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Viscosities, Densities, and Speed of Sound of the Cycloalkanes with Secondary
Alcohols at T = (293.15, 298.15, and 303.15) K: New UNIFAEVISCO
Interaction Parameters

Begora Gonzdez, Angeles Dominguez,* and Jose Tojd
Chemical Engineering Department, Vigo University, 36200 Vigo, Spain

In this work, dynamic viscosities, densities, and speeds of sound have been measured over the whole composition
range and at 0.1 MPa for binary mixtures (cyclopentane and cyclohexane with 2-propanol, 2-butanol, and 2-pentanol)
at several temperaturds= (293.15, 298.15, and 303.15) K along with the properties of the pure components.
Excess molar volumes, molar isentropic compressibilities, excess molar isentropic compressibilities, and viscosity
deviations for the binary systems at the above-mentioned temperatures were calculated and fitted to the Redlich
Kister equation to determine the fitting parameters and the root-mean-square deviations. The UNIQUAC equation
was used to correlate the experimental viscosity data. The UNHBASCO and ASOG-VISCO methods, which

are based on contribution groups, were used to predict the dynamic viscosities of the binary mixtures. The interaction
parameters of cycloalkanes with a secondary alcohol.{{Citls) have been determined for their application in

the predictive UNIFACG-VISCO method.

1. Introduction Table 1. Comparison of Densityp and Viscosityn with Literature
) ) o . ) Data for Pure Components atT = 298.15 K

Knowledge of the viscosity of liquid mixtures is very /(g-cm3) 10%/(Pas)
important for the design of processes for fluid transport not only P9 ' 7 _
through pipes but also through pore surfaces and in many__component exptl lit exptl lit
process involving mass and energy transfer. As an extension cyclohexane 0.77392 0.7738 0.887 0.888
of our work concerning the dynamic viscosity of binary systems ooent 073955 0%7733?;69 0.416 %i’ﬁ;
of alkanes with alcohol’;2 in this paper we give experimental cyclopentane ‘ 073947 ’ ’
dynamic viscosity, density, and speed of sound data for 3 propanol 0.78087 0.7809 2.045 2.0436
cyclohexane (1) and cyclopentane (1) with 2-propanol (2) or  2-butanol 0.80272 0.8026 2.995 2.998
2-butanol (2) or 2-pentanol (2) & = (293.15, 298.15, and 2-pentanol 0.80501 0.8050 3.273 3.278

303.15) K. Lee and Chuafgand Gama and Tojohave

measured the excess molar volume of cyclohexane (1) with

2-propanol (2) and cyclohexane (1) with 2-butanol (2), respec-

tively, and Gasto et al® have measured the viscosity deviation mass fraction purities were 99.8 % for cyclohexane>99.5

of cyclohexane (1) with 2-butanol (2). Experimental data were o, for 2-butanol and 2-pentanct,99.0 % for cyclopentane, and

used to calculate excess molar volumes, molar isentropic >99.7 % for 2-propanol.

compressibilities, excess molar isentropic compressibilities, and  Apparatus and ProcedureSamples were prepared by mass

viscosity deviations over the entire mole fraction range. Viscos- ysing a Mettler AX-205 Delta Range balance with a precision

ity data were correlated using the UNIQUA@quation. of +£10°5 g, covering the whole composition range of the
The UNIFAC-VISCO?® and ASOG-VISCOY methods mixture.

have been applied to predict the viscosity of these systems, and Kinematic viscosities were determined using a Lauda PVS1

the results were compared with the experimental data. To automatic viscosimeter with two Ubbelhode capillary micro-

apetrino et al! P Aminabhavi et al? °Riddick et al*3 4 Guzman et
all4 ePpereiro et al? fRodriguez et al® 9 Das et al’ " GonZdez et al®

improve the results of the prediction of the UNIFA®FISCO viscosimeters of 0.4 mm and 0.53 mm diameter. Gravity fall is
method, the interaction parameter EiHs has been deter-  the principle of measurement on which this viscosimeter is
mined. based. The capillary is maintained in a D20KP Lauda thermostat
with a resolution of 0.01 K. The capillaries are calibrated and
2. Experimental Section credited by the company. The uncertainty in the capillary

Chemicals.The pure components were supplied by Fluka diameter ist- 0.005 mm. To verify the calibration, the viscosity
(cyclohexane, cyclopentane) and Merck (2-propanol, 2-butanol, of the pure liquids was compared \_/vith r_ecently published data
and 2-pentanol). The components were degassed ultrasonicall)ﬂTable 1). The uncertainty in the viscosimeter measurement is
and dried over type 4A molecular sieves, which were supplied = 0-001 mPg. The equipment has a PVS1 control unit
by Aldrich, and kept in inert argon with a maximum water mass (Processor Viscosity System) that is a PC-controlled instrument
fraction of 2x 1076, The maximum water contents of the liquids for the precise measurement of fall time. It uses standardized

were determined using a Metrohm 737 KF coulometer. Their 91ass capillaries and has an accuracy of 0.01s.
The density and the speed of sound of the pure liquids and

*To whom correspondence should be addressed. E-mail: admguez@uvigo.esMixtures were measured using an Anton Paar DSA-5000 digital
T Deceased. vibrating-tube densimeter. The uncertainty in the density
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Table 2. Densityp, Speed of Soundu, Dynamic Viscosity, Excess Molar VolumesVE, Molar Isentropic Compressibility Ksm, Excess Molar
Isentropic Compressibility Kgm, and Viscosity DeviationsAn of Cyclohexane (1)t 2-Propanol (2)

