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Table 11. Dissociation Constants for Commercial-Grade and Pure 
DIPA in 1.00 M Potassium Chloride Solution‘ 

109K, mol/L 
T,  K 293 303 313 323 

~~ 

DIPA commercial grade 0.456 0.846 1.47 2.35 
0.453 0.838 1.42 2.28 
0.454 1.40 2.34 

DIPA pure 0.480 0.851 1.42 2.34 
0.450 0.841 1.42 2.43 
0.45 1 2.62 

2.35 

a See footnote of Table I. 

strength the dissociation constants of DIPA and DEA are es- 
sentially equal. The deviations of the dissociation constants of 
DEA and DIPA, due to nonideality of the solutions, will also be 
essentially the same because of the structural similarity of the 
molecules. 

Therefore it can be concluded that, at zero bnic strength, the 
dissociation constants of DIPA are given by the equation which 
describes the dissociation constants of DEA (4): 

log K,=, = (-1.82 x 1 0 3 ) / ~ -  4.10 + (4.44 x 10-3)~ 

The second series of experiments gives the dissociation 
constants for commercial-grade and pure DIPA at 293, 303, 

Vapor-Pressure Measurements of 

313, and 323 K (Table 11). These results show that the 
presence of small amounts of MIPA have no effect on the 
dlssociation constant of DIPA. 

The standard deviation of the results is 5% of the Kvalues 
(0.02 pKunits) for each of both series of experiments (Tables 
I and 11). The larger difference (10-20% in K values, 
0.04-0.08 pKunits) between the results for commercial-grade 
DIPA shown in Tables I and I1 is due to the separate callbradion 
procedures of the electrode since for each of these series new 
calibration solutions were prepared. The estimated accuracy 
for our calibration solutions for pH > 10 is f0.05 pH unit. 
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1 -Methylnaphthalene, 
2-Methylnaphthalene, and 9, IO-Dihydrophenanthrene at Elevated 
Temperatures 

Stefan A. Wieczorek and Riki Kobayashi’ 
Department of Chemical Engineering, William Marsh Rice University, Houston, Texas 7700 1 

Vapor pressures of three polynuclear aromatic compounds 
were measured over the following elevated temperature 
ranges: (1) I-methylnaphthalene, 424.43-593.38 K (2) 
2methylnaphthalene, 424.41-638.93 K; and (3) 
9,1O-dlhydrophenanthrene, 437.28-552.61 K. The 
measurements were carried out with a high-temperature 
static apparatus. The experimental vapor-preswre data 
have been Wed to Chebyshev polynomlals. The values of 
dp/d T over the temperatures lnvestlgated for 
1-methylnaphthalene and P-methylnaphthalene are 
reported. 

Introduction 

In a previous paper ( 7)  we reported the vapor pressures of 
three polynuclear aromatic compounds, diphenylmethane, 
thianaphthene, and bicyclohexyl. In this work we continue the 
measurements of vapor pressures of compounds which appear 
in oils associated with the liquefaction of coal. We report the 
vapor pressures of 1-methylnaphthalene, 2-methylnaphthalene, 
and 9, lodihydrophenanthrene over a wide range of tempera- 
tures up to their respective conditions of measurable initial 
thermal decomposition. 

No experimental vapor-pressure values are reported in the 
literature in the range of the present investigation for 9,lOdC 
hydrophenanthrene. The data of Camin and Rossini (2) for 
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1-methylnaphthalene and 2-methylnaphthalene cover the tem- 
perature range up to their boiling points. 

Materlals 

The samples of 1-methylnaphthalene, 2-methylnaphthalene, 
and 9,1 Odihydrophenanthrene were purchased from Aldrich 
Chemical Co. with reported purities of 97, 99, and 97 % , re- 
spectively. 1-Methylnaphthalene was purified in a low tem- 
perature zone refiner (for substances with mettiig points above 
room temperature); 32 and 48 passes were made, respecthrely. 
The purities were checked by the freezing-point method of 
Rossini et al. (3), and the results were as follows: l-methyl- 
naphthalene, 99.95 %; 2-methylnaphthalene, 99.98%; and 
9, lodihydrophenanthrene, 99.95%. 

Apparatus and Procedure 

The measurements of vapor pressures were carried out with 
a high-temperature static apparatus described elsewhere ( 7 ,  
4). Some modifications were made to the apparatus to control 
the sublimation of the bath fluid. Monsanto Therminol 88 was 
replaced by a commercial mixture of Inorganic salts (Draw 
Temp 275 manufactured by E. F. Houghton Co.). 

