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The enthalpy of acetone
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Measurements of the specific enthalpy increment of acetone are reported; 206 measurements
cover the range 373.2 to 623.2 K at pressures from 0.1 to 11.9 MPa. The overall accuracy is
0.6 per cent. The specific enthalpy of the saturated liquid and of the saturated vapour and the
enthalpy of vaporization are derived from the measurements. Comparison with cubic
equations of state shows that the Patel-Teja equation is the best of those tested.

1. Introduction

Compression measurements on acetone vapour have been made by Anderson,
Kudchadker, and Eubank'” in the range 298.2 to 423.2 K at pressures up to
saturation. Keller and Stiel® have made similar measurements in the range 508.2 to
538.2 K at pressures from 9.6 to 30.3 MPa. Both groups report problems with the
decomposition of acetone at temperatures above 420 K. In a (p, ¥, T) apparatus
where the vapour may be confined for many hours, even a slow rate of
decomposition may result in the accumulation of significant amounts of impurity.
Condensation reactions form substances which may coat the walls and greatly
increase the errors due to adsorption. In a flow-calorimetric apparatus the residence
time in the hot zone may be only a few minutes and the extent of decomposition
may be negligible. Flow calorimetric experiments are, of course, free from
adsorption errors. Pennington and Kobe®® used a flow calorimeter to measure the
vapour-phase heat capacity of acetone up to 439.2 K and 0.17 MPa. They also
measured the enthalpy of vaporization up to 345.0 K. Wormald® used a flow
calorimeter to measure the isothermal enthalpy-pressure coefficient of acetone in the
range 313.2 to 373.2 K at pressures up to 80 kPa. Eubank and Smith®® used a boil-
off calorimeter to make the only previous direct measurements of the specific
enthalpy increment of acetone. Their 67 measurements cover the range 394.7 to
532.8 K at pressures up to 6.7 MPa with an overall accuracy of around 4 per cent.
We now report 206 measurements of the specific enthalpy increment of acetone in
the range 373.2 to 623.2 K at pressures up to 11.9 MPa with an overall accuracy of
better than 0.6 per cent.
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2. Experimental

The flow calorimeter and details of the experimental technique were the same as
previously described.® The calorimeter was tested using steam and the results were
compared with the 1984 NBS/NRC steam tables.!”” The mean deviation of 90
measurements of the specific enthalpy of steam from tabulated values was —0.03 per
cent, and the standard deviation was 0.43 per cent. Flow-rate fluctuation due to
uneven vaporization of water in the flash boiler were the largest source of random
error. The low molar volume and high enthalpy of vaporization made it difficult to
flash-vaporize water smoothly. No such problems were experienced with acetone,
and the random error is less than for water.

Acetone of 99.8 moles per cent purity was dried with anhydrous potassium
carbonate and doubly distilled, first and last fractions being rejected. The density of
the purified material was 784.55kg-m”*® at 298.15K (literature:®
784.40 kg - m™?). Analysis using g.l.c. showed the material to be not less than 99.9
moles per cent (CH,),CO. Freshly dried and distilled acetone was used for every
run; the material was not recycled without repurification. After pumping acetone at
a flow rate of approximately 0.3 g-s~! through the apparatus for 1 h to obtain a
steady state, measurements were taken over a 0.5 h period and averaged. The
maximum temperature at which measurements were made was 623.2 K. At
temperatures above 523.2 K liquid emerging from the calorimeter had a slight
yellow coloration. Samples were analysed by g.l.c. and the density was measured.

3. Calculation of results

When a steady state had been reached a stream of acetone vapour at pressure p and
temperature T, entered the water-cooled heat-exchange calorimeter and emerged as
liquid at temperature T, at the same pressure. Heat lost by the acetone was gained
by the cooling water. Measurement of the water flow rate and temperature rise
allowed calculation of the quantity Ah” where

Al = h(p, T,\)—h(p, T,). (1)

The specific enthalpy increment Ah relative to 298.15 K and the saturation pressure
p, was calculated from the equation:

T r

Ah = Al +J v(1—aT)dp, (2)

298.15 K

c(p. T)AT + J

P,
where ¢, is the specific heat capacity of acetone,'® v is the specific volume, and « is
the isobaric expansivity at 298.15 K.©” When the calorimeter was correctly adjusted
T, was close to 298.15 K, the ¢, integral was small, and the pressure dependence
could be neglected. Correction for heat leaks, for the rate at which kinetic energy
entered the calorimeter, and a small (0.02 per cent) correction for the presence of
dissolved air in the acetone pumped into the calorimeter were made as previously
described.® Systematic errors were the same as for the measurements on n-hexane.
and were estimated to be no greater than 0.2 per cent. The biggest source of random
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error arose from fluctuations in the operation of the metering pump supplying the
acetone. Under most conditions the random error was around 0.3 per cent. Close to
the critical temperature and pressure small fluctuations in flow rate caused large
changes in the density of the fluid in the calorimeter, and the random error on some
of the measurements was around 1 per cent.

