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ABSTRA?T

Densities and viscésities of the binary aqueous solutions of 1-Propanol (PA) and 2-
Propanol (IPA) have been determined experimentally throughout the whole concentration
range for temperatures between.20°C and 60°C. The data were correlated by an equation
based on Erying’s absolute rate theory. The energy of acﬁvatipn for viscous flow is
presénted. The equation correlates the viscosity values of the binary solutions with'an
average absolute dei(iation percentage error (AAD%) of 0.7714% and 1.2351% for PA
and.IPA aqueous solutions, respectively. The AAD values for density correlations of PA
and IPA aqueous solutjon§ are less than 0.07%.

Kcywordsiz viscosity, density, binary aqueous solutions

1. INTRODUCTION

A knowledge of thermd&ynamic' and transport properties of binaiy aqueous
solutions are important in engineering, designing new technologicai processes and also in
developing theoretical modeis. Volumetric properties of aqueous solutions, in conjunction
with other thermodynamic properties provide useful information about water-solute
interac%ions. Density and viscosity of aqueous solutions are required in both'physical
chemisﬁy and chemical engineering calculations involving fluid flow, heat énd mass
ﬁ@sfer.(l) The values of such quantities may sometimes be obtained from tables but it is
usually found that even the most extensive physico-chemical tables do not contain all the

data necessary for designing a technological process.® Consequently, reliable and



accurate data which can be applied to wide ranges of temperature are réquired—. Alcohéls
are organic compound which are widely used within the chemical industry. The main uses
of alcohols ére as solvents for gums, resins, lacquers and varnishes, in the maldng of d-}.zes
?md‘ for essential oils in perfumery.

Densmes and v1scosxt1es of bmary aqueous solutions of 1-Propanol have been
studied by Mikhail et al.® ) at temperatures 25°, 30°, 35°, 40° and 50°C and by ng et al. at
temperatures 30°, 55°, 75° and 95°C.%Y Viscosities studies of solutions of water in n-
Aliphatic alcohols were also reported at 15°, 25°, 35°, and 45°C.® Dcnsitiés and reﬁ'abtive
indices »of ﬁ-Propyl, Isopyl and Méthjfl alcohols with water were measured at 20~_25°C.(6)
Densities and refractive indices of pure 1-Propanol were given by Ortega.”

As. part of our study, we present and discuss density, viscosity data for binary
syéteins qf lfPeranbl + water gnd Z-Propanel + water at témperatu:es from 20°C and

60°C over the entire composition range.

2. Experimental
2.1 Materials:

1-Propanol (PA) and 2-Propanol (IPA) W1th minimum punty of 99.5% and 99.8%
respectlvely were obtained from Merck Chemicals. Both were uscd without further
purification. Ultra pure water was used for preparation of various solutions. Mixtures of
these alcohols with ultra pure water were made by weighing the known amount of thé
respective chemicals, with care being taken to minimize exposure to air (carbon dioxide).
2.2 Measurement
2.2.1. Density

An Anton Paar DMASS vibrating tube digital density meter was used to determine

the densities of the solutions from 20- 60°C at 5°C intervals. The U-tube of the density



meter was washed with water and acetone and dried with air befofe measurement. The
density meter was calibrated by dry air and ultra pure water. The density of water at 2(}"C

was 0.99823 g-cm™.® Densities of solution p (g-cm™), were calculated by the equation

p=AT -B ’ (1)v
A=(pi-p2) /(TP -T2 2)
B=(T pi— T{ po) / (T~ T7) A (3)

where A and B are calibration constants, p the density, T the temperature in Kelvin and
index 1 and 2 refer to air and water, respectively. The uncertainty of the density value is
#1 x 107 g-em™; |
2.2.2. Viscosity
| The kinematic viscosities were determined by using an Ubbelohde viscometer
calibrated with ultra pure water. The viscosity of water at 20°C was 1.0020 cP.® The
viscometer was immersed in a water bath. TheNtempera_ture of the water batvh- was
controlledhto +0.1°C. The flow time was r_neasured with a stop-watch accurate to 0.01s.
Measurements were repeated at least three times for each solution and temperature. The
kinematic viscosity of solutions ié given by
v=kit—ky/t (%)
where v is the kinemadtic viscosity, t is the flow time and ki, k, are the viscometer
constants. The k»/t term represents the éon:ection due to kinetic energy and can generally
be neglected. The dynamic viscosities were then calculated from the measured kinematic

viscosities and the densities of the same solutions.

