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Abstract: In this paper, the density (p), viscosity () and surface tension (o) of
solutions of poly(vinyl pyrrolidone) (PVP) with molecular weights of 25000
(K25) and 40000 g mol! (K40) in water and ethanol were measured in the
temperature range 20—65 °C and at various mass fractions of polymer (0.1, 0.2,
0.3 and 0.45). The solvent activity measurements were performed at 45 and 55
°C. Thereafter, two thermodynamic models for predicting the solvent activity
and surface tension of binary polymer mixtures (PVP in water and ethanol)
were proposed. The Flory—Huggins theory and Eyring model were employed to
calculate the surface tension of the solution and the solvent activity, respect-
ively. Additionally, the proposed activity model was dependent on the density
and viscosity of the solution. Afterwards, the ability of these models at various
temperatures and mass fractions were investigated by comparing the results
with the experimental data. The results confirmed that, in the investigated tem-
perature range, these models have good accuracy.

Keywords: poly(vinyl pyrrolidone); solvent activity; surface tension; thermos-
dynamic model.

INTRODUCTION

Considering the importance of density, viscosity and the activity of pure
liquids and mixtures in various fields of chemical engineering, such as, environ-
mental engineering, pharmaceuticals, paint and detergents, lubricants, catalytic
reactions, liquid extraction, petroleum refining and other processes involving
heat and mass transfer, measuring these parameters and providing a model in a
temperature range with an acceptable response have been discussed in the lite-
rature.!=® In recent years, aqueous polymer solutions have exhibited a wide range
of applications in different industries. Poly(vinyl pyrrolidone) (PVP) is one of the
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most important polymers, which is used as a blood plasma expander due to its
low toxicity.2-3

Surface tension is one of the important properties of binary polymeric mix-
tures in various fields of applied science. Surface tension is a physical property
that is closely related to the molecular composition and structure.!9-12 Surface
tension of pure fluids and mixtures can usually be measured directly, but the lack
of resources and facilities makes the experimental measurements of the surface
tension of a liquid difficult and impractical. Therefore, an estimation method for
the surface tension of polymeric mixtures is required if it is not possible to
determine reliable experimental values.!3:14 The surface tension of liquids can be
measured by the drop-weight method,!5 the Wilhelmy plate or ring method,16:17
and the maximum bubble pressure method.!8 The ring method is one of the most
common methods used for the measurement of surface tension. The advantages
of the ring method are that it is fast and simple and does not require calibration
using solutions with known surface tension.

Many models have been developed to predict the thermodynamic properties
of binary mixtures. Some researchers proposed theoretical methods to calculate
the surface tension based on thermodynamics.!® Egemen et al20 proposed a
group contribution method to predict the surface tension of liquid organic sol-
vents. Polymer solution thermodynamics usually has its origin in the thermodyn-
amics of mixtures of quasi-spherical molecules. This field has been proliferating
along with polymer activity models.21-24

The activity of a pure substance, or of a specified component in a solution, is
commonly defined in terms of fugacity, the activity of the material or component
being the ratio of its fugacity in the given state to that in some “standard state” at
the same temperature.2> Solvent activity is an effective parameter in various
fields and processes, such as the prediction of the crystallization of solids that
have water of hydration. There are several methods to measure the solvent act-
ivity of mixtures, such as freezing point depression, boiling point elevation, dyn-
amic and static vapour pressure measurements, osmotic pressure measurements,
hygrometric, vapour sorption, isopiestic method and vapour pressure osmometry
(VPO). Among the methods mentioned, vapour pressure osmometry is a precise
technique to determine the solvent activity of solutions.26

In this study, the density, viscosity and surface tension of solutions of poly-
(vinyl pyrrolidone) (PVP) with molecular weights of 25,000 (K25) and 40,000 g
mol~1 (K40) in water and ethanol were measured in the temperature range 2065
°C. Solvent activity measurements were performed at 45 and 55 °C using the
vapour pressure osmometry (VPO) technique. All measurements were performed
in binary systems containing of 0.1, 0.2, 0.3 and 0.45 mass fractions of polymer.
For the systems studied, two thermodynamic models were also developed for cal-
culating the solvent activity, and the surface tension of PVP solutions based on
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Eyring model?? and Flory-Huggins23 theory, respectively. The activity model
was dependent on the density and viscosity of solution. Next, the surface tensions
of solutions and solvent activities for polymer/solvent mixtures were calculated
and compared with the experimental values.