P u U VE Ksm K&m Ay
X1 g-cm= m-s! mPas cn¥-mol~t mé-TPal-mol-? m3-TPa-mol~t mPas
T=293.15K
0.0000 0.78507 1156 2.382 0.000 0.0729 0.0000 0.000
0.0484 0.78376 1160 2.184 0.087 0.0742 0.0005 -0.130
0.0970 0.78263 1163 1.988 0.162 0.0753 0.0009 —0.257
0.2006 0.78051 1171 1.651 0.304 0.0777 0.0018 —0.447
0.3002 0.77887 1180 1.427 0.416 0.0797 0.0024 —0.531
0.3977 0.77763 1189 1.264 0.496 0.0815 0.0029 —0.556
0.5070 0.77669 1200 1.128 0.544 0.0832 0.0033 —0.537
0.6046 0.77615 1211 1.025 0.555 0.0845 0.0035 —0.502
0.7058 0.77592 1223 0.969 0.531 0.0855 0.0034 -0.415
0.8230 0.77623 1240 0.944 0.429 0.0862 0.0029 -0.274
0.9016 0.77688 1254 0.950 0.298 0.0861 0.0021 —0.157
0.9521 0.77752 1265 0.962 0.181 0.0858 0.0014 -0.074
1.0000 0.77862 1279 0.968 0.000 0.0848 0.0000 0.000
T=298.15K
0.0000 0.78087 1139 2.045 0.000 0.0760 0.0000 0.000
0.0484 0.77950 1141 1.883 0.091 0.0774 0.0006 —0.105
0.0970 0.77829 1145 1.722 0.171 0.0787 0.0010 —-0.211
0.2006 0.77605 1152 1.444 0.323 0.0813 0.0020 —0.369
0.3002 0.77429 1159 1.260 0.442 0.0836 0.0027 —0.438
0.3977 0.77295 1167 1.119 0.529 0.0856 0.0033 —0.466
0.5070 0.77192 1178 1.008 0.583 0.0875 0.0037 —0.450
0.6046 0.77134 1188 0.926 0.596 0.0889 0.0039 —-0.419
0.7058 0.77111 1200 0.878 0.567 0.0900 0.0038 —0.350
0.8230 0.77142 1216 0.856 0.456 0.0907 0.0032 —0.236
0.9016 0.77209 1230 0.870 0.319 0.0907 0.0023 —0.131
0.9521 0.77274 1240 0.874 0.197 0.0904 0.0015 —0.068
1.0000 0.77392 1254 0.887 0.000 0.0893 0.0000 0.000
T=2303.15K
0.0000 0.77660 1121 1.763 0.000 0.079 0.0000 0.000
0.0484 0.77515 1123 1.633 0.097 0.081 0.0006 —0.085
0.0970 0.77387 1126 1.504 0.182 0.082 0.0012 —0.167
0.2006 0.77150 1132 1.267 0.344 0.085 0.0022 —0.306
0.3002 0.76962 1139 1.112 0.473 0.088 0.0031 —0.367
0.3977 0.76819 1146 0.996 0.567 0.090 0.0037 —0.391
0.5070 0.76709 1155 0.908 0.625 0.092 0.0042 -0.375
0.6046 0.76647 1165 0.838 0.639 0.094 0.0044 —0.352
0.7058 0.76623 1176 0.798 0.606 0.095 0.0043 —0.296
0.8230 0.76656 1192 0.786 0.488 0.096 0.0036 -0.197
0.9016 0.76724 1206 0.801 0.343 0.096 0.0026 —0.108
0.9521 0.76792 1216 0.802 0.214 0.095 0.0017 —0.059
1.0000 0.76919 1230 0.816 0.000 0.094 0.0000 0.000

Table 3. Densityp, Speed of Soundi, Dynamic Viscosity 5, Excess Molar VolumeVE, Molar Isentropic Compressibility Ksm, Excess Molar
Isentropic Compressibility K,Em, and Viscosities DeviationsAn of Cyclohexane (1)+ 2-Butanol (2)

4 u n VE Ksm Kgm Ay
X1 g-cm3 mest mPas cne-mol—1 m3TPal-molt méTPalmol? mPas
T=293.15K
0.0000 0.80684 1230 3.623 0.000 0.0752 0.0000 0.000
0.0494 0.80424 1228 3.231 0.113 0.0765 0.0005 —0.261
0.1003 0.80195 1226 2.915 0.189 0.0777 0.0009 —0.442
0.1969 0.79777 1223 2.227 0.328 0.0799 0.0018 —0.873
0.3052 0.79348 1222 1.726 0.457 0.0821 0.0026 —1.086
0.4044 0.78986 1222 1.480 0.554 0.0839 0.0032 —1.070
0.5004 0.78673 1224 1.315 0.616 0.0854 0.0037 —0.979
0.6016 0.78391 1228 1.160 0.632 0.0865 0.0039 —0.866
0.7145 0.78142 1236 1.066 0.576 0.0872 0.0036 —0.660
0.8067 0.77985 1245 0.980 0.477 0.0872 0.0031 —0.501
0.9046 0.77886 1259 0.962 0.285 0.0866 0.0020 —0.259
0.9523 0.77843 1267 0.993 0.185 0.0861 0.0014 —0.102
1.0000 0.77862 1279 0.968 0.000 0.0848 0.0000 0.000
T=298.15K
0.0000 0.80272 1212 2.995 0.000 0.0783 0.0000 0.000
0.0494 0.80004 1210 2.687 0.118 0.0797 0.0006 —-0.203
0.1003 0.79769 1207 2.444 0.199 0.0810 0.0010 —-0.339
0.1969 0.79337 1204 1.891 0.349 0.0835 0.0020 —0.689
0.3052 0.78895 1201 1.489 0.488 0.0859 0.0029 —-0.863
0.4044 0.78524 1201 1.299 0.591 0.0880 0.0036 —0.844
0.5004 0.78204 1202 1.166 0.655 0.0896 0.0041 —-0.774
0.6016 0.77918 1205 1.042 0.670 0.0909 0.0042 —0.685
0.7145 0.77668 1213 0.968 0.608 0.0916 0.0040 —-0.521
0.8067 0.77508 1222 0.892 0.505 0.0917 0.0033 —0.403
0.9046 0.77406 1235 0.879 0.308 0.0911 0.0022 —-0.209
0.9523 0.77365 1242 0.908 0.202 0.0906 0.0015 —0.080
1.0000 0.77392 1254 0.887 0.000 0.0893 0.0000 0.000
T=2303.15K
0.0000 0.79851 1194 2.493 0.000 0.0815 0.0000 0.000
0.0494 0.79577 1191 2.251 0.123 0.0831 0.0006 —0.159
0.1003 0.79334 1188 2.066 0.211 0.0845 0.0012 —0.259
0.1969 0.78888 1184 1.623 0.372 0.0873 0.0022 —0.540
0.3052 0.78434 1181 1.294 0.520 0.0900 0.0032 —0.687
0.4044 0.78054 1179 1.142 0.629 0.0923 0.0040 —0.672
0.5004 0.77729 1180 1.042 0.695 0.0941 0.0045 —0.612
0.6016 0.77441 1183 0.942 0.708 0.0955 0.0046 —0.543
0.7145 0.77202 1189 0.888 0.623 0.0965 0.0044 —0.407
0.8067 0.77026 1198 0.817 0.536 0.0965 0.0036 —0.323
0.9046 0.76922 1211 0.806 0.333 0.0960 0.0024 —0.170
0.9523 0.76882 1218 0.833 0.221 0.0954 0.0016 —0.063
1.0000 0.76919 1230 0.816 0.000 0.0940 0.0000 0.000
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Table 4. Densityp, Speed of Soundu, Dynamic Viscosity 7, Excess Molar VolumeVE, Molar Isentropic Compressibility Ksm, Excess Molar
Isentropic Compressibility Kgm, and Viscosity DeviationsAz of Cyclohexane (1)}t 2-Pentanol (2)

