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Study of the Acoustic and Thermodynamic Properties of 1,2- and 1,3-Butanediol
by Means of High-Pressure Speed of Sound Measurements at Temperatures from
(293 to 318) K and Pressures up to 101 MPa

Edward Zorebski* and Marzena Dzida

Institute of Chemistry, University of Silesia, Szkolna 9, 40006 Katowice, Poland

The speeds of sound in 1,2- and 1,3-butanediol have been measured in the temperature range from (293 to 318)
K at pressures up to 101 MPa by the puteeho-overlap method. The densities of both the butanediol isomers
have been measured in the temperature range from (288.15 to 363.15) K under atmospheric pressure with a
vibrating tube densimeter. From the experimental results the densities, isobaric heat capacities, isobaric coefficients
of thermal expansion, isentropic and isothermal compressibilities, as well as the internal pressure as function of
temperature and pressure have been calculated. The effects of pressure and temperature are discussed.

Introduction the 1,2- and 1,3-butanediol determined in our laboratory by the
. . L . Karl Fischer method were-80~4 and 21074, respectively. The
Thermodynamic properties of organic liquids are of consider- fractive ind T = 298.15 K d with an Abb
able interest from both the fundamental as well as practical refractive indexesyp (T = - ) measured with an c
refractometer RL3 (uncertainty 0.0002) were 1.4370 and

points .Of VIEW. However, the experimental de}ta of the thermo- 1.4384 for 1,2- and 1,3-butanediol, respectively. These results
dynamic properties at elevated pressures, which are of particular

. : L . are in reasonable agreement with the literature °datsince
importance in the study of the liquid state, are still yet rather the aver bsolute deviations (AABD (100M)S™ . Ino v —
scarce. This refers, in particular, to associating liquids that are e average absolute deviations ( ( )2 i=1/ND it

key substances in the chemical industry. Their structure and MoexgNojitli) are of 0.035 % and 0.031 %, respectively. Each
thermodynamics are still not properly understood sample was degassed in an ultrasonic cleaner just before the

. . ,_measurements.
aclcne t?aenéiStage;ang.gfgﬁofcogigc rg;aett'h(;? hgrsn f?gntgo‘iv'gf Methods and ApparatusThe speed of sound at a frequency
ptan IStactory . Ively simpie 100l OF ot 5> MHz was measured under atmospheric and elevated
determining thermodynamic properties of compressed liquids.

The acoustic method is based on measurements of the speed direSSUres using two measuring sets designed and constructed
. p ih our laboratory. Two measuring vessels of the same acoustic
sound as functions of temperature and pressur&un et ak

. : . path and construction (a single transmittirrgceiving ceramic
have even claimed that the accuracy attained by the acousnc'?ransducer and an acoustic mirror), one for the measurements
method is much better than that of direct measurements.

. . under atmospheric pressure and another one for measurements
This work is aimed at the effects of pressure and temperature nqer elevated pressures, have been used. Both sets operate on
on the speed of sound in two isomeric butanediols (1,2- and yhe principle of the pulseecho-overlap method that has been
1,3-butanediol) in order to provide experimental data for the applied in our laboratory for many years. More details of the

calculation of several important quantities under elevated high-pressure device and the method of the speed of sound
pressures, such as the density, isobaric heat capacity, isobari¢,aasurements can be found in previous papers.

coefficient of thermal expansion, isentropic and isothermal 0 pressure was measured with a strain gauge measuring
compressibilities, as well as the internal pressure. Additionally, system (Hottinger Baldwin System P3MD) with an uncertainty
measurements of the densities of both the isomers under test afatter than 0.15 %. The temperature was measured using an
atmospheric pressure and temperatures ranging from (288.15¢ 104 Hart 850 platinum resistance thermometer (NIST certified)

to 363.15) K are an integral part of this work. To the best of i an uncertainty of 0.05 K. All temperatures are expressed
our knowledge, the speeds of sound under elevated pressureg, the 1TS-90. During the measurements, a stability£o.0

for 1,2- and 1',3-butanediol have not peen reported yet. Densities,x \was achieved over the whole operating range. Re-distilled
at atmospheric pressure reported in literature are rather scattereqNater, degassed by boiling, was used as a standard for the
calibration of the apparatus for the speed of sound measure-
ments. Its electrolytic conductivity wasi0—* Q~1-m~L. The

Materials. 1,2- and 1,3-Butanediol (anhydrous, packaged values of the speed of sound in water at atmospheric pressure
under nitrogen in Sure/Seal bottles) used in this study were were taken from the polynomial proposed by Marc2adnd,
supplied by Aldrich and were used without further purification. at elevated pressures, from the Kell and Whalley polynofial.
According to the supplier, the purity of the materials on mass  The repeatability of the measured speeds of sound was better
fraction were> 0.99 and> 0.995, respectively, while the water  than4 0.02 % at atmospheric pressure ahd).04 % under
contents declared by the supplier werd-10-3 and < 3:10°5, elevated pressures. The uncertainty was estimated to be better
respectively. In practice, the mass fractions of water in both than+ 0.5 ms™* and+ 1 ms™3, respectively.

