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ABSTRACT

Measurements leading to the calculation of the standard thermodynamic properties for gaseous dicyclohexylsulfide (Chemical Abstracts registry number [7133-46-2]) are reported. Experimental methods include adiabatic heat-capacity calorimetry, and inclined-piston gauge manometry combined with earlier reported measurements of combustion calorimetry, vibrating-tube densitometry, comparative ebulliometry, and differential-scanning calorimetry (d.s.c.). Critical properties are estimated for dicyclohexylsulfide. Standard molar entropies, standard molar enthalpies, and standard molar Gibbs free energies of formation are derived at selected temperatures T between 298.15 K and 520 K.
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1. INTRODUCTION

In June 2006 the US Environmental Protection Agency will begin to enforce rules that mandate a maximum sulfur content of 15 parts per million by weight for on-road diesel fuels. Refiners are currently planning discussions to consider the various options to convert from present diesel fuels with 500 parts per million by weight of sulfur content to the new requirements. They must also consider the probability that future regulation will mirror the European Commission and approach the requirement denoted as “zero sulfur” where there will be a maximum content of <5 parts per million by weight of sulfur. The situation was discussed in some detail in the introduction to an earlier paper in this series [1]. A viewpoint from the refining industry was presented very recently by Harwell and colleagues in the Oil & Gas Journal [2]. An up-to-date review published in 2003 by Babich and Moulijn [3] lists a wide range of options for deep desulfurization of refinery streams.
Recent publications by the Bartlesville Thermodynamics Group have detailed measurements leading to the standard thermodynamic properties of gaseous benzothiophene [4], dibenzothiophene [5], thianthrene and phenoxathiin [6], diphenylsulfide [7], 2,3-dihydrobenzothiophene [1] and 1,2,3,4-tetrahydrodibenzothiophene [8]. This paper includes details of the measurements leading to the determination of the standard thermodynamic properties for gaseous dicyclohexylsulfide. An earlier paper [9] reported thermodynamic property measurements made by rotating-bomb combustion calorimetry, comparative ebulliometry, vibrating tube densimetry, and differential-scanning calorimetry. Measurements reported here include those made by adiabatic heat-capacity calorimetry, and inclined-piston gauge manometry. Standard molar Gibbs free energies of formation in the gaseous state were derived. All measured or derived thermodynamic property values were compared with those reported in the literature. Future papers in this series will include an overall analysis of the thermodynamics of hydrodesulfurization of dibenzothiophene over a wide range of temperature and hydrogen pressures with particular emphasis on practical hydrodesulfurization (HDS) conditions.

2. EXPERIMENTAL

Commercial dicyclohexylsulfide was purchased from the Aldrich Chemical Company. The sample was further purified by fractional distillation with a spinning-band column. Gas-liquid chromatographic analysis (glc) indicated purity greater than 0.9995 mole fraction. The mole-fraction purity (x = 0.998) for the sample was determined by fractional melting as part of the adiabatic heat-capacity calorimetric studies reported here. The fractional melting study indicated the presence of solid-soluble impurities, which were not detected in the glc analysis. The sample used in this research is the same as that used in studies published previously by this research group [9].

Molar values are reported in terms of M = 198.367 g.mol‑1 dicyclohexylsulfide, and the gas constant R = 8.314472 J.K‑1.mol‑1 adopted in 1998 by CODATA [10]. The platinum resistance thermometers used in these measurements were calibrated by comparison with standard thermometers whose constants were determined at the National Bureau of Standards (NBS), now the National Institute of Standards and Technology (NIST). All temperatures were measured in terms of IPTS‑68 [11] and were converted approximately to ITS-90 with published temperature increments [12]. The platinum resistance thermometer used in the adiabatic heat-capacity studies was calibrated below 13.81 K with the method of McCrackin and Chang [13]. Measurements of mass, time, electrical resistance, and potential difference were made in terms of standards traceable to calibrations at NIST.

Heat-capacities and enthalpies were measured with an adiabatic calorimetric system described previously [14]. The calorimeter characteristics and sealing conditions are given in table 1. Energy measurement procedures were the same as those described for studies on quinoline [14]. Thermometer resistances were measured with self-balancing, alternating-current resistance bridges (H. Tinsley & Co. Ltd.; Models 5840C and 5840D), which were calibrated with standard resistors specifically designed for use with alternating current. Energies were measured to a precision of 0.01 percent, and temperatures were measured to a precision of 0.0001 K. The energy increments to the filled platinum calorimeter were corrected for enthalpy changes in the empty calorimeter vessel, for the helium exchange gas, and for vaporization of the sample into the free space of the sealed vessel. The maximum correction to the measured energy for the helium exchange gas was 0.2 percent near 7 K. The sizes of the other two corrections are indicated in table 1.


