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17The total solubility and protonation constant of acetaminophenwere determined in aqueous solution in different
18experimental conditions of ionic strength (0.1–2.0 mol dm−3 NaCl) and temperature (20–35 °C) using a combi-
19nation of potentiometric-spectrophotometricmethod. Using the pCH of dissolution and the protonation constant
20determined in the same condition allowed us to calculate the solubility of neutral species of the drug at different
21ionic strengths and various temperatures. The enthalpy and the entropy changes of dissolution and the proton-
22ation constant were determined at different ionic strengths using temperature variation method. The values of
23solubility and the thermodynamic parameters for dissolution and protonation equilibria of acetaminophen
24were also determined at zero ionic strength using a Debye–Hückel type equation and discussed on ionic strength
25and temperature.

26 © 2014 Published by Elsevier B.V.
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31 1. Introduction

32 Acetaminophen (N-acetyl-p-aminophenol), also known as paraceta-
33 mol, is a nonsteroidal drugwith potent antipyretic and analgesic actions
34 but with very weak anti-inflammatory activity [1,2]. When adminis-
35 tered to humans, it reduces levels of prostaglandin metabolites in
36 urine but does not reduce synthesis of prostaglandins by blood platelets
37 or by the stomachmucosa [3]. This compound is extensively used as an
38 alternative to aspirin without the secondary effects of the salicylates on
39 the gastricmucosa [4]. Some clinical studies [5,6] have shown that there
40 is not any advantage of analgesic or anti-inflammatory doses of ibupro-
41 fen over acetaminophen as symptomatic treatment for patients with
42 osteoarthritis. This compound reduces fever by blocking the formation
43 and release of prostaglandins in the central nervous system and
44 inhibiting the action of endogenous pyrogens at the hypothalamic ther-
45 moregulatory centers [7–9]. Acetaminophen-induced liver damage is
46 normally seen onlywith daily doses greater than 4 g [10,11]. Using acet-
47 aminophen more than this amount is associated to hepatic toxicity and
48 renal failure despite of its apparent innocuous character [12,13]. A
49 recent report has indicated that acetaminophen should not be used
50 more than 325 mg in one dosage. Because of its potent analgesic and
51 antipyretic actions, acetaminophen is generally regarded as an NSAID.
52 However, it lacks the other typical actions of NSAIDs, such as antiplate-
53 let activity and gastrotoxicity. Acetaminophen is rapidly and almost
54 completely absorbed following ingestion [14]. Studies have shown

55that the maximum absorption of the drug occurs in the small intestine
56with negligible absorption in the stomach [15,16]. In spite of its wide
57use, the mechanism of action of acetaminophen has not been fully elu-
58cidated. It is only a weak inhibitor of prostaglandin synthesis in vitro
59and appears to have very weak anti-inflammatory activity, although
60some reduction of tissue swelling after dental surgery has been reported
61[17,18].
62The first step to determine the physicochemical properties of a drug
63is to make it soluble in a solvent. So, it is necessary to measure the sol-
64ubility behavior of a drug in a solvent especially at various temperatures
65and different ionic strengths which can yield a thermodynamic descrip-
66tion of the system including enthalpy and entropy changes of dissolu-
67tion process.
68Most drugs have acidic or basic functionalities. Depending on both
69pH and the protonation constant of the drug, different chemical species
70may exist in the solution, including cationic, anionic, or neutral species,
71which often have different properties with respect to solubility, UV
72absorption, etc. The ionized species is usually more soluble in water,
73while the neutral form is more lipophilic [14,19].
74In the present work, the thermodynamic properties (protonation
75constant, solubility, enthalpy and entropy changes of protonation and
76dissolution) of acetaminophen are determined in different tempera-
77tures (20–35 °C) and various ionic strengths (in the range of 0.1 to
782.0mol dm−3 NaCl) in aqueous solution using a combination of spectro-
79photometric and potentiometricmethods. Theparameterswhichdefine
80the dependency on ionic strength were analyzed with the aim of
81obtaining further information with regard to their variation as a func-
82tion of the charges involved in the protonation reaction. Moreover, a
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83 Debye–Hückel type equation was established for the dependence of
84 protonation constant and the thermodynamic parameters on ionic
85 strength.

86 2. Experimental

87 2.1. Materials

88 Acetaminophen, Scheme 1, was obtained as a gift from Temad
89 Pharmaceutical Company (Iran). The purity of the drug, checked by
90 alkalimetric titration, was higher than 99%. Hydrochloric acid and sodi-
91 umhydroxide solutions (Merck), prepared from concentrated ampoules,
92 were standardized against sodium carbonate and potassium hydrogen
93 phthalate, respectively. Sodium chloride solutions were prepared by
94 weighing the pure salt previously dried in an oven at 110 °C. All dilute
95 solutionswere prepared fromdouble-distilledwaterwith a conductance
96 equal to 1.2 ± 0.1 μS.

97 2.2. Apparatus

98 The electromotive force was measured using a Metrohmmodel 781
99 pH ion-meter (resolution ±0.1 mV), using a combined glass-pH elec-
100 trode (model 6.0258.000). All titrations were carried out in a 80 mL
101 thermostated double-walled glass vessel.
102 Spectrophotometric measurements were performed on a UV–vis
103 Shimadzu 2100 spectrophotometer with a Pentium 4 computer and
104 using thermostated matched 10 mm quartz cells. The measurement
105 cell was of the flow type. A peristaltic pump allowed circulation of the
106 solution under study from the potentiometric cell to the spectrophoto-
107 metric cell, so the absorbance and the emf of the solution could bemea-
108 sured simultaneously. To exclude carbon dioxide from the system, a
109 stream of purified nitrogen was passed through a sodium hydroxide
110 solution and then bubbled slowly through the reaction solution.

