J. Chem. Eng. Dat&006,51, 1105-1109 1105

Excess Enthalpy, Density, Speed of Sound, and Viscosity for
2-Methyltetrahydrofuran + 1-Butanol at (283.15, 298.15, and, 313.15) K

Cristina Vallé s, Eduardo Paez, Ana M. Mainar, JeslUs Santafe and Magdalena Doninguez*

Group of Applied Thermodynamics and Surfaces (GATHERS), Aragon Institute for Engineering Research (13A),
Facultad de Ciencias, Universidad de Zaragoza, Zaragoza 50009, Spain

Excess molar enthalpies, densities, speeds of sound, and viscosities at the temperatures (283.15, 298.15, and
313.15) K have been measured for the binary mixture 2-methyltetrahydrofutanutanol. From the experimental

data, excess molar volumes, excess isentropic compressibilities, excess speeds of sound, and viscosity deviations
have been calculated. These excess properties and deviations have been fitted to-Resdéctequations.

Introduction flow to the programmed one. The uncertainty in the mole
fractions of the mixtures calculated from the uncertainty in the
flow delivered by the pumps was estimated totb8.001. The
calibration of the calorimeter was achieved with reference to
the recommended valugf the mixture hexane- cyclohex-
ane. The deviation lies withift 1 %, so the uncertainty in the
determination of excess enthalpies is estimated-ak % as
well.

Densities p) and speeds of sound)(of the pure compounds

Excess thermodynamic properties and deviations of properties
for mixtures of liquids have both practical and theoretical
interest: They have to be known to design industrial processes
properly. They can be used to develop models that allow us to
predict other properties. Finally, they can also reveal the
existence of specific molecular interactions.

1-Butanot? is an aliphatic alcohol that is extensively used

in different fields such as the pharmaceutical indsty a and their mixtures were determined with a vibrating-tube

solvent or extractant agent, in qlothlng and plast_|cs manUf.aCture’densimeter and sound analyzer Anton Paar DSA48 automatically
and in wastewater treatmehtt is also frequent in theoretical e ; L
. - thermostated withia: 0.01 K. The corresponding uncertainties
studies about hydrogen bond and structural effects in the excess 2 s v}
. . are+ 0.00001 gcm~3 for densities and: 0.1 mrs~1 for speeds
thermodynamic propertie< .
In this last respect, the knowledge of the behavior of mixtures of sound, respectively.
of 1-butanol Witﬁ otr’1er com oungs carrying oxygen atoms is Kinematic viscosities1) were measured using a capillary
of interest. In a previous apélwe e ortid% stz(gj of some Ubbelohde viscometer connected to a Schott-@&efd/S-440
thermod ﬁamic F;md trang (E)rt : ro eprties for the ):nixture tet- unit, whose uncertainty in the flow time measuremen 8.01
rahydro ! rart- 1-butanol 'IPhis opnep resents a similar study of > The temperature was kept constant witld.01 K by means
ydropyran- L o pres y of a Schott-Geite thermostat. The corresponding uncertainty
the same or similar properties for the mixture 2-methyltetrahy-

in the kinematic viscosity was 0.002 mn3-s~1. At least four
drofuran + 1'.b utano_l. Tetr_ahydropyran and 2-methyltetr_ahy- flow time measurements differing each other not more than 0.05
drofuran are isomeric cyclic ethers, but the last has a ring of

five carbon atoms instead of a ring of six carbon atoms and % were performed for each composition and temperature, and
; 9 the results were averaged. Next, together with densities previ-
shows a less symmetrical structure due to the presence of

branching methyl group. Our aim is to compare the effect of usly determined, dynamic viscosities were calculatee: (-

this loss of symmetry in the excess properties of these mixtures.ﬁzbgze uncertainties in dynamic viscosities are ahau.002

The composition of the binary mixtures used to measure
) densities, speeds of sound, and viscosities was determined by
Materials. The compounds used were 2-methyltetrahydro- mass using a Sartorius analytical balance with a precisian of

furan and 1-butanol, both from Aldrich (purities99 %). The 1075 g. Hence the uncertainty in the mole fraction was estimated
claimed purities of these liquids were verified by géiguid to be less than: 0.0001.

chromatography (HP 6890) using a flame ionization detector.
Experimental values of density, viscosity, and speed of sound Results and Discussion
for the pure components at the three temperatures are reported
in Table 1 along with the available bibliographic val§e?
Apparatus and ProcedureThe excess molar enthalpies
(Hﬁ) were determined with a Thermometric 2277 thermal
activity monitor maintained at 0.0002 K that operates under
constant-flow conditions. Two Shimadzu LC-10ADVP HPLC B 1 1 1 1
) oo : 3, 1_ I_= i_ =
pumps were used to drive the liquids into the calorimeter. The Vi/m*mol ™+ = XlMl( ) + XzMz( ) 1)
pumps were calibrated for each liquid in order to relate the real PP PP

