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ABSTRACT: Aqueous solutions of the polymer poly(vinylpyrrolidone) (PVP) were analyzed in terms of surface tension
(Wilhelmy-Plate), density (vibrating tube density meter), and dynamic viscosity (falling ball viscometer) for different molar masses,
concentrations, and temperatures. Surface tensions were determined for PVP 10, K25, and K90 at 298.15 K. Densities and viscosities
were studied with PVP K25 and K90 in a temperature region from (293.15 to 310.15) K. The dynamic viscosity isotherms were fitted
successfully to a basic polynomial function. The experimental data are discussed and compared to literature data.

B INTRODUCTION

The polymer poly(vinylpyrrolidone) (PVP) acts as stabilizer
in food industry and can also be used in a variety of fields such as
pharmacy, cosmetics, and the detergent industry and also as an
adhesive, in steel production, crop protection, or the electrical
industry.' > The diversity of applications is due to the unique
physical and chemical properties of PVP, especially its good
solubility in both water and organic solvents and its adhesive
strength on different materials as well as its enhanced cross-
linking. PVP is stable in a broad range of pH values. Furthermore,
PVP is nontoxic and biocompatible. In the year 2006 the world-
wide production was about 31 000 tonnes whereof about 47 %
were used for cosmetic and 25 % for pharmaceutical applications.
Depending on the grade of polymerization, the molecular mass
of PVP varies in the range of (2000 to 2 500 000) g+ mol ™~ ! The
different types of PVP are characterized by their inherent
viscosities, the so-called K-values.” Since many applications are
based on the usage of aqueous PVP solutions, the knowledge
of the dependency of surface tension, density ,and viscosity on
concentration is often required. This work was carried out with
the intention to characterize PVP in terms of the mentioned
parameters to apply it as stabilizing agent in the process of rapid
expansion of supercritical solutions into aqueous solutions
(RESSAS).*

B EXPERIMENTAL SECTION

Materials. PVP (CAS 9003-39-8, E number E1201) is a
hygroscopic amorphous powder with white color whose struc-
ture is given in Figure 1. PVP K25 and PVP K90 were purchased
from Carl Roth (Germany); PVP 10 was acquired from Sigma-
Aldrich (Germany). The powders were used without further
purification. The water used as solvent was purified by filtration,
reverse osmosis, and photo-oxidation by an Elect SO (Elga,
Germany) which produces water with a quality equal to distilled
water. Dimethylacetamide and lithium bromide used in SEC had
a purity of 99% and were purchased from Acros Organics
(Belgium) and Sigma-Aldrich (Germany), respectively.

Methods. The determination of the molar mass distribution
(MMD) was carried out with size exclusion chromatography
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(SEC) using the eluent dimethylacetamide (99 %) containing
0.1 % lithium bromide. The SEC setup was cahbrated using poly-
styrene standards (PSS) of low polydispersity.® Surface tensions
were measured using a conventional DIN-certified Wilhelmy-
Plate technique (DCAT 11, DataPhysics Instruments, Germany)
at a constant temperature of 298.15 K. Density measurements
were carried out with a vibrating-tube density meter (DMA 38,
Anton Paar, Austria) with a measuring inaccuracy of 0.0001 g-
cm . The temperature of the measuring cell was automatically
controlled within an uncertainty of &= 0.1 K. The equipment was
calibrated with air and double-distilled water. Viscosity measure-
ments were carried out with a falling ball viscometer (HAAKE
type C, Thermo Electron, Germany), using a boron silica glass
ball (dball = 15.809 mmy; pball =2. 220 g cm , Mpal = 4.5923 g;
Kpan = 0.01103 mPa-s-cm® ‘g 1) which has a reproduci-
bility of 1.0 %. The temperature was adjusted with a thermostat
(HAAKE DCS, Thermo Electron, Germany) and controlled
with a resistance thermometer (Pt-100) and a digital multimeter
(PREMA 8015, Prema, Germany) within an uncertainty of
+ 001 K