3. RESULTS AND DISCUSSION
The viscosity and density data for the binary aqueous solutions of PA and IPA

from 20- 60°C are tabulated in Tables I-IV, respectively. The viscosity of the aqueous PA



and IPA éolutions is plotted versus mole fraction in Fig. 1 and Fig. 2. The aqueous PA
viscosity data of Mikhail®, Ling® and D’Aprano® are also plotted in Fig.1 for
comparison. The viscosity measured in this work is in good agreemenf with these
'reSea:rchers,vexcept the values at 25°C reported by D’ Aprano®, which are slightly higher
th$n the data of present study. From the tables I aﬁd II, we can found that viscosityivalues
decrease with increasing temperature. Vis;:osity of PA and IPA aqueous solutions exhibit
2 maximum at about 0.3000 mole fraction alcohols and then decrease slowly to the valué
of pure alcohol. The maximum viscosity is reflects to presence of hydrogen bonding
between alcohols and water molecules. To correlate the viscosity of aqueous splutions, a

equation based on Erying’s absolute rate theory is applied:®’

o (g_z_f‘E_J ‘- ©®

T, 1+x¥V

where, v =1-x# +x? (1~ xP Yy, +xPy,
Nc 18 viscosity of the binary solutions_, T 1S éhear stress, o, iS apparent viscosity rates, -
component 1 1s a known Newtonian ﬂujd, E the activation energy for viscous flow and V
the molar volume of holes. The parameters of equation (4) are listed in Table V and VL
PA has higher activation energy than IPA. This could be due to extra energy required to
break the hydrogen bond in primary alcohols. The average absolute deviation peréentage
error (AAD%) of the viscosity measuremen;c are 0.7714% and 1.2351% for aqueous PA
and IPA solutions, respectively.

EXperimentai density data for the binary aqueous solutions of PA and IPA were
measured at 9 temperatures b¢tween 20- 60°C throughout the-whole concentration range.
The results are shown in‘ Fig. 3 and 4. The density results of aqueous PA reported by

Mikhail® and Ling® are included in Fig. 3. It is obvious that our measured data agree



well with those researchers referenced above. From Table III and I'V, we can find that the
densities generally decrease with increasing temperatures and content of alcohol.
Densities for binary solutions can be represented by the following polynomial equation

which is convenient for interpolation:

5
d=d,+Y ax (8)

i=]
Wheré do is density of pure water, a; is the constant and x is the mole fraction of alcohols.
The polynomial coefficients are listed in Table VII and VIIL The average absolute
deviation percentage error (AAD%) for density calculations are 0.0682% and 0.0669%

for aqueous PA and IPA solutions, respectivdy.

4. CONCLUSION

The densities and viscosities of aqueous PA and IPA solutions have been measured

experimen;tally over the entire range for,temperafures from 20- 60°C. The density data

were represented by the polynomial equation. An ‘equation based on Erying’s absolute

rate theory was used to fit the viscosity data. Satisfactory results were obtained. Further

investigation will be carried out to measure and predict the viscosities and densities of the

ternary aqueous sélutions containing alcohol with an electrolyte and non- electrolyte from
the binary data obtained from the binary aqueous solutions. |
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Table L Dynamic viscosity (cP) of 1-Propanol (1) + water (2} at different temperatures.

