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Abstract: The present study has undertaken experimental measurements of ultrasonic velocity (U) and
density (d) of solutions of Diclofenac potassium in water and in aqueous urea media of different molar
concentrations. Computation of physico-chemical parameters like apparent molar volume (Vg), limiting
apparent molar volume (V3 ), apparent molar expansibility (E4), limiting apparent molar expansibility
(E3 ), molar isentropic compressibility (K), apparent molar isentropic compressibiIity(KS_q,),molar
adiabatic compressibility (W), molar isothermal compressibility (K1), acoustic impedance (Z), free
volume (V; ), internal pressure (;), relative association (Ry), coefficient of thermal expansion (a) and
van der Waals constant (b) was done by using the experimentally obtained values. The influence of
varying concentrations of Diclofenac potassium as well as of urea in solutions and the variation of the
investigating temperatures on the above mentioned parameters are expected to reveal the nature of
different molecular interactions existing in the drug solutions.

Keywords: Pharmaceutical waste; physico-chemical properties; molecular interaction; structural
effect.
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1. Introduction

Pharmaceutical wastes are frequently found in aquatic medium, be it wastewater
effluents, surface waters, ground waters or drinking water [1]. An extensive literature survey
has been done in relation to the environmental occurrence of pharmaceutical wastes. It has
become a matter of concern with respect to human and animal health and environment. A
nonsteroidal drug Diclofenac (potassium or sodium salt of diclofenac is commonly referred to
as diclofenac) is prescribed to treat pain, fever, swelling etc. Diclofenac is one of the top 10
most frequently detected compounds in pharmaceutical wastes [2]. As it does not fully degrade
in waste water treatment plants a continuous release of this drug in waste water results in
increasing concentration in receiving water bodies. A recurring exposure to this drug may
affect the metabolism of aquatic species and microbes [3]. A clear understanding of molecular
interactions of diclofenac potassium in water in the presence of impurities like urea (an
agricultural waste found in wastewater) demands an extensive study on physico-chemical
properties of the drug solution. Urea acts as a hydrotropic agent and enhances the aqueous
solubility of diclofenac potassium.
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In the present study, physico-chemical properties of solutions of diclofenac potassium
in 2, 3 and 4M urea have been determined experimentally in laboratory conditions. Aqueous
solutions with different concentrations of diclofenac potassium and of urea were prepared.
Experiments were carried out on measurement of sound velocity (U) in drug solutions in
aqueous urea at 298.15K. Density (d) values were also measured for these solutions at four
different temperatures in the range of 298.15-313.15K. Several other parameters were
calculated from the above mentioned experimental data. Apparent molar volume (Vy), limiting
apparent molar volume (V3), apparent molar expansibility (E4) and limiting apparent molar
expansibility (E$ ) were derived from the density values of the drug solutions with different
concentrations at different temperatures. Ultrasonic velocity data were used to evaluate molar
isentropic compressibility (Kg), apparent molar isentropic compressibility (Kgg,), molar
isothermal compressibility (Kt), molar adiabatic compressibility (W), acoustic impedance (Z),
free volume (V), internal pressure (), relative association (R,), van der Waals constant (b)
and coefficient of thermal expansion (a) at 298.15K. All these experimental and derived
parameters were analysed to focus light on various molecular interactions and structural effects
of the drug under investigation in solutions [4-10].

2. Materials and Methods
2.1. Chemicals.

Diclofenac potassium and urea of >99% purity were supplied by Orissa Drugs &
Chemicals Ltd Bhubaneswar, Odisha and Laboratory Chemicals Bhubaneswar, Odisha
respectively. Conductivity water of specific conductance of 10° Scm was used for making all
the solutions.

2.2. Preparation of solutions.

The stock solution was prepared on a molar basis (mol/v) by dissolving calculated mass
of diclofenac potassium in required volumes of water and of 2, 3 and 4M of aqueous solutions
of urea. Drug solutions of different concentrations were then prepared by dilution of the stock
solution with the respective solvents.

2.3. Density measurement.

The pycnometer used to measure the density of the solutions was calibrated with
deionized double distilled water. Densities of the solutions of diclofenac potassium in water
and in water + urea media were measured at 298.15K, 303.15K, 308.15K and 313.15K. The
temperature was maintained constant at a desired degree by using a hot water thermostat.
Density values of water at a specific temperature were obtained from literature [11]. The
precision of density measurement was within +.02%.

