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The equilibrium solubility of ribavirin in solvent mixtures of {methanol (1) + water (2)}, {n-propanol (1)
+ water (2)}, {acetonitrile (1) + water (2)} and {1,4-dioxane (1) + water (2)} was determined experimen-
tally by using isothermal dissolution equilibrium method within the temperature range from (278.15 to
318.15) K under atmospheric pressure (101.1 kPa). At the same temperature and mass fraction of metha-
nol (n-propanol, acetonitrile or 1,4-dioxane), the mole fraction solubility of ribavirin is greater in (metha-
nol + water) than in the other three solvent mixtures. The preferential solvation parameters were derived
from their thermodynamic solution properties by means of the inverse Kirkwood–Buff integrals. The
preferential solvation parameters for methanol, n-propanol, acetonitrile or 1,4-dioxane (dx1,3) were neg-
ative in the four solvent mixtures with a very wide compositions, which indicated that ribavirin was pref-
erentially solvated by water. Temperature had little effect on the preferential solvation magnitudes. The
higher solvation by water could be explained in terms of the higher acidic behaviour of water interacting
with the Lewis basic groups of the ribavirin. Besides, the solubility of the drugs was mathematically
represented by using the Jouyban-Acree model, van’t Hoff-Jouyban-Acree model and Apelblat-Jouyban-
Acree model obtaining average relative deviations lower than 1.57% for correlative studies. It is notewor-
thy that the solubility data presented in this work contribute to expansion of the physicochemical
information about the solubility of drugs in binary solvent mixtures and also allows the thermodynamic
analysis of the respective dissolution and specific solvation process.

� 2017 Elsevier Ltd.
1. Introduction

The drugs solubility in solvent mixtures as a function of temper-
ature and composition is evaluated essentially for the aims of raw
material purification, design of liquid dosage forms, and under-
standing of the mechanisms regarding to the physical and chemi-
cal stability of pharmaceutical dissolutions [1,2]. Therefore, the
solubility of active ingredients is a significant physicochemical
property to be considered in pharmaceutical design because it
affects the drug efficacy, influencing several biopharmaceutical
and pharmacokinetic properties [3,4]. Moreover, temperature-
dependence of the solubility allows evaluating the preferential sol-
vation of the solute by the solvent components in mixtures, which
gives a powerful tool in the understanding of molecular interac-
tions in relation to the dissolution processes of drug [5–7].
Ribavirin (II) (CAS Registry No. 36791-04-5, chemical structure
shown in Fig. S1 of Supporting material) is a well-known antiviral
drug with a broad spectrum of action. Because of its activity
against both RNA and DNA viruses [8], it is recommended for the
treatment of some infectious disorders including herpes [9], respi-
ratory syncytial viral disease, and acute respiratory infections
caused by adenovirus [10]. At present, ribavirin is also part of a
combination therapy for the treatment of hepatitis C [11–16] and
Lassa fever [14,15]. Furthermore, it has been evaluated for severe
acute respiratory syndrome (SARS) and as an anti-cancer drug with
successful results for the treatment of leukemia and breast cancer
[16–18]. Due to its good properties, ribavirin has been received
great attention. Nevertheless, in spite of the usefulness of this drug,
the physicochemical properties of ribavirin in aqueous and organic
solutions have not been studied systematically in the previous
works [19–24].

Although several theoretical and semi-empirical models have
employed to predict drug solubility in solvent mixtures, the
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availability of experimental data is still fundamental for the phar-
maceutical scientists [1,25]. It is well-known that solvent mixtures
has been widely used in pharmacies long ago [1–4], only recently
the mechanisms involving in the increase or decrease in drugs’ sol-
ubility start to be approached from a deep thermodynamic point of
view, including the analysis of the preferential solvation of solute
by the components of mixtures [5–7,26–30]. In terms of the con-
siderations mentioned above, the main goal of this work is to
report the equilibrium solubility of ribavirin in {methanol (1)
+ water (2)}, {n-propanol (1) + water (2)}, {acetonitrile (1) + water
(2)}+ and {1,4-dioxane (1) + water (2)} mixtures at different tem-
peratures in order to evaluate the respective thermodynamic
quantities of the solution, as well as the preferential solvation of
the drug by these organic solvents. This research expands the avail-
able solubility data about drug in neat organic solvents and solvent
mixtures [1] and also allows the thermodynamic analysis of the
respective dissolution and specific solvation process. It is notewor-
thy that methanol and 1,4-dioxane is not used to develop liquid
medicines due to its high toxicity. But in some instances methanol
is used in drug purification procedures [31], as well as solvent in
some drug microencapsulation techniques [32]. Moreover, metha-
nol is widely used as mobile phase in high performance liquid
chromatography [33]. In addition, 1,4-dioxane is widely used as a
model co-solvent because it is miscible with water in all the range
of compositions although it exhibits a low polarity as described by
its dielectric constant [34]. Even more, the Jouyban–Acree model
has been used to correlate the solubility of a lot of drugs in
{methanol/1,4-dioxane (1) + water (2)} mixtures [35]. n-Propanol
and acetonitrile are green solvents [36] and miscible with water
in all compositions. In addition, although n-propanol is not widely
used as co-solvent for design of liquid medicines, it has been used
as solvent in the pharmaceutical industry for resins and cellulose
esters [37,38]. Acetonitrile is most widely utilized because of the
high resolution attainable probably due to the low viscosity of
water-acetonitrile mixtures [39]. Moreover, the water-
acetonitrile mixtures may have a partially hydrophobic character
similar to the methanol system since only the OH group in metha-
nol is replaced by the CN group in acetonitrile.

2. Experimental

2.1. Materials and apparatus

Ribavirin (II) was provided by Shanghai Sharing Technologies
Co., Ltd., China with a mass fraction of 0.983. It was purified three
times in methanol. The final composition of ribavirin (II) used for
solubility measurement was 0.996 in mass fraction, which was
analysed by using a high-performance liquid chromatography
(HPLC, Agilent 1260). The four neat solvents (methanol, n-
propanol, acetonitrile and 1,4-dioxane) were provided by Sino-
pharm Chemical Reagent Co., Ltd., China, the mass fraction purities
of which were all no less than 0.994 determined by gas chromatog-
raphy {Smart (GC-2018)}. The water was twice distilled water pre-
pared in our lab, which conductivity was less than 2 lS�cm�1. The
detailed information of these chemicals was presented in Table S1
of Supporting material.