B RESULTS AND DISCUSSION

Molar Mass Distribution. The weight average molar mass,
M,, and the polydispersity index PDI (PDI = M,,/M,, with M,, =
number average molar mass) of the different PVP samples are
given in Table 1. Figures 2 and 3 show the molar mass
distribution of the different charges. Concerning the difference
between manufacturer's data and measured data no influence of
the molar mass on this difference can be found. The PDI varies
from PDI = (3.08 to 4.12) wh1ch is in the same range of sizes
found in Kany et al.’ and Bithler." PVP K25 and PVP K25 show
almost the same curve progression, while the PVP K25 charge
with the index ¢ shows a narrower MMD and a smaller PDI. The
two PVP K90 charges show differences, too. The MMD deter-
mined for PVP K90 indicates a higher weight average molar
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Figure 1. Chemical structure of PVP.

Table 1. Molar Mass, Weight Average Molar Mass, and PDI
of the PVP Charges5

M M,
PVP index charge* g mol ! g-mol ! PDI
10 097K0107 10000 9882 3.25
K2S§ a 40790076 24000 31502 4.12
K25 b 28898054 24000 33318 4.05
K25 ¢ 279106234 24000 26620 3.50
K90 a 38784380 360000 437370 3.18
K90 b 32884380 360000 665170 3.08

“ Manufacturer's data.
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Figure 2. MMD of used PVP charges, see Table 1: solid line, PVP K25%
dotted line, PVP K25 dotted and dashed line, PVP K25°°
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Figure 3. MMD of used PVP charges, see Table 1: dotted and dashed
line, PVP 10; solid line, PVP K90% dotted line, PVP K90°.°

mass with a lower PDI compared to PVP K90". Molar mass
literature data are presented as given by the authors either as M,,

Table 2. Surface Tension and Standard Deviation of Aqueous
PVP 10 and PVP K90 Solutions at 298.15 K

PVP 10 PVP K90*
c Y SD b4 SD
g'dm73 mN-m ' mN-m ' mN-m ' mN-m !

0.2 67.66 0.070 67.70 0.104
0.4 67.16 0.050 67.42 0.082
0.8 67.52 0.076 66.72 0.374
1.6 66.63 0.225 66.69 0.080
3.1 66.17 0.351 67.12 0.039
6.2 67.46 0.404 66.37 0.074
12.5 66.01 0.219 66.36 0.014
25.0 66.91 0.123 66.19 0.605
50.0 66.22 0.108
100.0 64.90 0.127 65.21 0.258

Table 3. Surface Tension and Standard Deviation of Aqueous
PVP K25 Solutions at 298.15 K

PVP K25*
c y SD
g~dm73 mN-m ' mN-m '
0.9 67.79 0.083
35 66.52 0.096
6.1 66.42 0.217
8.6 66.63 0.439
12.0 67.17 0.054
12.5 66.95 0.778
13.8 66.83 0.097
16.3 66.84 0.080
18.9 66.80 0.156
214 66.53 0.138
24.0 66.83 0.098
25.0 64.43 0.304
50.0 66.69 0.150
100.0 67.20 0.385

or as M,. In case of missing specification M is used without
an index.

Surface Tension. The surface tension measurements were
carried out for PVP concentrations ranging from ¢ = (0.2 to
100.0) g-dm > at 298.15 K. Each experiment was repeated at
least three times or until the standard deviation (SD) was smaller
than one. The average value of the surface tension data and SD
for each concentration are summarized in Tables 2 and 3 and
depicted in Figures 4 and S. For comparison, surface tension data
available from literature are shown too. In Figure 4 our own
surface tension data for PVP K25, data from Gargall et al.” (M =
42000g- mol ™~ }; T =298 K), and Gabrielli et al.” (M = 40 000 g
mol ;T = 294.6 K) show nearly constant behavior over a wide
range of concentration, while the data determined by Huang and
Wang9 (M,, = 40000 g-mol_l; T = 293.15 K) decrease slightly
with increasing concentration until a dramatic decrease occurs at
c =49 g-dm_3. As shown in Figure 5, a similar result was
obtained for PVP 10, PVP K90, and surface tension data
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Figure 4. Surface tension versus polymer concentration in water: H,
PVP K25% at 298.15 K; v, PVP M = 42000 g-mol ' at 298 K;” O, PVP
M = 40000 g-mol " at 294.6 K;* A, PVP M,, = 40000 g-mol " at
293.15 K.’
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Figure S. Surface tension versus polymer concentration in water: H,
PVP 10 at 298.15 K; O, PVP K90" at 298.15 K; v, PVP M = 365 000
g-mol ™" at 298 K;” A, PVP M,, = 1000000 g-mol ™" at 293.15 K.