Douslin and McCullough [15] and Douslin and Osborn [16] have described the equipment for the inclined-piston vapor-pressure measurements. Revisions to both the equipment and procedures have been reported [14]. Uncertainties in the pressures determined with the inclined-piston apparatus, on the basis of estimated precisions of measuring the mass, area, and angle of inclination of the piston, are adequately described by the expression:


(p) = 1.5.10-4.p + 0.2 Pa.
(1)

The uncertainties in the temperatures are 0.001 K. The contributions of the temperature uncertainties to (p) are insignificant in the range of the measurements.

3. RESULTS

Crystallization and Melting Studies. Crystallization of dicyclohexylsulfide was initiated by slow cooling (approximately 2.5 mK.s‑1) of the liquid sample. No supercooling of the liquid phase was detected. Complete crystallization was ensured by maintaining the sample under adiabatic conditions in the partially melted state (10 percent to 20 percent liquid) until ordering of the crystals was complete, as evidenced by the absence of spontaneous warming of the sample. For this compound, no spontaneous warming was detected for the dicyclohexylsulfide sample. The sample was then cooled at an effective rate of 0.1 mK.s‑1 to crystallize the remaining liquid. Finally, the sample was thermally cycled from approximately 200 K to within 3 K of the triple-point temperature (Ttp = 284.20 K), where it was held for a minimum of 16 h to provide further tempering. All of the solid-phase measurements were performed upon crystals pre-treated in this manner.


The triple-point temperature Ttp and the mole fraction purity x were determined by measurement of the equilibrium melting temperatures T(F) as a function of fraction F of the sample in the liquid state. Equilibrium melting temperatures were determined by measuring temperatures at intervals of approximately 240 s for 1.1 h to 2 h after an energy input and extrapolating to infinite time by assuming an exponential decay toward the equilibrium value. The observed temperatures at the end of the equilibration period were invariably within 3 mK of the calculated equilibrium temperatures for F values listed in table 2. Results indicated the presence of solid-soluble impurities and published procedures [17] were used to derive the mole fraction purity x and Ttp summarized in table 2. The mole fraction purity used for the calculation of premelting corrections used for the values listed in table 5 is greater (x = 0.99992), but does not represent the overall purity of the sample. The premelting corrections were made with a model based on a solid-insoluble impurity. The higher “purity” used in the premelting corrections does not include the portion of the impurity that is soluble in the crystalline phase.
Phase Transformations and Enthalpy Measurements. Two solid-to-solid phase transitions were detected. Figure 1 shows the complete heat-capacity results obtained in this research including all phase transition temperatures. Experimental molar enthalpy results are summarized in table 3. The table includes both transition enthalpies and single-phase measurements, which serve as checks on the integration of the heat-capacity results. All phase transition enthalpies were determined at least three times, with excellent repeatability. Corrections for premelting caused by impurities were made in these evaluations. Results with the same series number in tables 3 and 4 were taken without interruption of adiabatic conditions.


Equilibrium was reached in less than 1 h for all measurements in the liquid phase and for measurements in the solid phases below 250 K, including the transition region near 41.35 K. Equilibration times in phase cr(I) (i.e., 264.7 K to 284.20 K) were comparable to those observed in the liquid phase. For most materials, equilibration times become long as the triple-point temperature is approached. In the present case, conversion from the crystalline to liquid states is a two-step process, with most of the entropy increase (64 percent) associated with the cr(II) to cr(I) phase transition, as seen in table 3. Equilibration times in phase cr(II) increase from 1 h near T = 250 K to greater than 12 h above T = 260 K, as is observed typically for a crystal-to-liquid phase transition.

Heat-capacity results obtained between T = 245 K and T = 300 K are shown in figure 2. One heat-capacity value for series 8 is not shown in the figure. This measurement, which was used to define Ttrs, yielded an average heat capacity greater than 4 x 105 J.K.mol-1 between T = 264.6. K and T = 264.7 K, as listed in table 4.

Heat-capacities measured near the cr(III)-to-cr(II) transition (Ttrs = 41.35 K) are shown in figure 3. The “enthalpy of transition” for this conversion listed in table 3 was calculated relative to the smooth (i.e., continuous) curve shown in this figure, and consequently, is listed as 0 kJ.mol-1. The values are so listed in table 3 to emphasize the repeatability of the results ((1 J(mol-1). The small excess enthalpy (0.10 kJ.mol-1) and excess entropy (2.4 J(K‑1(mol‑1) in this region were estimated relative to the dashed line shown in figure 3. The uncertainty in these excess values is much larger than the repeatability because of uncertainties associated with estimation of the background or “lattice” heat capacity.