Mole
fraction, x;  20°C 25°C 30°C 35°C 40°C 45°C 50°C___55°C 60°C
0.00000  1.0020 0.8904 07975 0.7194 06529 0.5960 0.5468 0.5040 0.4665
0.01000 1.1568 1.0245 0.9057 '0.8100 07274 0.6588 0.6003 0.5507 0.5071
0.02000 13351 1.1607 1.0191 09118 0.8069 0.7256 0.6568 0.5992 0.5491
0.04999 1.8983 16039 13664 1.1873 1.0389 0.9192 08197 0.7383 0.66950
0.06999 22093 1.8446 1.5557 13417 11672 1.0265 09119 0.8174 0.7383
0.09998 25463 21172 1.7865 1.5305 13298 1.1642 1.0295 09197 0.8274
0.19997 31099 25985 21928 1.8787 1.6248 14197 12502 1.1122 0.9940
029997  3.1741 26747 22677 19526 16919 14790 13029 1.1570 1.0339
0.39996  3.0544 25930 22160 19149 1.6657 14596 1.2877 1.1461 1.0243
0.49995  2.8811 24662 21186 1.8398 16094 14160 12515 1.1166 0.9991
0.59998 27079 23339 20228 1.7647 15472 13654 12115 1.0844 09712
0.70003  2.5383 22030 19203 16865 14848 13152 1.1708 1.0501 0.9442
0.80002 24034 2.0980 18397 16232 14368 12779 11418 1.0261 0.9256
0.89995 23011 20228 1.7828 1.5807 14048 12534 1.1229 1.0116 09144
1.00000 21976 19480 17265 15420 13790 1.2358 1.1110 1.0032 0.9086
Table II. Dynamic viscosity (cP) of 2-Propanol (1) + water (2) at different temperatures
Mole
fraction, x;  20°C 25°C 30°C 35°C 40°C 45°C ~ 50°C 55°C 60°C
0.0000 1.0020 0.8904 0.7975 0.7194 0.6529 0.5960 0.5468 0.5040 0.4665
0.0100 1.1702 1.0294 09120 0.8150 0.7328 0.6637 0.6039 0.5544 0.5104
0.0200 13692 1.1882 1.0404 09233 0.8231 0.7385 0.6679 0.6089 0.5565
0.0500 20623 1.7257 14676 1.2627 10981 09659 08559 0.7667 0.6911
0.0707 2.5446 2.0896 17373 14789 12691 11033 09710 0.8630 0.7727
0.1000 3.0555 24732 20412 17167 14582 12606 1.1013 09727 0.8681
0.2000 3.7429 3.0411 25040 21094 17888 15385 13369 1.1751 1.0375
0.3000 37275 3.0690 2.5517 2.1535 1.8350 15793 13734 12068 1.0661
0.4000 34825 2.8950 24258 20621 1.7651 1.5248 1.3278 1.1681 1.0333
0.5000 3.1814 26682 22529 19258 1.6571 14368 12559 1.1070 09816
0.6000 2.8889 24415 20763 1.7868 15435 13446 1.1786 1.0414 0.9262
0.7001 2.6562 22570 19338 1.6689 14488 1.2650 1.1126 0.9852 0.8768
0.7999 24845 21277 1.8247 1.5851 13790 12076 1.0642 0.9437 0.8403
0.8999 23955 20548 1.7722 1.5379 13409 1.1754 1.0346 09189 0.8181
" 1.0000 24150 20702 1.7849 1.5465 13464 11761 10329 0.9138 0.8113




Table L Density (g-cm”) of 1-Propanol (1) + water (2) at different temperatures.

e
fraf;\fizn, x; 20°C  25°C_ 30°C__ 35°C_ 40°C_ 45°C__ 50°C  55°C  60°C
0.0000  0.9982 09971 09957 09941 09922 09903 09881 0.9857 0.9832
0.0100 09929 09917 09903 09838 09867 09844 09825 09802 0.977¢
0.0200 09885 009871 09856 09839 09819 09796 09774 09750 0.972¢
0.0500 09773 09753 09730 09707 09685 09663 09633 0.9604 0957
00700  0.9698 09671 09642 09612 09584 09553 09525 09491 0.946:
0.1000 09562 09530 09501 09468 09438 05403 09373 09337 0.931:
02000 09180 09146 009108 09071 09034 0.8995 .0.8958 0.8928 0.887¢
03000  0.8905 08867 0.8828 08788 08748 0.8711 0.8667 0.8624  0.85%(
0.4000  0.8698 0.8657 0.8616 08574 0.8533 0.8490 0.8448 - 0.8404  0.835¢
05000  0.8538 0.8497 0.8448 0.8405 0.8368 08324 0.8281 08236 0.819
0.6000 08407 0.8367 0.8329 0828 0.8237 0.8193 0.814% 08103 0.805
0.7000  0.8293 0.8251 08209 08165 08122 08077 0.8033 07987 0.794
0.8000  0.8199 0.8157 08114 0.8071 0.8029 0.7985 0.7942 0.7897 0.785:
09000 08124 08083 0.8039 07999 07959 0.7913 07872 0.7827 0.778
1.0000  0.8043 0.8002 0.7964 0.7923 0.7885 -0.7843 0.7810 0.7767 0.772
Table IV. Density (g-cm™) of 2-Propanol (1) + water (2) at different temperatures.
Mole .
fraction,x; 20°C  25°C  30°C  35°C  40°C  45°C  50°C 55°C = 60°C
0.0100  0.9923 09914 09898 09882 09863 09844 09821 09799 0977
0.0200 09874 09861 09846 09830 09812 09791 09772 09752 0971
0.0500 09759 09741 09720 09697 09674 09655 09620 09590 0.956
0.0707  0.9689 09663 09634 09604 09581 0.9549 0.9535 0.9501 0.946
0.1000 09574 09540 09503 09467 09427 09408 09383 09344 0933
0.2000 09171 09132 09093 09058 0.9012 0.8970 08936 0.8900 0.884
03000  0.8855 0.8813 0.8773 0.8730 0.8687 0.8642 08599 0.8553 0.850
0.4000  0.8614 08571 0.8529 0.8485 0.8441 08395 08351 08304 0.825
10.5000  0.8428 08385 0.8342 08296 0.8252 0.8205 08161 08112 0.806
0.6000  0.8274 0.8231 0.8187 0.8141 0.8095 0.8048 0.8001 0.7952 0.790
0.7001  0.8146 0.8102 0.8057 0.8013 0.7965 0.7917 0.7870 0.7821 0.777
0.7999  0.8037 0.7996 0.7946 07901 ©0.7855 07807 07761 07712 0.766
0.8999  0.7943 0.7898 0.7856 0.7810 0.7767 0.7719 0.7675 0.7630  0.757
1.0000 07854 07811 07771 07729 0.7688 0.7640 07597 0.7549 0.750