published by Gargall§ et al.” (M = 365000 g-mol ™~ '; T = 298 K)
which are nearly constant over the concentration range investi-
gated, whereas the surface tension data published by Huang and
Wang® (M,, = 1000000 g-mol™; T = 293.15 K) decrease
rapidly above ¢ = 15 g-dm ™ °.

In case of our aqueous PVP 10, PVP K25, and PVP K90
solutions, no significant influence of molar mass on surface
tension data can be observed. These results agree with those of
Gargall6 et al.,” while the data from Huang and Wang9 show a
slight influence of molar mass on both the absolute value of the
surface tension data and the concentration at which the surface
tension decreases. These differences cannot be explained by
different measurement methods. Gargallé et al.” and Gabrielli
et al.® applied a ring tensiometer, which is an analogue to the
Wilhelmy-Plate used by Huang and Wan§9 as well as in this work.
Measurements done by Noskov et al.'” show that the surface
tension for PVP 10 (M = 10 000 g~molil; T = 293.15 K) and
PVP 55 (M = 55000 g'mol_l; T =293.15 K) is nearly constant
for static surface tension measurements until ¢ A~ 0.1 % in mass
and independent of molecular weight. For ¢ ~ (0.1 to 3.0) % in
mass they made dynamic surface tension measurements with
surface ages of around 500 min for PVP 10 and 1200 min for PVP

Table 4. Density and Viscosity Data for PVP K25 at Different
Temperatures and Concentrations Including the Standard
Deviation