EXPERIMENTAL
Materials

Poly(vinyl pyrrolidone) (PVP) with molecular weights of 25000 and 40000 g mol-! and
absolute ethanol GR (>99 %), manufactured by Merck, were used in this study. Double-
distilled water was used to produce the solutions.

Apparatus and procedures

The solutions were prepared by mass, using Sartorius balance with an accuracy of +0.1
mg. The density, viscosity, surface tension and activity measurements were realised using a
pycnometer, a DV-II + Pro digital viscometer manufactured by Brookfield (USA), a digital
tensiometer Kruss k9 (Hamburg, Germany), and a vapour pressure osmometer (VOP)
(Knauer, Germany), respectively. The tensiometer, which was equipped with a Du Noiiy plat-
inum-iridium ring (6 mm circumference), was calibrated with distilled water (¢ = 72.8 mN m'!).
A constant temperature water bath was used to control the temperature of the solutions with
an accuracy of £0.1 °C. Measurements for each solution were repeated five times.

The density, viscosity, activity and surface tension of the PVP solutions in water and
ethanol were measured at different temperatures and concentrations, and the obtained results
were correlated with quadratic equations relating the density and viscosity of the solutions to
the mass fraction of the polymer.

Several types of errors, i.e., the relative error (RE), average relative error (4ARE), the
average absolute relative error (44RE) and root mean squared error (RMSE), were calculated
for evaluating the performance of the proposed model (Supplementary material to this paper).

Density

Density measurements were performed using a pycnometer, the bubble volume of which
was 25 cm3, at temperatures of 20, 25, 30, 35, 40, 45, 50 and 55 °C. Each measurement was
repeated three times and the average results of the density and their corresponding standard
deviation values are reported. The following equation was used to determine the density of
solution using the experimental data:

p=a+bw+cw? (1)

where w is the mass fraction of polymer, p is density (g cm™), and a, b and c are adjustable
parameters that were obtained by linear multiple regression using Statica 7 software. The
measured densities of the solutions, the coefficients of Eq. (1) along with its average relative
error (ARE), coefficient of determination (R2), and root mean squared error (RMSE) are
reported in Table S-I of the Supplementary material. As can be seen in this Table, the standard
deviation values of the results were relatively low and in the range of 0.001-0.003 (g cm™),
which show the good reproducibility and accuracy of the experiments.
Viscosity

The viscosity measurements were performed three times using the DV-II + Pro digital
viscometer manufactured by Brookfield (USA) and the average results and their corres-
ponding standard deviation values are reported. The following equation was used to determine
the viscosity of the solutions using the experimental data:
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n=d+b'w+cw?+dw? )
where w is the mass fraction of polymer, 77 is viscosity (mPa s), and &, b, ¢’ and d’ are
adjustable parameters that were obtained by linear multiple regression using STATICA7 soft-
ware. The measured viscosities of the solutions, the coefficients of Eq. (2) along with its
average relative error, coefficient of determination, and root mean squared error are reported
in Table S-II of the Supplementary material. As can be seen in this Table, the standard
deviation values of the results were relatively low and in the range of 0.1-37 (mPa s), which
show the good reproducibility and accuracy of the experiments.

Solvent activity

The activity of the solvent in the polymer solution was measured using the vapour
pressure osmometry (VOP, Knauer, Germany) method at 45 and 55 °C and at different mass
fractions of polymer (0.1, 0.2, 0.3 and 0.45). Before beginning each experiment, the calib-
ration constant of the instrument was determined using a urea—water solution and a phenyl-
methanol—ethanol solution. The calibration constants had different values at different tem-
peratures and had to be determined for each temperature. Two thermistors covered with pla-
tinum screens pieces were placed in the measuring chamber. In the chamber, a container of
solvent provided a saturated solvent atmosphere around thermistors by using two wicks.
Usually, if a droplet of solvent is dripped on one of the thermistors and a droplet of solution I
dripped on the other thermistor, AV begins to rise. After reaching a state of quasi-equilibrium,
it remains almost unchanged. Temperature differences between the two thermistors were
reported as voltage differences. The activity was calculated using the following equation:?

