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The solubilities of ofloxacin, norfloxacin, lomefloxacin, ciprofloxacin, pefloxacin, and pipemidic acid in
water have been determined experimentally from (293.15 to 323.15) K. The experimental data were correlated
with the modified Apelblat equation. The calculated results show good agreement with the experimental
data.

Introduction

Quinolones are among the most important classes of synthetic
antibacterial agents used in human and veterinary medicines.
They are active against many pathogenic bacterial species (both
Gram-negative and Gram-positive) as gyrase inhibitors, which
selectively inhibit bacterial DNA synthesis. The potential exists
for quantities of these drugs to be excreted as the parent
compound or metabolites and enter the environment due to the
spreading of manure and its slurry on agricultural land or to
direct deposition by grazing livestock.1 Solubility is one of the
most important physicochemical properties of drugs. In deter-
mining the transport of quinolones in the environment and
assessing their risk to terrestrial and aquatic ecosystems, it is
necessary to know their solubility. However, only a limited
amount of solubility data for quinolones have been reported
from (293.15 to 323.15) K.2–4 In this study, aqueous solubilities
of quinolones have been measured from (293.15 to 323.15) K.
The experimental data were correlated with the modified
Apelblat equation.5–8

Experimental Section

Materials. Quinolones, ofloxacin (CASRN 82419-36-1),
norfloxacin (CASRN 70458-96-7), lomefloxacin (CASRN 98079-
51-7), ciprofloxacin (CASRN 85721-33-1), pefloxacin (CASRN
70458-92-3), and pipemidic acid (CASRN 51940-44-4), ob-
tained from Daming Biotech. Co. Ltd., were further purified
by recrystallization from aqueous solutions. After filtration and
drying, their purities were determined by UV spectrometry (type
UV-2401PC, Shimadzu Co., Ltd.) to be 0.996 in mass fraction.
Water used in experiments was doubly distilled.

Apparatus and Procedure. The solubility was measured by
a static equilibrium method.9 Nearly 100 mg of each quinolone
was added separately to 50 mL of water in glass flasks. The
mixtures were then stirred in a mechanical shaker for 1 h.
Samples were then allowed to stand in water baths (type 501,
Shanghai Laboratory Instrument Works Co., Ltd.) kept at the
appropriate temperature (( 0.02 K). The equilibration of other
quinolones has been reported to be achieved after 30 h.
Therefore, in this work, the initial building up time of the
saturated solution was 72 h. Then it was analyzed once every
5 h until the analyzing results were replicated three consecutive
times. After this time, the supernatant solutions were filtered to

ensure that they were free of particulate matter before sampling.
Concentrations were determined by measuring UV absorbances
after appropriate dilution and interpolation from previously
constructed calibration curves for each quinolone. To permit
conversion between molarity and mole-fraction concentration
scales, the densities of the saturated solutions were determined
with a digital density meter. All the solubility experiments were* Corresponding author. E-mail: zhangcl201@zzu.edu.cn.

Table 1. Comparison of Values of Measurement and References for
Mole Fraction Solubilities (x) of Some Quinolones in Water at
298.15 K

system 105xexptl 105xref rel dev/%

norfloxacin + water 2.270 2.2583 0.53
ciprofloxacin + water 0.4660 0.46764 -0.34

Table 2. Aqueous Solubilities of Six Quinolones at Various
Temperatures

T/K 105x rel dev/% T/K 105x rel dev/%

Ofloxacin + Water
293.15 14.32 0.22 313.15 18.32 0.29
298.15 15.04 -0.17 318.15 19.60 0.42
303.15 15.92 -0.29 323.15 20.96 -0.36
308.15 16.98 -0.11

Norfloxacin + Water
293.15 2.022 -0.30 313.15 3.377 0.13
298.15 2.270 0.58 318.15 3.928 -0.55
303.15 2.541 -0.24 323.15 4.690 0.32
308.15 2.915 0.066

Lomefloxacin + Water
293.15 3.483 0.90 313.15 5.631 0.22
298.15 3.769 -1.7 318.15 6.541 0.49
303.15 4.330 0.48 323.15 7.571 -0.48
308.15 4.901 0.11

Ciprofloxacin + Water
293.15 0.3584 -0.26 313.15 0.9254 -0.60
298.15 0.4660 1.1 318.15 1.174 1.2
303.15 0.5805 -1.1 323.15 1.428 -0.55
308.15 0.7444 0.32