T c P SD n SD

PVP K g:dm™® gream™® g-em®  mPars  mPa-s

K25°  293.15 0.20 0998 0 1.003 12-10°3
0.40 0998 0 1.002  3.1-10°°

0.80 0998 0 1.002  44-10°

1.60 0999  500-107° 1011 45-10°

321 0999  500-10°° 1.031 24-10°

6.42 0999  1.00-10°* 1.087 23-107°

10.02 1.000  5.00-10° 1165 3.3-10°

15.00 1.001 0 1301  19-10°

20.05 1002  3.60-100* 1378 21-10°

25.00 1.003  585-10°* 1515  29-10°

50.02 1.008 0 2251 47-10°3

K25¢ 100.00 1020 1.03-10 % 438 1.5-10 >
K25°  298.15 0.20 099 0 0.872 19-10°
0.40 0997  500-10°° 0869 1.8-10°

0.80 0997 0 0.878 2.6-107°

1.60 0997 0 0.887 1.5-107°

321 0998 0 0915  1.8-107°

6.42 0999  1.10-10°* 0965 28-10°

10.02 0999  894-10°° 1.027 32-10°

15.00 1.001  894-10°° 1123 43-10°

20.05 1.002  500-107° 1220 2.5-10°

25.00 1.003 0 1361  43-10°

50.02 1.008 0 1961  44-10°

K25¢ 100.00 1019 197-100* 3813 72-10°
K25°  303.15 0.20 0996  141-10°* 0790 22-107°
0.40 0996  548-10°° 0786 3.5-10 °

0.80 0996  500-107° 0787 22-10°

1.60 0997 0 0799  3.5-10°

321 0997  500-10°° 0832 29-10°

6.42 0998 0 0862 14-107°

10.02 0998  500-10°° 0913 22-107°

15.00 0999 0 1001  1.7-10°

20.05 1.001 0 1102 3.1-10°3

25.00 1.001  250-10 % 1208 3.5-10°

50.02 1.007  1.79-10°* 1735  2.6-10 °

K25¢ 100.00 1017  1.00-10 * 3318 14-10°

SS. The surface tension decreases rapidly in this concentration
range. Noskov et al.'® describe the abrupt surface tension drop in
the range of relatively concentrated solutions as a general
phenomenon for polymer solutions. By doing further investiga-
tions they figured out that impurities cause the effect of abrupt
decrease at certain PVP concentrations. In this way the discre-
pancies in the compared data can be explained, whereas the PVP
used by Huang and Wang” shows the same effects as described by
Noskov et al."’ and probably contains traces of impurities. The
PVP used by the other authors and in this work contains less or
no impurities affecting the surface tension. The marginal de-
crease in surface tension compared to water is probably based on
a small tendency toward migration of PVP to the interface which
could be anticipated, because the pyrrolidone ring structure is
strongly hydrated.”
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Table S. Density and Viscosity Data for PVP K90 at Different
Temperatures and Concentrations Including the Standard
Deviation

T c o SD n SD

PVP K g'dm™® gem™® grem™®  mPa-s mPa-s

K90®  293.1§ 0.05 0.999 0 1078  1.04-10 >
0.09 0.999 0 0987 1.62:10°
0.20 0.998 0 1014  1.66-107°

0.40 0998  5.00-10 ° 1.101 123-10 2
0.81 0999  894-107° 1078 3.75-10 *
1.60 0999  894-107° 1218 222-10°
2.50 0999 0 1375 217-10°
3.75 1.000  1.10-10°* 1.627 8.76-10°
5.01 0999  1.00-10* 1.890 3.43-10°
627 1.000  5.00-107° 2190 429-10°
12.51 1.001  5.00-107° 4004 4.11-10°
25.01 1.003 0 9.658 9.31-10°

K90®  298.15 0.05 0998 0 0984 327-107°
0.09 0998 0 0.875  4.06-107°

0.20 0998 0 0.901 2.01-10°

0.40 0998 0 1.033 3.87-107°

0.81 0998 0 0970 2.87-10°

1.60 0998 0 1075 277-107°

2.50 0998 0 1213 346-10°

3.75 0999 0 1427 2.63-10°

5.01 0999 0 1652  4.87-10°

627 0999 0 1909 3.19-10°

12.51 1.000  1.00-10°* 3462 692-10°

25.01 1003 0 8370 1.89-10 2

K90®  303.15 0.05 0996 0 0.885  7.49-107°
0.09 0996  5.00-10° 0784 2.58-10 °

0.20 0996  577-10° 0811 2.83-10°

0.40 0.996 0 0921 623-10°

0.81 099 0 0.866  2.60-10°
1.60 0997 0 0954 3.61-107°
2.50 0997 0 1074 299-10°
3.75 0997 0 1265 3.19-10°

5.01 0997 0 1456 192-107°

627 0998  5.00-10°° 1.679 2.67-10 °

12.51 0999  1.00-10°* 3.021 644-10 °

25.01 1.001  5.00-10° 7236 143-10 >

310.15 0.05 0994 0 0.766  4.00-10°
0.09 0994  500-10° 0680 325-10°

0.20 0994  §77-10°° 0702 223-10°

0.40 0994  500-10°° 0.800 1.12-10 °

K90P

0.81 0994 0 0.747  1.55-107°
1.60 0995 0 0.819 220-10°
2.50 0995  500-10° 0915 141-10°
3.75 0995 0 1.080 3.46-10°
5.01 0995 0 1235  239-107°
627 0995  3.00-10 % 1417 1.56-10°
12.51 0997 0 2515 4.81-107°
25.01 0999 0 5948  5.08-10°

Density. Density measurements were carried out with aqu-
eous PVP K25 and K90 solutions of different concentrations.
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Figure 6. Density versus polymer concentration in water for PVP K25
at: W, 293.15 K; O, 298.15 K; A, 303.15 K.
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Figure 7. Density versus polymer concentration in water for PVP K90
at: W, 293.15 K; O, 298.15 K; A, 303.15 K; v, 310.1S K.