The densities at atmospheric pressure were measured by

* Corresponding author. E-mail: emz@ich.us.edu.pl. means of a vibrating-tube densimeter DMA 5000 (Anton Paar).

Experimental Section
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Table 1. Speed of Soundy) in 1,2- and 1,3-Butanediol at Various functions are equal to the raw data within the limits of the

Temperatures (T) and Pressures () measurement uncertainties.

pMPa  TK  ums?t TK umst TK  ums? As seen from Table 2, our results for 1,3-butanediol are in
1,2-Butanediol very good agreement{0.02 %) with those reported earlier by

01 29293 1466.45 298.10 1451.31 303.18 1436.45 Zorehskil®On the other hand, a much worse agreemer.@6

1520 29288 152818 298.15 1513.55 30313 1500.00 o) :
3040 29288 158321 20815 156021 30313 185636 ) IS observed with the results of George and Sédtiyey

45.60 292.87 1634.28 298.15 1621.06 303.13 1608.77 declared an.uncertainty af 16 n’.rs’l)..ln turn, our result for
60.79 292.87 1681.52 298.15 1668.75 303.13 1657.14 1,2-butanediol al = 298.15 K is in satisfactory agreemerit (
75.99 292.87 172600 298.15 1713.76 303.13 170216 0.06 %) with those of George and Sastrgyhereas the
9119 292.87 1767.98 29815 1755.94 303.13 1745.03 agreement with those of Hawrylak etdlis rather worse{

10132 292.87 179472 29815 178303 30313 177229 Y
01 30817 1421.82 31335 140666 318.15 1392.60 0-13 %). Furthermore, al = (308.15 and 318.15) K, the

1520 30813 1486.59 31331 1472.75 agreement is distinctly worse (deviations up-+100.26 %).
30.40 308.13 154351 313.30 1530.35 Moreover, our values for 1,2-butanediol are in each case smaller
4560 308.13 1506.48 313.30 1583.69 (i.e., a systematic deviation is observed). Generally, a compari-
?g:;g gggjg 1238:85 giggg 12?3:32 son of the speed§ of §ound reported in.this work with the
91.19 308.12 1734.25 313.30 1723.02 literature values given In Table 2 results in average absolute
101.32 308.13 1761.67 313.30 1750.42 deviations (AAD= (100h)3 L |U,jit — Uo.exdUo,itli) Of 0.15 %
1,3-Butanediol and 0.08 % for 1,2- and 1,3-butanediol, respectively. In our

0.1 29292 1537.73 298.20 1523.31 303.17 1509.72 opinion, the differences are related to the purity as well as to
ég-gg ggg-g; 12%-82 ggg-ig 12;?-33 gggig 12(13235 the relatively high viscosity and hygroscopicity of the diols,
4550 20285 168646 29815 167384 30313 166219 especially in the case of 1,3-butanediol. We would like to point
60.79 29287 172945 29815 171736 30313 170598 Outthat some of the literature data, mostly old and less reliable
75.99 292.86 1770.09 298.15 1758.28 303.13 1747.28 ones (low purity and/or systematic errors) have been omitted
91.18 292.86 1808.68 298.15 1797.29 303.13 1786.71 consciously in Table 2. For example, an evidently poor

101.32  292.86 1833.59 298.15 1822.09 303.13 181164 zgreement is observed for 1,3-butanediol with the old data of

0.1 308.16 149599 313.14 1482.26 318.32 1467.86 17 . : S,
1520 30813 155243 31311 1539.62 318.29 152620 Marks!” (reported in the form of a linear equation); here a

3039 30813 1603.47 31311 1591.21 31829 1578.39 Systematic deviation is ca: 0.3 %.
45.59 308.12 1650.63 313.11 1639.14 318.29 1626.98 A graphic presentation of tha(p,T) surfaces (i'e', fitted
Soqp Feis dowiss L leest2 31825 197197 dependences ofthe experimental speeds of sound on pressure
91.18 308.13 1776.31 313.11 176594 31829 175519 andtemperature for the diols under test) are given in Figure 1.
101.32 308.11 1801.68 313.11 1791.50 318.29 1781.07 In this figure, the experimental points are not shown for clarity.
The form of the equation used for smoothing out the, and
The uncertainty was estimated to be better tharb-102 Tvalues is given in the next section. As can be seen from Figure
kg:m~3, whereas the repeatability was estimated to be better 1, for a given pressure, the speed of sound in the liquids under
than+ 5-1073 kg:m~3. The instrument was calibrated with air  test is decreasing almost linearly with increasing temperature,
and re-distilled, freshly degassed (by boiling) water with the \while the pressure dependencies at constant temperatures are

above electrolytic conductivity. This type of densimeter can be evidently nonlinear. Moreover, with increasing pressure its effect
used to perform measurements in a temperature range fromon the speed of sound becomes smaller.