Table V. Parameters from Equation $ for binary aqueous PA solutions.

v°C 20 25 30 35 40 45 50 55. 60
E 11731 1.1382 1.1300 1.1004 1.1014 1.0969 1.0987 11006 1.1018
\' 89237 85430 82256 7.9922 77804 7.6242 7.5580 7.4248 7.4021
vV 0.8822 0.8902 09044 09095 09231 09335 09435 0.9498 0.9569
gy 53900 50102 49037 4.5506 45578  4.4949 44698 44372 4.3959
B 37406 3.7775 3.7988 3.8208 3.8470 3.8606 3.8732 3.8452 3,8371
] 32 7667 29.6323 27.7891 25.1850 23.9903 22.5868 21.2379 20.1432 189129
AADY% 1.3984 10876 09077 06818 06950 0.6082 0.5551 0.5279 0.4816
Table V1. Parameters from Equation 5 for binary aqueous IPA solutions.
t/°C 20 25 30 35 40 45 50 55 60
E 1.1195 1.0967 1.0723 1.0563 1.0275 1.0240 10236 1.0162 10148
v 9.6951 93122 89873 87079 84304 B8.2195 80680 7.8994 7.7074
] 0.9176 09151 09113 09174 09227 0.9304 09387 09445 09487
vy 64924 58999 52857 5.0203 4.6394 45410 44792 43664 4.2804
B 50262 4.6997 .4.6046 45349 45014 44112 43256 4.2620 4.1381
c 345774 304144 27.3282 251252 23.0022 21.5665 20.2460 19.0483 18.0365
AAD% 21224 1.8067 16076 13581 1.1074 09542 0.8339 0.6767 0.6486
Tablé VIL Coefficients from Equation 6 for binary aqueous IPA solutions.
t/oC g a a a3 ay as AAD%
20 099808 -0.43977 0.11402 0.85714 -1.22295 0.49814 0.08275
25 0.99706 -0.46729 0.21743 0.66819. -1.05977 0.444%96 0.07599
30 0.99577 -0.48995 0.28516 0.57364 -1.00091 0.43303 0.06547
35 0.99431 -0.51569 0.38701 0.37212 -0.81090 0.36573 0.06694
40 0.99262 -0.53444 045797 022718 -0.67025 031575 0.06964
45 0.99066 -0.55244 0.51985 0.11822 -0.57917 0.28747 0.07094
50  0.98863 -0.56497 0.53736 0.13211 -0.62881 0.31699 0.06479
55 0.98631 -0.57874 0.58887 0.01721 -0.50565 0.26890 0.05687
60 0.98385 -0.58630 0.58756 0.05396 -0.55723 0.29122 0.06020

Table VIII. Coefficients from Equation 6 for binary aqueoué IPA solutions.

t/ oC ag a; a a; ay as AAD%
20 0.99599 -0.38447 -0.27041 1.59392 -1.84029 0.69090 0.07137
25 0.99551 -0.42322 -0.12047 1.32028 -1.60457 0.61381 0.06177
30 0.99450 -0.45961 0.03907 1.00152 --1.31895 0.52083 0.05459
35 0.99315 -0.48573 0.13322 0.82983 -1.16856 0.47117 0.04199
40 0.99197 -0.51937 0.26237 0.59956 -097967 041416 0.06139
.45 099013 -0.52635 022657 0.74625 -1.15648 048413 0.06826
50 0.98789 -0.52462 0.16007 0.93630 -1.36059 0.56095 0.07573
55 0.98604 -0.55157 0.28087 0.66333 -1.07613 0.45266 0.06849

0.98346 -0.55125 0.20645 0.90692 -1.36463 0.56984 0.09826

60
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Fig. 1. Viscosities of binary aqueous PA solutions at various temperatures as s function of mole fraction.
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Fig. 3. Densities of binary aqueous PA solutions from 20 — 80 °C.
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