The diagram of solubility determination apparatus was given in
Fig. S2 of Supporting material. The experimental apparatus con-
sisted of a 100 ml jacketed glass vessel with a circulating (water
+ isopropanol) system and a magnetic stirrer. The temperature of
circulating (water + isopropanol) mixture was kept by a thermo-
static bath (Model: QYHX-1030), which was provided by Shanghai
Joyn Electronic CO., Ltd., China and had a standard uncertainty of
0.05 K. The actual temperature of solution was displayed by a mer-
cury glass micro thermometer (standard uncertainty: 0.02 K)
inserted in the inner chamber of the jacket glass vessel. A con-
denser was employed to avoid escaping of the solvent. An analyt-
ical balance (model: BSA224S) having a standard uncertainty of
0.0001 g and provided by Satorius Scientific Instrument (Beijing)
was used to determine the mass of the solute, solvent, and satu-
rated solution. The reliability of apparatus was verified in advance
by determining the benzoic acid solubility in toluene [40,41].
2.2. Preparation of solvent mixtures

During the experiment, we use the analytical balance (model:
BSA224S) to prepare the solvent mixtures. Each mixed solvent in
the glass vessel was about 60 mL, and the relative standard uncer-
tainty of which was estimated to be 0.0002. The mass fractions of
organic solvent in the binary mixtures varied from 0 to 1. The glass
vessel was covered with a stopper to prevent the solvent from
escaping during the preparation procedure of solvent mixtures.
During the experiment, the atmospheric pressure was about
101.1 kPa.

2.3. Solubility measurement

In this work the solid-liquid equilibrium for ribavirin in binary
solvent mixtures of (methanol + water), (n-propanol + water), (ace-
tonitrile + water) and (1,4-dioxane + water) was determined by an
isothermal dissolution equilibrium method [40–45], and the high-
performance liquid phase chromatograph was employed to deter-
mine the solubility of ribavirin in equilibrium liquid phase.

For each experiment, saturated solutions of ribavirin (II) were
prepared in the jacketed glass vessel. An excessive amount of rib-
avirin (II) was introduced into the jacketed glass vessel filled with
about 60 ml solvent mixtures. Continuous stirring was achieved by
using a magnetic stirrer at a given temperature to mix the solution
intensively. The temperature of the solutions was kept at a desired
value by circulating (water + isopropanol) mixture from the ther-
mostatic bath through the outer jacket. So as to obtain the equili-
bration time of the studied systems, about 0.5 ml liquid phase was
withdrawn every one hour by using a 2 mL of preheated syringe
equipped with a pore syringe filter (PTFE 0.2 lm), and then anal-
ysed by the high-performance liquid phase chromatograph
(Agilent-1260). Once the composition of liquid phase didn’t vary,
the system was believed to reach equilibrium. In order to make
sure that sampling was performed at equilibrium conditions, two
types of experiments were carried out, one starting from a super-
saturated solution, in which the solid phase precipitated to reach
equilibrium and the other starting from a non-saturated solution,
in which solid dissolved to reach equilibrium. The results revealed
that it took about 13 h to reach equilibrium for all the studied sys-
tems. Once the mixture arrived at equilibrium, stirring was turned
off to allow any undissolved solute to be precipitated. One hour
later, the upper liquid phase was withdrawn using the 2 ml of
preheated or precooled syringe, and transferred rapidly to a pre-
weighed volumetric flask equipped with a rubber stopper. The
volumetric flask filled with sample was weighed again with the
analytical balance. Subsequently, the sample was diluted with
methanol, and 1 ll of the solution was withdrawn for analysis by
using the high-performance liquid chromatography.The equilib-
rium mole fraction solubility of ribavirin (II) ðxw;TÞ in the four bin-
ary solvent mixtures are obtained with Eq. (1), and the initial
composition of binary solvent mixtures (w) is calculated with
Eqs. (2) and (3).

xw;T ¼ m1=M1

m1=M1 þm2=M2 þm3=M3
ð1Þ
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w1 ¼ m2

m2 þm3
ð2Þ

w2 ¼ m3

m2 þm3
ð3Þ

where m1 is the mass of ribavirin; m2 is the mass of methanol, n-
propanol, acetonitrile and 1,4-dioxane, and m3 is the mass of water.
M1, M2 and M3 are the corresponding molar mass.

2.4. Analysis method

The concentration of ribavirin was analysed by the Agilent-
1260 high-performance liquid chromatography (HPLC). The chro-
matographic column was a reverse phase column with a type of
LP-C18 (250 mm � 4.6 mm), which temperature was kept at
303 K. The wavelength of the UV detector was set to 210 nm,
which was determined by continuous UV-Scanning. The mobile
phase comprised two component, which were methanol and water
with a flow rate of 0.8 ml�min�1. The volume ratio of methanol to
water was 25:75. Each analysis was carried out three times, and
the average value of three measurements was regarded as the final
value of the analysis. The relative standard uncertainty is esti-
mated to be 4.5% in mole fraction solubility.

2.5. X-ray powder diffraction

The crystal of ribavirin was identified by X-ray powder diffrac-
tion (XPRD) carried out on a HaoYuan DX-2700B (HaoYuan, China)
instrument. The samples were determined by Cu Ka radiation
(k = 1.54184 nm), and the tube voltage and current were set at
40 kV and 30 mA, respectively. The data were collected at room
temperature from 5� to 80� (2-Theta) at a scan speed of
6 deg�min�1 under atmospheric pressure.