2.4. Ultrasonic measurement.

The ultrasonic velocity in the solutions as well as in the solvents was measured with an
ultrasonic interferometer (Mittal Enterprise, New Delhi), operating at a frequency of 2 MHz.
The temperature of the solution was maintained at 298.15K by thermostatically regulated water
bath. The velocity measurement was within +0.5 ms~! accuracy [12].
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Table 1. Symbols in order of their appearance.

Symbols Parameters Units
V¢&V$ Apparent & limiting apparent molar volume respectively m3. mol™!
c ) Molar concentration _ mol.m™3
d &d, Density of solution and solvent respectively ke.m™3
E.&E? Apparent & limiting apparent molar expansibility respectively 3 & !
a¢&a¢ Coefficient of thermal expansion of solution and solvent . mot
U 0 respectively K .
K Ultrasonic velocity in solution ms »
K s Molar isentropic compressibility ms~%kg
s¢ Apparent molar isentropic compressibility m?2.N~1
Kr Isothermal compressibility m*kg.mol.s?
z Acoustic impedance kg.m’ s
Ry Relative ion association m3. mol™!
T Internal pressure N.m~2
b van der Waals constant 3 1
\V m’. mol
£ Molar free volume 3 1
w Molar compressibility m’. mol

2.5. Calculation.

The apparent molar volume Vgywas calculated by the following equation [13]

Vo= [ 199/ 4 1o &) + (Vg ) (1)
V, data were fitted into Masson equation.
V= Vo+ Syve (2)
Plot of Vgvs Ve shows a linear relationship. fo, is the intercept and Sy, is the slope of the

straight line.
Apparent molar expansibility £ was calculated from eg. (3).

Ey = ayVy + (a — a9)1000c™* (3)
Where oy = —1/d, (8dy/3¢)p, and
a=—1/d(8do/d0)p (4)

a and ogare the coefficients of thermal expansion of solution and solvent respectively[14,15].
E} data were also fitted into Masson equation [36]. From the intercept and slope of Ej vs Ve
we got the values of apparent limiting molar expansibility Eq?and Sk respectively.

Eq): E:l)) + SE\/C (5)
Adiabatic isentropic compressibility K¢ has been calculated by using eq 6,
Ks = (6)

K ¢ has been computed from eq7.
K4 = 1000K ¢~ — K%dy 71(1000c71d — M) (7)

17.1 x10™%
Kr = ooz ®)

Parameters like acoustic impedance (Z), relative association(R,), intermolecular free volume
(Vy), internal pressure (r;), van der Waals constant (b) and molar compressibility (W) can be
calculated from the following relations eq. 9- 15 [16-18].

Z=Ud ©)
Ra = (d/do)(Up/U)Y/? (10)
Vi=V,—b (11)
Where V,, = M/d (12)

T = (Kso - Ks) (13)

b =M/d[1— (RT/MU»){(1 + MU%/3RT)Y/? — 1}] (14)

W= M/KYd (15)
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3. Results and Discussion
3.1. Volumetric studies.

Volumetric studies are an important means of understanding ionic interactions existing
in solutions [18]. The experimental density data for diclofenac potassium in 2, 3 and 4M
aqueous urea solutions at 4 different temperatures ranging from 298.15K to 313.15K are
presented in Table 2. It is observed that at a given temperature density of the solution increases
with an increase in concentration of diclofenac potassium as well as of urea in solution. The
increase in density with increasing urea concentration is an indication of replacement of water
molecules from the solvation shell with urea. That results in stronger solute-solvent attraction,
shrinkage in volume and increase in density. As it was expected density value decreases with
an increase in temperature because of the weakening of the solute-solvent bonds at higher
temperature [19].

Table 2. Values of density, d (kg. m) of solutions of diclofenac potassium of different concentrations, ¢
(mol.m=) in 2, 3 and 4M of aqueous urea at different temperatures T (K).