(273.15 to 363.15) K and has a built-in correction procedure
for viscosity effects on the measured density. All the results of
density measurements presented here include viscosity correc
tions.

Densities at Atmospheric Pressuréhe experimental densi-
ties po of both the butanediols measured at atmospheric pressure
in the temperature range from (288.15 to 363.15) K are listed
in Table 3 together with some representative literature values.
Generally, the literature survey shows, however, that the values
published by various authors are rather scattered. Most likely,

Speeds of Soundrhe experimental speeds of sound in 1,2- those discrepancies are caused mainly by the water contents
and 1,3-butanediol have been measured within temperature(especially 1,3-butanediol absorbs water very readily during the
ranges from (293 to 313) K and from (293 to 318) K, storing or handling). A comparison of the densities of 1,2-
respectively, as well as at pressures up to 101 MPa. Theputanediol reported this work with the literature values given
experimental results are collected in Table 1. A comparison with in Table 3 results in an average absolute deviation (AAD
literature values of the speed of sound at atmospheric Pressurg100h) 3, | oot — po.exdpo,itli) of 0.05 %. A similar compari-
is shown in Table 2. The respective values at rounded up son for 1,3-butanediol results in an AAB 0.06 %. This
temperatures have been obtained by the following second-ordercomparison reveals that the experimental uncertainties given

polynomials using regression coefficients obtained from the in the literature sources are very often considerably overesti-
temperature dependencies of the speeds of sound under atmamated.

spheric pressure:

Measurement Results

Some data showing great systematic deviations have been
2 consciously omitted. For example, the densities reported by Sun
Up= Z, bj'l" 1) et alfl are considerably greater than those reportgd i_n this work
£ (deviations up tot 0.35 % for both the butanediol isomers)
and are the greatest ones attainable in the literature. In our
The regression coefficients determined by the least-squares opinion, the values of Sun et # are not very reliable. This is
method (to reduce the number of nonzero coefficients, the caused by the low purity of the samples (most probably
stepwise rejection procedure was used) are reported in Table 4contaminated by water) and/or a systematic experimental error
Because the mean deviations (as well as residual deviations) ofin their work (a high-pressure pycnometer was used for
the fit are small, the speeds estimated from the regressionmeasurements at atmospheric pressure). Grineva and Zhurav-
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Table 2. Speeds of Soundu in 1,2- and 1,3-Butanediol at Atmospheric Pressurep) and Various Temperatures (T)

1,2-butanediol/m-s1

1,3-butanediol/m-s1

T/IK exp. lit. exp. lit.
293.15 1465.80 1537.08 1537.7515394
298.15 1451.16 1452%01453.02 1523.45 1523.1451522.161524.1121523.936
303.15 1436.52 1509.77
308.15 1421.88 142381423.82 1496.02 1495.8151492.156 1495.6'2
313.15 1407.24 1482.22
318.15 1392.60 1396%1395.22 1468.35 1468.2651472.051469.02

lev1® have reached similar conclusions. However, it must be Table 3. Densities po) at Atmospheric Pressure and Various

pointed out that “the estimated absolute accuracy” of density

Temperatures (T) for 1,2- and 1,3-Butanediol

given by Sun et &l is & 0.25 % and seems to be real enough.