The experimental molar heat capacities under vapor saturation pressure Csat,m are listed in table 4. Values in table 4 were corrected for effects of sample vaporization into the free space of the calorimeter vessel. The maximum vaporization correction was only 0.00039.Csat,m, as indicated in table 1. Corrections for premelting were not made for the results listed in table 4. The temperature increments were small enough to obviate the need for corrections for nonlinear variation of Csat,m with temperature, except near the transition temperatures. The precision of the heat-capacity measurements ranged from approximately 2 percent at 5 K, to 0.5 percent at 10 K, and improved gradually to better than 0.1 percent above 30 K. Heat capacities were extrapolated to T(0 with a plot of Csat,m/T against T2 for results below 10 K.

Entropies and enthalpies for the solid and liquid phases of dicyclohexylsulfide under vapor saturation pressure relative to that of the crystals at T(0 are listed in table 5. The tabulated values were derived by integration of the smoothed heat capacities corrected for premelting, together with the entropies and enthalpies of transition. The heat capacities were smoothed with cubic-spline functions by least-squares fits to six points at a time and by requiring continuity in value, slope, and curvature at the junction of successive cubic functions. Due to limitations in the spline-function procedure, some acceptable values from table 4 were not included in the fit, while in other regions graphical values were introduced to ensure that the second derivative of the heat capacity with respect to temperature was a smooth function of temperature. Premelting corrections were made by means of methods [18] for solid-insoluble impurities with the mole-fraction impurities value shown in table 1. The experimental saturation heat capacities Csat,m for dicyclohexylsulfide plotted in figure 1 were corrected for premelting.


Vapor pressures for dicyclohexylsulfide are reported in table 6. The ebulliometric measurements were reported in an earlier paper [9]. The pressures, the condensation temperatures, and the difference between condensation and boiling temperatures for the sample are reported again in table 6. The small differences obtained between the boiling and condensation temperatures indicated correct operation of the equipment and the high purity of the sample. The difference between the boiling and condensation temperatures at T = 523 K increased slowly with time, indicating sample decomposition may have started. However, sample decomposition was not noticeable in the d.s.c. heat-capacity measurements until near T = 560 K. This is not surprising because, (1) the difference between the boiling and condensation temperatures is much more sensitive to impurities than the liquid heat capacities, and (2) the heat-capacity measurements are made faster than the ebulliometric measurements. The inclined-piston measurements (marked IP in Table 6) were completed as part of the comprehensive study reported in this paper.


The Wagner equation [19], as formulated by Ambrose [20]:


ln(p/pc) = (1/Tr){A(1–Tr) + B(1–Tr)1.5 + C(1–Tr)2.5 + D(1–Tr)5},
(2)

where Tr = T/Tc, was used to represent the combined vapor pressures. The fitting procedure has been described [21]. The selected Tc value (Tc = 770 K) listed in table 7 was chosen to optimize agreement between the densities measured by this research group (table 10 of reference 9) and values calculated with the extended corresponding states equation of Riedel [22], as formulated by Hales and Townsend [23]:

/c = 1.0 + 0.85(1.0 – Tr) + (1.6916 + 0.9846)(1.0 – Tr)1/3 . 
(3)

Agreement between the measured and calculated values is indicated by a near-zero slope for a plot of their fractional differences with temperature. The critical density c was subsequently adjusted to minimize absolute differences. The differences are relatively insensitive to the value of the critical pressure. The critical pressure pc = 2370 kPa was selected with Waring’s criterion for Tr = 0.85 [24]. Steele discussed application of this criterion recently [21]. All of the measured densities are within 0.3 per cent of values calculated with equation (3) and the selected critical properties. 


Molar enthalpies of vaporization 
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Hm were derived from the fit to the Wagner equation by means of the Clapeyron equation:


dp/dT = 
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Vm is the increase in molar volume from the liquid to the real vapor. The Wagner-equation fit was employed to calculate dp/dT. Estimates of liquid-phase volumes were made with equation (3). Vapor-phase volumes were calculated with the virial equation of state truncated at the third virial coefficient. Second virial coefficients were estimated with the corresponding-states equation of Pitzer and Curl [25], and third virial coefficients were estimated with the corresponding-states method of Orbey and Vera [26]. This formulation for third virial coefficients was applied successfully in analyses of the thermodynamic properties of a range of compounds in recent years including benzene and methylbenzene [27], the xylenes [28-30], 2-methylaniline [31], pyridine [32], the methyl pyridines [33,34], and the dimethylpyridines [35]. In all cases the agreement between the properties derived using this formulation and those obtained from statistical thermodynamics via accurate spectroscopic measurements has been better than 0.1 per cent over a temperature range of greater than 250 K. Third virial coefficients are required for accurate calculation of the volume of gas for pressures greater than 0.1 MPa. In the present work, pressure did not exceed 0.05 MPa, so the third virial coefficient was included in the calculations, but its contribution is small. Uncertainties in the virial coefficients are assumed to be 10 per cent. Derived enthalpies of vaporization are reported in table 8. For p > 0.1 MPa, the uncertainties in the virial coefficients are the dominant contributions to the uncertainties in the derived molar enthalpies of vaporization. The inclined-piston vapor pressure measurements reported in table 6 serve to anchor the low-pressure end of the Wagner equation fit. It is gratifying that the corresponding enthalpies of vaporization obtained in this research are well within the broader uncertainty intervals set in reference 9 table 14 obtained using an extrapolated vapor pressures. For example at 360.0 K (see table 8), the listed enthalpy of vaporization (63.93 ± 0.13) kJ·mol-1 compares well with the previous value (64.10±0.51) kJ·mol-1 from table 14 of reference 9.