The concentration of PVP K25 in water was varied from ¢ = (0 to
100) g- dm 3, while the concentration of PVP K90 ranges from
c=(0to25) g-dm . The effect of temperature on density was
investigated from T = (293.15 to 303.15) K for PVP K25 and
from T = (293.15 to 310.15) K for PVP K90. All measurements
were carried out at least three times. After calibrating of the
equipment, the density of the pure solvent (purified water)
was determined and compared to values published in VDI-
Wirmeatlas'" for all temperatures investigated. The comparison
shows a deviation of Ap < 0.0002 g-cm  ~ which is twice as big as
the inaccuracy given by the manufacturer of the density meter.
The densities and standard deviations determined for the aque-
ous PVP solutions at different concentrations and temperatures
are given in Tables 4 and §, respectively. The usage of PVP K25
with the index c for the concentration 100 g-dm ™ is due to the
run out of PVP K25”. Plots of density versus concentration are
illustrated in Figures 6 and 7. The density increases almost
linearly with increasing concentration. Variations of the linear
behavior appear in the low concentration region for PVP K90 at
293.15 K and PVP K25 at 298.15 K. As expected, the density
decreases with increasing temperature in all cases. A comparison
at constant temperature and concentration shows that no
significant influence of molar mass on density can be observed
in the range investigated. Comparable data of Kany et al.’ for
PVP 10 (M,, = 9411 g-mol™ "), PVP 50 (M,, = 57980 g-mol '),
and PVP 1000 (M,, = 1146000 g-mol ') at (278.15, 293.15,
and 333.15) K confirm that there is no connection between

dx.doi.org/10.1021/je101277c |J. Chem. Eng. Data 2011, 56, 582-588
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Figure 8. Dynamic viscosity versus polymer concentration in water for PVP
K25 at: W, 293.15 K; O, 298.15 K; A, 303.15 K; solid line, polynomial fit.
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Figure 9. Dynamic viscosity versus polymer concentration in water for
PVP K90 at: W, 293.15 K; O, 298.15 K; A, 303.15 K; v, 310.15 K; solid
line, polynomial fit.

molar mass and density. The data of Kany et al.® at 293.15 K
and Foroutan'” who measured the density of PVP K15 (M =
10000 g-mol ™ '; T'=298.15 K) result in similar density values
as the data measured in this work. In contrast the density
data obtained at 298.15 K by Mutalik et al.'® for PVP with
unknown molar mass are almost independent from PVP
concentration.

Dynamic Viscosity. To determine the viscosity of a fluid with
a falling ball viscosimeter the falling time t of the ball has to be
detected between two markings. Thus the viscosity can be
calculated applying eq 1, where Ky, is the ball constant, pp,y
is the density of the applied ball and pg,;4 is the density of the
fluid.

1 = Koan* (Ppar — Prruia) (1)

The viscosity measurements were carried out with the same
solutions used for density measurements at the same tem-
peratures to ensure the use of the related fluid density pgyiq-
Each single experiment was repeated at least six times. At all
adjusted temperatures, the equipment was tested by measure-
ments with the pure solvent (purified water). Compared to
data published in VDI-Wirmeatlas,"" the maximum deviation
was An = 0.01 mPa-s. The dynamic viscosities and standard de-
viations determined for the aqueous PVP solutions at different

Table 6. Parameters for the Polynomial Fit of Dynamic
Viscosity from eq 2

PVP T/K Mo X1 X R*

1.80761-10* 0.9998
1.51520-10"* 0.9997

K2s 293.15 1.002 0.01579
K2s 298.15 0.880 0.01421

K2S 303.15 0.798 0.01226 1.29643-10* 0.9995
K90 293.15 1.002 0.13396 0.00848 0.9998
K90 298.15 0.880 0.11622 0.00732 0.9995
K90 303.15 0.798 0.09910 0.00633 0.9996
K90 310.15 0.675 0.08591 0.00499 0.9993

concentrations and temperatures are given in Tables 4 and §,
respectively. The experimental data were fitted to the polynomial
function eq 2, wherein 1), is the dynamic viscosity of the pure
solvent, and they are illustrated in Figures 8 and 9. As it is expected
for liquid solutions the dynamic viscosity decreases with increasing
temperature.m’15

77:7]0+x1-c—|—x2-c2 (2)