1,2-butanediop/kg-m—23

1,3-butanediop/kg-m—3

Less reliable are also the values given by Czechowski ét al.,  T/K exp. lit. TIK exp. lit.
which ha.s also -be.en Suggested by Grineva and Zhuré%m 288.15 1005.78 1005 288.15 1006.753
systematic deviations up tb 0.13 % (for 1,2-butanediol) and  293.15 1002.119 293.155 1003.52  1003%2
+ 0.23 % (for 1,3-butanediol) are considerable ones. Therefore, 298.15  998.408 998-853@1) 298.15  1000.231 1000.%%
the latter values have been omitted in Table 3. Also the data ggg-%‘g iggg-ggg‘ﬁ
for 1,3-butanediol reported by Apaev et&have been omitted. 99906 1000.426
Here, systematic deviations up #00.2 % are present. 1000.27
The densitiepg of both butanediols were approximated by 303.155 994.659  995.31  303.155 996.895 997.%4
the second-order polynomials: 996.6°
997.78°
) 308.155 990.872  991.42¢7) 308.15  993.524  993.83
_ - 991.432 994.22(1§
Po= Z) bT @ 990.9° 994,202
= 313.155 987.048 987.63 313.155 990.116  991.38
989.79
whereb; are coefficients determined as above. The correspond- 318.155  983.185  983.93(5) 318.156  986.665  987.08
ing values are given in Table 4. The fit seems to be very good, 983.92 ggg-;g(ﬁ?
an_d_ the mean dew_atlons do not exceed the estlmateo_l repeats,a 15 979085 323155 983181 9897
ab|I_|ty._ It is interesting that our results for 1,_3-butan_ed|ol are 3pg155 975.354  976.09@3) 328.156 979.654  979.18(0)
co-incident with the data reported by McDuffie et?&(in the 333.155 971.386 333.156 976.087 978.6
form a linear equation). In the same validity range of both equa- gig-igﬁ ggg-gg 968.11(2) 3333-3512 9;%-51;6235 9%‘?%(54)
tions, the McDulffie et al. densities are somewhat smaller than 348156 659956 218156 98514 :
. 353.15  955.143 353.15  961.411
ulms 358.15  950.989 358.15  957.637
363.15  946.804 363.15  953.825
a
1900 Table 4. Coefficientsb; of the Polynomials (1) and (2) for the Speed
1800 of Soundu (within the Temperature Range from (293.15 to 318.15)
17 K) and Density p (within the Temperature Range from (288.15 to
00 363.15) K) Together with Mean Deviations §)
1600 bo by b2 0
1500 1,2-Butanediol
100 wmsl 2324155 —2.92805 0.02
plkg'm=3 1155494 —3.0760910°! —7.3542510* 0.00%
1,3-Butanediol
wm-st 2228891 —2.00132 —1.22332103 0.0
0 293 plkg'm=3 1125967 —1.81193101! —8.04321104 0.00%
p/MPa T/IK
ag(u)/m-s1. 2 5(p)/kg'm=3.
u/ms”
those reported by us (i.e., systematic deviations up 803 % in
b 1900 the temperature range from (288.15 to 313.15) K are observed).
1800 . .
Calculations of Material Constants at Elevated
1700 Pressures
1600 A detailed description of the algorithm was presented in
1500 previous works>-26therefore, only a brief survey is given here.
100 First of all, the densities and heat capacities at elevated pressures
318 up to 100 MPa were calculated. To this end, a modified numer-
203 ical procedure proposed by Sun etZbased on the earlier
20 5 293298 suggestions of Davies and Gordbnas been applied. Generally,
p/MPa TIK the procedure is based on the speeds of sound measured as

Figure 1. Speed of sounduj as function of pressurg) and temperature
(T): (a) u(p,T) smoothed surface for 1,2-butanediol; (ifp,T) smoothed
surface for 1,3-butanediol. For clarity, experimental points are not shown.

functions of temperature and pressure as well as on the density
and heat capacity measured as functions of temperature at
atmospheric pressure.
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Table 5. Coefficients of Equation 3 Together with Mean Deviations

(d(u)

Table 6. Densities ) for 1,2- and 1,3-Butanediol at Various
Temperatures (T) and Pressures ()

J o aj g o(u)/m-st
1,2-Butanediol

0 0.3425978 3.0861670~4 0.24

1 —2.64562810°7

2 —1.28150210°¢
1,3-Butanediol

0  0.3877077 2.8219700~4 0.18

1

2 —1.42420610°° —8.58366510713

As in previous papers from our laboratd®y?? the equation
suggested by Sun et@Wwas chosen for smoothing out the speed
of sound, pressure, and temperature values:

P=Po= iiaﬂ(u_ up)' T

whereu is the speed of sound at> 0.1 MPa andy is the
speed of sound at atmospheric pressurelhe corresponding
coefficientsa; together with mean deviations are given in Table
5.

®3)

The pressure dependencies of the density and heat capacity 80

are given by the well-known thermodynamic relationships:

2
ap) 1 To,
e A

u Cp
ac a0,
()2 )
op/T ol® oT /p,
whereq,, is the isobaric coefficient of thermal expansion and
Cp is the specific isobaric heat capacity. Simultaneousfcan

be calculated from the relation:

(5)

a, = —p (3p/dT), (6)

The above relations form a complete first-order differential

plkg-m~3 at T/K

p/MPa  293.15 298.15 303.15 308.15 313.15 318.15
1,2-Butanediol
0.12 1002.11 99840 994.65 990.87 987.05 983.19
10 1007.19 1003.59 999.95 996.28  992.58
20 1012.06 1008.55 1005.01 1001.44 997.84
30 1016.69 1013.27 1009.82 1006.34 1002.83
40 1021.11 1017.77 1014.40 1011.01 1007.58
50 1025.35 1022.08 1018.79 1015.47 1012.12
60 1029.43 1026.23 1023.00 1019.75 1016.47
70 1033.36 1030.22 1027.05 1023.86 1020.65
80 1037.15 1034.07 1030.96 1027.83 1024.68
90 1040.82 1037.79 1034.74 1031.66 1028.56
100 1044.38 1041.40 1038.40 1035.37 1032.33
1,3-Butanediol
0.12 1003.52 1000.23 996.90 993.53 990.12 986.67
10 1008.12 1004.91 1001.67 998.39 995.08 991.72
20 1012.55 1009.42 1006.26 1003.07 999.84  996.58
30 1016.79 1013.74 1010.66 1007.54 1004.39 1001.20
40 1020.88 1017.89 1014.87 1011.83 1008.75 1005.64
50 1024.81 1021.89 1018.93 101595 1012.94 1009.89
60 1028.61 1025.74 1022.85 1019.92 1016.97 1013.99
70 1032.29 1029.47 1026.63 1023.76 1020.87 1017.94
1035.85 1033.09 1030.30 1027.48 1024.64 1021.76
1039.30 1036.59 1033.85 1031.08 1028.29 1025.46
100 1042.66 1039.99 1037.30 1034.57 1031.83 1029.05

aDensity measured with vibrating-tube densimeter at atmospheric
pressure.