Experimental Section

Excess molar volumes/f) were calculated from the den-
sity of the mixture p), densities £;), and molar masse#k) of
the pure compounds, and the corresponding molar fractigns (
by means of the equation:

*To whom all the correspondence should be addressed. E-mail: ISentropic and excess isentropic compressibilities were estimated
mdomin@unizar.es. Fax}34-976-761861. from densities§) and speeds of sound)(by using the following
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Table 1. Densities ), Viscosities ), and Speeds of Soundu) of Pure Compounds at (283.15, 298.15, and 313.15) K: Comparison with
Literature Data

plkg-m—3 n/mPas u/m-st
2-methyl- 2-methyl- 2-methyl-
TIK tetrahydrofuran 1-butanol tetrahydrofuran 1-butanol tetrahydrofuran 1-butanol
283.15 exptl 864.17 816.92 0.5618 3.8690 1267.6 1292.1
lit 864.99 817.¢¢ 0.562% 3.87
298.15 exptl 849.04 805.73 0.4776 2.5609 1202.2 1242.9
lit 849.2F 806.0¢ 0.4750 2.58 1239.39
848.52 805.7% 0.4753 2.5716 1239.3
805.56 2.5720 1241
805.6 2.5647
313.15 exptl 833.76 794.38 0.4088 1.7567 1129.9 1186.3
lit 834.01° 794.68 0.4106 178 1189.3
833.65 794.9 0.4060 1.7574 1190"

aRef 8.P Extrapolated from ref & Ref 10.9 Ref 11.¢Ref 12.f Ref 13.9 Ref 14." Ref 15.' Ref 16.) Interpolated from ref 9.

Table 2. Isentropic Compressibilities s), Molar Volumes (V), Table 3. Excess Molar Enthalpies for the Mixture
Thermal Expansion Coefficients (), and Molar Heat Capacities Cp) 2-Methyltetrahydrofuran (1) + 1-Butanol (2) at (283.15, 298.15, and
of Pure Compounds at (283.15, 298.15, and 313.15) K 313.15) K
property TIK 2-methyl-tetrahydrofuran  1-butanol H ﬁ/J-moI -1
“si x 10%/Pala %gg.ls 220.35 283.21 X1 T/K = 283.15 T/K = 298.15 T/K =313.15
.15 14. 41
313.15 939.46 894.50 0.054 99 110 116
Vi x 109/m3mol-1a  283.15 99.67 90.73 0.104 206 220 234
298.15 101.4 91.99 0.206 385 425 455
313.15 103.3 93.31 0.308 548 587 632
o x 109K-1a 283.15 1.139 0.875 0.411 646 694 748
298.15 1.170 0.909 0.510 695 748 806
31315 1203 0.958 0.609 693 746 803
Cpildmol-1-K~1 283.15 152.21 167.68 0.708 631 678 728
298.15 156.89 177.32 0.806 505 541 578
313.15 161.60 189.08 0.907 291 310 329
0.953 159 170 179
aCalculated from experimental dataRef 19.¢ Ref 8. .
by using
equations:
. A =11 = X711 = X, (8)
kfPat=—5 2) _ _
o-u The excess molar enthalpies are reported in Table 3. The
) densities and excess molar volumes are gathered in Table 4.
KE/Pafl =kKkg— Kg’ (3) The speeds of sound, excess isentropic compressibilities, and

_ excess speeds of sound are reported in Table 5. The dynamic
wherexgj was obtained according to Benson and Kiyohidra: viscosities and its deviations are gathered in Table 6. All the
excess properties and deviations of the property at (283.15,
(Z¢iai)2 298.15, and 313.15) K are graphically represented in Figures 1
[ to 5. They have been fitted to the RedlicKister equatior?t
T M—— @

Coi I (z XiCp,i)

y TVi(0)®

ks = z ¢\ ks T
! pi p

YE(Or AY) =6 Al — %) ©)
=

whereg; is the volume fraction of componenin the mixture

referred to the unmixed states; is the corresponding mole  whereYE denotes the excess properyY denotes the deviation

fraction; T is the absolute temperature; atg), Vi, o, andCy; of the property in each case, aAdare the fitting coefficients

are the isentropic compressibility, the molar volume, the thermal determined by the least-squares method. The parameters ob-

expansion coefficient, and the molar heat capacity of the pure tained together with the standard deviatiomsdalculated with

component i}, respectively. All these properties of the pure eq 4 are summarized in Table 7:

substances are listed in Table 2.