Pefloxacin + Water
293.15 0.5056 -0.17 313.15 1.226 0.39
298.15 0.6148 0.056 318.15 1.572 -0.80
303.15 0.7631 0.47 323.15 2.094 0.43
308.15 0.9518 -0.37

Pipemidic Acid + Water
293.15 1.845 0.77 313.15 3.023 1.5
298.15 2.045 -0.65 318.15 3.396 0.27
303.15 2.296 -1.1 323.15 3.832 -0.71
308.15 2.625 -0.044
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repeated at least three times, and the mean values were
considered as the measured results. The temperature was
controlled automatically within ( 0.05 K of the selected value,
of which the average relative deviation in the mole fraction of
the binary mixtures was estimated to be less than ( 1 %. The
result showed that the deviations of the measured solubility from
the literature values3,4 were less than 2 %.

The aqueous solubilities of norfloxacin and ciprofloxacin
listed in Table 1 were measured, respectively, to complete the
data reported in the literature.3,4

The temperature dependence of quinolone solubility in water
has been described by the modified Apelblat equation5–8

ln x)A+ B
T ⁄ K

+C ln(T ⁄ K) (1)

where x is the mole fraction of quinolone; T is the absolute
temperature; and A, B, and C are constants determined by least-
squares analysis. The values of these parameters are listed in
Table 3. The relative deviations between the experimental and

calculated value are also listed in Table 2. The relative deviations
(rel dev values) are calculated according to rel dev

rel dev)
x- xc

x
(2)

The average relative deviations (ARD) for each system in
this study are also listed in Table 3. The ARD values are
calculated according to

ARD) 1
N∑ i)1

N |xi - xci

xi
| (3)

Results and Discussion

The data in Tables 2 and 3 indicate that the calculated
solubilities show good agreement with the experimental data,
which demonstrates that the modified Apelblat equation can be
used to correlate the aqueous solubility data of ofloxacin,
norfloxacin, lomefloxacin, ciprofloxacin, pefloxacin, and pipe-
midic acid. The relative deviations among all these 42 data
points for ofloxacin, norfloxacin, lomefloxacin, ciprofloxacin,
pefloxacin, and pipemidic acid + water systems do not exceed
1.7 %, and the total average relative deviation is 0.51 %.

By using the data shown in Table 2, the aqueous solubility
curves for ofloxacin, norfloxacin, lomefloxacin, ciprofloxacin,
pefloxacin, and pipemidic acid were plotted. From Figure 1, it
is evident that the aqueous solubility of each quinolone is low.

According to a pseudochemical reaction process,10–12 the
dissolution process of solid S in liquid W can be expressed as
S + W ) SW. The relationship of its dissolution equilibrium
constants and activities can be expressed as

Ki )
ai

aSaW
(4)

Due to the relatively small solubility of each quinolone in
water, it is believed that aS and aW almost keep constant in the
experimental range, each of which is considered as a constant.

So, eq 4 can be written as

Ki )
γixi

aSaW
(5)

where ri is the activity coefficient of quinolone i in the solution
and xi is the mole fraction of quinolone i in the solution.

Based on the assumption used in the inferential process for
the modified Apelblat equation that the activity coefficient is
invariable during a certain temperature range,7 ri in eq 5 can
be merged into aSaW. Eq 6 can be obtained from eq 5 by
logarithmic treatment.

Table 3. Parameters of Equation 1 for Ofloxacin, Norfloxacin,
Lomefloxacin, Ciprofloxacin, Pefloxacin, and Pipemidic Acid +
Water Systems

system A B C ARD/%

ofloxacin + water -169.78 6325.5 24.530 0.52
norfloxacin + water -432.11 17034 63.935 0.12
lomefloxacin + water -370.19 14347 54.743 0.34
ciprofloxacin + water -4.7009 -4050.4 1.0529 0.072
pefloxacin + water -606.63 23402 90.589 0.064
pipemidic acid + water -174.82 5505.5 25.548 0.23

Figure 1. Aqueous solubilities of six quinolones at various temperatures:
b, ofloxacin; O, norfloxacin; 2, lomefloxacin; ∆, ciprofloxacin; 9,
pefloxacin; 0, pipemidic acid; -, calculated from eq 1.