At last, the internal pressures were calculated from the

formula:
Pint = T'ap°KT71 -p (9)

It is worthy of notice that in the literature the definition of the
internal pressure which neglegisnay be often found. At low
pressures, mostly at atmospheric pressure, wheseT-o/kr,
the second term in eq 9 can be neglected without significant
error. However, it must be included at high pressures.

It must also be pointed out that the method used in this work

equation set that can be integrated over the entire pressure rangis essentially based on the assumed negligibility of the sound

covered by theu(T, p) function and by using suitable initial
conditions in the form op(T, pg) andcy(T, po) functions at the

starting pressurp (reference isobar at atmospheric pressure).

wave absorption (the acoustic wave of low frequency and
amplitude is used, and no dispersive effect is present); thus,
the Newtor-Laplace equation (eq 7) can be used. In this case,

In the calculations, the temperature dependence of the isobaridhe speed of sound may be regarded as a thermodynamic

heat capacity of 1,2-butanediol and 1,3-butanediol at atmo-

spheric pressure reported by Zoski and co-workef$:2°was
used.

guantity. All the values obtained by this method are presented
in Tables 6 to 11.
As seen from Table 6, the densities of both the diols increase

Finally, the procedure gives the isobars of density and heat monotonically with increasing pressure and decreasing temper-

capacity in the form of a polynomial form similar to eqs 1 and

ature. A maximum change of the density with changing pressure

2. Generally, the values of the heat capacities obtained by theoccurs near the atmospheric pressure. In other words, with
above method seem to be less reliable than the values ofincreasing pressure the changes of the density are smaller. For

densities?>26 which results from the principle of the method.

1,2-butanediol, in contrary to the atmospheric pressure, only

Taking into account the uncertainty of the measured speed ofone data set for comparison at elevated pressures has been found

sound and analyze using the method suggested by SunZet al.

,in the literature. It appears that the values of density estimated

the respective uncertainties are estimated to be evidently bettey us for 1,2-butanediol are in a very good agreement with those

than+ 0.3 % and+t 0.02 % for the heat capacity and density,
respectively.
In turn, the isobaric coefficients of thermal expansion and

obtained directly by Geyer et all® the comparison under
elevated pressures gives an AAD0.024 %. At the same time,
including the results at atmospheric pressure, the AAD is 0.021

isentropic and isothermal compressibilities were calculated. The %. However, as can be seen in Figure 2, the deviations show a

latter two quantities were calculated from the formulas:
(7)
)