4. The effect of decomposition products

Decomposition of the acetone was greatest at 623.2 K. From the flow rate, the
volume of the hot zone and the specific volume of acetone calculated using the
Patel-Teja''® equation of state, the residence time in the hot zone for a run at
623.2 K and 10.49 MPa was found to be 500 s. Analysis by g.l.c. showed that the
acetone contained 0.01 mole per cent of methanol, 0.17 mole per cent of diacetone
alcohol, 0.78 mole per cent of mesityl oxide, and 0.05 mole per cent of phorone, a
total of 1.01 moles per cent of impurity. For runs at lower pressures the residence
time in the calorimeter was shorter and smaller amounts of impurity were detected.
Above 573.2 K it was found that the amount of mesityl oxide formed was about
twice as much as all other impurities. At 573.2 K and 10.28 MPa the amount of
mesityl oxide was 0.07 mole per cent and the total impurity was 0.1 mole per cent.
At 473.2 K and 10.58 MPa the acetone contained 0.08 mole per cent of phorone
and 0.02 mole per cent of mesityl oxide, again a total of 0.1 mole per cent.

An estimate of the effect of impurities on the measured specific enthalpy
increment was made assuming that under all conditions the whole of the impurity
was mesityl oxide. Critical constants for mesityl oxide estimated by the method of
Lydersen'" are T, = 605 K and p, = 4.95 MPa. Pitzer’s acentric factor w obtained
from the vapour pressure is 0.456. The residual molar enthalpy was calculated using
the Patel-Teja""® equation of state. The molar enthalpy relative to 298.15 K and
the saturation pressure was calculated using the enthalpy of vaporization estimated
by the method of Riedel'?’ and the ideal-gas heat capacity estimated by the method
of Rihani and Doriaswami."’* The molar enthalpy H,(x) of the mixture is given by

H(x) = Hy, + xH ,(A)+ (1 — x)H (B), (3)

where H,(A) is the molar enthalpy of acetone and H(B) is the molar enthalpy of
mesityl oxide. HE was calculated using the Patel-Teja equation of state. For worst-
case conditions: 623.2 K and 10.49 MPa, the measured specific enthalpy increment
was 9472 kJ-kg~!. Correction for the 1.01 moles per cent impurity gave
944.3 kJ - kg~ ?! for the specific enthalpy increment of pure acetone, a difference of
only 0.3 per cent. At 573 K and 10.28 MPa the difference was less than 0.1 per cent.
and at lower temperatures, even in the liquid phase where the residence time in the
hot zone was approximately 1500 s, the difference was always less than 0.1 per cent.
The isotherm for which the measurements are likely to be most sensitive to impurity
is that at 510.2 K, 2.1 K above T,. However even for runs at close to p. (4.70 MPa),
where HE is largest, the uncertainty due to impurity was calculated to be less than
0.1 per cent. The overall accuracy of the 206 measurements is estimated to be 0.6
per cent.
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5. Comparison with other work

Results of 206 measurements of the enthalpy of acetone are listed in table 1 and
shown in figure 1. The upper boundary of the two-phase region was located using
the vapour-pressure measurements of Ambrose, Sprake, and Townsend.'* The
intersection of the vertical lines drawn across the two-phase region with the
isotherms drawn through the measurements made on liquid acetone fixed the lower
boundary. Enthalpy increments for saturated liquid and gaseous acetone, and
specific enthalpies of vaporization A, h are listed in table 2. The maximum
uncertainty in A,,,h is estimated to be 2 kJ-kg™'. At temperatures up to 345.0 K
Pennington and Kobe'® measured A,,,h directly. These measurements and those
listed in table 2 were fitted to the Watson equation:*%

Avaph(T) = A (TH{(1 = T/T)(1 = T/T) ™1} (4)

Using T, = 3294 K, T, = 508.1 K, A, i(T,) = 501.7 kJ -kg™' the best value of n
was found to be 0.3915. Values of A, h° calculated using the Watson equation are
listed in table 2. Comparison of the experimental values of A,,,h with the Watson
equation is made in figure 2. The standard deviation of the points from the curve is
0.3 per cent.

Ideal-gas enthalpies computed from spectroscopic quantities by Chao and
Zwolinski"® were adjusted to the reference state (T = 298.15 K, p = p,) using the
isothermal  enthalpy-pressure  coefficient equation of Wormald® and
A,,,1(298.15 K, p,) from TRC® tables. The curve shown in figure 3 was calculated
from a quadratic equation fitted to these points. Extrapolation of Eubank and
Smith’s enthalpy increments to zero pressure yields points which are on average 3
per cent higher than the curve, whereas extrapolation of the table 1 measurements
yields ideal-gas enthalpies which are 0.5 per cent higher, well within the combined
uncertainty of the measurements and the computed ideal-gas enthalpies.