P u U VE Ksm KSm An
X1 g-cm 3 m-s! mPas cn¥-mol~t mé-TPal-mol-? m3-TPa-mol~t mPas
T=293.15K
0.0000 0.80904 1250 4.001 0.000 0.0862 0.0000 0.000
0.0495 0.80687 1247 3.606 0.091 0.0868 0.0007 —0.245
0.1002 0.80468 1244 3.195 0.181 0.0875 0.0014 —0.502
0.2019 0.80029 1238 2.516 0.360 0.0889 0.0029 -0.873
0.3067 0.79606 1234 1.922 0.506 0.0901 0.0042 —1.149
0.4011 0.79242 1231 1.583 0.614 0.0910 0.0052 -1.201
0.5085 0.78862 1230 1.317 0.689 0.0915 0.0059 -1.141
0.6066 0.78563 1232 1.170 0.692 0.0915 0.0060 —0.991
0.7118 0.78294 1239 1.067 0.623 0.0907 0.0053 -0.775
0.8096 0.78086 1247 1.045 0.497 0.0895 0.0043 —0.500
0.9049 0.77929 1259 1.009 0.312 0.0878 0.0028 —0.248
0.9557 0.77862 1267 0.997 0.189 0.0866 0.0017 —0.105
1.0000 0.77862 1279 0.968 0.000 0.0848 0.0000 0.000
T=298.15K
0.0000 0.80501 1232 3.273 0.000 0.0896 0.0000 0.000
0.0495 0.80277 1229 2.969 0.096 0.0904 0.0007 —0.186
0.1002 0.80052 1225 2.658 0.191 0.0912 0.0016 —0.376
0.2019 0.79600 1218 2.125 0.380 0.0928 0.0032 —0.666
0.3067 0.79167 1213 1.659 0.531 0.0942 0.0045 —0.883
0.4011 0.78798 1210 1.385 0.640 0.0952 0.0055 —0.931
0.5085 0.78411 1209 1.178 0.715 0.0959 0.0062 —0.881
0.6066 0.78109 1211 1.056 0.714 0.0959 0.0063 —-0.770
0.7118 0.77832 1216 0.970 0.645 0.0952 0.0057 —0.605
0.8096 0.77618 1224 0.952 0.518 0.0941 0.0046 —0.390
0.9049 0.77454 1235 0.924 0.331 0.0924 0.0030 —0.190
0.9557 0.77386 1243 0.912 0.203 0.0911 0.0018 —0.081
1.0000 0.77392 1254 0.887 0.000 0.0893 0.0000 0.000
T=2303.15K
0.0000 0.80090 1214 2.774 0.000 0.0933 0.0000 0.000
0.0495 0.79860 1210 2.474 0.102 0.0942 0.0008 —0.203
0.1002 0.79628 1206 2.237 0.202 0.0951 0.0017 —0.341
0.2019 0.79165 1199 1.820 0.399 0.0970 0.0034 —0.559
0.3067 0.78723 1193 1.441 0.556 0.0986 0.0048 -0.732
0.4011 0.78348 1189 1.233 0.665 0.0997 0.0059 —0.756
0.5085 0.77956 1187 1.058 0.741 0.1005 0.0066 -0.721
0.6066 0.77649 1189 0.957 0.738 0.1006 0.0066 —0.629
0.7118 0.77365 1194 0.885 0.669 0.1000 0.0060 —0.496
0.8096 0.77144 1201 0.871 0.541 0.0989 0.0048 —0.318
0.9049 0.76974 1211 0.845 0.352 0.0972 0.0032 —0.157
0.9557 0.76907 1219 0.837 0.218 0.0960 0.0019 —0.066
1.0000 0.76919 1230 0.816 0.000 0.0940 0.0000 0.000

Table 5. Densityp, Speed of Soundu, Dynamic Viscosity 5, Excess Molar VolumeVE, Molar Isentropic Compressibility Ksm, Excess Molar
Isentropic Compressibility Kgm, and Viscosity DeviationsAz of Cyclopentane (1)+ 2-Propanol (2)