ks = (o))
Kt = kgt (IPZ'T'(p'Cp)71

whereas eq 6 was used for the calculatiorugf

rather systematic shift. Recently, quite independently, a very
good agreement between the densities of ethanol, heptane, and
their binary mixtures determined from speed of sound measure-
ment$° with those obtained from direct measurements has been
reported tod! A comparison shows that the acoustic method
used by us yields reliable values of the density under elevated
pressures.
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Table 7. Molar Isobaric Heat Capacities Cp) for 1,2- and Table 9. Isobaric Coefficient of Thermal Expansion ) for 1,2-
1,3-Butanediol at Various Temperatures T) and Pressures ) and 1,3-Butanediol at Various Temperatures T) and Pressures [f)
Cy/IK mol~tatT/K ap10Y K tatT/K
p/MPa  293.15 298.15 303.15 308.15 313.15 318.15 p/MPa  293.15 298.15 303.15 308.15 313.15 318.15
1,2-Butanediol 1,2-Butanediol
0.12  228.2 230.9 233.6 236.3 239.0 241.6 0.12 7.37 7.47 7.57 7.67 7.78 7.89
10 227.6 230.3 232.9 235.6 238.2 10 7.12 7.21 7.31 7.40 7.50
20 227.0 229.7 232.3 234.9 237.6 20 6.90 6.98 7.07 7.16 7.25
30 226.4 229.1 231.7 234.3 236.9 30 6.70 6.78 6.86 6.94 7.03
40 225.9 228.5 231.2 233.8 236.3 40 6.52 6.59 6.67 6.75 6.83
50 225.4 228.0 230.6 233.2 235.8 50 6.35 6.42 6.50 6.57 6.64
60 224.9 227.6 230.1 232.7 235.2 60 6.20 6.27 6.34 6.41 6.48
70 224.5 227.1 229.7 232.2 234.7 70 6.05 6.12 6.19 6.26 6.32
80 224.1 226.7 229.2 231.7 234.3 80 5.92 5.99 6.05 6.12 6.18
90 223.7 226.2 228.8 231.3 233.8 90 5.80 5.86 5.92 5.99 6.05
100 223.3 225.8 228.4 230.9 233.3 100 5.68 5.74 5.80 5.86 5.93
1,3-Butanediol 1,3-Butanediol
0.1 216.6 219.7 222.8 226.0 229.3 2325 0.12 6.52 6.62 6.72 6.83 6.93 7.03
10 215.9 219.0 222.2 225.3 228.6 231.8 10 6.32 6.42 6.51 6.60 6.70 6.79
20 215.4 218.4 221.6 224.7 227.9 2311 20 6.14 6.23 6.31 6.40 6.49 6.58
30 214.8 217.9 221.0 224.1 227.3 230.5 30 5.97 6.06 6.14 6.22 6.31 6.39
40 214.3 217.4 220.5 223.6 226.7 229.9 40 5.82 5.90 5.98 6.06 6.14 6.22
50 213.9 216.9 219.9 223.1 226.2 229.4 50 5.68 5.75 5.83 5.90 5.98 6.06
60 2134 216.4 219.5 222.6 225.7 228.8 60 5.55 5.62 5.69 5.76 5.84 591
70 213.0 216.0 219.0 222.1 225.2 228.3 70 5.42 5.49 5.56 5.63 5.70 5.77
80 2125 2155 218.6 221.6 224.7 227.8 80 5.31 5.37 5.44 5,51 5.58 5.65
90 212.1 215.1 218.1 221.2 224.3 227.4 90 5.20 5.26 5.33 5.39 5.46 5.53
100 211.7 214.7 217.7 220.7 223.8 226.9 100 5.10 5.16 5.22 5.29 5.35 5.42
aRef 28.P Ref 29. a Calculated from direct measurements of density at atmospheric pressure.
Table 8. Isentropic Compressibilities ks) for 1,2- and Table 10. Isothermal Compressibilities k1) for 1,2- and
1,3-Butanediol at Various Temperatures T) and Pressures () 1,3-Butanediol at Various Temperatures T) and Pressures )
kg/TPatatT/K krdTPatat T/K
p/MPa  293.15 298.15 303.15 308.15 313.15 318.15 p/MPa  293.15 298.15 303.15 308.15 313.15 318.15
1,2-Butanediol 1,2-Butanediol
0.12 464.44 475.62 487.19 499.18 51159 524.46 0.12 527 541 555 569 584 600
10 437.3 447.2 457.3 467.8 478.6 10 496 508 520 533 546
20 413.9 422.6 431.7 440.9 450.5 20 469 479 490 501 513
30 3934 401.3 409.4 417.7 426.3 30 445 455 464 475 485
40 375.4 382.6 389.9 397.4 405.1 40 424 433 442 451 460
50 359.3 365.9 372.6 379.4 386.4 50 405 413 422 430 439
60 344.8 350.9 357.0 363.3 369.7 60 389 396 404 411 419
70 331.7 337.3 343.0 348.8 354.7 70 373 380 387 395 402
80 319.7 324.9 330.3 335.6 341.1 80 360 366 373 379 386
90 308.7 313.6 318.6 323.6 328.7 90 347 353 359 365 372
100 298.6 303.2 307.8 3125 317.3 100 335 341 347 352 358
1,3-Butanediol 1,3-Butanediol
0.12  421.78 430.77 440.08 449.72 459.71  470.08 0.12 474 484 496 507 519 532
10 400.9 408.9 417.2 425.8 434.7 443.8 10 449 459 469 480 490 501
20 382.4 389.7 397.2 405.0 412.9 421.1 20 428 437 446 455 465 475
30 366.1 372.8 379.6 386.6 393.8 401.3 30 409 417 426 434 443 452
40 351.5 357.6 363.9 370.3 376.9 383.6 40 392 400 407 415 423 432
50 338.2 343.9 349.7 355.6 361.7 367.9 50 377 384 391 398 406 413
60 326.1 3314 336.8 342.3 347.9 353.6 60 363 370 376 383 390 397
70 315.0 320.0 325.0 330.1 335.3 340.6 70 350 356 363 369 375 382
80 304.8 309.4 314.1 319.8 323.7 328.6 80 339 344 350 356 362 368
90 295.3 299.7 304.0 308.5 313.0 317.6 90 328 333 338 344 350 355
100 286.5 290.6 294.7 298.8 303.1 307.4 100 318 323 328 333 338 343

a Calculated from direct measurements of density and speed of sound at @ Calculated from direct measurements of density and speed of sound at
atmospheric pressure. atmospheric pressure.