Table 4. ∆solH and ∆solS for Different Quinolones in Water at Different Temperatures

T/K

293.15 298.15 303.15 308.15 313.15 318.15 323.15

ofloxacin ∆solH/kJ ·mol-1 7.196 8.215 9.234 10.25 11.27 12.29 13.31
∆solS/J ·mol-1 ·K-1 24.55 27.55 30.46 33.28 36.00 38.64 41.20

norfloxacin ∆solH/kJ ·mol-1 14.20 16.86 19.52 22.18 24.84 27.49 30.15
∆solS/J ·mol-1 ·K-1 48.46 56.56 64.39 71.97 79.31 86.42 93.31

lomefloxacin ∆solH/kJ ·mol-1 14.14 16.42 18.69 20.97 23.24 25.52 27.80
∆solS/J ·mol-1 ·K-1 48.24 55.06 61.66 68.05 74.23 80.21 86.01

ciprofloxacin ∆solH/kJ ·mol-1 36.24 36.28 36.32 36.37 36.42 36.46 36.50
∆solS/J ·mol-1 ·K-1 123.6 121.7 119.8 118.0 116.3 114.6 113.0

pefloxacin ∆solH/kJ ·mol-1 26.22 29.99 33.76 37.52 41.29 45.05 48.82
∆solS/J ·mol-1 ·K-1 89.45 100.6 111.3 121.8 131.8 141.6 151.1

pipemidic acid ∆solH/kJ ·mol-1 16.49 17.56 18.62 19.68 20.74 21.80 22.87
∆solS/J ·mol-1 ·K-1 56.27 58.88 61.42 63.87 66.24 68.53 70.76
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ln Ki ) ln xi + ln
ri

aSaW
(6)

where ri / aSaW is a temperature-independent constant.
On the basis of the Gibbs equation and the modified van’t

Hoff method,13–16 the equation for calculating the molar
enthalpies of dissolution ∆solH could be obtained.

∆solH)R
d ln Ki

dT-1
(7)

Substituting the differential of eq 6 into eq 7 yields

∆solH)R
d ln xi

dT-1
(8)

Using eq 1 to obtain the derivative of ln xi to T-1 and
substituting it into eq 8, we obtain

∆solH)RT(C-B ⁄ (T ⁄ K)) (9)

According to the fundamental thermodynamic relation,17 the
equition for calculating the molar entropies of dissolution ∆solS
could be obtained accordingly.

∆solS)R(C-B ⁄ (T ⁄ K)) (10)

According to parameters of the modified Apelblat equation
listed in Table 3, ∆solH and ∆solS listed in Table 4 can be
calculated from eqs 9 and 10, respectively.

From Table 4, it is found that the course of each quinolone
dissolving in water in the experimental temperature range was
endothermic, ∆solH > 0, and ∆solS for each quinolone dissolving
in water was relatively large. The positive ∆solH and ∆solS for
each quinolone revealed that each quinolone being dissolved
in water was an entropy driving process. This phenomena likely
resulted from the different molecular structure and space
conformation between solute and solvent. Water molecules as
solvent are strong association complexes with small molecular
dimension.18 Owing to the solute quinolone molecules contain-
ing basic groups such as >NH and >N-, acidic groups such
as -COOH, and complicated groups with different character-
istics such as -CH3, >CO, and -F, quinolones perhaps involve
various forces such as electrostatic force, hydrogen bond,
hydrophobic interaction, and stereoscopic effect in the dissolving
process.17 The reason for the entropy increasing in the dissolving
process is that quinolones disrupted the alignment of water
molecules, therefore reducing the degree of order of the system
while they were dissolved in water. The endothermic effect in
the dissolving process (∆solH > 0) is perhaps because the
interactions between water molecules are more powerful than
those between quinolone molecules and water molecules. The
newly formed bond energy with quinolone molecules and water
molecules is not powerful enough to compensate for the energy
needed for breaking the original association bond in water.

Conclusion

The solubilities of ofloxacin, norfloxacin, lomefloxacin,
ciprofloxacin, pefloxacin, and pipemidic acid in water have been
determined experimentally from (293.15 to 323.15) K. The
experimental data were correlated with the modified Apelblat

equation. The calculated results show good agreement with the
experimental data.

Note Added after ASAP Publication: Table 4 in the original
posting of April 26, 2008, included several errors. These have been
corrected with the posting of May 3, 2008.
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(1) Picó, Y.; Andreu, V. Fluoroquinolones in soil-risks and challenges.

Anal. Bioanal. Chem. 2007, 387, 1287–1299.
(2) Faller, B.; Ertl, P. Computational approaches to determine drug

solubility. AdV. Drug DeliVery ReV. 2007, 59, 533–545.
(3) Ross, D. L.; Riley, C. Aqueous solubilities of some variously

substituted quinolone antimicrobials. Int. J. Pharm. 1990, 63, 237–
250.