Vaporization of the sample did significantly affect the heat capacities measured with d.s.c. Decomposition occurred before the difference between Csat,m and 

 became discernable. A polynomial was fit to the liquid phase heat capacities measured by d.s.c. Values of Csat,m determined with adiabatic calorimetry in this research for the temperature range 287 < (T/K) < 440 were included and weighted a factor of 103 greater than the d.s.c. values. These were included to ensure a smooth junction between the values determined with the two methods. The resulting equation was:


Csat,m / R = 19.92 + 0.04903( (T/K) + 5.271(10-5((T / K)2 ,
(5)

for the temperature range 290 K to 520 K. In reference 9 table 8 the equation given as representing the d.s.c. heat capacities was in error and should be disregarded. 

Standard molar enthalpies and standard molar entropies for C12H22S at selected temperatures for the ideal gas at p = 101.325 kPa were calculated with values in tables 5 and 7 and are listed in columns 2 and 4 of table 9. The derived standard molar enthalpies and standard entropies for dicyclohexylsulfide in the ideal gas state were combined with the standard molar enthalpy of formation for the condensed phase: 



(dicyclohexylsulfide) / (kJ.mol-1) = –315.65±1.54,

which corresponds to the following reaction:

12C(cr, graphite) + 11H2(g) + 1/2 S2(g) = C12H22S(l),

to calculate the standard molar enthalpies, standard molar entropies, and standard molar Gibbs free energies of formation for the ideal gas state listed in columns 6, 7, and 8, respectively, of table 9. Standard molar enthalpies and standard molar entropies for S2(g), H2(equilibrium, g), and C (graphite) were calculated with parameters from JANAF tables [36]. All uncertainties in table 9 represent one standard deviation, and do not include uncertainties in the properties of the elements. The standard molar enthalpy of formation of S2(g) was taken to be (128.50 ± 0.30) kJ.mol-1, as assigned by CODATA [37] and the above value for the standard enthalpy of formation in the liquid phase for C12H22S derived by combination with the combustion calorimetric result given in table 6 of reference 9.
4. DISCUSSION

As noted previously [9], a search of the literature failed to find any significant thermochemical or thermophysical property measurements on dicyclohexylsulfide. Only references to measurement of the boiling point at reduced pressure obtained during synthesis and purification of the compound were found.


During the search of the literature an abstract to a paper from the Czech literature by Weisser et al. [38] was noted. In the Abstract attention was drawn to the thermodynamic favorability for the formation of dicyclohexylsulfide in the reaction between cyclohexene and hydrogen sulfide. This highlights the reversibility of the hydrodesulfurization reaction. Under high pressure the addition of hydrogen sulfide to olefins can result in a net production of sulfur-containing compounds, defeating the intent of the hydrodesulfurization reaction. Thermodynamic equilibrium calculations for the reaction:
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for 1 bar pressure results in mole fractions of dicyclohexylsulfide of 0.99998, 0.946, and 0.025, at 300 K, 400 K and 500 K respectively. Under higher pressures of hydrogen sulfide the formation/stability of the sulfide increases. Optimization of HDS processes in the future will need to consider such reactions if the proposed requirements of very low sulfur-content are to be met.


Figure 4 gives some of the possible intermediates in the hydrodesulfurization of dibenzothiophene for which a comprehensive range of thermochemical and thermophysical properties now exist in the literature. A paper is in preparation that will provide an overall analysis of the thermodynamics of hydrodesulfurization of dibenzothiophene over a wide range of temperature and hydrogen pressures. Initial calculations support the earlier conclusions [39] that deep HDS may require two-stage catalytic hydrotreating or even, for some crude oils, multi-staged HDS reactors.
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TABLE 1.
Calorimeter and sample characteristics for the adiabatic heat-capacity calorimetry studies on dicyclohexylsulfide: m is the sample mass; Vi is the internal volume of the calorimeter; Tcal is the temperature of the calorimeter when sealed; pcal is the pressure of the helium and sample when sealed; r is the ratio of the heat capacity of the full calorimeter to that of the empty; Tmax is the highest temperature of the measurements (i.e., near T = 445 K); and (C/C)max is the maximum vaporization correction; xprea is the mole-fraction impurity used for premelting corrections based on a solid-insoluble impurity.
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m / g
34.841


Vi(298.15 K) / cm3
62.47


Tcal / K
296


pcal / kPa
6.53


r(T max)
2.9


rmin
1.7

102.(C/C)max
0.039


x pre
0.00008

a This value was used as a parameter in the premelting calculations only and does not represent the overall purity of the sample. See text.