3. Results and discussion

3.1. X-ray powder diffraction analysis

Ribavirin has long been known to exist in two enantiotropically
related polymorphic forms (I and II) [46–48]. Form II is the stable
form at ambient temperature and melts at 439–441 K; while form
I, the metastable polymorph, melts at (447–449) K [47,48]. In order
to demonstrate the existence of polymorph transformation or sol-
vate formation of ribavirin during the solubility determination, the
equilibrium solid phase is collected and analysed by XRD. The pat-
terns of the raw material and the solids crystallized in neat sol-
vents and solvent mixtures are plotted in Fig. S3 of Supporting
material. It is confirmed by XRD pattern that all the XRD patterns
of solid phase of ribavirin in equilibrium with its solution have
the same characteristic peaks with the raw material, which corre-
sponds to form II reported in literatures [46–48]. Therefore, it can
be concluded that there was no polymorph transformation or sol-
vate formation during the entire experiment.

3.2. Solubility results

The determined mole fraction solubility of ribavirin in binary
solvent mixtures of (methanol + water), (n-propanol + water), (ace-
tonitrile + water) and (1,4-dioxane + water) are presented in Tables
1–4, respectively. In addition, the relationship between the mole
fraction solubility and temperature and solvent composition are
shown graphically in Figs. 1–4. It can be seen that, for the studied
solvent mixtures, the ribavirin solubility is a function of tempera-
ture and solvent composition. The solubility of ribavirin increase
with increasing temperature and mass fraction of water for the
binary systems studied. The maximum solubility of ribavirin is
observed in water. It can also be seen from Tables 1-4 that, at
the same temperature and solvent composition, the solubility
of ribavirin in (methanol + water) is greater than those in
(n-propanol + water), (acetonitrile + water) and (1,4-dioxane
+ water). This behaviour may be due to the relative strong polarity
of ribavirin molecule. At the same composition, the polarities of the
four mixed solvents rank as (methanol +water) > (n-propanol
+ water) > (acetonitrile + water) > (1,4-dioxane + water) [49].
Therefore, the solubilities of ribavirin in (methanol +water) are
larger than those in the other solvent mixtures.

It is noteworthy that the mole-fraction solubility of ribavirin (II)
in water at 298.15 K determined in this work is 0.01741, which is a
little larger than 0.0103 (142 mg�mLl�1) reported by Benet [19],
Goodarzi [20], Dave [21] and Chen [22], 0.0109 (149 mg�mL�1)
reported by Vasa [23], and 0.0124 (169.99 mg�mL�1) reported by
Prasanthi [24]. The difference may be due to many factors, such
as determination method, equilibration time, purity, sampling,
analysis method and so on. Based on study made by Vasa and
Wildfong [23], ribavirin (II) reached a maximum solubility within
30 min. On the other hand, it can also be seen from the plots of
the ribavirin (II) concentrations in distilled water as a function of
time that, when the dissolution time is 180 min, the concentration
of ribavirin (II) in water remains increased obviously. Therefore, it
can be speculated that if the time is prolonged, the ribavirin (II)
concentration will also increase. In other words, the concentration
(149 mg�ml�1) at 30 min is not the equilibrium solubility of rib-
avirin (II) in water at studied temperature.
3.3. Solubility modelling

The models presented from 1960 to 2007 for correlating the sol-
ubility of a solid in solvent mixtures have been reviewed in Ref.
[25]. In the present work, three models are used to correlate the
solubility of ribavirin in binary solvent mixtures of (methanol
+ water), (n-propanol + water), (acetonitrile + water) and (1,4-
dioxane + water) at different temperatures, which correspond to
Jouyban�Acree model [25,41,50], a combination of the Jouy-
ban�Acree model with van’t Hoff equation [41,50], and a combina-
tion of the Jouyban�Acree model with modified Apelblat equation
[41,50].

3.3.1. Jouyban-Acree model
The Jouyban-Acree model is expressed as Eq. (4). This model can

provide accurate mathematical description for the dependence of
solute solubility on both temperature and solvent composition
for binary and ternary mixed solvents [25,41,50].

ln xw;T ¼ w1 ln x1;T þw2 ln x2;T þw1w2

T=K

X2
i¼0

Jiðw1 �w2Þi ð4Þ

where xw,T denotes the mole fraction solubility of solute in solvent
mixtures at temperature T/K;w1 andw2 are the mass fraction of sol-
vents 1 (methanol, n-propanol, acetonitrile or 1,4-dioxane) and 2
(water) in the absence of the solute (ribavirin), respectively; x1,T
and x2,T are the solute solubility in mole fraction in neat solvent;
and Ji are the Jouyban-Acree model parameters.

3.3.2. Van’t Hoff-Jouyban-Acree model
The van’t Hoff equation is an ideal model, which is described as

ln xT ¼ Aþ B
T=K

ð5Þ

Combining Eq. (4) and Eq. (5), the van’t Hoff-Jouyban-Acree
model can be obtained [41,50] and expressed as Eq. (6).



Table 1
Experimental mole fraction solubility ðxeT;w � 102Þ of ribavirin in mixed solvent of methanol (w) + water (1 � w) with various mass fractions within the temperature range from
T/K = (278.15 to 318.15) under p = 101.1 kPa.a

T/K xeT;w � 102

w

1 0.8994 0.7988 0.7005 0.5992 0.4998 0.3999 0.3001 0.2013 0.0991 0

278.15 0.03788 0.08134 0.1308 0.1892 0.2436 0.2783 0.3223 0.3731 0.4335 0.5198 0.5803
283.15 0.05168 0.1124 0.1847 0.2601 0.3143 0.3734 0.4277 0.4967 0.5831 0.6939 0.7755
288.15 0.07109 0.1513 0.2424 0.3362 0.4317 0.5013 0.5778 0.6679 0.7811 0.9040 1.039
293.15 0.09523 0.1998 0.3232 0.4470 0.5496 0.6577 0.7549 0.8748 1.023 1.197 1.354
298.15 0.1278 0.2652 0.4275 0.5893 0.7267 0.8507 0.9801 1.127 1.319 1.528 1.741
303.15 0.1710 0.3457 0.5433 0.7411 0.9312 1.076 1.254 1.432 1.665 1.939 2.190
308.15 0.2231 0.4424 0.7165 0.9509 1.152 1.346 1.553 1.819 2.085 2.422 2.732
313.15 0.2929 0.5844 0.9178 1.204 1.463 1.698 1.988 2.242 2.584 2.981 3.347
318.15 0.3791 0.7427 1.179 1.547 1.891 2.113 2.424 2.756 3.158 3.630 4.053

a Standard uncertainties u are u(T) = 0.02 K, u(p) = 0.45 kPa; Relative standard uncertainty ur is ur (x) = 0.045. Solvent mixtures were prepared by mixing different masses of
the solvents with relative standard uncertainty ur(w) = 0.0002. w represents the mass fraction of methanol in mixed solvents of methanol (w) + water (1 � w).