Molar Conc. of Diclofenac Density
Composition potassium (kg.m™3)
of Urea (mol.m™3) 208.15 K 303.15 K 308.15 K 313.15K
16 1185.5 11814 1178.1 1177.0
14 1182.1 1178.0 1174.7 1173.6
2 12 1179.1 11754 1172.1 1171.0
10 11745 11704 1167.2 1166.1
08 1168.5 1164.4 1161.1 1160.1
06 1165.7 1161.6 1158.4 1157.3
04 1160.5 1156.4 1153.2 1152.1
16 1189.2 1185.4 1182.4 1181.7
14 1185.3 11815 1178.6 1177.9
12 1180.0 1176.3 1173.4 1172.6
3 10 1175.9 1172.0 1169.1 1168.3
08 1172.5 1168.8 1165.8 1165.0
06 1169.1 1165.4 1162.5 1161.7
04 1165.4 1161.6 1158.7 1158.0
16 1191.9 1188.5 1186.0 1183.2
14 1187.5 1184.1 1181.6 1179.8
12 1183.2 1179.9 1177.3 1175.5
4 10 1177.6 1174.3 1171.8 1170.0
08 1173.2 1169.9 1167.4 1166.6
06 1171.3 1167.9 1165.4 1163.6
04 1166.5 1163.2 1161.7 1159.9

3.1.1. Molar volume.

Apparent molar volume, V, defines the change in the volume of the solution per mole
of solute added to the solution. V, value is an indication of solute-solvent interaction. The
values of V, are subjective to the size of the solvated solute molecules which may be
influenced by a change in solvent, concentration of the solutions and temperature [20]. V for

the solutions of diclofenac potassium with varying concentrations in 2, 3 and 4M aqueous urea
have been calculated by using equation (1). Negative values of V, for all the solutions are

attributed to weaker solute-solvent interaction. V, values show regular increments with
concentration of the drug and that of the hydrotropic agent as well in the solution. Increasing
values of V, with concentration may be a result of the structure breaking properties of the
solvent. With increasing temperature attraction between solute and solvent particles decreases
causingVy, that means, solute-solvent interaction to depreciate. Variation of V with square
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root of varying concentration of diclofenac poatassium solutions in 3M aqueous urea at
298.15K is presented in Fig 1a.
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Figure 1. Variation of (a) aparent molar volume Vgand (b) aparent molar expansibility Eg4with square root of
concentration ¢ at 298.15K.

Linear relationship of V4(eq 2) and Eg(eq 5) with square root of concentration leads to
the calculation of limiting apparent molar volume Vg and limiting apparent molar expansibility
Eg, respectively by least square fitting method in Masson equation. The values of Vg, along with
Ed?’ S, and Sg, for all the solutions with different concentrations of Diclofenac potassium and
also of urea at 4 different temperatures are displayed in Table 3.

Table 3. Values of parameters V;® (m3 molL), Sy (m*/2mol ™~ /2), E;® (m® mol* K1) and Se (m*/2mol’/z) K-2) for

diclofenac potassium in aqueous solutions of urea at different temperatures T(K).

Molar composition Temp V¢® (M2 mol?) Sy (m3/2m0]—3/2) Eg° Se
of ag. urea (K) (m® mol* K1) (m3/2m013/2 K1)
298.15 -17.411 3.4566 0.0617 -0.0131
303.15 -17.439 3.4592 0.0617 -0.0131
2 308.15 - 17.506 3.4749 0.0618 -0.0131
313.15 -17.572 3.489 0.0619 -0.0131
298.15 -17.769 113.31 0.0693 -0.0148
303.15 -17.824 113.67 0.0694 -0.0148
3 308.15 -17.892 3.6092 0.0695 -0.0148
313.15 - 17.946 3.6215 0.0696 -0.0149
298.15 - 16.267 101.95 0.0514 -0.0109
303.15 - 16.303 102.2 0.0514 -0.0109
4 308.15 - 16.336 3.2385 0.0515 -0.0109
313.15 -17.44 3.5081 0.0531 -0.0113

Variation of Vg with increasing concentration of diclofenac potassium in 2, 3 and 4M

urea solutions at a given temperature is attributed to the influence of the increasing electrostatic
fields of the drug ions on the surrounding solvent molecules [21] and is complementing the
fact of stronger solute-solute interactions in solutions with higher concentrations of the drug
and of urea as well. Negative values of fo, for all the solutions studied are results of
electrostrictive solvation of the drug molecules.

S., measured from the experimental slope of V vs. c'/2 plot indicates solute-solute

interaction. Positive values of S, suggest the presence of stronger solute-solute interactions in
all the liquid mixtures under study.
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3.1.2. Molar expansibility.

