboratory by HPLC,
which has a mass fraction purity of 0.998.

Analytically pure grade p-nitrobenzoic acid was provided by
the Shanghai Shiyi Chemicals Reagent Co. Ltd., China, with a
mass fraction of 0.992. It was dissolved in a dilute solution of
NaOH and precipitated by the addition of HCI. The material
thus obtained was twice crystallized from water, giving fluffy
crystals light yellow in color. The mass fraction purity of the
crystalline p-nitrobenzoic acid is 0.999.
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The analytically grade ethanol, with mass fraction purity of
ethanol 0.999, was produced by Nanjing Chemical Reagent Co.
Ltd., China. It was used in the experiment without further
purification. The water used to prepare solutions was deionized
(conductivity < 5 uS-cm™).

Procedure. The solubility was determined employing the
method of isothermal solution saturation.® The solid phases
were determined by Schreinemaker’ s wet residue method*® and
rechecked by an X-ray diffraction method. The experimental
saturated solutions were prepared by adding an excess solute,
p-nitrobenzoic acid, and/or m-nitrobenzoic acid to glass vessels
containing the ethanol. The components were taken in such
proportions that the composition of the resulting saturated
solution fell in the desired portion of the solubility curve.
Solubilities were determined by equilibrating the solute with
ethanol in a water-jacketed vessel with motor stirring in a
constant-temperature water bath for at least 3 days. The
temperature is controlled by a constant-temperature water bath
(Neslab, model RTE-101) recirculated through a copper coil in
the water bath. The actual temperature in the water bath was
monitored by a resistance thermometer (type, TES1300; ac-
curacy, £ 0.1 K). A condenser is connected to the flask to
prevent the solvent from evaporating. Attainment of equilibrium
was verified by both repetitive measurement of p-nitrobenzoic
acid and m-nitrobenzoic acid after aminimum of three additional
days and approaching equilibrium from supersaturation by pre-
equilibrating the solutions at a higher temperature. When the
composition of the liquid phase became constant, this was taken
to indicate that equilibration had been attained. Generaly, it
took about 23.5 h to reach equilibrium. After equilibrium was
achieved, the liquid phase and the solid phases with a little of
the saturated liquid were taken out and then quantitatively
analyzed. The equilibrium solid phases were dried in a desiccator
at room temperature pestled into powder and then analyzed by
an X-ray diffraction analyzer. This procedure was repeated by
varying the ratio of p-nitrobenzoic acid and m-nitrobenzoic acid
to obtain different compositions of the solid and liquid phases.

Analysis. The moist solid samples and the equilibrium liquid
phase were dissolved in methanol and analyzed by a Shimadzu-
6A high-performance liquid-phase chromatograph (HPLC) with
the Diamonsil Cig (150 mm x 4.6 mm) chromatographic
column.?®?* The eluent consisted of 20 (mL)/80 (mL)/0.4 (mL)
2-propanol/water/acetic acid. Each analysis was repeated three
times, and the average vaue of three measurements was
considered as the final value of the analysis (precision: + 0.1
%).

Results and Discussion

The equilibrium solubility data for the ternary p-nitrobenzoic
acid + menitrobenzoic acid + ethanol system at 273.1 K, 283.1
K, and 313.1 K are shown in Tables 1, 2, and 3, respectively.
The corresponding ternary phase diagrams are plotted in Figures
1,2,and 3.

InFigures 1, 2, and 3, points P, M, and E represent the solids
p-nitrobenzoic acid, m-nitrobenzoic acid, and ethanol, respec-
tively. Points S, S, and S show the solubilities of m-
nitrobenzoic acid at 273.1 K, 283.1 K, and 313.1 K, respectively,
and points and S;, S;, and S; show the solubilities of p-
nitrobenzoic acid at 273.1 K, 283.1 K, and 313.1 K. Along the
solubility curve S,C;, SC,, or $Cs, linking the component
points of liquid phase and wet residue and an extension thereof,
the point of intersection of these tie-lines is approximately the
solid-phase component for p-nitrobenzoic acid on a wet basis.
Along the solubility curve SiC;, S;C,, or S3Cs, linking the
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Table 1. Mass Fraction Solubilities of the Ternary System
p-Nitrobenzoic Acid (1) + m-Nitrobenzoic Acid (2) + Ethanol (3) at
273.1K*?