Table 2
Experimental mole fraction solubility ðxeT;w � 102Þ of ribavirin in mixed solvent of n-propanol (w) + water (1 � w) with various mass fractions within the temperature range from
T/K = (278.15 to 318.15) under p = 101.1 kPa.a

xeT;w � 102

T/K w

1 0.8998 0.7991 0.7009 0.5999 0.5002 0.3989 0.2991 0.2003 0.0999 0

278.15 0.005986 0.03793 0.1153 0.1750 0.2235 0.2459 0.2773 0.3418 0.4509 0.5644 0.5803
283.15 0.008689 0.05375 0.1436 0.2415 0.3014 0.3329 0.3743 0.4625 0.6113 0.7555 0.7755
288.15 0.01219 0.07412 0.1934 0.3214 0.4028 0.4415 0.5048 0.6187 0.8041 1.024 1.039
293.15 0.01715 0.1013 0.2618 0.4269 0.5343 0.5866 0.6658 0.8146 1.042 1.339 1.354
298.15 0.02417 0.1347 0.3486 0.5669 0.7155 0.7718 0.8736 1.057 1.375 1.677 1.741
303.15 0.03320 0.1838 0.4716 0.7366 0.9113 0.9928 1.120 1.364 1.723 2.119 2.190
308.15 0.04547 0.2438 0.6207 0.9532 1.153 1.286 1.429 1.727 2.190 2.654 2.732
313.15 0.06169 0.3214 0.7960 1.218 1.489 1.619 1.796 2.155 2.683 3.242 3.347
318.15 0.08289 0.4186 1.014 1.538 1.836 2.012 2.258 2.664 3.311 3.955 4.053

a Standard uncertainties u are u(T) = 0.02 K, u(p) = 0.45 kPa; Relative standard uncertainty ur is ur (x) = 0.045. Solvent mixtures were prepared by mixing different masses of
the solvents with relative standard uncertainty ur(w) = 0.0002. w represents the mass fraction of n-propanol in mixed solvents of n-propanol (w) + water (1 � w).

Table 3
Experimental mole fraction solubility ðxeT;w � 102Þ of ribavirin in mixed solvents of acetonitrile (w) + water (1-w) with various mass fractions within the temperature range from
T/K = (278.15 to 318.15) under p = 101.1 kPa.a

T/K xeT;w � 102

w

1 0.8993 0.7998 0.7006 0.5997 0.5008 0.3995 0.3007 0.2008 0.0999 0

278.15 0.0008602 0.01479 0.07012 0.1471 0.1991 0.2249 0.2573 0.3174 0.4258 0.5564 0.5803
283.15 0.001331 0.02185 0.09971 0.2062 0.2788 0.3119 0.3543 0.4339 0.5759 0.7429 0.7755
288.15 0.001941 0.03044 0.1349 0.2767 0.3715 0.4180 0.4746 0.5827 0.7726 0.9993 1.039
293.15 0.002769 0.04141 0.1817 0.3643 0.4875 0.5486 0.6225 0.7628 1.010 1.301 1.354
298.15 0.003961 0.05662 0.2414 0.4814 0.6410 0.7174 0.8120 0.9910 1.312 1.664 1.741
303.15 0.005644 0.07711 0.3187 0.6285 0.8302 0.9241 1.041 1.263 1.654 2.107 2.190
308.15 0.007877 0.1037 0.4151 0.8106 1.072 1.182 1.325 1.613 2.068 2.638 2.732
313.15 0.01097 0.1377 0.5382 1.037 1.337 1.483 1.654 2.009 2.574 3.238 3.347
318.15 0.01501 0.1791 0.6911 1.311 1.673 1.868 2.087 2.459 3.153 3.937 4.053

a Standard uncertainties u are u(T) = 0.02 K, u(p) = 0.45 kPa; Relative standard uncertainty ur is ur (x) = 0.045. Solvent mixtures were prepared by mixing different masses of
the solvents with relative standard uncertainty ur(w) = 0.0002. w represents the mass fraction of acetonitrile in mixed solvents of acetonitrile (w) + water (1-w).
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ln xw;T ¼ w1 A1 þ B1

T=K

� �
þw2 A2 þ B2

T=K

� �

þw1w2

T=K

X2
i¼0

Jiðw1 �w2Þi ð6Þ

A1, B1 and A2, B2 are equation parameters.
3.3.3. Modified Apelblat-Jouyban-Acree model
The modified Apelblat equation is a semi-empirical model hav-

ing three parameters. It may be employed to describe a nonlinear
relationship between solubility ðln xTÞ in neat solvent and recipro-
cal of absolute temperature (1/T) and is described as

ln xT ¼ Aþ B
T=K

þ C lnðT=KÞ ð7Þ

where A, B, and C are equation parameters; and also xT is the mole
fraction solubility of ribavirin in studied mixed solvents at absolute
temperature T in Kelvin.

By substituting Eq. (7) into Eq. (4), the modified Apelblat-
Jouyban-Acree model can be obtained as Eq. (8) [41,50].