On the other hand, for 1,3-butanediol two older data sets havelt seems that the essential reason is the same as at the
been found in the literature. In this case, however, the agreementatmospheric pressure (i.e., sample purity). Moreover, the
between the values of density estimated by us and those reportedalibration procedure of the devices used by the mentioned
by McDuffie et al?* (variable volume cell with bellows) as well  authors can be also the reason of these discrepancies.
as by Apaev et a® (buoyancy method) is rather unsatisfied The heat capacities for both the diols increase with increasing
(see Figure 3). Generally, McDuffie et al. densities (declared temperature (at constant pressure) and decrease with increasing
uncertainty+ 0.05 %) are evidently smaller than those estimated pressure (at constant temperature). However, the effect of
by us (a comparison gives an AAB 0.15 %), whereas Apaev  pressure on the heat capacity is much smaller than that of
et al. densities (declared uncertainty0.1 %) are evidently temperature (Table 7). Similar results have been obtained for
greater than those estimated by us (adequate AAD21 %). 1-alkanols?5-30
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Table 11. Internal Pressure Pint) for 1,2- and 1,3-Butanediol at 0.25 T T T T o " o o o
Various Temperatures (T) and Pressures ) 020} ° o o o 00 o 90 °
Pin/MPa atT/K 0.15
p/MPa  293.15 298.15 303.15 308.15 313.15 318.15 Z010}
1,2-Butanediol >§0.05 F
0.12 410 412 414 415 417 419 §
10 411 414 416 418 420 &0.00
20 411 414 417 420 422 S-0.05+
30 411 415 418 421 424 = 010l e
40 410 414 418 421 424 ' 8 f
50 409 413 417 421 424 015 ¢ 8 « o
60 407 412 416 420 424 020l N - -
70 405 410 414 419 423 02
38 388 382 jig ji; 3% 0 10 20 30 40 5 60 70 8 90 100
100 397 402 408 413 418 p/MPa
1.3-Butanediol Figure 3. Comparison of densities for 1,3-butanediol as function of pressure
0.1 404 408 ' 411 414 418 420 (p) shown as the deviation16@ii — pexp)/pit between values of this work
10 402 407 411 414 418 421 (pexp) and literature valuespf;) of Apaev et aP® at the temperatur®,
20 400 405 409 413 417 421 302.15 K; McDuffie et.aP* at the temperature®, 293.15 K;0O, 298.15 K;
30 398 403 407 412 416 420 and+, 303.15 K.
40 395 400 405 409 414 418
50 391 397 402 407 412 416 a seo
60 388 393 399 404 409 414 d
70 384 389 395 401 406 411 o
80 379 385 391 397 403 408 500 o °
90 375 381 387 393 399 405 s ° q
100 370 377 383 389 396 402 a0l N ) ®
D [ )
©
a Calculated from direct measurements of density and speed of sound at & I
atmospheric pressure. E’ 380 |
0.03
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Figure 2. Comparison of densities for 1,2-butanediol as function of pressure . J} 4 N
(p) shown as the deviation16@i: — pexp)/pit between values of this work 340 | U 3 2 A
(pexp) and literature valuespf;) of Geyer et al® at the temperatures, . Q ﬁ A
288.15 K4, 298.15 K; and®, 308.15 K. 300 e g

Moreover (Table 8 and Figure 4), it is observed that the 280 = " e0 s0 70 8 90 100
dependency of th&s on temperature is almost linear. The p/MPa
linearity of the I.SObarS Increases with increasing pressure an.d’Figure 4. Isentropic compressibilitykg) as function: (a) temperatur@)
at the same time, the higher the pressure the smaller ISfor 1,2-butanediol at the pressu@s0.1 MPa;a, 100 MPa; 1,3-butanediol
temperature dependence. On the other hand, the dependencyt the pressure®, 0.1 MPa;a, 100 MPa. (b) Pressurg)(for 1,2-butanediol
of the ks on pressure is evidently nonlinear character and the at the temperatuseO, 298.15 K; a, 313.15 K; 1,3-butanediol at the
nonlinearity of thexs isotherms increases with increasing temperature®, 298.15 K;a, 313.15 K.
temperature. Generally, the isentropic compressibility increasesatmospheric one, while the pressure effect on the compressibility
with increasing temperature at constant pressure and decreaseg gradually decreasing with increasing pressure.
with increasing pressure at constant temperature. The overall uncertainties of the reported compressibility
It appears also that the shape of the curves (both the isobars/alues are estimated to Be0.15 % andt 0.3 % for isentropic
and isotherms) of the isothermal compressibility is identical to and isothermal compressibilities, respectively. Because of the
that observed and described above of the isentropic compresssimilarity of the dependencies of the isentropic compressibility
ibility. However, the curves are translated by the tefm,?/ on pressure and temperature, a graphic presentation of the
pCp, Which is practically almost temperature independent and dependencies of the isobaric coefficient of thermal expansion
whose contribution falls as the pressure increases. Simulta-on pressure and temperature has been omitted. Generally, the
neously, both the isentropic and isothermal compressibilities isobaric coefficient of thermal expansion decreases monotoni-
depend significantly on the pressure for pressures close to thecally with increasing pressure and increase monotonically with