AVM,
1000K
where a; is the activity of the solvent, AV is the voltage difference, M; is the molecular weight
of the solvent and K is the calibration constant. Each measurement was repeated 3 to 5 times,

and the mean of the voltage difference is reported. The accuracy of the measured voltage
difference was 0.1 mV.

=—In a (3)

Surface tension

The surface tension measurements were conducted using a Kruss k9 digital tensiometer
(Hamburg, Germany). This instrument comprises a precise microbalance and an accurate
mechanism to move vertically the liquid sample in a glass beaker. Here, the surface tension of
the polymer solutions was measured by the ring method (Du Nouy Method). In the ring
method, a mechanical force is required to lift a ring from the liquid surface. The ring is usu-
ally made of an alloy of platinum and iridium. Measurements were performed at different
temperatures using a warm-water bath; the temperature of the sample was kept at equilibrium.
Each measurement was performed three times and the average results of the surface tension
and their corresponding standard deviation values are reported.

Thermodynamic models for solvent activity and surface tension are presented in the
Supplementary material to this paper.

RESULTS AND DISCUSSION
Solvent activity

The proposed thermodynamic model for calculating the solvent activity is a
function of mole fraction, mass fraction, density (or specific volume) and visco-
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sity of the solution. The density and viscosity of the solutions are expressed as a
function of mass fraction of polymer (in the form of a mathematical model). To
calculate the solvent activity of the polymer mixtures at the mentioned tempera-
tures and mass fractions, the density and viscosity of the solutions have to be
accurately determined because they are crucial for obtaining good results with
the proposed model.

The experimental values have been used to validate the model. First, the sol-
vent activities in the polymer—solvent systems were measured by the osmometry
method. Then the solvent activities were calculated by the model and the results
were compared with the experimental data.

Comparisons between the experimental and calculated solvent activities for
various mass fractions at temperatures of 45 and 55 °C are presented in Figs. 1
and 2. Solvent activity values measured for PVP solutions at different tempera-
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Fig. 1. Solvent activity in (a) K25—water; and (b) K25—ethanol solutions at 45 and 55 °C.
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Fig. 2. Solvent activity in (a) K40—water, (b) K40—ethanol solutions at 45 and 55 °C.
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tures and along with their relative errors and average absolute relative errors are
reported in Table S-III of the Supplementary material. As seen in Figs. 1 and 2,
the solvent activities decreased significantly with increasing weight percentage of
the polymer in the range 0.3—0.45. These results showed that the proposed model
could predict with good accuracy the solvent activity in the mass fraction range
of 0.1 to 0.3.

Surface tension

The surface tensions of polymer solutions were measured using a digital ten-
siometer at different temperatures and mass fractions of polymer. The surface
tension values and relative error percentages along with their average absolute
relative errors at various temperatures are given in Table S-IV of the Supple-
mentary material.

A UNIFAC model and the Flory—Huggins solution theory were applied to
develop a thermodynamic model to predict the surface tensions of the PVP sol-
utions. Comparisons of the experimental and theoretical results for the PVP—sol-
vent systems are shown in Figs. 3 and 4. In addition, the trends in the evolution
of the surface tension with temperature at various mass fractions are illustrated.

65 1
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Fig. 3. Surface tension of (a) K25—water; and (b) K25—ethanol solutions at various
temperatures.

On increasing the temperature, the force between the molecules is reduced
and less force is required to pull the molecules into the liquid. Thus, the surface
tension of the liquid is reduced. Moreover, the surface tension can vary due to
chemical substances in contact. As could be seen in Figs. 3 and 4, the surface ten-
sion decreased with increasing the mass fraction of polymer. The experimental
results and the results obtained from the proposed model confirmed the inverse
relationship between temperature and mass fraction with the surface tension of
the solution.
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CONCLUSIONS