The parameters x; and x, of eq 2 are obtained from fitting the
experimental data to eq 2 using the Levenberg—Marquardt algo-
rithm and are summarized in Table 6 together with the coefficient
of determination R*. Obviously, this simple equation is able to
describe the dependency of dynamic viscosity on PVP concentra-
tion up to ¢ = 25 g+dm > for PVP K90 and up to ¢ = 100 g-dm >
for PVP K2S in a satisfying way. A comparison at constant
temperature and concentration shows, that 77,5 < kg in the
range investigated. This is in accordance with the fact that the
viscosity average molar mass M,, is proportional to the intrinsic
viscosity [#7] as shown by the Mark—Houwink equation (eq 3). In
eq 3 K; and o are constants which can be found for common
polymer/solvent combinations.’

] = Ki-M® (3)

To compare with literature data, which are often presented in
diverse types of viscosity, it is necessary to transform the own
dynamic viscosity data in the corresponding forms of viscosity. The
relative viscosity (eq 4) describes the quotient of dynamic viscosity 7
and the dynamic viscosity of the pure solvent 7. The specific
viscosity 7]y, is a measure of the thickening effect of the polymer
solution compared to the pure solvent (eq 5). While 77 and 7, are
concentration-dependent, the reduced viscosity 77,04 is independent
of concentration (eq 6). If 77,4 is plotted against polymer concen-
tration, a straight line is usually obtained. As shown in eq 7, the
extrapolation of 7, to c=0g+ dm > results in the intrinsic viscosity.”

n
Neel = — 4
1= (4)

n—Mno

Ny = = T — 1 N
P o 1 ( )

s
Need = —= (6)

[4

= (") o)

In Figures 10 and 11 the experimental data for PVP K25 and K90 are
compared to the data from Yang et al.'® at (293.15 and 298.15) K in
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Figure 10. Relative viscosity versus polymer concentration in water at
293.15 K for PVP: O, K25; A, K90; B, M,, = 3.6-10° g-mol ;' solid
line, eq 2.
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Figure 11. Relative viscosity versus polymer concentration in water at
298.15 K for PVP: O, K25; A, K90; B, M,, = 3.6+ 10° g-mol ™ ';' solid
line, eq 2.
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Figure 12. Dynamic viscosity versus polymer mass fraction in water at
298.15 K for PVP: O, K25; A, K90; B, K15 M,, = 1.0-10* g-mol ~"."?

terms of relative viscosity. It can be discovered that the data
determined for PVP K90 and the data from Yang et al.'® for M, =
3.6-10° g-mol ' are consistent for both temperatures. A com-
parison of the different literature data with eq 2 leads to
deviations < 4 %. Figure 12 illustrates a comparison of the

dynamic viscosity of PVP K25, K90, and viscosity data published
by Foroutan'? for PVP K15. Obviously, at a certain concentra-
tion, the viscosity is increasing with increasing molar mass.

B CONCLUSIONS

Experimental surface tension, density, and dynamic viscosity
data of aqueous PVP solutions are reported, and the obtained
results were compared with data available from literature. The
surface tension data were determined for aqueous PVP 10, K25,
and K90 solutions at 298.15 K and PVP concentrations up to 100
g-dm >, The density and viscosity data of the aqueous PVP K25
solutions were measured at (293.15, 298.15, and 303.15) K and
for PVP concentrations up to 100 g-dm > and for the K90
solutions at (293.15, 298.15, 303.1S, and 310.15) K and PVP
concentrations up to 25 g-dm °. In opposite to the results
reported by Huang and Wang,” the surface tension data show no
clear effect of PVP concentration, while density and viscosity of
the aqueous solution increase with increasing PVP concentra-
tion. In addition, the dynamic viscosity isotherms are successfully
fitted to a simple polynomial function.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: tuerk@kit.edu. Tel.: 449 721 608 42330. Fax: +49 721
608 4233S.

Funding Sources

This work was supported primarily by the Deutsche Forschungs-
gemeinschaft (DFG, Tu 93/7-1, 7-2) which the authors grate-
fully acknowledge. The good and trustworthy cooperation within
this project with Th. Kraska (University Cologne, Germany) and
A. Weber (Technical University Clausthal, Germany) is ac-
knowledged gratefully.