1016 Journal of Chemical and Engineering Data, Vol. 52, No. 3, 2007

a 422 . . . a 430 . : : .
«
q L
418} ® 1 424 R A A A R N
o o
A o o o A
o 418 L =] + + + o A
o 414] o o 1 © + o + o
o o E o [¢] [¢] ° + d
2 o = M2p . N N o +
S . s b ° o +
o 410p 1 o i . o 4
° 406 ° ° E
°
L ] q
406 400 o ]
g q
402 . L \ . L 394 ' ' | .
295 300 305 310 315 0 20 40 60 80 100
T/IK p/MPa
b 40 , : : b 425 . . . ; ; ; ;
A A A A
430} 1 LA, A
415y o o 4 A 4 A 1
F + o A A
420 o b ° + . u] a A N
o 405§ o T+ a 4, & ]
s 410} o ] P * . 0 ot o, m L
S 400} ° L S 305) o« ° + 0 4
= b . < ° o
£ o ° . o + q
a L
390 . a5 | . o ]
°
380 | R o ° )
375} e
370 p q
360 1 1 1 1 n 365 1 1 L 1 L L L L L
295 300 305 310 315 0 10 20 30 40 50 60 70 80 90 100
T/K p/MPa

Figure 6. Internal pressureR;) as function of pressurep) for (a) 1,2-
butanediol at the temperatur@®s 293.15 K;O, 298.15 K;+, 303.15 K;O,
308.15 K;a, 313.15 K. (b) 1,3-Butanediol at the temperatu@293.15
K; O, 298.15 K;+, 303.15 K;O, 308.15 K;a, 313.15 K; A, 318.15 K.

Figure 5. Internal pressureRy) as function of temperaturel) for O,
1,2-butanediol®, 1,3-butanediol at the pressures: ffar 0.1 MPa; (b)p
= 100 MPa.

increasing temperature. The estimated uncertainty of the thermalVith increasing temperature (i.e., for = 293.15 K the
expansion coefficient is- 1 %. maximum lies at about 20 MPa, whereas Tor= 313.15 K it

The internal pressure shows interesting presstemperature I(;es in the V'C'n'tty O.f 5”0 M.E’hazh For 1’3t'.bUta?%c:é°|3’ fﬁ%
dependence. The internal pressure increases linearly with theKegiiZ?;m_?#g ?gclztt:ngI est ;z?(;fgr:aoggta'le d ot d'es are
temperature along the isobars (Table 11 and Figure 5). It is worth : - ugg ' udi

noticing that such temperature dependence of the internal requwed in the near future. However, it should be noted that

pressure at constant pressure (i.e., positive temperature Coeflnternallpressure isotherms are known to reach a maximum with
ficients (Pin/dT)p) occurs also in 1,2-ethanedidf3as well as Increasing pressql?é'. ) )

in water333 Water shows, however, some peculiarifié® It should be pointed out that the uncertaintyRyf; obtained
According to some authof§,the temperature dependence of by the indirect method used in this work is estimated tathe

internal pressure at atmospheric pressure can be used for thé % @t most unfavorable conditions. At the same time estima-
classification of liquids. From this point of view, liquids form ~ tons of the uncertaslnty Pin; fOT |nd|recgt methods of the order
two general structural groups: not hydrogen-bonded and ©f both ca.+ 6 % and ca.+ 0.3 %* can be found in the

hydrogen-bonded. Simultaneously, a positive temperature coef-terature.
ficient of internal pressure can be treated as a confirmation of
the existence of a spatial network of H-bonds in liq&tc
(i.e., the larger coefficient corresponds to the greater degree of The pressuretemperature effects on the speeds of sound and
association). Moreover, some hydrogen-bonded liquids (e.g., related thermodynamic properties of 1,2- and 1,3-butanediol are
alkanols) are characterized by an inversion of the temperatureemphasized. Both fundamental material constants (i.e., the
coefficient of internal pressure. In our study, the temperature isobaric coefficients of thermal expansion and isothermal
coefficient of the internal pressure is slightly greater for 1,3- compressibilities) decrease with increasing pressure and de-
butanediol than for 1,2-butanediol (Figure 5). Kartsev €fal. creasing temperature. In both cases, the respective values are
assumed a minus sign for the internal pressure (in our opinion greater for 1,2-butanediol than for 1,3-butanediol. Furthermore,
groundless); hence, the temperature coefficients of internal for pressures close to the atmospheric one, the isentropic and
pressure have signs opposite to those obtained in this work. isothermal compressibilities depend significantly on pressure,

The pressure dependence of internal pressure for the diolswhile with increasing pressure its effect on the compressibilities
under test is still even more complicated (Table 11 and Figure is gradually decreasing. Moreover, a new temperature depen-
6). For 1,2-butanediol, thBj,; shows evidently an extreme as dence of the densities of the diols under test in the temperature
the pressure rises along the isotherms. The maxima dPthe  range from (288.15 to 363.15) K at atmospheric pressure is
isotherms for 1,2-butanediol are shifted toward higher pressuresreported.

Conclusions
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