liquid phase

wet residue

Wy Wy W3 Wy Wo ws  equilibrium solid phase

0.0393 0 0.9607 0.8537 0 0.1463 p-C;HsNO,4
0.0367 0.0418 0.9215 0.8188 0.009 0.1722 p-C;HsNO,
0.0369 0.0677 0.8954 0.7745 0.0164 0.2091 p-C;HsNO,
0.0351 0.1056 0.8593 0.7909 0.0236 0.1855 p-C;HsNO,4
0.0354 0.1392 0.8254 0.7559 0.0368 0.2073 p-C;HsNO,4
0.0346 0.1710 0.7944 0.8038 0.0347 0.1615 p C;HsNO,
0.0341 0.2072 0.7587 0.7892 0.0459 0.1649 p-C;HsNO,
0.0336 0.2362 0.7302 0.7706 0.0550 0.1744 p-C;HsNO4
0.0322 0.2673 0.7005 0.8058 0.0514 0.1428 p-C;HsNO,
0.0307 0.2912 0.6781 0.8242 0.0513 0.1245 p-C;HsNO,
0.0304 0.3024 0.6672 0.5051 0.3573 0.1376 p-C;HsNOs+ m-C7HsNO,
0.0255 0.3101 0.6644 0.0063 0.8546 0.1391 M-C;HsNO,
0.0216 0.3127 0.6657 0.0040 0.8179 0.1781 mMm-C;HsNO,
0.0147 0.3145 0.6708 0.0013 0.7831 0.2156 mM-C;HsNO,
0 0.3365 0.6635 0 0.8038 0.1962 mM-C;HsNO4

2w mass fraction of p-nitrobenzoic acid; w.: mass fraction of
menitrobenzoic acid; ws: mass fraction of ethanol.

Table 2. Mass Fraction Solubilities of the Ternary System
p-Nitrobenzoic Acid (1) + m-Nitrobenzoic Acid (2) + Ethanol (3) at
283.1 K*#

liquid phase

wet residue

Wy W Ws Wy Wy ws  equilibrium solid phase

0.03310 0 0.9669 0.8317 0 0.1683 p-C/HsNO,
0.0296 0.0225 0.9479 0.7355 0.0068 0.2577 p-C;HsNO,
0.0284 0.0367 0.9349 0.6672 0.0141 0.3187 p-C7HsNO,4
0.0238 0.0490 0.9272 0.8146 0.0122 0.1732 p-C;HsNO,
0.0269 0.0649 0.9082 0.6913 0.0230 0.2857 p-C;HsNO,
0.0227 0.1019 0.8754 0.6342 0.0418 0.3240 p-C;HsNO,
0.0208 0.1124 0.8668 0.7429 0.0305 0.2266 p-C;HsNO,4
0.0173 0.1289 0.8538 0.7004 0.0416 0.2580 p-C;HsNO,
0.0225 0.1678 0.8097 0.7318 0.0471 0.2211 p-C;HsNO,
0.0220 0.2214 0.7566 0.7611 0.0544 0.1845 p-C;HsNO,
0.0214 0.2371 0.7415 0.6396 0.0876 0.2728 p-C;HsNO,
0.0202 0.2843 0.6955 0.7226 0.0803 0.1971 p-C;HsNO,
0.0187 0.2991 0.6822 0.6303 0.1118 0.2579 p-C;HsNO,
0.0197 0.3026 0.6777 0.4589 0.3364 0.2047 p-C;HsNO4; + m-C7HsNO,
0.0185 0.3052 0.6763 0.0072 0.7674 0.2254 m-C;HsNO,
0.0116 0.3096 0.6788 0.0055 0.7787 0.2158 m-C;HsNO,4
0.0054 0.3158 0.6788 0.0019 0.8211 0.177 m-C7HsNO,
0 0.3166 0.6834 0 0.8321 0.1679 m-C;HsNO,

2wy: mass fraction of p-nitrobenzoic acid; w,: mass fraction of
menitrobenzoic acid; ws: mass fraction of ethanol.

component points of the liquid phase and moist solid phase and
an extension thereof, the point of intersection of these tie-lines
is approximately the solid-phase component for m-nitrobenzoic
acid.