Apparent molar expansibility E; focuses light on solute-solvent interaction in a
solution. As it was expected, E; values for all the solutions with varying concentrations of
diclofenac potassium and urea display a positive relation with concentration. The fact is
supported by a plot of Eg vs. c'/2for drug solutions at 298.15K presented in Figlb.

Limiting apparent molar expansibility Eg describes the kosmotropic, ie. structure
making or chaotropic, ie.structure breaking nature of the solvent. Positive values of E§ suggest
that the process of structure making was in action during the whole experimental temperature
range in all the solutions studied. Limiting apparent molar expansibility is attributed to
electrostiction or hydration of drug molecules and changes in solvent structure. As it was
predicted, Eg values for drug solutions with 3M urea are higher than those with 2M urea,

however, there is a drop in the values with 4M urea. This may be due to the congestion of
particles in 4M urea that hampers the structure making process.

3.2. Acoustic studies.

As velocity of sound depends on the properties of the medium it is traveling through,
study of acoustic parameters is proved to be a useful tool for analysis of molecular interactions
present in liquid systems. Ultrasonic sound velocities (U) through solutions of diclofenac
potassium of different concentrations dissolved in 2, 3 and 4M aqueous urea solutions were
measured at 298.15K and the values are presented in Table 4. The ascent of U with
concentrations of diclofenac potassium and urea points to the fact that the association between
solute and solvent molecules increases with increasing concentrations. The fact is in support of
the similar trend of variation of density with concentration.
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Figure 2. variation of (a) molar isentropic compressibility K and (b) aparent molar isentropic compressibility
K pwith concentration ¢ at 298.15K.

3.2.1. Molar compressibility.

Molar isentropic compressibility (K) is the relative change in volume of a fluid when
entropy remains constant. Change in volume takes place due to the variations in the
compactness of the solvation shell around the solute particles. K is calculated by putting the
values of density (d) and ultrasonic velocity (U) in eq. 6. Scrutiny of table 3 reveals that there
is a diminishing trend in compressibility with increasing concentration of the drug, as well as
https://biointerfaceresearch.com/ 6382
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of urea. An explanation of this fact may be that increasing number of particles in the solution
makes compression of the hydration shell around the solute difficult at higher concentration of
drug in the solution [22,23] With increasing urea content in solution, the interstitial spaces of
water molecules are occupied with urea and that makes a tight structure around the drug
molecules. As a support to this explanation variation of K, with varying concentrations of drug
in solutions with varying content of hydrotropic agent at 298.15K is presented in Fig 2a.

Table 4. Concentration of diclofenac potassium ¢ (mol.m=3), density d (kg.m~3), sound velocity U (m.s™1),
molar isentropic compressibility K (m.s?.kg™"), apparent molar isentropic compressibility K 4(m*.kg.mol.s?),
molar adiabatic compressibility W, molar isothermal compressibility K; ((m2.N~1) in agueous solutions of
urea at 298.15 K.

Molar Conc. of d u K¢x 1010 Kg4x 10° W x10° Krx 1015
composition of diclofenac (kg.m™3) (m.s™1) (m.s2.kg™?) (m*.kg.mol.s?) (m2.N"1)
aq. Urea potassium
(mol.m=3)

2 16 1185.5 1552.8 3.498 -04.860 36.83 4.49
14 1182.1 1549.2 3.525 -05.279 36.88 4.53
12 1179.1 1546.8 3.545 -05.902 36.93 4.56
10 1174.5 1541.6 3.583 -06.537 37.01 4.61
08 1168.5 1538.4 3.616 -07.483 37.14 4.67
06 1165.7 1532.8 3.651 -09.222 37.17 4.72
04 1160.5 1529.6 3.683 -12.572 37.28 4.76

3 16 1189.2 1570.0 3.412 -05.401 38.30 4.38
14 1185.3 1567.0 3.436 -05.898 38.38 4.41
12 1180.0 1563.0 3.469 -06.447 38.49 4.46
10 1175.9 1559.0 3.499 -07.289 38.57 4.51
08 1172.5 1556.0 3.523 -08.662 38.64 4.54
06 1169.1 1552.0 3.551 -10.871 38.70 4.58
04 1165.4 1548.0 3.581 -15.232 38.77 4.62