TABLE 2.
Melting-study summaries for dicyclohexylsulfide: F is the fraction melted at observed temperature T(F); Ttp is the triple-point temperature; x is the mole-fraction impurity


F
T(F) / K


0.1975
283.873

0.3472
283.963

0.5469
284.026

0.7466
284.069

Ttp
284.20 K


x
0.002 a
a
The results indicated the presence of a solid-soluble impurity. This value was derived based upon an analysis, which included this impurity explicitly. See text.

TABLE 3. Measurements of molar energy-increment totUm for dicyclohexylsulfide



Ti
Tf
Ttrs
totUm c
trsHm d

N a
h b













K
K
K
kJ.mol-1
kJ.mol-1
cr(III) to cr (II)


7
4
33.888
51.544
41.35
1.092
-0.001

10
4
39.747
43.947

0.321
0.001

11
1
35.054
46.796

0.733
0.000






average
0.000 e
Single-phase measurements in cr (II)


8
1
86.766
199.447

15.873
0.005

8
1
199.465
251.369

10.753
0.003

12
1
84.634
200.652

16.309
0.013

12
1
201.989
253.560

10.805
0.004
cr(II) to cr (I)


4
1
260.494
270.012
274.7
12.917
10.017

8
3
259.381
272.346

13.947
10.007

12
1
253.699
266.038

13.340
10.001






average
10.009

Single-phase measurements in cr (I)


12
1
268.133
279.172

3.544
-0.002
cr(I) to liquid


1
3
281.076
286.004
284.20
7.316
5.678 f

2
5
280.233
285.508

7.396
5.683

12
2
279.210
285.463

7.713
5.682







average
5.682

a
Adiabatic series number.

b
Number of heating increments.
c
totUm is the molar energy input from the initial temperature Ti to the final temperature Tf.

d
trsHm is the net molar enthalpy of transition (or melting) at the transition temperature Ttrs or the excess enthalpy relative to the heat-capacity curve described in the text for single-phase measurements.
e
This value is the excess relative to the uninterrupted curve in figure 3. The excess relative to the dashed curve is approximately 0.10 kJ(mol-1. See text.
f
The triple-point temperature was determined with this series of measurements. This determination involved long equilibration times, resulting in relatively large uncertainties in heat leaks. Therefore, this value was not included in the average.

TABLE 4. Experimental molar heat capacities for dicyclohexylsulfide at vapor-saturation pressure (R = 8.314472 J.K-1.mol-1)


N a
<T>/K
Csat,m/R b
T/K
N a
<T>/K
Csat,m/R b
T/K

cr(III)


7
7.076
0.220
1.038
7
28.997
4.364
3.049


7
8.093
0.322
0.945
7
32.203
4.986
3.369


7
9.092
0.445
1.018
11
33.512
5.178
3.098


7
10.115
0.594
1.020
7
35.717 c
5.694
3.658


7
11.220
0.760
1.216
10
35.738
5.592
1.874


7
12.479
0.968
1.314
10
37.543
5.953
1.735


7
13.882
1.234
1.493
10
39.079
6.423
1.343


7
15.439
1.541
1.634
7
39.471 c
7.693
3.845


7
17.173
1.900
1.831
10
40.339 c
7.777
1.184


7
19.095
2.304
1.999
11
40.925 c
7.509
11.742


7
21.195
2.756
2.191
10
41.341 c
13.832
0.824


7
23.530
3.258
2.466
7
43.739 c
8.096
4.694


7
26.119
3.793
2.707

cr(II)