In this study, thermodynamic modelling and experimental procedures were
used to study the activity and surface tension of binary polymer mixtures. First,
the density, viscosity and surface tension of solutions, and solvent activities of
poly(vinyl pyrrolidone) with molecular weights of 25000 and 40000 g mol! in
water and ethanol were measured at different temperatures and mass fractions.
Then, two quadratic equations were presented to determine the density and vis-
cosity of solutions as a function of mass fraction. These equations were used to
present a thermodynamic model for the prediction of solvent activities. This
model was developed based on the Eyring viscosity model. Next, a thermodyn-
amic model based on the Flory—Huggins theory was presented for the prediction
of the surface tension of the solutions. The results obtained from the surface ten-
sion and activity models for polymer/solvent mixtures were compared with the
experimental results. The overall average absolute relative errors of the models
for solvent activities and surface tensions of the solutions were estimated to be
0.35 and 5.69 %, respectively. These results show that the proposed thermodyn-
amic models were able to predict the surface tension and activity of the solvent
with good accuracy.

NOMENCLATURE

Molar surface area (cm? mol™!)
Activity of solvent

Excess Gibbs free energy (J mol!)
Molecular weight of solvent (g mol!)
UNIFAC parameter

Gas constant (J mol'! K1)

Absolute temperature (K)

Mass fraction of polymer

Mole fraction of component

Activity coefficient of solvent

o

W H I NROZTR S A
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AV Voltage difference (mV)

é Solubility parameter (J'/2 cm™/2)

n Viscosity of solution (mPa s)

u Standard chemical potential (J mol!)
) Molar volume of solution (cm? mol!)
Oy Number of group k&

p Density of solution (g cm™)
o Surface tension of solution (mN m!)

@ Volume fraction

X Interaction parameter between polymer and solvent

SUPPLEMENTARY MATERIAL

Experimental data and theoretical models are available electronically at the pages of the
journal website: http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

U3BOJ
EKCIIEPUMEHTAJIHO OJPEHLUBAILE U MOJEJIOBAILE AKTUBHOCTHU PACTBAPAYA
W ITIOBPINMHCKHUX HAITOHA BMHAPHUX CMEIIA IMOJTU(BUHUJIIIUPOJIMOOHA) Y
BOIH U ETAHOJIY

MAJID TAGHIZADEH u SABER SHEIKHVAND AMIRI

Chemical Engineering Department, Babol Noshirvani University of Technology, P. O. Box 484,
Babol 4714871167, Iran

Y oBOM pafly Cy NpHUKa3aHU PE3YNTaTH EKCIIEPDUMEHTATHOT MEpPEmA TYCTHUHA (p), BUCKO3-
HOCTH (7) ¥ NOBPLUIMHCKHX HaloOHa (o) cMella NONMU(BUHWINMpOnHnoHa) (PVP), monapHux
maca 25000 (K25) u 40000 g mol™! (K40), y Boau u eTaHo/y y TeMrepaTypHOM omncery 20—65
°C ¥ IpH pa3IMYUTUM MaceHUM yzenuma nonumepa (0,1, 0,2, 0,3 u 0,45). Mepewa noBp-
IIMHCKOT HamoHa BplueHa cy Ha 45 u 55 °C. Taxohe, nmpepnoxeHa cy JBa TepMOOUHAMHUYUKa
Mofiena 3a NnpeABUbame akTHBHOCTH pacTBapaya M IOBPLUIMHCKOr HaloHa OMHAapHHUX CMella
nonumepa (PVP y Bogu u eraroiny). Flory—Huggins u Eyring monenu kopuurheHu cy 3a uspa-
YyHaBawe MMOBPIIMHCKOT HAIlOHA PAacTBOPa M aKTUBHOCTH pacTBapaya. [IpefnoxeHu MOAeny
3aBHCE Ofl BpEJHOCTH T'YCTHHE U BUCKO3HOCTH pacTBopa. Ilopehemem ca excriepuMeHTaTHUM
MoJaliiMa WCITUTHBAHA je MPUMEHJBUBOCT OBUX Mozesa Ha BeheM Opojy TemnepaTypa U BULIe
MaceHux yzaena. IToTBpheHo je fa y MCIUTHBAaHOM TeMIIEPATYPHOM OICETYy HaBeleHH MOZEIH
Iajy nodpe pesynrare.

(ITpumrbeno 5. maja 2016, pesupupano 30. jaHyapa, npuxsaheHo 7. mapra 2017)
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