(4) Yu, X.; Zipp, G. L.; Davidson, G. K. R. M. The effect of temperature
and pH on the solubility of quinolone compounds: estimation of heat
offusion. Pharm. Res. 1994, 11, 522–527.

(5) Apelblat, A.; Manzurola, E. Solubility of oxalic, malonic, succinic,
adipic, maleic, malic, citric, and tartaric acids in water from 278.15
to 338.15K. J. Chem. Thermodyn. 1987, 19, 317–320.

(6) Wang, L. C.; Wang, F. A. Solubilities of niacin in 3-picoline + water
from (287.65 to 359.15) K. J. Chem. Eng. Data 2004, 49, 155–156.

(7) Wang, F. A.; Wang, L. C.; Song, J. C.; Wang, L.; Chen, H. S.
Solubilities of bis(2,2,6,6-tetramethyl-4-piperidinyl) maleate in hexane,
heptane, octane, m-xylene, and tetrahyrofuran from (253.15 to
310.;5;15) K. J. Chem. Eng. Data 2004, 49, 1539–1541.

(8) Zhao, J. H.; Wang, L. C.; Wang, F. A. Solubilities of p-aminophenol
in sulfuric acid + water + (methanol, ethanol, 1-propanol, 2-propanol,
1,2-propanediol and glycerin, respectively) from (292.35 to 348.10)
K. J. Chem. Eng. Data 2006, 51, 376–381.

(9) Martinez, F.; Avila, C. M.; Gomez, A. Thermodynamic study of the
solubility of some sulfonamides in cyclohexane. J. Braz. Chem. Soc.
2003, 14, 803–808.

(10) Wang, F. A. Molecular Thermdynamics and Chromatographic Reten-
tion; Meteorology Press: Beijing, 2001; pp 172-176..

(11) Wang, F. A.; Wang, W. C.; Jiang, Y. L. A new model of dielectric
constant for binary solutions. Chem. Eng. Technol. 2000, 23, 623–
627.

(12) Wang, F. A.; Chen, H. S.; Zhu, J. Q.; Song, J. C.; Wang, Z. J.
Estimation of excess enthalpy for binary systems. Chem. Eng. J. 2002,
85, 235–243.

(13) Bourgois, D.; Thomas, D.; Fanlo, J. L.; Vanderschuren, J. Solubilities
at high dilution of toluene, ethylbenzene, 1,2,4-trimethylbenzene, and
hexane in di-2-ethylhexyl, diisoheptyl, and diisononyl phthalates.
J. Chem. Eng. Data 2006, 51, 1212–1215.

(14) Saboury, A. A.; Bordbar, A. K.; Moosavi-Movahedi, A. A. The
enthalpy of unfolding for jack bean urease with interaction of n-alkyl
trimethylammonium bromides. J. Chem. Thermodyn. 1996, 28, 1077–
1082.

(15) Lerchner, J.; Kirchner, R.; Seidel, J.; Wahlisch, D.; Wolf, G.; Konig,
W. A.; Lucklum, R. Determination of molar heats of absorption of
enantiomers into thin chiral coatings by combined IC-calorimetric and
microgravimetric (QMB) measurements. 2. Thermodynamics of enan-
tioelectivity in modified cyclodextrins. Thermochim. Acta 2006, 445,
98–103.

(16) Nazari, K.; Golchin, A. R.; Moosavi-Movahedi, A. A.; Saboury, A. A.;
Hakimelahi, G. H.; Shockravi, A.; Tangestani-Nejad, S. Microcalo-
rimetry and binding studies of DNA upon interaction with [pyridine
diamine]2[Co(phenanthroline dicarboxylate)2]. Thermochim. Acta 2005,
428, 157–163.

(17) Prausnitz, J. M.; Lichtenthaler, R. N.; Azevedo, E. G. Molecular
Thermodynamics of Fluid-Phase Equilibria, 3rd ed.; Prentice Hall:
Upper Saddle River, NJ, 1999; pp 645-647..

(18) Nagata, I.; Gotoh, K.; Tamura, K. Association model of fluids. Phase
equilibria and excess enthalpies in acid mixtures. Fluid Phase Equilib.
1996, 124, 31–54.

Received for review November 29, 2007. Accepted March 18, 2008.
Financial assistance from the Henan Province Natural Science Fund of
P. R. China (Grant Number 0611033400) is gratefully acknowledged.

JE7007044

Journal of Chemical & Engineering Data, Vol. 53, No. 6, 2008 1297