4 16 1191.9 1592.0 3.310 -05.973 39.95 4.24
14 11875 1588.0 3.339 -06.506 40.04 4.29
12 1183.2 1583.0 3.373 -07.185 40.13 4.33
10 1177.6 1580.0 3.402 -08.132 40.28 4.38
08 1173.2 1576.0 3.432 -9.592 40.38 4.42
06 1171.3 1572.0 3.455 -12.292 40.39 4.45
04 1166.5 1568.0 3.487 -17.210 40.51 4.50

Apparent molar isentropic compressibility K, 4 has been computed from eq. 9 and the

values are presented in Table 3. Compression of the solvation shells around the drug molecules
can further be explained with the help of K 4. Negative values of K, for the whole range of
concentration of the drug in all compositions of the hydrotropic agent indicate towards two
factors, namely, electrostriction and hydrophobic solvation. Due to strong elctrostriction in the
vicinity of the ions compressibility of the solvation shells is affected and only a little
compression takes place when pressure is applied [24,25]. There is a loss of compressibility of
the hydration shells around the hydrophobic drug molecules with increasing urea content
because of the replacement of water molecules with urea in the solvation shells. Apparent molar
isentropic compressibility increases with increasing drug concentration [26]. The phenomenon
is presented in Fig 2b in which plots of K, with varying drug concentration and urea content
in the ternary mixtures at 298.15K are displayed.

Apparent molar isothermal compressibility K bears a descending linear relationship
with concentrations of both the drug and the hydrotropic agent in the solutions (Fig 3a). This
trend may be attributed to the larger electrostrictive compression of the solvent molecules
surrounding the ions that leads to a decrease in compressibility of solution at higher
concentrations.
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@ ()

Figure 3. variation of (a) molar isothermal compressibility K and (b) molar adiabatic compressibility W with
concentration ¢ at 298.15K.

Molar adiabatic compressibility (W) is another important parameter in studying
molecular interactions in solutions. A scrutiny of Table 4 reveals that W increases with the
increasing amount of hydrotropic agent but diminishes with concentration of the drug solute in
solution (Fig 3Db).

3.2.2. Other acoustic parameters.

In the attempt of achieving a deeper understanding of solute-solute and solute-solvent
interactions some other acoustic parameters are evaluated and interpreted. Parameters like
relative association (R, ), acoustic impedance (Z), intermolecular free volume (Vy), internal

pressure (m;), co-efficient of thermal expansion o (K™1), heat capacity ratio y and van der Waals
constant (b) for the drug solutions in aqueous urea medium can be calculated from the relations
in equation (11)-(21). The values are summarized in Table 5 .

Relative association (R, ) is a result of two factors- i) splitting of associated solvent
molecules with the introduction of solute molecules in the solution and ii) consequent solvation
of the solute molecules. Increasing values of R, implies increased association of the solute and
solvent molecules with increasing concentration of the drug solute[27]. On the other hand a
linear decrease of R ,with increasing urea content supports the structure breaking action of the
hydrotropic agent that in turn promotes solvation of the drug molecules. Fig 4a is presented in
support of the statement.

@ (®)

Figure 4. Variation of (a) relative ion association R,and (b) acoustic impedance Z with concentration cat
298.15K.

Acoustic impedance Z is the measure of resistance encountered by the ultrasound beam
while passing through a medium. It is a function of elastic property of the medium. Ascending
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trend of Z with drug concentration, as well as with urea content in Fig 4b is holding up the fact
of structural changes and gain of elastic properties in the solutions [28].

Free volume V; is the effective volume available to the solute molecules to move about
in a liquid. V¢is a measure of repulsive forces whereas internal pressure m; is a measure of
attractive forces that bind the liquid molecules together. The two factors together determine the
entropy of the system. These factors are the thermodynamic variables necessary to describe a
liquid system. Negative values of Vare in agreement with the fact that strong attractive forces
are acting between the solute and solvent molecules in all the solutions [29]. The presence of
hydrotropic agents in the solution further reduces the repulsion between the solute and solvent
molecules and enhances the solvation of poorly water soluble drug in the liquid mixture. The
variation of Vyand =; with concentration of drug and amount of hydrotropic agent in the
solution (presented in Fig 5a and b) supports the fact of strong molecular interaction and
binding force between solute and solvent particles in solution [30,31].
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Figure 5. Variation of (a) molar free volume V¢ and (b) internal pressure m; with concentration ¢ at 298.15K.