Curves S,C;, SC,, and $C; indicate the compositions of
saturated ternary solutions that are in equilibrium with the solid
menitrobenzoic acid at 273.1 K, 283.1 K, and 313.1 K,
respectively. Curves S;C;, S,C,, and S;C; indicate the composi-
tions of saturated ternary solutions that are in equilibrium with
the solid p-nitrobenzoic acid. C;, C,, and C; are invariant points,
which indicate a solution saturated with the coexisting solids
m-nitrobenzoic acid and p-nitrobenzoic acid whose compositions
areshown in Tables 1, 2, and 3. Asseenin Figures 1, 2, and 3,
itisclear that the ternary system does not form a solid solution.
In the phase diagrams as shown in Figures 1, 2, and 3, there
are three crystallization fields. m-nitrobenzoic acid (MC;S; in
Figure 1, MC,S; in Figure 2, and MC;S;), corresponding to the
coexistence of solid m-nitrobenzoic acid and the saturated
solution; p-nitrobenzoic acid (PC;S; in Figure 1, PC,S; in Figure
2, and PC;S; in Figure 3), region corresponding to the
coexistence of solid p-nitrobenzoic acid and the saturated
solution; mixture of m-nitrobenzoic acid and p-nitrobenzoic acid
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Table 3. Mass Fraction Solubilities of the Ternary System
p-Nitrobenzoic Acid (1) + m-Nitrobenzoic Acid (2) + Ethanol (3) at
3131 K?#

liquid phase

wet residue

Wy Wo Ws Wy Wy W3 equilibrium solid phase

0.0504 0 0.9496 0.8232 0 0.1768 p-C;HsNO,
0.0489 0.0505 0.9006 0.7595 0.0121 0.2284 p-C;HsNO,
0.0484 0.0779 0.8737 0.7023 0.0268 0.2709 p-C;HsNO,4
0.0465 0.1123 0.8412 0.7518 0.0324 0.2158 p-C;HsNO,
0.0459 0.1434 0.8107 0.7319 0.0415 0.2266 p-C;HsNO,
0.0462 0.1742 0.7796 0.8102 0.0361 0.1537 p-C;HsNO,
0.0436 0.2018 0.7546 0.741 0.0564 0.2026 p-C;HsNO,
0.0428 0.2449 0.7123 0.7908 0.0527 0.1565 p-C;HsNO,
0.0421 0.2864 0.6715 0.7465 0.0768 0.1767 p-C;HsNO,
0.0403 0.3273 0.6324 0.7576 0.0841 0.1583 p-C;HsNO,
0.0394 0.3725 0.5881 0.7704 0.0878 0.1418 p-C;HsNO,
0.0386 0.4101 0.5513 0.7296 0.1154 0.1550 p-C;HsNO,
0.0355 0.4428 0.5217 0.3429 0.5485 0.1086 p-C;HsNO4; + m-C;HsNO,
0.0341 0.4453 0.5206 0.0110 0.8117 0.1773 m-C;HsNO,
0.0271 0.4544 0.5185 0.0093 0.7934 0.1973 M-C;HsNO,
0.0184 0.4625 0.5191 0.0037 0.834 0.1623 M-C;HsNO,
0.0082 0.4753 0.5165 0.0019 0.8283 0.1698 M-C;HsNO,
0 0.4874 0.5126 0 0.8235 0.1765 m-C;HsNO4

2w;: mass fraction of p-nitrobenzoic acid; w,: mass fraction of
menitrobenzoic acid; ws: mass fraction of ethanol.

Figure 1. Phase diagram of the ternary p-nitrobenzoic acid + m-nitrobenzoic
acid + ethanol system at 273.1 K: P, p-nitrobenzoic acid; M, m-nitroben-
zoic acid; E, ethanol; S;, S; solubility of p-nitrobenzoic acid and
m-nitrobenzoic acid in ethanol, respectively; C,, cosaturated point indicating
a solution saturated with p-nitrobenzoic acid and m-nitrobenzoic acid;
ES,C,S;, unsaturated region; PS;C;, region corresponding to the coexistence
of solid p-nitrobenzoic acid and the saturated solution; MS,C;, region
corresponding to the coexistence of solid m-nitrobenzoic acid and the
saturated solution; PMC;, region corresponding to the coexistence of solids
p-nitrobenzoic acid and m-nitrobenzoic acid and the saturated solution with
composition Cy; w, mass fraction.

(PC:M in Figure 1, PC,M in Figure 2, and PC3M in Figure 3),
region corresponding to the coexistence of solids p-nitrobenzoic
acid and m-nitrobenzoic acid and the saturated solution. The
phase diagram has two invariant curves at each temperature.