10
42.290 c
8.637
1.078
5
179.896
20.229
12.094


10
43.388 c
7.747
1.119
5
191.998
21.366
12.104


10
44.502
7.570
1.108
5
204.096
22.563
12.089


10
45.828
7.575
1.545
4
212.644
23.426
10.727


11
48.815
7.767
4.036
5
216.177
23.805
12.071


7
48.815 c
7.864
5.457
4
223.239
24.591
10.447


6
53.618
8.279
4.791
5
227.230
25.030
10.038


7
54.448
8.377
5.807
9
229.687
25.321
9.520


6
58.574
8.811
5.105
4
233.561
25.766
10.180


6
64.059
9.390
5.852
9
239.462
26.519
10.019


6
70.236
10.061
6.497
4
243.617
27.056
9.911


6
77.054
10.760
7.140
3
245.759
27.317
8.285


5
82.723
11.330
6.220
9
249.494
27.938
10.034


6
84.661
11.532
8.074
4
252.110
28.304
6.941


5
89.866
12.041
8.029
3
255.105
29.024
10.399

TABLE 4. Continued


N a
<T>/K
Csat,m/R b
T/K
N a
<T>/K
Csat,m/R b
T/K


6
93.058
12.359
8.719
8
255.365
29.208
7.991


5
98.246
12.855
8.709
9
256.105
29.390
3.106


6
101.968
13.220
9.091
4
258.040
30.282
4.899


5
107.358
13.722
9.491
9
258.755
30.979
2.155


5
117.008
14.614
9.790
12
259.869 c
130.03
12.339


5
126.841
15.510
9.862
8
261.992 c
125.22
5.222


5
136.798
16.397
9.884
8
264.650 c
4960
0.094


5
146.830
17.283
9.907
4
265.253 c
163.25
9.518


5
156.794
18.164
9.958
8
268.521 c
73.183
7.649


5
167.830
19.143
12.029

cr(I)


12
267.108
38.104
2.007
1
274.721
38.800
4.266


1
270.498
38.436
4.178
8
275.182
38.801
5.687


2
270.992
38.465
4.289
2
276.682
39.009
7.088


4
272.568
38.604
5.116
4
277.721
39.139
5.200


12
273.652 c
38.688
11.039
1
278.968
39.356
4.231

liquid


2
287.600
38.424
4.178
13
352.296
43.738
15.405


1
289.366
38.557
6.729
13
367.759
45.104
15.359


12
290.601
38.649
10.270
13
383.002
46.475
15.125


13
296.184
39.072
10.664
13
398.087
47.843
15.061


1
296.806
39.122
8.162
13
413.102
49.211
15.001


13
307.920
40.000
12.760
13
428.059
50.575
14.976


13
321.650
41.125
14.649
13
439.988
51.657
8.963


13
336.785
42.391
15.587

a
Adiabatic series number.

b
Average heat capacity for a temperature increment of T with a mean temperature <T>.

c
The value determined for this temperature was used in the determination of a transition enthalpy listed in table 3.

TABLE 5. Molar thermodynamic functions at vapor-saturation pressure for dicyclohexylsulfide a 
(R = 8.314472 J.K-1.mol-1)


 EQ \F( T ,K) 
Csat,m / R
 EQ \F(D\O\al(T,0 )H\O\AC(,m),RT) 
 EQ \F(D\O\al(T,0 )S\O\AC(,m),R) 
 EQ \F( T ,K) 
Csat,m / R

[image: image7.wmf]

 EQ \F(D\O\al(T,0 )H\O\AC(,m),RT) 
 EQ \F(D\O\al(T,0 )S\O\AC(,m),R) 
cr(III)


5.00

0.078
0.019
0.026
40.00

7.136
2.676
4.137


10.00

0.576
0.151
0.202
40.20

7.405
2.699
4.173


15.00

1.453
0.429
0.591
40.40

7.823
2.723
4.211


20.00

2.498
0.815
1.150
40.60

8.487
2.750
4.251


25.00

3.564
1.259
1.823
40.80

9.530
2.780
4.295


30.00

4.568
1.727
2.562
41.00

11.133
2.817
4.345


35.00

5.444
2.197
3.334
41.10

12.215
2.838
4.373


36.00

5.627
2.290
3.490
41.20

13.529
2.863
4.405


37.00

5.832
2.383
3.647
41.30

15.115
2.890
4.439


38.00

6.026
2.476
3.805
41.35

15.950
2.906
4.458


39.00

6.426
2.572
3.966

cr(II)


41.35

15.950
2.906
4.458
46.00

7.581
3.464
5.360


41.40

15.016
2.921
4.477
48.00

7.697
3.637
5.685


41.50

13.627
2.948
4.511
50.00

7.882
3.803
6.003


41.60

12.475
2.973
4.543
55.00

8.437
4.199
6.780


41.70

11.525
2.994
4.572
60.00

8.962
4.574
7.536


41.80

10.749
3.014
4.598
70.00

10.033
5.277
8.998


41.90

10.120
3.031
4.623
80.00

11.054
5.936
10.405


42.00

9.614
3.048
4.647
90.00

12.056
6.561
11.766


42.10

9.210
3.063
4.669
100.00

13.028
7.159
13.086


42.20

8.891
3.077
4.690
120.00

14.888
8.294
15.627


42.30

8.642
3.090
4.711
140.00

16.680
9.365
18.058


42.40

8.448
3.103
4.731
160.00

18.447
10.389
20.400


42.50

8.298
3.115
4.751
180.00

20.239
11.384
22.676


42.60

8.183
3.127
4.770
200.00

22.149
12.363
24.906


42.70

8.094
3.139
4.790
220.00

24.247
13.345
27.112


42.80

8.025
3.151
4.808
240.00

26.605
14.347
29.318

TABLE 5. Continued


 EQ \F( T ,K) 
Csat,m / R
 EQ \F(D\O\al(T,0 )H\O\AC(,m),RT) 
 EQ \F(D\O\al(T,0 )S\O\AC(,m),R) 
 EQ \F( T ,K) 
Csat,m / R