P u n VE Ksm Kgm Ay
X1 g-cm3 ms?t mPas cnf: mol~?* m3TPal-mol? m3TPal-mol? mPas
T=293.15K
0.0000 0.78507 1156 2.382 0.000 0.0729 0.0000 0.000
0.0486 0.78253 1156 2.105 0.014 0.0740 0.0005 —0.183
0.0910 0.77996 1155 1.874 0.067 0.0752 0.0012 —0.331
0.2019 0.77433 1156 1.425 0.116 0.0775 0.0023 —0.564
0.2958 0.76922 1156 1.172 0.218 0.0797 0.0035 —0.635
0.3877 0.76463 1158 0.954 0.294 0.0815 0.0043 —0.674
0.4823 0.76038 1162 0.799 0.341 0.0831 0.0049 —0.646
0.5974 0.75559 1168 0.641 0.379 0.0847 0.0053 —0.580
0.7206 0.75097 1179 0.535 0.389 0.0858 0.0052 —0.447
0.8136 0.74796 1190 0.484 0.356 0.0860 0.0046 —0.318
0.9219 0.74539 1208 0.449 0.218 0.0853 0.0029 —0.141
0.9533 0.74487 1215 0.443 0.151 0.0849 0.0022 —0.087
1.0000 0.74452 1232 0.438 0.000 0.0832 0.0000 —0.001
T=298.15K
0.0000 0.78087 1139 2.045 0.000 0.0760 0.0000 0.000
0.0486 0.77824 1138 1.823 0.019 0.0773 0.0006 —0.143
0.0910 0.77560 1136 1.627 0.075 0.0785 0.0013 —0.270
0.2019 0.76977 1136 1.254 0.135 0.0812 0.0026 —0.462
0.2958 0.76452 1135 1.038 0.245 0.0837 0.0038 —0.525
0.3877 0.75981 1136 0.856 0.328 0.0858 0.0048 —0.557
0.4823 0.75545 1139 0.724 0.379 0.0876 0.0055 —0.535
0.5974 0.75058 1145 0.588 0.420 0.0894 0.0059 —0.484
0.7206 0.74592 1154 0.499 0.425 0.0907 0.0057 —-0.372
0.8136 0.74289 1165 0.454 0.387 0.0910 0.0050 —0.266
0.9219 0.74033 1183 0.424 0.238 0.0903 0.0031 -0.119
0.9533 0.73986 1189 0.419 0.162 0.0898 0.0023 —0.073
1.0000 0.73955 1206 0.416 0.000 0.0880 0.0000 0.000
T=303.15K
0.0000 0.77660 1121 1.763 0.000 0.0792 0.0000 0.000
0.0486 0.77387 1120 1.587 0.025 0.0807 0.0007 —0.110
0.0910 0.77115 1118 1.421 0.085 0.0821 0.0014 —-0.217
0.2019 0.76512 1116 1.110 0.158 0.0852 0.0029 —0.377
0.2958 0.75973 1114 0.925 0.275 0.0880 0.0043 —0.433
0.3877 0.75490 1114 0.770 0.366 0.0904 0.0053 —0.462
0.4823 0.75044 1116 0.658 0.423 0.0925 0.0061 —0.445
0.5974 0.74549 1121 0.542 0.465 0.0945 0.0065 —0.403
0.7206 0.74079 1130 0.466 0.466 0.0960 0.0064 —0.311
0.8136 0.73776 1140 0.427 0.421 0.0963 0.0055 —0.222
0.9219 0.73520 1157 0.401 0.262 0.0956 0.0035 —0.100
0.9533 0.73472 1164 0.398 0.185 0.0951 0.0026 —0.060
1.0000 0.73454 1180 0.394 0.000 0.0931 0.0000 0.000
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Table 6. Densityp, Speed of Soundu, Dynamic Viscosity s, Excess Molar VolumeVE, Molar Isentropic Compressibility Ksm, Excess Molar
Isentropic Compressibility Kgm, and Viscosity DeviationsAn of Cyclopentane (1)+ 2-Butanol (2)

P u U VE Ksm Ksm An
X1 g-cm 3 m-st mPas cn$ mol?! m3-TPal-mol~t mé-TPal-mol~t mPas
T=293.15K
0.0000 0.80684 1230 3.623 0.000 0.0752 0.0000 0.000
0.0445 0.80352 1225 3.152 0.055 0.0763 0.0006 —0.330
0.1036 0.79950 1219 2.649 0.087 0.0775 0.0012 —0.645
0.1872 0.79375 1212 2.121 0.140 0.0793 0.0021 —0.906
0.2856 0.78701 1204 1.604 0.205 0.0812 0.0031 —1.110
0.3938 0.77961 1197 1.194 0.279 0.0833 0.0041 -1.175
0.4873 0.77326 1193 0.946 0.342 0.0848 0.0049 —1.125
0.6179 0.76492 1191 0.692 0.375 0.0863 0.0054 —0.964
0.7034 0.75979 1193 0.610 0.358 0.0868 0.0052 -0.774
0.8115 0.75371 1200 0.517 0.290 0.0865 0.0044 —0.522
0.9113 0.74861 1211 0.468 0.166 0.0856 0.0028 —0.254
0.9506 0.74674 1218 0.451 0.099 0.0849 0.0020 —0.145
1.0000 0.74452 1232 0.438 0.000 0.0832 0.0000 —0.001
T=298.15K
0.0000 0.80272 1212 2.995 0.000 0.0783 0.0000 0.000
0.0445 0.79933 1207 2.621 0.059 0.0795 0.0006 —0.259
0.1036 0.79520 1200 2.231 0.097 0.0809 0.0013 —0.497
0.1872 0.78932 1192 1.811 0.158 0.0829 0.0023 —0.701
0.2856 0.78242 1183 1.393 0.231 0.0851 0.0033 —0.866
0.3938 0.77487 1175 1.054 0.313 0.0874 0.0045 —0.925
0.4873 0.76843 1170 0.850 0.380 0.0892 0.0053 —0.888
0.6179 0.76001 1167 0.636 0.409 0.0909 0.0058 —0.765
0.7034 0.75484 1169 0.569 0.388 0.0915 0.0056 —0.612
0.8115 0.74871 1175 0.485 0.316 0.0914 0.0047 —0.417
0.9113 0.74357 1186 0.441 0.185 0.0905 0.0030 —0.204
0.9506 0.74170 1192 0.426 0.114 0.0898 0.0021 —0.118
1.0000 0.73955 1206 0.416 0.000 0.0880 0.0000 0.000
T=2303.15K
0.0000 0.79851 1194 2.493 0.000 0.0815 0.0000 0.000
0.0445 0.79505 1188 2.194 0.063 0.0828 0.0007 —0.206
0.1036 0.79081 1181 1.898 0.108 0.0844 0.0014 -0.378
0.1872 0.78479 1172 1.560 0.177 0.0867 0.0025 —0.540
0.2856 0.77774 1162 1.219 0.260 0.0892 0.0036 —0.675
0.3938 0.77005 1153 0.940 0.349 0.0919 0.0049 -0.727
0.4873 0.76352 1148 0.770 0.419 0.0939 0.0058 —0.700
0.6179 0.75502 1144 0.588 0.446 0.0959 0.0063 —0.608
0.7034 0.74982 1145 0.531 0.422 0.0966 0.0061 —0.485
0.8115 0.74364 1151 0.455 0.345 0.0967 0.0051 —0.335
0.9113 0.73846 1161 0.416 0.208 0.0957 0.0033 —0.164
0.9506 0.73660 1167 0.403 0.132 0.0950 0.0023 —0.095
1.0000 0.73454 1180 0.394 0.000 0.0931 0.0000 0.000