Table 4
Experimental mole fraction solubility ðxeT;w � 102Þ of ribavirin in mixed solvents of 1,4-dioxane (w) + water (1 � w) with various mass fractions within the temperature range from
T/K = (283.15 to 318.15) under p = 101.1 kPa.a

T/K xeT;w � 102

w

1 0.8992 0.7998 0.7003 0.5988 0.4999 0.4007 0.3011 0.2009 0.0994 0

283.15 0.007057 0.04835 0.1382 0.2338 0.2965 0.3376 0.3847 0.4661 0.5939 0.7362 0.7755
288.15 0.01009 0.06709 0.1892 0.3181 0.4015 0.4550 0.5161 0.6271 0.7976 0.9885 1.039
293.15 0.01453 0.09314 0.2586 0.4279 0.5376 0.6069 0.6894 0.8294 1.036 1.288 1.354
298.15 0.02028 0.1267 0.3438 0.5632 0.7064 0.7925 0.8975 1.073 1.342 1.651 1.741
303.15 0.02823 0.1682 0.4534 0.7368 0.9179 1.026 1.168 1.364 1.725 2.111 2.190
308.15 0.03869 0.2244 0.5920 0.9516 1.180 1.287 1.468 1.759 2.164 2.644 2.732
313.15 0.05272 0.2956 0.7644 1.219 1.487 1.656 1.857 2.165 2.682 3.235 3.347
318.15 0.07122 0.3894 0.9817 1.543 1.883 2.092 2.288 2.693 3.271 3.930 4.053

a Standard uncertainties u are u(T) = 0.02 K, u(p) = 0.45 kPa; Relative standard uncertainty ur is ur (x) = 0.045. Solvent mixtures were prepared by mixing different masses of
the solvents with relative standard uncertainty ur(w) = 0.0002. w represents the mass fraction of 1,4-dioxane in mixed solvents of 1,4-dioxane (w) + water (1 � w).

wT/K

Fig. 1. Mole fraction solubility (x) of ribavirin in methanol (w) + water (1 � w)
mixed solutions with various mass fractions at different temperatures: w, mass
fraction of methanol; h, w = 0; s, w = 0.0991; }, w = 0.2013; q, w = 0.3001; 4,
w = 0.3999; j, w = 0.4998; d, w = 0.5992; ▲, w = 0.7005; ◆, w = 0.7988; w,
w = 0.8994; .; w = 1. —, calculated curves by the Jouyban � Acree model.

wT/K

Fig. 2. Mole fraction solubility (x) of ribavirin in n-propanol (w) + water (1 � w)
mixed solutions with various mass fractions at different temperatures: w, mass
fraction of n-propanol; h, w = 0; s, w = 0.0999; }, w = 0.2003; q, w = 0.2991; 4,
w = 0.3989; j, w = 0.5002; d, w = 0.5999; ▲, w = 0.7009; ◆, w = 0.7991; w,
w = 0.8998; .; w = 1. —, calculated curves by the Jouyban � Acree model.

wT/K

Fig. 3. Mole fraction solubility (x) of ribavirin in acetonitrile (w) + water (1 � w)
mixed solutions with various mass fractions at different temperatures: w, mass
fraction of acetonitrile; h, w = 0; s, w = 0.0999; }, w = 0.2008; q, w = 0.3007; 4,
w = 0.3995; j, w = 0.5008; d, w = 0.5997; ▲, w = 0.7006; ◆, w = 0.7998; w,
w = 0.8993; .; w = 1. —, calculated curves by the Jouyban � Acree model.

wT/K

Fig. 4. Mole fraction solubility (x) of ribavirin in 1,4-dioxane (w) + water (1 � w)
mixed solutions with various mass fractions at different temperatures: w, mass
fraction of 1,4-dioxane; h, w = 0; s, w = 0.0994; }, w = 0.2009; q, w = 0.3011; 4,
w = 0.4007; j, w = 0.4999; d, w = 0.5988; ▲, w = 0.7003; ◆, w = 0.7998; w,
w = 0.8992; .; w = 1. —, calculated curves by the Jouyban � Acree model.
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ln xw;T ¼ w1 A1 þ B1

T=K
þ C1 lnðT=KÞ

� �

þw2 A2 þ B2

T=K
þ C2 lnðT=KÞ

� �

þw1w2

T=K

X2
i¼0

Jiðw1 �w2Þi ð8Þ
The experimental solubility values of ribavirin in (methanol
+ water), (n-propanol + water), (acetonitrile + water) and (1,4-
dioxane + water) mixtures are correlated and calculated with Eqs.
(4), (6) and (8). The objective function is described as

F ¼
X
i¼1

ðln xew;T � lnwc
w;TÞ2 ð9Þ

In order to show the error and evaluate the different models,
the relative average deviation (RAD) and root-mean-square devia-
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tion (RMSD) are employed, which are described as Eqs. (10) and
(11).

RAD ¼ 1
N

X jxcw;T � xew;Tj
xew;T

 !
ð10Þ
RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1ðxcw;T � xew;TÞ2
N

s
ð11Þ

where N is the number of experimental data points. xew;T denotes the
mole fraction solubility determined in this work; and xcw;T, the mole
fraction solubility calculated with the corresponding solubility
model.

The parameters in Eqs. (4) to (8) were acquired by using Math-
cad software based on the experimental solubility values. The
obtained values of model parameters together with the RAD and
the RMSD values are presented in Table S2 of the Supporting mate-
rial. The solubility of ribavirin in the four binary mixtures of
(methanol + water), (n-propanol + water), (acetonitrile + water)
and (1,4-dioxane + water) are evaluated on the basis of the
regressed parameters’ values. The calculated solubilities using
the Jouyban�Acree model are plotted in Figs. 1–4. It can be seen
from Table S2 that for the studied binary solvent mixtures, the
maximum value of relative average deviations (RAD) is 1.57%,
which is obtained with the van’t Hoff-Jouyban-Acree model for
the system of (n-propanol + water). Besides, the root-mean-
square deviations (RMSD) are no greater than 2.14 � 10�4. Compar-
ison with the other models, the values of RAD and RMSD obtained
with the Jouyban-Acree model is relatively small. On the whole,
the three models can all be employed to correlate the solubility
of ribavirin in the binary mixtures of (methanol + water), (n-
propanol + water), (acetonitrile + water) and (1,4-dioxane + water)
at all initial composition ranges, and the Jouyban-Acree model pro-
vides better correlation results than the other two models.
3.4. Dissolution property

Thermodynamic property of a solute dissolved in mixed solvent
can provide significant information for the dissolution process. The
standard dissolution enthalpy ðDHo

solÞ for dissolution process of rib-
avirin in the studied solvent mixtures may be attained from the
famous van’t Hoff analysis [38,41].