6. Comparison with cubic equations of state

While it is not expected that cubic equations of state will fit the (p, V, T) or (H, p, T)
surface of a polar fluid with anything other than moderate accuracy, the use of cubic
equations to fit mixture properties makes it desirable to know which of the modern
equations best fits the properties of acetone. We have examined the equations of
Soave,!” Gibbons and Laughton,"® Peng and Robinson,"® and Patel and
Teja.'” Soave"” modified the Redlich-Kwong equation introducing the Pitzer
acentric factor « into the attractive-energy term. While the equation is an
improvement over the RK equation predicted liquid densities are poor. Gibbons
and Laughton"® modified the Soave equation and improved the fit to vapour
pressures by introducing two substance-dependent parameters. The fit to liquid
densities is not improved. Peng and Robinson*® improved the fit to liquid densities
by modifying the form of the attractive-energy term. The improvement is due to the
lowering of the calculated critical compression factor Z., from 0.3333 for the Soave
equation to 0.3074, which is close to that for hydrocarbons and many polar fluids.
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TABLE 1. Measurements of the specific enthalpy increment Ah of acetone. The enthalpy increment Ah
was calculated using equation (2) as described in the text. Ah = 0 for liquid acetone at 298.15 K and
saturation pressure

T p Ah p Ah P Ah p Ah 4 Ah
K MPa kJ-kg! MPa kI-kg7! MPa kl-kg! MPa kJ-kg7! MPa kJ kg '

3732 0.10 6449 020 635.1 046 1658 1.24  168.6 709  169.3
0.10 6394 032  630.0 0.50 1693 219 168.2 10.75 172.2
0.16 6418 033  626.5 0.78  169.7 430 1689

3982 0.10 682.8 023 6774 041 6673 0.60 6548 209 2292
0.10 6837 029  669.8 050 6573 085 2248 420 2321

020 6817 0.34 673:5 0.59 657.1 1.45  226.1 716 2299

4232 010 7267 040 7136 099  683.6 1.25  304.1 432 2929
0.17  726.6 0.69  699.6 1.10 6684 1.27 2939 722 2884
031 71438 080 693.6 1.14 6442 182 2951 1095 2955

4482 010  766.4 0.74 7454 1.53 7138 222 3650 453 3636
026 7626 .01 7310 1.78  696.7 328 3648 7.19 3585
045 7574 1.33 7255

4732 010 8133 1.22 7747 236 7293 315 4419 5.67 4338
029 8064 1.47  768.7 262 7173 3.82 4389 715 4308
0.56 8009 .72 7547 296 4363 457 4360 10.58 4235
0.84 791.2 224 7374 3.00 4377

490.2  0.10 8435 0.76 8299 272 7578 387 4902 5.35 4831

0.10 849.0 1.55 8045 336 7285 430 4980 7.01 4679
029  840.7 209 7825 3.67 5177 458  484.6 10.74 4738

4982  0.10 8544 1.68  816.0 328 7527 420 5426 442  538.0
0.16 8474 203 8040 377 1271 427 5534 488 5241
044 8471 247 790.0 397 M7 431 5256 572 5181
0.66 843.4 279 7781 409 52838 432 5246 726 4984
123 8275

5052 349 7694 458 5713 5.29 5459 5.81 5411 853 5274

390 7474 480  564.5 533 5455 6.22 5410 10.57 5117
424 7233 491 5595 5.57 5444 7.30 5294 11.19 5229
438 7183 494  556.2

5102 0.10 8825 250 8182 484  678.1 508 5927 6.33 5526
036 8748 320 790.7 490  676.7 536 5779 7.09 5465
0.86  863.0 373 7700 492 6433 558 5718 9.26 536.6
1.35 8466 435 7345 493 6648 6.00  568.1 111 53858
1.79 8375 469  705.7 505 6478

5232 0.10 9104 242 850.1 462 7713 6.01  646.8 759 5932
0.57 8984 3.18 8309 525 7286 6.39 6303 1002 5833
1.75 8724 3.87 8075 580 676.2 6.68  616.2

5482 010 9594 245 9108 457 8520 6.83  767.7 11.04  682.0
0.77  938.0 3.18 8985 530 8321 7.68 7257
1.59 9274 386 8748 6.21  790.7 9.32  686.7

5732 0.10 10113 2.88 9649 5.66 8927 862 7984 11.94 7615
1.65 9804 440 9236 7.19 8470 10.28  769.7

598.2  0.10 1066.6 3.27 1008.8 579 966.7 8.58 9145 11.79 8427
1.81 10249 4.64  989.1 7.28 9319 10.05  867.2
6232 0.10 1119.5 3.05 10721 591 10185 9.14 9615 1175 9230

1.70  1090.5 448 1044.2 7.58 9915 1049 9472
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FIGURE 1. The specific enthalpy increment Ah of acetone plotted against pressure. Points on
alternate isotherms are marked with circles and squares for clarity.