[image: image8.wmf]

 EQ \F(D\O\al(T,0 )H\O\AC(,m),RT) 
 EQ \F(D\O\al(T,0 )S\O\AC(,m),R) 

42.90

7.970
3.162
4.827
250.00

27.869
14.862
30.429


43.00

7.925
3.173
4.846
260.00

31.807
15.417
31.577


44.00

7.603
3.277
5.024
264.70
b

38.018
15.756
32.195


45.00

7.551
3.372
5.194

cr(I)


264.70
b
37.912
20.303
36.742
280.00

39.146
21.299
38.907


270.00

38.335
20.653
37.498
284.20
b

39.494
21.565
39.492

liquid


284.20
b
38.165
23.970
41.897
400.00

48.017
29.459
56.474


298.15

39.225
24.659
43.751
420.00

49.841
30.386
58.861


300.00

39.369
24.749
43.994
440.00

51.665
31.312
61.222


320.00

40.988
25.713
46.586
460.00
c

53.621
32.239
63.561


340.00

42.668
26.661
49.121
480.00
c

55.601
33.171
65.885


360.00

44.416
27.598
51.609
500.00
c

57.613
34.108
68.196


380.00

46.204
28.530
54.058
520.00
c

59.669
35.052
70.495

a
To avoid round-off errors in subsequent calculations, values listed in this table are reported with one digit more than is justified by the experimental uncertainty.
b
Values at this temperature were calculated with graphically extrapolated heat capacities.

c
Values at this temperature were calculated with heat capacities measured with differential scanning calorimetry. See text.

TABLE 6. Summary of vapor–pressure results for dicyclohexylsulfide a
Method

[image: image9.wmf]K

T














IP

334.984
0.0195
–0.0001
0.0002

IP

344.987
0.0387
0.0001
0.0002

IP

354.977
0.0730
–0.0001
0.0002

IP

364.977
0.1323
–0.0001
0.0002

IP

374.979
0.2307
–0.0002
0.0002

IP

384.967
0.3883
–0.0001
0.0003

IP

394.979
0.6338
0.0002
0.0003

IP

404.977
1.0036
0.0005
0.0004

IP

414.963
1.5464
0.0016
0.0004

IP

419.967
1.9019
0.0021
0.0005

decane b
421.249
2.0005
–0.0008
0.0003
0.070

IP

424.961
2.3244
0.0028
0.0006

decane b
428.545
2.6704
–0.0010
0.0003
0.043

IP

429.965
2.8255
0.0036
0.0006

decane b
439.278
3.9985
–0.0004
0.0005
0.034

decane b
447.377
5.3368
–0.0001
0.0006
0.026

decane b
459.399
8.0039
0.0001
0.0008
0.023

decane b
468.423
10.669
0.000
0.001
0.021

decane b
475.710
13.323
0.000
0.001
0.018

decane b
483.327
16.659
0.001
0.002
0.018

decane b
489.655
19.925
–0.001
0.002
0.017

decane b
498.003
25.021
0.000
0.002
0.019

decane b
506.404
31.173
0.000
0.003
0.020

decane b
514.882
38.570
–0.001
0.003
0.023

decane b,c
523.379
47.378
0.032
0.004
0.034

a Decane refers to the material used as the standard in the reference ebulliometer. For the ebulliometric results T is the condensation temperature of the dicyclohexylsulfide; the pressure p for ebulliometric measurements was calculated from the condensation temperature of the reference substance; p is the difference of the value of pressure, calculated with equation 2 and the parameters listed in table 7, from the observed value of pressure;  is the propagated error calculated using the equations listed in the footnotes to table 7 of reference 9; T is the difference between the boiling and condensation temperatures (Tboil – Tcond).

b These results were reported previously [9].

c This value was not included in the fit to the vapor pressures due to sample decomposition.