DHo
sol ¼ �R

@ ln xm;T

@ð1=TÞ
� �

p
¼ �R

@ ln xm;T

@½ð1=TÞ � ð1=ThmÞ�
� �

p
ð12Þ

here R is the universal gas constant (8.314 J�K�1�mol�1). Thm stands
for the mean harmonic temperature which is calculated via Eq. (13).

Thm ¼ NPN
i¼1

1
T i

ð13Þ

The values of DHo
sol can be obtained from the slope of the curves

of lnxw,T vs (1/T � 1/Thm), which are shown graphically in Figs. S4–
S7 of Supporting material. The standard dissolution enthalpy of
ribavirin in the solvent mixtures of (methanol + water), (n-
propanol + water), (acetonitrile + water) and (1,4-dioxane + water)
are computed from Eq. (12) and tabulated in Table S3 of Support-
ing material. It can be found that the values of standard molar
enthalpy of dissolution are all positive, which demonstrates that
the dissolution process of ribavirin in the four binary mixed sol-
vents is endothermic, and the entropy is driving force for the dis-
solution process.
3.5. Preferential solvation of ribavirin

Inverse Kirkwood–Buff integrals (IKBI) are widely used for eval-
uating the preferential solvation of non-electrolyte or non-
dissociated weak electrolyte compounds in solvent mixtures,
describing the local solvent proportions around the solute with
respect to the composition of the solvent mixtures [6,7]. This treat-
ment depends on the standard molar Gibbs energies of transfer of
ribavirin (3) from neat water (2) to the solvent mixtures and also
on the excess molar Gibbs energy of mixing for the solvent binary
mixtures free of drug. Thus, the results are expressed in terms of
the variation of preferential solvation parameter (dx1,3) of the
solute ribavirin (3) by the solvent molecules with the mixtures
composition. The inverse Kirkwood-Buff integral equation is given
by the following general expression:

Gi;3 ¼
Z rcor

0
ðgi;3 � 1Þ4pr2dr ð14Þ

where, gi,3 is the pair correlation function for molecules of solvent i
in the solvent mixtures around the solute ribavirin (3); r is the dis-
tance between the centers of molecules of ribavirin (3) and those of
solvent (1) or water (2); and rcor is a correlation distance for which
gi,3 (r > rcor) � 1. Accordingly, for all distances r > rcor up to infinite,
the value of the integral is essentially zero.

The preferential solvation parameter of ribavirin (compound 3)
by the solvent (compound 1) in solvent (1) + water (2) mixtures is
defined as [5–7,26–30]:

dx1;3 ¼ xL1;3 � x1 ¼ �dx2;3 ð15Þ

where xL1;3 is the local mole fraction of solvent (1) in the environ-
ment near to ribavirin (3) and x1 is the bulk mole fraction composi-
tion of solvent (1) in the initial binary solvent. If dx1,3 > 0 then the
solute is preferentially solvated by solvent (1); on the contrary, if
dx1,3 is <0 the solute is preferentially solvated by water (2). Values
of dx1,3 may be obtained from the inverse Kirkwood-Buff integrals
for the individual solvent components analysed according to some
thermodynamic quantities as shown in the following equations
[5–7,26–30]:

dx1;3 ¼ x1x2ðG1;3 � G2;3Þ
x1G1;3 þ x2G2;3 þ Vcor

ð16Þ

with,

G1;3 ¼ RTjT � V3 þ x2V2D
Q

ð17Þ

G2;3 ¼ RTjT � V3 þ x1V1D
Q

ð18Þ

Vcor ¼ 2522:5½r3 þ 0:1363ðxL1;3V1 þ xL2;3V2Þ1=3 � 0:085�
3

ð19Þ
In Eqs. (16)(19), jT is the isothermal compressibility of the solvent
(1) + water (2) mixtures (expressed in GPa�1); V1 and V2 are the par-
tial molar volumes of the solvents in the mixtures (expressed in
cm3�mol�1); similarly, V3 is the partial molar volume of ribavirin
in these mixtures (expressed in cm3�mol�1). The function D express
by Eq. (20) is the derivative of the standard molar Gibbs energies of
transfer of ribavirin from neat water (2) to solvent (1) + water (2)
mixtures with respect to the solvent composition (expressed in
kJ�mol�1, as is RT). The function Q defined by Eq. (21) involves the
second derivative of the excess molar Gibbs energy of mixing of
the two solvents ðGExc

1þ2Þ with respect to the water proportion in
the mixtures (also expressed in kJ�mol�1). Vcor is the correlation vol-
ume and r3 is the molecular radius of ribavirin calculated by using
Eq. (22) with NAv as the Avogadro’s number.
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D ¼ @DtrG
o
ð3;2!1þ2Þ
@x1

 !
T;P

ð20Þ

Q ¼ RT þ x1x2
@2GExc

1þ2

@x22

" #
T;p

ð21Þ

r3 ¼ 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3� 1021V3

4pNAV

s
ð22Þ

Because of the dependence of jT on composition, this term is
not known for all the systems investigated. In addition, due to
the minor contribution of RTjT to the inverse Kirkwood-Buff inte-
gral, the dependence of jT upon composition can be calculated
approximated as an additive property by using the mixture compo-
sitions and the reported values for neat solvents by [5,6,26–30]:

jT ¼ x1jo
T;1 þ x2jo

T;2 ð23Þ
where xi is the mole fraction of component i in solution and jo

T;i is
the isothermal compressibility of the neat component i. The RTjT

values can be calculated with the reported jo
T;i values for methanol

(1.248 GPa–1), n-propanol (1.025 GPa–1), acetonitrile (1.070 GPa�1),
1,4-dioxane (0.738 GPa–1) and water (0.457 GPa–1) at 298.15 K,
taken as independent of the temperature [51].