Table 5. Concentration of diclofenac potassium ¢ (mol.m™?), internal pressure m; (N.m™2), acoustic
impedance Z (kg.mZ2.s), vander Waals constant b (m?.mol™"), molar free volume V; (m*.mol™"), relative
ion association R,and co-efficient of thermal expansion o (K ') in aqueous solutions of urea at 298.15 K.

Molar Conc. of mx107" (N Zx107° b x 10° Vix 107 Ry [ax10
composition of diclofenac m™2) (kg.m2s) | (m?mol™") (m3.mol ™" (K™Y
ag. urea (mol.m™%)

16 5.02 18.408 18.04 -16.24 1.062 9.66

14 4.75 18.313 18.09 -16.31 1.060 9.68

12 4.55 18.238 18.13 -16.36 1.058 9.69

2 10 4.17 18.106 18.20 -16.46 1.055 9.72
08 3.84 17.976 18.29 -16.57 1.050 9.75

06 3.49 17.868 18.33 -16.64 1.048 9.78

04 3.17 17.751 18.41 -16.74 1.045 9.79

16 5.88 18.670 18.66 -16.47 1.062 9.59

14 5.64 18.574 18.72 -16.55 1.059 9.61

12 531 18.443 18.80 -16.65 1.055 9.64

3 10 5.01 18.332 18.87 -16.74 1.053 9.66
08 4.77 18.244 18.92 -16.80 1.050 9.68

06 4.49 18.144 18.98 -16.88 1.048 9.71

04 4.19 18.040 19.03 -16.96 1.046 9.73

16 6.89 18.975 19.34 -16.70 1.059 9.52

14 6.61 18.857 19.34 -16.79 1.056 9.54

12 6.27 18.730 1941 -16.89 1.054 9.57

4 10 5.98 18.606 19.49 -16.99 1.049 9.59
08 5.68 18.489 19.58 -17.09 1.046 9.62

06 5.45 18.413 19.66 -17.15 1.045 9.64

04 5.13 18.291 19.77 -17.25 1.042 9.66
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Van der Waals constant (b) is a measure of binding forces existing between solute and
solvent molecules in a solution. Increasing values of b reveal that the attraction between solute
and solvent molecules becomes stronger with increasing drug concentration in aqueous urea
media with higher molarity (Fig 6a).

L] & RT=0.997

(@ (&)

Figure 6. Variation of (a) van der Waals constant b and (b) coefficient of thermal expansion a with
concentration c.

The variation of co-efficient of thermal expansion () with concentrations of diclofenac
potassium and of urea in solution is linear but negative, as shown in Fig 6b. An increase in
concentration increases the compactness of the medium, reduces the intermolecular free length
and restricts the thermal expansion. A decrease in a also causes a decrease in isentropic
compressibility and isothermal compressibility [32].

4. Conclusions

In this article we have reported the volumetric and acoustic properties of a drug
diclofenac potassium dissolved in aqueous solutions of hydrotropic agent urea. Diclofenac
potassium is found in water as pharmaceutical waste and is proven to be harmful to aquatic
life. Urea gets added to water with agricultural runoff. VVarious physico-chemical properties are
derived from the density and ultrasonic values obtained from experiments performed on drug
solutions of different concentrations in different molar compositions of aqueous urea media at
different temperatures. Variations of these parameters with concentrations of drug, as well as
of urea and temperature have been interpreted in terms of solute- solute and solute- solvent
interactions present in the ternary mixtures. Negative Vg, and positive S, values indicate that
solute-solute interaction is stronger than solute-solventinteraction in the solutions. However,
with the use of hydrotropic agent solute- solvent interaction increases because of the structure
making properties of the solvents, as supported by the positive values of Eg. With increasing
concentration of urea compressibility of the drug solutions decreased because of the
replacement of water molecules from the salvation shells with urea. All other derived acoustic
parameters like relative association R4 acoustic impedance Z, intermolecular free volume Vi,
internal pressure T;, co-efficient of thermal expansion a, heat capacity ratio y and van der Waals
constant b support the fact of increased solute-solvent interactions present in solutions under
investigation.
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