Figures 1, 2, and 3 further illustrate the temperature depen-
dence of the phase diagram for the ternary p-nitrobenzoic acid
+ m-nitrobenzoic acid + ethanol system. When the temperature
increases from (273.1 to 313.1) K, the solubility of m-
nitrobenzoic acid and p-nitrobenzoic acid increases, and the
cosaturated point moves upward. The crystalline regions of
m-nitrobenzoic acid and p-nitrobenzoic acid increase as the
temperature decreases. At each temperature, the crystallization
field of p-nitrobenzoic acid is larger than that of m-nitrobenzoic
acid.

The solubility and phase diagram of the systems o-nitroben-
zoic acid + p-nitrobenzoic acid + acetone, o-nitrobenzoic acid
+ menitrobenzoic acid + ethanol, and m-nitrobenzoic acid +
o-nitrobenzoic acid + acetone have been previoudy studied.** "
The phase diagram of the system p-nitrobenzoic acid +
m-nitrobenzoic acid + ethanol was similar to the systems

Figure 2. Phase diagram of the ternary p-nitrobenzoic acid + m-nitrobenzoic
acid + ethanol system at 283.1 K: P, p-nitrobenzoic acid; M, m-nitroben-
zoic acid; E, ethanol; S5 S, solubility of p-nitrobenzoic acid and
m-nitrobenzoic acid in ethanol, respectively; C,, cosaturated point indicating
a solution saturated with p-nitrobenzoic acid and m-nitrobenzoic acid;
ES,C,S;, unsaturated region; PS;C,, region corresponding to the coexistence
of solid p-nitrobenzoic acid and the saturated solution; MS;C,, region
corresponding to the coexistence of solid m-nitrobenzoic acid and the
saturated solution; PMC,, region corresponding to the coexistence of solids
p-nitrobenzoic acid and m-nitrobenzoic acid and the saturated solution with
composition Cy; w, mass fraction.
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Figure 3. Phase diagram of the ternary p-nitrobenzoic acid + mrnitrobenzoic
acid + ethanol system at 313.1 K: P, p-nitrobenzoic acid in ethanol; M,
m-nitrobenzoic acid in ethanol; E, ethanol; S, S5, solubility of p-nitrobenzoic
acid and m-nitrobenzoic acid in ethanoal, respectively; Cs, cosaturated point
indicating a solution saturated with p-nitrobenzoic acid and m-nitrobenzoic
acid; ES;C3S;, unsaturated region; PS3Cs, region corresponding to the
coexistence of solid p-nitrobenzoic acid and the saturated solution; MSCs,
region corresponding to the coexistence of solid m-nitrobenzoic acid and
the saturated solution; PMCs, region corresponding to the coexistence of
solids p-nitrobenzoic acid and m-nitrobenzoic acid and the saturated solution
with composition Cs; w, mass fraction.

o-nitrobenzoic acid + p-nitrobenzoic acid + acetone at each
temperature. The crystallization field of p-nitrobenzoic acid is
larger than that of m-nitrobenzoic acid or o-nitrobenzoic acid
at the same temperature. Therefore, p-nitrobenzoic acid is very
easily separated out from these systems.

Conclusion

The solubilities of the ternary p-nitrobenzoic acid + m-
nitrobenzoic acid + ethanol system at 273.1 K, 283.1 K, and
313.1 K were determined experimentally, and the respective
ternary phase diagrams were constructed. At the studied
temperatures, two solid phases were formed in the ternary
p-nitrobenzoic acid + m-nitrobenzoic acid + ethanol system
corresponding to m-nitrobenzoic acid and p-nitrobenzoic acid.
The phase diagrams had three crystallization fields (m-nitroben-
zoic acid, p-nitrobenzoic acid, and a mixture of m-nitrobenzoic
acid and p-nitrobenzoic acid), two invariant curves, and one
invariant point at each temperature. The solubility of m-
nitrobenzoic acid and p-nitrobenzoic acid increases with increas-



ing temperature. The crystalline region of p-nitrobenzoic acid
was larger than that of m-nitrobenzoic acid at each temperature.
The solubility data and the phase diagram of the ternary system
can provide the basis and serve as a guide for the separation
process for the mixture of isomeric nitrobenzoic acids.
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