Excess speed of sound] was obtained according to [§ exptI_YIcEal)z]llz
O =

0
Junquera et af® N—p (10)
E —1__ id
u/ms T =u-—u () where N and p are the number of experimental points and
9 = (412 ©) parameters, re_spectively. _ N N
— P ks Some experimental data on viscosities and densities have
already been reported for this system at (298.15 and 313.15)
id _ My + x,My) @) K.10 For the dynamic viscosities, the mean relative deviation

between our data and the literature ones were better than 1.3
%. The densities reported in this work are more suitable for

Viscosity deviationsA#) were calculated from the viscosity  calculating excess molar volumes because of their better fit to
of the mixture {j) and viscosities of the pure compounds) ( eq 9 that provides standard deviations four times lower.

a (% V1 T %,V5)
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Table 4. Densities and Excess Molar Volumes for the Mixture 2-Methyltetrahydrofuran (1)+ 1-Butanol (2) at (283.15, 298.15, and 313.15) K

T/K = 283.15 T/K = 298.15 T/K = 313.15

o 106 x VE p 10° x VE p 10° x VE

X1 kg-m—3 m3-mol % X1 kg-m—3 m3-mol ~* X1 kg-m—3 m3-mol 1
0.0539 820.03 —0.037 0.1020 811.16 —0.070 0.1038 799.46 —0.071
0.1047 822.92 —0.069 0.2068 816.38 —0.113 0.2098 804.34 —0.120
0.2068 828.51 —0.120 0.3108 821.37 —0.145 0.3139 808.86 —0.148
0.3108 833.90 —0.149 0.4152 826.08 —0.155 0.4135 813.00 —0.163
0.4147 839.04 —0.162 0.4848 829.16 —0.160 0.4906 816.02 —0.159
0.4893 842.56 —0.160 0.6191 834.74 —0.142 0.6175 820.80 —0.142
0.6195 848.41 —0.135 0.7245 838.88 —0.111 0.7256 824.59 —0.105
0.7240 852.97 —-0.111 0.8157 842.28 —0.072 0.8172 827.71 —0.070
0.8923 859.92 —0.049 0.8911 845.05 —0.039 0.8909 830.17 —0.041

Table 5. Speeds of Sound, Excess Isentropic Compressibilities, and Excess Speeds of Sound for the Mixture 2-Methyl-Tetrahydrofuran-1)
1-Butanol (2) at (283.15, 298.15, and 313.15) K