Table 7. Densityp, Speed of Soundi, Dynamic Viscosity 5, Excess Molar VolumeVE, Molar Isentropic Compressibiltly Ksm, Excess Molar
Isentropic Compressibility Kgm, and Viscosity DeviationsAn of Cyclopentane (1)+ 2-Pentanol (2)

0 u N VE Ksm KSm Ay
X1 g-cm3 ms?t mPas cn- mol?t m3TPalmol? m3TPal-mol? mPas
T=293.15K
0.0000 0.80904 1250 4.001 0.000 0.0862 0.0000 0.000
0.0450 0.80638 1246 3.573 0.019 0.0866 0.0005 —0.268
0.1030 0.80280 1239 3.005 0.056 0.0872 0.0014 —0.629
0.1878 0.79738 1229 2.322 0.123 0.0882 0.0026 —1.010
0.2924 0.79057 1218 1.723 0.200 0.0893 0.0040 —1.237
0.3906 0.78389 1209 1.296 0.286 0.0902 0.0052 —1.313
0.5117 0.77568 1201 0.957 0.355 0.0909 0.0063 —1.221
0.6242 0.76816 1197 0.747 0.372 0.0908 0.0065 —1.031
0.7210 0.76181 1198 0.629 0.346 0.0901 0.0061 —0.803
0.8091 0.75627 1202 0.552 0.269 0.0889 0.0051 —0.567
0.9094 0.74982 1211 0.482 0.175 0.0869 0.0035 —0.280
0.9552 0.74694 1218 0.455 0.115 0.0856 0.0023 —0.143
1.0000 0.74452 1232 0.439 0.000 0.0832 0.0000 0.000
T=298.15K
0.0000 0.80501 1232 3.273 0.000 0.0896 0.0000 0.000
0.0450 0.80228 1227 2.948 0.023 0.0901 0.0006 —-0.197
0.1030 0.79862 1220 2.509 0.065 0.0909 0.0015 —0.469
0.1878 0.79307 1209 1.969 0.139 0.0921 0.0028 —0.768
0.2924 0.78612 1198 1.491 0.223 0.0935 0.0043 —0.947
0.3906 0.77933 1188 1.148 0.312 0.0946 0.0056 —1.009
0.5117 0.77103 1179 0.870 0.379 0.0954 0.0067 —0.941
0.6242 0.76343 1175 0.694 0.393 0.0955 0.0069 —0.795
0.7210 0.75698 1175 0.587 0.367 0.0949 0.0065 —0.626
0.8091 0.75136 1178 0.516 0.289 0.0938 0.0055 —0.445
0.9094 0.74482 1186 0.453 0.192 0.0918 0.0037 —-0.222
0.9552 0.74192 1193 0.430 0.128 0.0905 0.0024 —-0.114
1.0000 0.73955 1206 0.416 0.000 0.0880 0.0000 0.000
T=303.15K
0.0000 0.80090 1214 2.774 0.000 0.0933 0.0000 0.000
0.0450 0.79810 1208 2.459 0.027 0.0939 0.0006 —0.208
0.1030 0.79435 1200 2.118 0.074 0.0949 0.0016 —0.410
0.1878 0.78868 1189 1.687 0.156 0.0963 0.0030 —0.640
0.2924 0.78160 1177 1.304 0.245 0.0979 0.0046 —-0.774
0.3906 0.77471 1167 1.027 0.337 0.0992 0.0060 —0.817
0.5117 0.76632 1157 0.794 0.403 0.1003 0.0071 —0.762
0.6242 0.75863 1152 0.645 0.415 0.1005 0.0073 —0.644
0.7210 0.75209 1152 0.548 0.389 0.1001 0.0069 —0.510
0.8091 0.74638 1154 0.487 0.312 0.0990 0.0059 —0.361
0.9094 0.73976 1161 0.428 0.212 0.0971 0.0040 —0.182
0.9552 0.73685 1167 0.407 0.144 0.0957 0.0026 —0.094
1.0000 0.73454 1180 0.394 0.000 0.0931 0.0000 0.000
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Table 8. Fitting Parameters, Root-Mean-Square Deviatiors, and Estandard Error EE for Binary Mixtures at T = (273.15, 298.15, and 303.15)