B ACKNOWLEDGMENT

The authors thank Mrs. Adriana Sati Shoji and Mr. Fabian
Klose for accomplishing the density, viscosity, and surface tension
measurements, respectively. Furthermore, the authors thank Sabine
Beuermann for determining the molar mass distributions.

B REFERENCES

(1) Bibhler, V. Polyvinylpyrrolidone excipients for pharmaceuticals:
povidone, crospovidone and copovidone; Springer: Berlin, 2005.

(2) Fischer, F.; Bauer, S. Jack of all trades in chemistry: Polyvinyl-
pyrrolidone. Chem. Unserer Zeit 2009, 43, 376-383.

(3) Holmberg, K,; Jonsson, B.; Kronberg, B.; Lindman, B. Surfactants
and polymers in aqueous solution, 2nd ed.; Wiley: Chichester, 2006.

(4) Tirk, M.; Bolten, D. Formation of submicron poorly water-
soluble drugs by rapid expansion of supercritical solution (RESS):
results for naproxen. J. Supercrit. Fluids 2010, 55, 778-78S5.

(S5) Beuermann, S.; Imran-ul-hag, M. Homogeneous phase poly-
merization of vinylidene fluoride in supercritical carbon dioxide. J. Polym.
Sci., Part A: Polym. Chem. 2007, 45, 5626-5635.

(6) Kany, H. P.; Hasse, H.; Maurer, G. Thermodynamic properties
of aqueous poly(vinylpyrrolidone) solutions from laser-light-scattering,
membrane osmometry, and isopiestic measurements. J. Chem. Eng. Data
2003, 48, 689-698.

(7) Gargalld, L.; Leiva, A; Alegria, L.; Miranda, B.; Gonzélez, A,
Radic, D. Interfacial properties of poly(N-vinyl-2-pyrrolidone) at the
air/water interface. J. Macromol. Sci. B 2004, B43, 913-924.

dx.doi.org/10.1021/je101277c |J. Chem. Eng. Data 2011, 56, 582-588



Journal of Chemical & Engineering Data

(8) Gabrielli, G.; Cantale, F.; Guarini, G. G. T. Adsorption of
amphiphilic mixtures and stabilization of suspensions of hydrophobic
solids in water. Colloids Surf,, A 1996, 119, 163-174.

(9) Huang, Q.R; Wang, C. H. Surface laser light scattering studies of
the air/poly(N-vinyl-2-pyrrolidone)-water solution surface. J. Chem.
Phys. 1996, 105, 6546-6552.

(10) Noskov, B. A,; Akentiev, A. V.; Miller, R. Dynamic surface
properties of poly(vinylpyrrolidone) solutions. J. Colloid Interface Sci.
2002, 255, 417-424.

(11) The Association of German Engineers (VDI); VDI-Warmeatlas -
Calculation sheets for heat transfer, 8th ed.; Springer: Berlin, 1997.

(12) Foroutan, M. Density dependence of the viscosity and excess
volume of aqueous solutions of polyvinylpyrrolidone. Acta Chim. Slov.
2006, 53, 219-222.

(13) Mutalik, V.; Manjeshwar, L. S.; Wali, A.; Sairam, M.; Sreedhar,
B.; Raju, K. V. S. N.; Aminabhavi, T. M. Aqueous-solution and solid-film
properties of poly(vinyl alcohol), poly(vinylpyrrolidone), gelantin,
starch, and carboxymethylcellulose polymers. J. Appl. Polym. Sci. 2007,
106, 765-774.

(14) Tietjens, O. Fluid dynamics - physical basics from technical view,
Ist ed.; Springer: Berlin, 1960.

(15) Bohl, W. Technical fluid dynamics, 12th ed.; Vogel: Wiirzburg,
2002.

(16) Yang, H; Yan, Y,; Zhu, P,; Li, H,; Zhu, Q.; Fan, C. Studies on
the viscosity behavior of polymer solutions at low concentrations. Eur.
Polym. J. 2008, 41, 329-340.

588

dx.doi.org/10.1021/je101277c |J. Chem. Eng. Data 2011, 56, 582-588