T/IK = 283.15 T/IK =298.15 T/K = 313.15
u K5 x 1012 uE u KesF x 1012 uE u 15 x 1012 uE
X1 mest pPat mes™t X1 m-st Pat m-st X1 mes™1 Pat mes™1
0.0447 1292.4 -3.5 2.9 0.0341 1242.6 -3.3 23 0.0519 1184.6 -5.3 3.2
0.1154 1292.6 —8.4 6.9 0.1054 1241.6 -9.1 6.5 0.1237 1181.8  —11.3 6.8
0.2143 12915 —-12.9 10.5 0.2085 1238.8 —14.8 10.5 0.2168 11777  -17.2 10.4
0.2451 1291.0 —-13.9 11.3 0.2968 1235.7 —-17.8 12.6 0.3097 1172.9  —20.9 12.5
0.4221 1286.8 —-16.5 13.4 0.3535 12334  —18.9 13.3 0.4133 1167.2  —23.1 13.7
0.5204 1284.0 —-16.2 13.2 0.4283 1230.3 —-19.6 13.8 0.5110 1161.3  —23.0 13.5
0.6172 1281.2 —-15.0 12.3 0.5058 1226.8 —19.4 13.7 0.6561 1152.6  —20.5 12.0
0.7128 1278.1 —12.7 10.5 0.6075 1222.2 —-18.2 12.7 0.7265 11483  -18.1 10.6
0.8078 1275.2 -9.9 8.2 0.7077 1217.6 —15.7 11.0 0.8151 1142.7  -13.9 8.1
0.8952 1272.2 —6.3 5.3 0.8111 1212.6 -11.7 8.3 0.8995 1137.1 -85 5.0
0.9364 1270.3 —-3.8 3.2 0.8947 1208.3 -7.3 5.2 0.9476 1133.5 —4.3 25
0.9337 1206.1 —4.8 35
Table 6. Dynamic Viscosities and Viscosity Deviations for the Mixture 2-Methyltetrahydrofuran (1)+ 1-Butanol (2) at (283.15, 298.15, and
313.15) K
nlmPas AnlmPas
X1 T/K =283.15 T/K =298.15 T/K =313.15 T/K =283.15 T/K =298.15 T/K =313.15
0.0518 3.231 2.212 1.555 —0.467 —0.241 —-0.132
0.1048 2.670 1.914 1.361 —0.852 —0.428 —0.254
0.2123 1.958 1.446 1.085 —-1.210 —0.673 —0.386
0.3159 1.507 1.145 0.896 —1.318 —0.758 —0.435
0.4197 1.218 0.951 0.759 —1.263 —0.736 —0.432
0.5195 1.013 0.806 0.651 —-1.138 —0.672 —0.406
0.6211 0.865 0.701 0.574 —0.950 —0.566 —0.345
0.7116 0.760 0.626 0.518 —0.756 —0.453 —0.280
0.8103 0.675 0.563 0.473 —0.514 —0.310 —0.192
0.9246 0.607 0.507 0.432 —0.205 —-0.128 —0.078
0.9585 0.584 0.502 0.425 —-0.115 —0.062 —0.040
The graphics of the excess properties and deviations show 900 T T T T
that the excess molar enthalpies are positive over the whole 800‘
composition range, that they are greater when the temperature ]
increases while the excess molar volumes are negative, and that 700 - i
they hardly change with temperature. The excess isentropic ]
compressibilities are negative for all the temperatures and show 600 - -
a minimum that increases with temperature. The excess speeds ~ T
of sound are always positive, and they hardly change with é 500'_ 7
temperature. Finally, the viscosity deviations are negative = 4004 i
throughout and the higher the temperature, the less negative ”*:f ]
the values. 300 - .
The positive values of the excess molar enthalpies indicate 1
that the breaking of the interactions existing in the pure 200 .
compounds, especially the breaking of the hydrogen bonds 100_'
existing between butanol molecules, is the main source of |
the energetic behavior. The effect of this breaking is pre- 0 . —
sumably mitigated by the formation of new hydrogen bonds 0 02 04 06 08 1

between the hydroxyl group in 1-butanol and the oxygen
atom in 2-methyltetrahydrofuran. The viscosity deviations
are negative as usual with associated compoé&hds.In

fact some authof&?” have pointed out that when one of
the compounds of a binary mixture is strongly associated, be attributed to the fact that the breaking of association leads
the deviations of viscosity are usually negative. This can to smaller groups of molecules, which in most cases flow

X4

Figure 1. Excess molar enthalpies for the mixture 2-methyltetrahydrofuran
(1) + 1-butanol (2): @, 283.15 K; a4, 298.15 K;m, 313.15 K.
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Figure 2. Excess molar volumes for the mixture 2-methyltetrahydrofuran
(1) + 1-butanol (2): @, 283.15 K;a, 298.15 K;m, 313.15 K.