K
Cyclohexane (1} 2-Propanol (2)
T=293.15K
VE/(cmP-mol-1) Bo= 2.1575 B,=05965  B,=0.6909 Bs=0.5730 0 =0.005 EE=0.001
KE {(m*TPaLmol-Y) Bo=0.0131 B,=0.0050  B,=0.0065 Bs=0.0056 o= 0.00006 EE=1.7x 10°°
Anl(mPas) Bo=-2.1985  B;=0.6912  B,=—0.2837 0=0.007 EE= 0.002
T=298.15K
VE/(cri-mol 1) B, = 2.3082 B;=0.6448  B,=0.7128 Bs=0.6310 0=0.007 EE=0.002
KE {(m*TPaLmol-Y) Bo=0.0147 B,=0.0056  B,=0.0068 Bs=0.0057 o =0.00007 EE=1.9x 10°°
Anl(mPas) B,=-1.8380  B;=05282  B,=—0.2365 0=0.006 EE= 0.002
T=303.15K
VE/(cri-mol1) Bo=2.4723 B,=0.6818  B,=0.7548 Bs=0.7269 0=0.007 EE= 0.002
KE ((m3TPal-mol-1) Bo=0.0166 B;=0.0061  B,=0.0071 Bs= 0.0063 o =0.00007 EE=1.9x 10°°
Anl(mPas) Bo=—15464  B;=04166  By=—0.1383 o=0.006 EE= 0.002
Cyclohexane (1) 2-Butanol (2)
T=293.15K
VE/(cr-mol1) B,=24704  B;=08165 B,=-0.1883 B3=-0.0312 B,=1.0803 o =0.006 EE= 0.002
KE /(m*TPalmoll) B,=00145  B;=00073 B,=0.0036 0=0.00009 EE=25x 105
Anl(mPas) Bo=—3.9455 B;=24492 B,=-2.1833 B3=-1.5063 B,=3.0778 0 =0.017 EE=0.005
T=298.15K
VE/(crm-mol~1) Bo=2.6260  B;=0.8044 B,=-0.2667 B3=0.1273  B,;=12915 o =0.006 EE= 0.002
KE J(m*TPalmolY) B,=0.0160  B,=0.0077 B;=0.0036 0=0.00010 EE=2.8x 105
Anl(mPas) Bo=—3.1142 B;=1.9600 B,=-1.8395 B;=-13380 B;=2.6414 0¢=0.015 EE=0.004
T=2303.15K
VE/(cm-mol-) Bo=27859  B;=0.7064 B,=-04864 B;=04438  B,;=1.7499 ¢ =0.008 EE= 0.002
KE J(m*TPalmoll) B,=00177  B,=00083 B,=0.0039 0=0.00010 EE=28x10°
Anl(mPas) Bo=—24703 B;=16096 B,=-14295 B3=-1.2734 B,=21132 0¢=0.014 EE= 0.004
Cyclohexane (1) 2-Pentanol (2)
T=293.15K
VE/(crr-mol~1) Bo=2.7424  B;=0.7012 B,=-0.4902 B;=05131  B,;=1.0543 o =0.007 EE= 0.002
KE J(m*TPalmoly) B,=00230  B;=00086 B,=0.0011 0=0.00012 EE=33x10°
Anl(mPas) Bo=—4.6171 B;=20754 B,=02151  B3=-0.7033 B,=0.7946 o =0.009 EE= 0.002
T=298.15K
VE/(cm-mol-) Bo=28595  B;=06624 B,=-05012 B;=0.6922  B;=1.2155 ¢ =0.007 EE= 0.002
KE /(m*TPalmoll) Bo=00244  B;=0.0089 B,=0.0015 0=0.00013 EE=36x10°
Anl(mPas) Bo=—3.5788 B;=15500 B,=0.1951  B3=-0.5600 B,=0.7182 ¢ =0.006 EE=0.002
T=2303.15K
VE/(crm-mol~1) Bo=2.9623  B;=06238 B,=-04563 B;=0.8808 B,=1.3470 ¢ =0.008 EE=0.002
KE /(m*TPalmoll) Bo=00258  B;=00092 B,=0.0022 0=0.00015 EE=4.2x 105
Anl(mPas) Bo=—2.9268 B;=11809 B,=0.2919  B3=0.1266 B;=-0.2099 o =0.009 EE= 0.002
Cyclopentane (1} 2-Propanol (2)
T=293.15K
VE/(cmP-mol-1) Bo=1.4108  B;=0.9029 B;=0.0895  B3=0.8201 B,=0.6941 o =0.008 EE= 0.002
KE /(m*TPalmol)  Bo=0.0197  B;=0.0086 B,=0.0085  B3=0.0110 0=0.00011 EE=3.1x10°
Anl(mPas) Bo=—2.5648 B;=1.1101 B,=—0.6093 0= 0.007 EE=0.002
T=298.15K
VE/(cri-mol1) Bo=1.5672  B;=0.9520 B;=00612  B;=0.8762 B,=0.7872 ¢=0.008 EE=0.002
KS J(m*TPalmoly)  B,=0.0219  B;=00096 B,=00088  By=0.0114 0=000012 EE=33x10°
Anl(mPas) Bo=-2.1310 B;=0.8762 B,=—0.4603 o =0.006 EE=0.001
T=303.15K
VE/(crmi-mol1) Bo=1.7442  B;=09833 B,=-00183 B;=1.0266 B;=1.0333 o =0.007 EE=0.001
KE /(m*TPalmoll)  Bo=0.0243 B,=0.0105 B,=0.0095 Bs=0.0126 0=0.00013 EE=3.6x 10°°
Anl(mPas) Bo=—17770 B, =0.6838 B,=—0.3083 0=0.005 EE=0.002



Table 8. (Continued)

Journal of Chemical and Engineering Data, Vol. 51, No. 3, 200681

Cyclopentane (1} 2-Butanol (2)

T=293.15K
VE/(cm?-mol?) Bo=1.3592  B;=009510 B;=0.1821  Bz=—0.4622 o =0.005 EE=0.002
KE /(m*TPalmol) B,=00195  B;=00125 B,=0.0061 0=0.00011 EE=3.1x10°
Anl(mPas) Bo=—4.4948 B;=1.8379 B,=-00575 B3=0.7892  B,=-1.2587 o =0.007 EE= 0.002
T=298.15K
VE/(cne-mol 1) Bo= 1.5003 B1=0.9407 B;=0.2110 Bz=-0.3168 0=0.006 EE= 0.002
KE J(m>TPalmoll)  Bo=0.0211 B1=0.0133  B,=0.0060 0=0.00012 EE=3.3x 10
Anl(mPas) Bo=—3.5554 B;=1.3786 B;=0.1322 B3;=0.5818 Bs=—1.1794 0 =0.006 EE= 0.002
T=303.15K
VE/(cne-mol 1) Bo= 1.6495 B1=0.9288 B;=0.2648 Bz=—0.1363 0=10.008 EE= 0.002
KE J(m*TPalmol-y) Bo=0.0229  B,=0.0143 B;=0.0065 0=0.00013 EE=3.6x 105
Anl(mPas) Bo=—2.8097 B;=1.0149 B;=0.2350 Bz=0.4280 Bs=—1.0470 0 =0.006 EE= 0.002
Cyclopentane (1) 2-Pentanol (2)
T=293.15K
VE/(cr?- mol™?) Bo=1.4136 B1=0.7678 B,=-0.6889 B3=0.2642 Bs=0.9566 ¢ =0.007 EE=0.002
KE J(meTPalmol)  Bo=0.0249 B1=0.0105 B,=-0.0049 Bz=0.0098 B4=0.0161 ¢=0.00009 EE=25x 105
Anl(mPas) Bo=—4.9373 B;=25292 B,=-0.8087 B;=-0.7093 B;=0.9325 ¢ =0.009 EE=0.002
Cyclopentane (1)} 2-Pentanol (2)
T=298.15K
VE/(crmB-mol-2) Bo=15111  B;=-0.7227 B;=-0.6762 B3=0.4384  B,=1.0670 o =0.007 EE=0.002
KE /(m*TPalmol) B,=00265 B;=00108 B,=-00046 B3=00108 B,=0.0164 ¢=000008 EE=2.2x 107
Anl(mPas) Bo=—3.7997 B;=1.9133  B;=-0.6897 Bs=-0.7234 B,=0.9136 o =0.007 EE=0.002
T=303.15K
VE/(crmB-mol -2 Bo=1.6096  B;=0.6822 B,=-0.6467 B;=06322 B;=12015 o=0.007 EE=0.002
KE /(m*TPalmol) Bo,=00281  B;=00111 B,=-00041 B;=00122 B,=00171  ¢=000008 EE=2.2x 107
Anl(mPas) Bo=—3.0856 B;=1.4613 B,=-0.3994 B;=-0.0319 B;=-0.0680 o =0.003 EE=0.001