Standard molar Gibbs energy of transfer of ribavirin from neat
water (2) to {methanol (1) + water (2)}, {n-propanol (1) + water
(2)}, {acetonitrile (1) + water (2)} and {1,4-dioxane (1) + water
(2)} mixtures is computed by using Eq. (24) from the solubility
values.

DtrG
0
3;2!1þ2 ¼ RT ln

x3;2
x3;1þ2

� �
ð24Þ

The calculated values of DtrG
0
3;2!1þ2 are tabulated in Tables S4

and S5 of Supplementary material and correlated with polynomial
presented as Eq. (25). Fig. S8 of Supporting material shows the val-
ues of Gibbs energy of transfer at five temperatures. The obtained
coefficients in Eq. (25) are shown in Table S6 of Supplementary
material.

DtrG
0
3;2!1þ2 ¼ aþ bx1 þ cx21 þ dx31 þ ex41 þ fx51 ð25Þ

Thus, D values are calculated from the first derivative of Eq. (25)
solved according to the solvent mixture composition varying by
0.05 in mole fraction of methanol (1), n-propanol (1), acetonitrile
(1) or 1,4-dioxane (1). The D values obtained are reported in
Table S7 of Supplementary material.

The excess molar Gibbs energies of mixing GExc
1þ2 at all the tem-

peratures considered are needed in order to calculate the Q values.
However, these values are reported only at one temperature, i.e.
normally at 298.15 K. For this reason, it is necessary to calculate
these values at the other temperatures required. For {methanol
(1) + water (2)}, {acetonitrile (1) + water (2)} and {1,4-dioxane
(1) + water (2)} solvent mixtures, GExc

1þ2 values are calculated at
298.15 K using Eqs. (26), (27) and (28), respectively, as reported
by Marcus [6]; while for {n-propanol (1) + water (2)} mixtures,
using Eq. (29) taken from Ref. [52]. On the other hand, the GExc

1þ2 val-
ues at the other temperatures are calculated using Eq. (30). Here
HExc

1þ2 is the excess molar enthalpy of the solvent mixtures, T1 is
298.15 K and T2 is one of the other temperatures under considera-
tion [6]. In turn, HExc

1þ2 values are calculated by using Eqs. (31), (32),
(33) and (34) at 298.15 K for {methanol (1) + water (2)} [6], {n-
propanol (1) + water (2)} [52], {acetonitrile (1) + water (2)} [6]
and {1,4-dioxane (1) + water (2)} [6] solvent mixtures,
respectively.
GExc
1þ2 ¼ x1ð1� x1Þ½1200� 87ð1� 2x1Þ � 330ð1� 2x1Þ2� ð26Þ

GExc
1þ2 ¼ x1ð1� x1Þ½5253� 639ð1� 2x1Þ þ 1316ð1� 2x1Þ2� ð27Þ

GExc
1þ2 ¼ x1ð1� x1Þ½3835� 973ð1� 2x1Þ � 421ð1� 2x1Þ2� ð28Þ

GExc
1þ2 ¼ 3þ 497x1 þ 1676x21 � 5696x31 þ 6027x41 � 2502x51 ð29Þ

GExc
1þ2ðT2Þ ¼ GExc

1þ2ðT1Þ � T
Z T2

T1

HExc
1þ2d

1
T

� �

� T2

T1
GExc

1þ2ðT1Þ þ HExc
1þ2 1� T2

T1

� �
ð30Þ

HExc
1þ2 ¼ x1ð1� x1Þ½�3102þ 2040ð1� 2x1Þ � 2213ð1� 2x1Þ2� ð31Þ

HExc
1þ2 ¼ �3753x0:51 þ 15086x1 � 34052x1:51 þ 56096x21

� 49647x2:51 þ 16267x31 ð32Þ

HExc
1þ2 ¼ x1ð1� x1Þ½4640þ 2922ð1� 2x1Þ � 1028ð1� 2x1Þ2

� 8ð1� 2x1Þ3� ð33Þ

HExc
1þ2 ¼ x1ð1� x1Þ½611þ 6006ð1� 2x1Þ � 1712ð1� 2x1Þ2� ð34Þ
In similar manner, the partial molar volumes of both solvents in

the mixtures are calculated from the reported density values of the
solvent mixtures at the studied temperatures under study by
Mikhail and Aliaj for methanol + water mixtures [53,54], by Pang
for (n-propanol + water) mixtures [55], by Saleh and Handa for
{acetonitrile (1) + water (2)} mixtures [56,57], and by Ruidiaz for
(1,4-dioxane + water) mixtures [58] using Eqs. (35) and (36). In
these equations V is the molar volume of the mixtures calculated
as V =(x1�M1+x2�M2)/q. Here, M1 is 32.04 g�mol–1 for methanol,
60.06 g�mol–1 for n-propanol, 41.05 g�mol–1 for acetonitrile,
88.11 g�mol–1 for 1,4-dioxane and M2 is 18.02 g�mol–1 for water.

V1 ¼ V þ x2
dV
dx1

ð35Þ

V2 ¼ V � x1
dV
dx1

ð36Þ

Because no partial molar volumes of ribavirin (3) in these mix-
tures are acquired in the literature, in this work this property is
considered as similar to that for the pure compound as a good
approximation [26–30]. In this way, the molar volume of ribavirin
(3) is calculated by using Advanced Chemistry Development (ACD/
Labs) Software V 11.02 (sc1994-2016 ACD/Labs) as 117.0 cm3

�mol–1. From this volume value, solute radius value (r3) is calcu-
lated using Eq. (22) as 0.359 nm. The values of G1,3 and G2,3 can
be obtained and shown in Tables S8–S11 of Supplementary
material.