The Peng-Robinson equation fits the thermodynamic properties of many non-polar
and weakly polar fluids better than most three-parameter cubic equations. Patel and
Teja*® modified the Peng-Robinson equation by adding a parameter ¢ which
allows Z., to be varied to optimize the fit to liquid densities for a wide range of fluids,
including polar and long chain molecules. The equation is

p = RT/(V—-b)—a(T){V(V+b)+c(V-b), (%)
where
a(T) = a {1+ F(1— TV} (6)

The parameters a,, b, and ¢ can be calculated from criticality conditions which yield
Q. =1-3Z, )
TABLE 2. The specific enthalpy of vaporization A,,,h of acetone. The specific enthalpies of the saturated

vapour Ah(g) and saturated liquid Ah(l) were obtained from the measurements listed in table 1 as
described in the text. A, h¢ was calculated from equation (4)

T Ah(g) Ah(l) Avgph Aokt
K KJ kg kI kg kI kg™ kI kg
3732 619.0 169.0 450.0 449 4
398.2 644.0 230.0 4140 4148
4232 668.0 294.0 374.0 3749
4482 692.5 364.5 328.0 3270
473.2 706.5 4425 264.0 264.7
490.2 708.5 508.0 200.5 2038
498.2 701.0 542.0 159.0 161.6

505.2 680.0 580.0 100.0 99.9
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FIGURE 2. The specific enthalpy of vaporization A, h of aceione. [J. reference 3: A, reference 8:

Q. table 2; . calculated using equation (3).
¢ = Q.RT/p., (8)
0, =3Z'CZ+3(1-ZZ'C).Q‘,+.Q§+1——3Z’c, 9
and
a.= QR*Tp.. (10)
£, is the smallest positive root of
Q2+(Q2-3Z)2+3Z22,~Z% =0. (11)
and
b=Q,RT/p.. (12)
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FIGURE 3. The specific enthalpy Ah' of the ideal gas for acetone. A, Obtained by extrapolating the
measurements listed in table 1 to p = 0; +, obtained by extrapolating the measurements of Eubank and
Smith®® to p = 0; , calculated from a quadratic equation fitted to ideal-gas enthalpies obtained

from spectroscopic measurements.!!®
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FIGURE 4. Comparison of saturated liquid and vapour densities for acetone with equations of state.

O. Measurements of Campbell and Chatterjee;?”

Peng—Robinson''®' equation of state;

state; —--—-- . calculated using the Soave!' " equation of state.

......

. best line through the reference 20
calculated using the

Parameter F is adjusted to fit the vapour pressure. Parameter ¢ allows the
compression factor to be varied to optimize the fit to the saturated liquid density. If
¢ = b the equation reduces to the Peng-Robinson form, and if ¢ = 0 it reduces to
the Soave form. The residual enthalpy (H— H™) is given by

(H—H'Y) = pV—RT—(a—Tda/dT)Y(12N)In{(V +Q)(V+ M) '}, (13)
T
i
2 510.2K
= e .
< 4732 K 1
373.2K
0() 4 8 12
p/MPa
FIGURE 5. Comparison of the specific enthalpy of acetone with the Patel-Teja equation. . Best
curves through the table 1 measurements; — — —, calculated using the Patel-Teja equatiom;"” A,

ideal-gas enthalpies obtained from spectroscopic measurements.!'®
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where
N = {bc+0.25(b+c)?}'2, (14)
M =050b+c¢)—N. (15)
Q0 =050b+c)+N. (16)

To test the four equations of state we compared the fit to our enthalpy
measurements and to the saturated liquid and vapour densities of Campbell and
Chatterjee.?® It was at once clear that density measurements provided a much
better test than enthalpies. Comparison with saturated liquid and vapour densities is
made in figure 4. All four equations fit the vapour-density measurements to within 1
or 2 per cent. The Patel-Teja equation gives the best fit to saturated liquid densities
and is clearly the best of the four. Second best is the equation of Peng and
Robinson. The equation of Gibbons and Laughton gives the best fit to vapour
densities but the fit to liquid densities is similar to that for the Soave equation.

Comparison of best curves through the table 1 measurements with the Patel- Teja
equation i1s made in figure 5. Ideal-gas enthalpies were taken from reference 16. The
equation fits the measured enthalpy increments to within 2 to 3 per cent except in
the critical region where the fit is to within 5 per cent.

The award of a British Gas Scholarship to one of us (TKY) is gratefully
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