Table 9. UNIQUAC Parameters and the Objective Function OF

systems T1/(Fmol™Y)  720/(Fmol~l)  OF
cyclohexane (1)} 2-propanol (2) 65.76 143.75 0.171
cyclohexane (1} 2-butanol (2) 249.62 —36.25 0.613
cyclohexane (1) 2-pentanol (2) 204.33 18.12 0.784
cyclopentane (1)} 2-propanol (2)  —96.57 285.63 0.179
cyclopentane (1)} 2-butanol (2) 43.51 173.32 0.371
cyclopentane (1)} 2-pentanol (2) 91.36 76.66 0.388

Table 10. Experimental Data Used for Calculating New Interaction
Parameters

no. of data interaction

binary systems range’K points  parameters
cyclohexane with 2-propanol, 293.15-303.15 117
2-butanol, 2-pentandl
cyclopentane with 2-propanol,293.15-303.15 117 CHl,/OHs
2-butanol, 2-pentandl
methylcyclopentane with 293.15-303.15 117

2-propanol, 2-butanol,
2-pentandl

a|n this paper? GonZdez et al?*

Table 11. New UNIFAC—-VISCO Interaction Parameters

Qlmn —CHy— CHs— CHey —OHs—
—CHy— 194.26 185.70 185.70 1197.53
CHz— —872.51 0 484.69 3957.26
CHey —625.25 —225.37 0 711.75
—OHs— 5872.78 —214.08 —77.02 0

measurement i&: 2 x 107% g-cm™3, and for the speed of sound,
the uncertainty ist 0.1 ms™1. The accuracy and precision
are+ 106 g-cm=3 and+ 2 x 1076 g.cm2 for the density
and+ 0.1 ms ! and+ 10°m-s! for the speed of sound,
respectively.

3. Results and Discussion

The dynamic viscosity, density, speed of sound, excess molar
volume, and viscosity deviation for the systems cyclohexane
(1) and cyclopentane (1) with 2-propanol (2), 2-butanol (2), and
2-pentanol (2) aff = (293.15, 298.15, and 303.15) K and
atmospheric pressure are reported in Tables 2 to 7. The excess
molar volumes and viscosity deviations were calculated by the
following equations

N
VE=SxM(p ™ =)

1)

N

A== X,

)

wherep andp; are the density of the mixture and the density of
the pure components, respectivedyrepresents the mole fraction
of component; and» andy; are the dynamic viscosity of the
mixture and the pure component, respectively.

The speed of sound is related to the isentropic compress-
ibility ks by the Laplace equation

aV, V
K= —Vr;l(_m) = p71u72 = m
dp /s M, u?

m

®)

whereVy, is the molar volume anil,, is the molar mass of the
mixture.
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Figure 1. Excess molar volumeVE, from the Redlick-Kister equation £) plotted against mole fraction &= 293.15 K ©), T = 298.15 K (), andT
= 313.15 K @), for the binary mixtures (a) cyclohexane (t)2-propanol (2) and Lee et alv( 298.15 K), (b) cyclohexane (3 2-butanol (2) and Gama
et al. (7, 298.15 K), (c) cyclohexane (1 2-pentanol (2), (d) cyclopentane (%)2-propanol (2), (e) cyclopentane (%)2-butanol (2), and (f) cyclopentane

(1) + 2-pentanol (2).

To agree with the other thermodynamic quantities, it is and Kiyohar&®

appropriate to shift from the volume-intensikgto the molein-
tensiveKs m (Douheret et al819 e (inE;')z
o = _(av_m) W @ Kém = in Kg+T :gi -T|— - (6)
ap S mes Mmu2 ’ sz1 p.i

whereKsnm is the molar isentropic compressibility. and Kg; is the product of the molar volum®; and the

Experimental values for the speed of sound are reported inisentropic compressibilityg; of pure componenit The molar
Tables 2 through 7 together with derived values of the molar isobaric expansion of pure componenE;;, is the product of

isentropic compressibility and its exceslégm. The excess the molar volume and the isobaric expansibilid;Sﬁ, andC;;i is
the molar isobaric heat capacity of pure comporient

molar isentropic compressibilit)Kgm is calculated by the
following equation The binary deviations at several temperatures were fitted to
a Redlich-Kister?-type equation
Kgm = KSm - Kgm (5) M
AQ,= XlXZEOBp(Xl = %)’ (7
&

where Kgm is defined by the approach developed by Benson
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Figure 2. Viscosities deviationsAy, from the Redlich-Kister equation<{-) plotted against mole fraction 8= 293.15 K ), T=298.15 K ) andT
= 313.15 K @), for the binary mixtures (a) cyclohexane (t)2-propanol (2) and (b) cyclohexane (1)2-butanol (2) and Gasecet al. ¢, 298.15 K), (c)
cyclohexane (1)t 2-pentanol (2), (d) cyclopentane () 2-propanol (2), (e) cyclopentane (%) 2-butanol (2), and (f) cyclopentane (%) 2-pentanol (2).

where AQs» is the excess property; and x, are the mole
fractions of component 1 and 2, respectiveby,is the fitting
parameter, and/ is the degree of the polynomic expansion,
which was optimized using the F t&dtThe fitting parameters
are given in Table 8 together with the root-mean-square
deviationso (eq 8) and the standard error EE (eq 9)

Ngat 1/2

Z(Zexptl - anlcd)2
e (8)

O‘ =
Nyat

EE= ——
(ndan)l/2

Where Zexpi, Zealca andnga: are the values of the experimental

©)

tane (1) with 2-propanol (2), 2-butanol (2), and 2-pentanol (2)
atT = (293.15, 298.15, and 303.15) K. In Figure 1, the literature
values of the cyclopentane (%) 2-propanol (2) mixture of Lee

et al. and cyclopentane (#) 2-butanol (2) mixture of Gama et
al. at 298.15 K are also shown. All systems present similar
behavior for these physical properties.