Definitive correlation volume requires iteration because it
depends on the local mole fractions around the solute. This itera-
tion is done by replacing dx1,3 and Vcor in the Eqs. (15), (16) and
(19) to recalculate xL1;3 until a non-variant value of Vcor is acquired.
The obtained values of correlation volume Vcor and dx1,3 are listed
in Tables S12–S15 of Supplementary material for {methanol (1)
+ water (2)}, {n-propanol (1) + water (2)}, {acetonitrile (1) + water
(2)} and {1,4-dioxane (1) + water (2)} solvent mixtures, respec-
tively. In addition, the dependence of dx1,3 values on solvent com-
position in mole fraction is shown graphically in Fig. 5. It shows
that the values of dx1,3 vary non-linearly with the solvent (1) pro-
portion in all the aqueous mixtures. According to Fig. 5, addition of
water (1) makes negative the dx1,3 values of ribavirin (3) from neat
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Fig. 5. dx1,3 values of ribavirin (3) from water (2) to methanol (1) + water (2), n-propanol (1) + water (2), acetonitrile (1) + water (2) and 1,4-dioxane (1) + water (2) mixtures
at several temperatures. (a), methanol (1) + water (2); (b), n-propanol (1) + water (2); (c), acetonitrile (1) + water (2); (d), 1,4-dioxane (1) + water (2).
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methanol (n-propanol, acetonitrile or 1,4-dioxane) (1) up to
x1 = 0.31 mol fraction of methanol, x1 = 0.20 mol fraction of n-
propanol, x1 = 0.26 mol fraction of acetonitrile, and x1 = 0.20 mol
fraction of 1,4-dioxane. Maximum negative values are obtained
with the composition x1 = 0.75 with dx1,3 = �2.314 � 10�2 to
�2.411 � 10�2 for the methanol (1) + water, x1 = 0.75 with dx1,3 =
�6.129 � 10�2 to �6.488 � 10�2 for the n-propanol (1) + water
(2), x1 = 0.80 with dx1,3 = �61.20 � 10�2 to �66.60 � 10�2 for the
{acetonitrile (1) + water (2)}, and x1 = 0.60 to 0.65 with dx1,3 =
�78.98 � 10�2 to �33.52 � 10�2 for {1,4-dioxane (1) + water (2)}
mixtures. In the other regions for the {methanol (1) + water (2)},
{n-propanol (1) + water (2)} and {1,4-dioxane (1) + water (2)} mix-
tures, the dx1,3 values of ribavirin (3) are positive. However they are
all less than 1.0 � 10�2. For the acetonitrile (1) + water (2) mix-
tures in water-rich composition, the dx1,3 values are positive and
slightly greater than 1.0 � 10�2 (e.g. 1.47 � 10�2 at 293.15 K). Nev-
ertheless these values are much smaller than that in intermediate
and acetonitrile-rich composition (e.g. -61.20 � 10�2 at 293.15 K).
Therefore they are just qualitative because of uncertainties propa-
gation effects instead of preferential solvation [59–61]. So the con-
clusion can be made that ribavirin is preferentially solvated by
water for the four solvent mixtures with a very wide compositions.
Probably the structuring of water molecules around the ribavirin
molecule contributes to lowering of the net dx1,3 to negative values
in the four solvent mixtures. It can also be seen from Fig. 5 that the
temperature has little effect on the preferential solvation magni-
tudes of ribavirin in the four solvent mixtures.

Ribavirin can act as a Lewis base because of the free electron
pairs in nitrogen atoms of AN@ and AN� and oxygen atoms of
@O and AOA (Fig. S1 of Supporting materials), which interact with
acidic hydrogen atoms of water. So it is conjecturable that ribavirin
could be acting mainly as a Lewis base in front to water because
the Kamlet–Taft hydrogen bond donor parameters are, a = 0.990
for methanol, 0.84 for n-pronanol, 0.19 for acetonitrile, 0.00 for
1,4-dioxane and 1.17 for water, respectively [51,62].
Fig. S9 of Supporting material compares the preferential solva-
tion of ribavirin in {methanol (1) + water (2)}, {n-propanol (1)
+ water (2)}, {acetonitrile (1) + water (2)} and {1,4-dioxane (1)
+ water (2)} at 298.15 K. The preferential solvation magnitudes of
ribavirin by water is highest in acetonitrile mixtures, followed by
1,4-dioxane and n-propanol mixtures, and finally, by methanol
mixtures in different solvent proportions, i.e. x1 = 0.75, dx1,3 =
�2.367 � 10�2 for {methanol (1) + water (2)}; x1 = 0.75, dx1,3 =
�6.396 � 10�2 for {n�propanol (1) + water (2)}; x1 = 0.80,
dx1,3 = �62.50 � 10�2 for {acetonitrile (1) + water (2)}; and
x1 = 0.60, dx1,3 = �28.43 � 10�2 for {1,4-dioxane (1) + water (2)},
respectively.

Finally, it is noteworthy that in our previous studies [63–65],
the solute is preferentially solvated by co-solvent in co-solvent-
rich mixtures. However, ribavirin (II) is preferentially solvated by
water in this region. The reason is not clear at present. This case
may be due to the chemical structure of solute.

4. Conclusion

The equilibrium solubility of ribavirin in four binary mixed sol-
vents of {methanol (1) + water (2)}, {n-propanol (1) + water (2)},
{acetonitrile (1) + water (2)} and {1,4-dioxane (1) + water (2)} at
temperature range from (278.15 to 318.15) K were reported. At
the same composition of methanol, n-propanol, acetonitrile or
1,4-dioxane and temperature, the mole fraction solubility of
ribavirin was highest in {methanol (1) + water (2)} mixtures, and
lowest in {1,4-dioxane (1) + water (2)} mixtures. By using the
Jouyban-Acree model, van’t Hoff-Jouyban-Acree model and
Apelblat-Jouyban-Acree model, ribavirin solubility were well cor-
related obtaining ARD lower than 1.57% and RMSD lower than
2.14 � 10�4. Quantitative values for the local mole fraction of
methanol (n-propanol, acetonitrile or 1,4-dioxane) and water
around the ribavirin were calculated based on the IKBI method
applied to the solubility values determined. Ribavirin was prefer-
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entially solvated by water for the four solvent mixtures over a very
wide range of compositions. The preferential solvation magnitude
of ribavirin by water was highest in acetonitrile mixtures, followed
by 1,4-dioxane and n-propanol mixtures, and finally, by methanol
mixtures. It is conjecturable that ribavirin could be acting mainly
as a Lewis base in front to water.
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