TABLE 7. Parameters for the Wagner equation (equation 2), estimated critical constants, and acentric factor

A
-10.833933

B
6.898658

C
-7.477810

D
-1.840593

Tc = 770 K
pc = 2370 kPa
c = 283.5 kg.m-3
 = 0.5447
TABLE 8. Enthalpies of vaporization 

 for dicyclohexylsulfide obtained from the Wagner and Clapeyron equations

T / K


Hm/(kJ.mol-1)
T / K


Hm/(kJ.mol-1)


298.15
a
68.63 ± 0.31
420.00

59.53 ± 0.11


300.00
a
68.49 ± 0.29
440.00

58.08 ± 0.10


320.00
a
66.96 ± 0.20
460.00

56.62 ± 0.11


340.00

65.44 ± 0.15
480.00

55.15 ± 0.12


360.00

63.94 ± 0.13
500.00

53.66 ± 0.14


380.00

62.46 ± 0.12
520.00
a
52.14 ± 0.18


400.00

60.99 ± 0.11

a
Values at this temperature were calculated with extrapolated vapor pressures determined from the fitted Wagner coefficients listed in Table 7.

TABLE 9. Standard molar thermodynamic properties in the ideal-gas state for dicyclohexylsulfide at p = p° = 101.325 kPa
(R = 8.31447 J.K-1.mol-1)











b





 
c









298.15
d

52.34 ± 0.13
0.00
59.90 ± 0.13
0.00
–99.67 ± 0.31
–134.84 ± 0.13
35.17 ± 0.29

300.00
d

52.21 ± 0.12
0.00
60.09 ± 0.13
0.00
–99.19 ± 0.30
–134.98 ± 0.13
35.79 ± 0.28

320.00
d

50.88 ± 0.08
0.00
62.09 ± 0.09
0.00
–94.37 ± 0.27
–136.41 ± 0.09
42.04 ± 0.27

340.00

49.81 ± 0.06
0.00
64.07 ± 0.07
0.00
–90.08 ± 0.25
–137.71 ± 0.07
47.63 ± 0.25

360.00

48.96 ± 0.05
0.00
66.04 ± 0.07
0.00
–86.23 ± 0.24
–138.90 ± 0.07
52.66 ± 0.24

380.00

48.30 ± 0.05
0.00
68.01 ± 0.07
0.00
–82.74 ± 0.22
–139.97 ± 0.07
57.23 ± 0.23

400.00

47.81 ± 0.04
0.01
69.98 ± 0.07
0.01
–79.54 ± 0.21
–140.94 ± 0.07
61.39 ± 0.22

420.00

47.45 ± 0.04
0.02
71.95 ± 0.07
0.01
–76.61 ± 0.20
–141.81 ± 0.07
65.20 ± 0.21

440.00

47.21 ± 0.04
0.03
73.91 ± 0.07
0.02
–73.89 ± 0.19
–142.59 ± 0.07
68.70 ± 0.20

460.00

47.08 ± 0.04
0.04
75.88 ± 0.07
0.03
–71.36 ± 0.19
–143.29 ± 0.07
71.93 ± 0.19

480.00

47.05 ± 0.05
0.06
77.85 ± 0.07
0.05
–68.99 ± 0.18
–143.90 ± 0.07
74.91 ± 0.19

500.00

47.11 ± 0.06
0.09
79.83 ± 0.09
0.07
–66.75 ± 0.18
–144.44 ± 0.09
77.68 ± 0.19

520.00
d

47.24 ± 0.08
0.13
81.81 ± 0.10
0.09
–64.64 ± 0.18
–144.90 ± 0.10
80.26 ± 0.20

a
The reference state chosen for sulfur was S2(g) in the ideal gaseous state. All uncertainties represent approximately one standard deviation.

b
Gas-imperfection correction included in the standard molar enthalpy for the ideal gas. The standard molar enthalpy is calculated relative to that of the crystals at T(0.

c
Gas-imperfection correction included in the standard molar entropy of the ideal gas.

d
Values at this temperature were calculated with extrapolated vapor pressures calculated from the fitted parameters of the Wagner equation.

Figure Captions

Figure 1. Molar heat capacities at saturation pressure Csat,m for dicyclohexylsulfide measured in this research. The vertical lines indicate phase transition temperatures.

Figure 2. Average heat capacities Csat,m in the cr(II)-to-cr(I) and cr(I)-to-liquid transition regions. □, series 1; ♦, series 2; x, series 3; ◊, series 4; (, series 8; ●, series 9; ○ series 12. The vertical lines indicate phase transition temperatures. The curves represent the smoothed heat capacities of table 5. One heat capacity value in series 8 is not shown. This value exceeds 4.105 J(K-1(mol-1 for a temperature increment of 0.09 K and was used to define the temperature of the first-order cr(II)-to-cr(I) transition.

Figure 3. Average heat capacities Csat,m in the cr(III)-to-cr(II) transition region. ■ series 6; ◊, series 7; ○ series 10; ●, series 11. The vertical line indicates the phase transition temperature. The bold curve represents the smoothed heat capacities of table 5. The dashed curve connecting the heat capacity curves for cr(III) and cr(II) was used to estimate the excess enthalpy and excess entropy in this temperature region.

Figure 4. Possible intermediates in the hydrodesulfurization (HDS) reaction network for dibenzothiophene.
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FIGURE 4
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