As we can observe, in Figure 1, the excess molar volumes is
positive over the entire composition range for the six investi-
gated mixtures, with a maximum oveg = 0.6 except for
cyclopentane (1) with 2-propanol (2), which presents it oyer
= 0.7. The positive deviations of the excess molar volumes
increase with the increase in temperature for all studied systems.
For the systems cyclohexane with secondary alcohols, the excess
molar volume increases with the increasing chain length of the
alcohol, and this increase implies that dipetipole interactions

and calculated properties and the number of experimental dataare weak in higher 2-alkanol owing to the decrease in their

points, respectively.

polarizability with increasing chain length (Al-Hayan et?3).

Figures 1 and 2 show the fitted curves as well as excess andFor the systems with cyclopentane in which the excess molar

deviation values of the systems cyclohexane (1) and cyclopen-

volume decreases slightly with the increasing chain length
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Figure 3. Dynamic viscosityy, from the UNIQUAC equation-{) plotted against mole fraction d&= 293.15 K (0), T = 298.15 K (), andT = 313.15
K (&) for the binary mixtures (a) cyclohexane (%) 2-propanol (2) and (b) cyclohexane (%) 2-butanol (2), (c) cyclohexane (3 2-pentanol (2), (d)
cyclopentane (1) 2-propanol (2), (e) cyclopentane (1) 2-butanol (2), and (f) cyclopentane (%) 2-pentanol (2).

of alcohols, the dipoledipole interaction are stronger in higher related to the viscosity by
2-alkanols. However, the positive deviations increase with the
increasing chain length of the cycloalkane. AGE
In Ei 2 for vi . o o . In(wM) = inln(viMi) +

gure 2, for viscosity deviations, the sign is negative for 4 RT
all systems with a minimum ovex; = 0.4 except for
cyclohexane (1) with 2-butanol (2), where the minimum lies at \yhere v is the kinematic viscosity andd and M; are the
approximatelyx; = 0.3 mole fraction. For all systems under molecular weight of the mixture and the pure component,
study, the negative deviation in viscosity increases when the respectively.
chain length of the alcohol increase and with decreasing The correlation has been performed with experimental data
temperature. Indeed, the negative deviation decreases with thaising the UNIQUAC equation to calculate the excess molar
increase in the chain length of the cycloalkane. In this Figure, free energy by minimizing the following objective function
the literature values of cyclopentane (1) with 2-butanol (2) of
Gascm et al. at 298.15 K are also shown.

(10)

1 N |7Ii,exptl - 77i,calch
OF=—§y ——— (1)
4. Correlation and Prediction N & i expu

The UNIQUAC! equation is used for calculating of the ex- whereN is the number of experimental data apgp andsi caica
cess molar free energy of activation for flosG*E, which is are the experimental and calculated dynamic viscosity, respec-
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Figure 4. Predicted values of dynamic viscosity,from UNIFAC—VISCO (—) using Chevalier parameters, UNIFA¥ISCO (— — —) using new parameters,
and ASOG-VISCO (—--—) methods plotted against mole fractionTat= 298.15K (0 experimental data) for the binary mixtures (a) cyclohexanet(1)
2-propanol (2) and (b) cyclohexane (%)2-butanol (2), (c) cyclohexane () 2-pentanol (2), (d) cyclopentane (1) 2-propanol (2), (e) cyclopentane (1)
+ 2-butanol (2), and (f) cyclopentane () 2-pentanol (2).

Table 12. Average Absolute Deviation (AAD) of Dynamic Viscosity Resulting by Predictions Using UNIFAEVISCO and ASOG—VISCO
Methods for Binary Mixtures Cyclohexane (1) and Cyclopentane (1) with 2-Propanol (2), 2-Butanol (2), and 2-Pentanol (2) at Several
Temperatures

AAD UNIFAC —VISCO AAD UNIFAC —VISCO
systems T/IK (new parameters) (Chevalier's parameters) AAD ASGC&/ISCO
cyclohexane (1) 2-propanol (2) 293.15 6 9 21
298.15 5 8 19
303.15 6 8 19
cyclohexane (1) 2-butanol (2) 293.15 2 13 26
298.15 2 12 24
303.15 2 11 23
cyclohexane (3 2-pentanol (2) 293.15 4 13 25
298.15 3 12 23
303.15 3 11 22
cyclopentane (1)} 2-propanol (2) 293.15 3 11 20
298.15 3 11 20
303.15 3 10 19
cyclopentane (1) 2-butanol (2) 293.15 1 11 22
298.15 1 10 21
303.15 2 9 19
cyclopentane (1) 2-pentanol (2) 293.15 2 8 19
298.15 2 7 17
303.15 2 7 17
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tively. The fitting parameterst(, 721) together with the Literature Cited

objective function (OF) are reported in Table 9.

Figure 3 shows the viscosity data correlated by the UNI-
QUAC equation for the binary systems cyclohexane (1) and
cyclopentane (1) with 2-propanol (2), 2-butanol (2), and
2-pentanol (2). It can be seen that this equation fits the
experimental data fairly well at several temperatures.

Prediction using the UNIFAEVISCO and ASOG-VISCO
methods has been performed. The results of the prgdiction_of temperaturesT = (293.15, 296.15, and 303.15). New UNIFAC
these systems are not good when we use the interaction  vISCO interaction parameterd. Chem. Eng. Dat&2004 49, 1225~
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