X
1
0 oo Figure 4. Excess speed of sound for the mixture 2-methyltetrahydrofuran
(1) + 1-butanol (2): @, 283.15 K;a, 298.15 K;m, 313.15 K.
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Figure 3. Excess isentropic compressibilities for the mixture 2-methyltet- Figure 5. Viscosity deviations for the mixture 2-methyltetrahydrofuran
rahydrofuran (1+ 1-butanol (2): @, 283.15 K; 4, 298.15 K;®, 313.15 (1) + 1-butanol (2): @, 283.15 K; A, 298.15 K;M, 313.15 K.
K.
better yielding therefore a viscosity lower than the linear deviations are quite similar in both cases; therefore, the structure
prediction. of the ether has little effect in these properties, and the extent
On the other hand, the negative values of the excess molar©f breaking of hydrogen bonds of 1-butanol and formation of
volumes and exces isentropic compressibilities and the positive"eW hydrogen bonds between alcohol and ether is similar for
values of the excess speeds of sound indicate that this mixture?0th mixtures. Specifically, if the excess molar enthalpies are
is better packed than the pure compounds, but this effect is smaliconsidered, the overall breaking of interactions is greater for
because the absolute values are low. In any case, this is not detrahydropyran than for 2-methyltetrahydrofuran.
very usual behavior especially taking into account that the  However, attending to the excess molar volumes, important
mixture is quite endothermic (from 700 to 800mbl~! differences are observed. The excess molar volumes for 1-bu-
depending on the temperature). Commonly, the breaking of tanol + tetrahydropyran are sigmoidal-shaped being negative
association produces an expansion of the mixture as theinthe zone rich in ether and positive in the zone rich in butanol.
intermolecular distance grows with less or weaker interactions. In any case the values are small, which indicates, taking into
The values obtained for excess molar volumes and excess speedccount the quite high value of the excess molar enthalpy (near
of sound would indicate that the molecules of 1-butanol and 1 kJ¥mol™), that also in this mixture there would be an
2-methyltetrahydrofuran intertwine occupying more effectively intertwining of ether and alcohol molecules. But this intertwining
than expected a given volume. is not so effective as is in the case of 2-methyltetrahydrofuran
If these results are compared with those of tetrahydropyran due to the fact that probably pure tetrahydropyran is better
+ 1-butanol reported in our previous paper, it can be noticed packed than 2-methyltetrahydrofuran because the branching
that the values of excess molar enthalpies and viscosity methyl group would pose a steric hindrance to the interactions
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Table 7. Fitting Coefficients of the Redlich-Kister Equation for the (12) Riddick, J. A.; Bunger, N. B.; Sakano, @rganic Salents. Techniques
Properties at the Temperatures (283.15, 298.15, and 313.15) K and of Chemistry, Ij Wiley-Interscience: New York, 1986.
Standard Deviations (13) Kiyohara, O.; Benson, G. C. Ultrasonic speeds and isoentropic
compressibilities oh-alkanol+ n-heptane mixtures at 298.15 K.
property K A Ao As A o Chem. ThermodyrL979 11, 861.
HE/Jmol -1 283.15 2779 572 24 365 321073 (14) Doninguez, M.; Lafuente, C.; ez, M. C.; Royo, F. M.; Urieta, J.
298.15 2989 608 41 338 28102 S. Speed of sound and isoentropic compressibility of (1-butanol
313.15 3223 646 —32 355 2.8x 10-3 n-hexane+ 1-chlorobutane) and the constituent binary mixtures at
VE x 109/md-mol 2 28315 —0.631 0.205 0.009-0.105 1.4x 10~3 the temperatures 298.15 K and 313.15)KChem. Thermody200Q
298.15 —0.633 0.091 0.095 0.221 16108 32, 1,55_173' . . -
_ 3 (15) Rodrguez, A.; Canosa, J.; Tojo, J. Density, refractive index, and speed
313.15 —0.639 0.169 0.091 0.088 1:610° : ! p
E . 102Pal 283.15 —65.4 132 -134 —45 011 of sound of binary mixtures (diethyl carbonatealcohols) at several
ks x 1049Par ’ ’ ' ’ ‘ ‘ temperatures). Chem. Eng. Dat2001, 46, 1506-1515.

298.15 —78.1 114 -143 1.0 0.04

313.15 —92.9 91 -100 -14 0415 (16) Dominguez, M.; Santafel.; Lopez, M. C.; Royo, F. M.; Urieta, J. S.

Viscosities of the ternary mixture (1-butan¢l n-hexane+ 1-chlo-

E/m-s—1 —

um-s 28315 83 90 126 27 009 robutane) at 298.15 K and 313.15 Kluid Phase Equilib1998 152,
31315 547 -7.3 70 18 011 133-148. . - .

An/mPas 28315 —4.655 2974 —2110 1.146 8.% 10°3 (17) Recommended Reference Materials for the Realisation of Physico-

chemical PropertiesMarsh, K. N., Ed.; IUPAC, Blackwell Scientific
Publications: Oxford, 1987.
(18) Benson, G. C.; Kiyohara, O. Evaluation of excess isentropic com-
. . . . o . pressibilities and isochoric heat capacitiésxChemThermodyn1979
in the pure compound. Agreeing with this possibility, the density 11,1061-1064.
of tetrahydropyran is clearly greater than that of 2-methyltet- (19) Valles, C. Propiedades ternisitas de las mezclas binarias tetrahi-

; i~ hi ; dropirano+ 1-butanol y 2-metiltetrahidrofurang- 1-butanol a las
[)aml/qdrofuran. Thehexllste(;]ce of thst slterlc hlntljran(;e |shsupported temperaturas de 283.15. 208.15 y 313.15 K. Degree in Chemistry.
y the excess enthalpy data as the lower values for the mixture Universidad de Zaragoza, 2002.

of 1-butanol+ 2-methyltetrahydrofuran would correspond to (20) Junguera, E.; Aicart, E.; Tardajos, G. Speed of sound and isentropic
either weaker etherether interactions (that are also broken) in compressibility of (1-chlorobutane- n-undecane or n-dodecane or
the pure compound or weaker hydrogen bonds between ether n-tetradecane or n-hexadecane) at 298.159.KChem. Thermodyn.

. LT 1989 21,1223-1230.
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) ) Algebraic representation of thermodynamic properties and the clas-
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