111 2.3. Procedure

112 Allmeasurementswere performed over the temperature range from
113 20 to 35 °C at atmospheric pressure. To obtain the solubility of acet-
114 aminophen, a saturated solution was prepared by addition of an excess
115 of the drug to solutions containing NaCl (0.1 to 2.0 mol dm−3) as
116 supporting electrolytes using double distilled water. The solid–liquid
117 mixtures were then stirred in a mechanical shaker for 2 h. Samples
118 were then allowed to stand in water baths kept at the appropriate
119 temperature (±0.1 °C) for 24 h to reach the equilibrium. The saturated
120 solutions were centrifuged and then filtered through a cellulose mem-
121 brane filter. The emf and the absorbance of the diluted solutions were
122 recorded in the range of 200 to 300 nm. The concentration of the drug
123 in each solution was determined using a calibration curve which previ-
124 ously prepared. In order to permit conversion between molarity and
125 mole fraction concentration scales, the density of the saturated solu-
126 tions was determined with a digital density meter (Anton Paar, model
127 DMA 4500 M, precision ±0.00001 g cm−3).
128 The protonation constant was evaluated from the measurement of
129 absorbance versus emf by titration of acetaminophen solution (5.0 ×
130 10−5 to 8.0 × 10−5 mol dm−3) with 0.1 mol dm−3 sodium hydroxide

131solution both with the same ionic strength at the desired temperature.
132In the first step, the electrode system calibration was performed by
133the Gran's method [20]. For this purpose a measured amount of an
134acidic solution (0.01mol · dm−3 HCl), at the same condition of temper-
135ature and ionic strength to be used in later experiments, was placed in
136the double-wall thermostated vessel. The acidic solution was then
137titrated with a strong base (0.1 mol · dm−3 NaOH, each addition
13850 μL). The potential was allowed to stabilize after each addition
139of the titrant and the recorded emf values were then used to obtain
140the cell parameter (E°), and electrode calibration slope, Nernstian
141parameter (k). The procedure was continued to pH ≅ 3. Usually, 10 to
14212 additions are enough for this purpose. It is necessary to add that
143the slope, k, of the Nernst equation was very close to its theoretical
144value and always in the range of 59.1–59.2. In the second step, 25 mL of
145an acidic solution (0.01 mol dm−3 HCl) of acetaminophen (5.0 × 10−5

146to 8.0 × 10−5 mol dm−3) was added to above solution with appro-
147priate amounts of NaCl solution to achieve a total desired ionic
148strength. The solutionwas again titratedwith a sodiumhydroxide solu-
149tion (0.1 mol dm−3 with sufficient NaCl solution to achieve a desired
150constant ionic strength). The emf and the absorbance values (in the
151range of 200 to 300 nm and interval of 0.5 nm) were then determined.
152The procedure was repeated in different ionic strengths and various
153temperatures. The recorded emf values were then converted to pCH

154(− log [H+]) using the method described in the literature [21]. In solu-
155tion, the measured potential of the cell can be written as:

Ecell ¼ E∘cell þ k � log Hþh i
þ k � log γHþ þ ELJ ð1Þ

157157where E°cell is the standard potential of the cell, ELJ is the liquid junction
potential, k = 2.303RT/F in which R, T and F have the usual meaning,

158and γHþ is the activity coefficient of hydrogen ion. Difficulties in com-
159puting the activity coefficients of hydrogen ion in aqueous solutions
160with different ionic strengths and various temperatures lead to mea-
161surement of emf (electromotive force) versus H+ concentration in solu-
162tion. Because the ionic strength of the solution is kept constant, in each
163run, so the activity coefficient of hydrogen ion is constant too. The non-
164ideality of solutions is then included in Ea′ (the specific constant of the
165potentiometric cell in the acidic region), so

Ecell ¼ E0a þ k � log Hþh i
ð2Þ

167167where Ea′ is E
∘
cell þ k � log γHþ þ ELJ. The hydrogen ion concentration can

be expressed as:

Hþh i
¼ MHClV0–MNaOHV1ð Þ= V0 þ V1ð Þ ð3Þ

169169whereMHCl andMNaOH are themolarities of hydrochloric acid and sodi-
um hydroxide, V0 and V1 are the initial volume of hydrochloric acid and

170the added volume of sodium hydroxide solution, respectively.

1713. Results and discussion

1723.1. Solubility

173The total solubility, St, of the drug depends on concentration of the
174different species of acetaminophen (anionic and neutral) present in a
175solution, according to the following protonation equilibria:

L− þ Hþ ⇄HL K ¼ HL½ �
Hþ½ � L−½ � ð4Þ

177177

178
St ¼ HL½ � þ L−½ � ð5Þ

180180where K is the protonation constant of acetaminophen (see hereafter)
and HL and L− are the different species of the drug involved in the pro-

181tonation equilibria studied. If we designate the solubility of the neutralScheme 1. The chemical structure of acetaminophen.
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