The temperature near the equilibrium cell was measured in 
IPTS-68 with an accuracy of fO.O1 K by means of a Leeds and 
Northrup platlnum resistance thermometer with a calibratlon 
traceable to the National Bureau of Standards and checked in 
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I I I 1 I- METHYLNAPHTHALENE 
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Table I. Vapor Pressures and dp/dT of 1-Methylnaphthalene 

dpldT, dpldT, 
"HgI "His/ 

T,K P,mmHg K T,K P,mmHg K 

424.43 57.91 2.03 513.41 690.93 15.47 
431.94 74.47 2.51 516.42 739.71 16.32 
439.57 96.10 3.09 517.75 762.28 16.71 
448.55 127.28 3.90 527.82 946.82 19.85 
455.65 157.69 4.64 536.84 1138.70 22.99 
462.66 193.05 5.48 544.85 1334.47 26.03 
469.18 231.70 6.36 552.88 1555.54 29.31 
475.50 274.79 7.31 561.18 1813.56 32.93 
483.33 336.82 8.63 568.49 2067.68 36.28 
490.85 406.91 10.07 576.84 2388.31 40.27 
499.08 497.39 11.84 584.38 2711.08 43.97 
506.97 597.92 13.75 593.38 3116.01 48.45 

- 1 -  

Table 11. Vapor Pressures and dp/dT of 2-Methylnaphthalene 

dpldT, dpldT, 
"Hgl "Hgl 

T,K P, mmHg K T,K P,mmHg K 

1 -  - 
0 0 n n n  0 

0 0 
0 0  

0 0  - 

424.41 
431.87 
437.49 
443.04 
448.98 
454.99 
462.33 
469.35 
475.19 
482.64 
490.15 
498.49 
505.62 
512.26 
520.05 

64.72 
82.45 
98.88 

117.12 
140.68 
169.14 
208.89 
253.61 
296.56 
360.08 
434.84 
530.66 
626.35 
727.50 
861.56 

2.22 
2.74 
3.18 
3.68 
4.27 
4.94 
5.86 
6.86 
7.79 
9.11 

10.61 
12.48 
14.25 
16.09 
18.44 

527.84 
536.39 
544.44 
552.96 
560.97 
568.66 
576.95 
584.96 
593.44 
600.68 
608.35 
620.26 
629.32 
638.93 

1012.52 
1204.14 
14.11.30 
1658.96 
1914.08 
2195.29 
2530.98 
2891.38 
3314.34 
3713.04 
4174.54 
4897.69 
5521.06 
6161.04 

21.02 
24.13 
27.32 
30.97 
34.65 
38.39 
42.61 
46.85 
51.45 
55.40 
59.56 
65.74 
70.04 
73.98 

Table 111. Vapor Pressures of 9,lO-Dihydrophenanthrene 

437.28 
443.10 
448.97 
454.93 
462.30 
469.11 
474.87 
482.49 
490.02 

12.06 
15.42 
19.02 
23.85 
30.52 
37.85 
45.05 
56.72 
71.00 

498.61 
505.51 
512.91 
520.18 
527.84 
536.65 
544.40 
552.61 

90.68 
110.14 
134.88 
163.66 
199.15 
248.21 
297.86 
360.46 

this laboratory at the triple-point temperature of water. 
The pressure measurements were made with a high-tem- 

peratwe Ruska differential pressure null detector and a Ruska 
gas-lubricated dead weight gauge Model 2465. The procedure 
concerning estimation of initial thermal decomposition was the 
same as described previously. 

Results and Discussion 

Simllar to our previous measurements of vapor pressures 
( 7), special care was taken to establish where thermal instability 

9 ,IO DIHYDROPHENANTHRENE 
0 

I I I 
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Flguro 1. Restduals In log p for 1-methylnaphthalene, P-methyC 
naphthalene, and 9,lOdlhydrophenanthrene. 

began. Thus, at least two series of measurements were made 
for each compound investigated. The measurements were 
made at -7-9 K intervals in the temperature ranges 
424.43-593.38 K for 1-methylnaphthalene, 424.41-638.93 K 
for 2-methylnaphthalene, and 437.28-552.61 K for 9,lO-dC 
hydrophenanthrene. The values of experimental vapor pres- 
sures of lmethylnaphthalene, Pmethylnaphthalene, and 9,lO- 
dlhydrophenanthrene are listed in Tables 1-111, respectively. 

Chebyshev polynomials of the following form are used to fit 
the vapor pressure obtained in this work: 

/=1 

where El (x )  = x, € A x )  = 2x2 - 1, E3(x)  = 4x3 - 3x, and 
E,+l(x) = 2xE,(x) - €/-l(x); x is a function of temperatures 
defined as 

2T-(T,+ TM) 
X =  

T, - Tmln 

where T, and T, are temperatures, respecthrely, just above 
and just below the extreme temperatures of the measured 
values. 

The values of Tlog P were fitted by Chebyshev polynomials 
up to the flfth order. The coefficients of the polynomials cover 
the ranges of temperature bounded by T, and T,,,,,, given in 
Table IV. For l-methylnaphthalene, the fodwrder polynomial 
was chosen to give a 0.13% root mean square deviation. For 
Pmethylnaphthalene and 9,1 Odihydrophenanthrene, a good fit 
was obtained by wing the fmhorder polynomials giving percent 
root mean square deviations of 0.16 and 0.31, respecthrely. In 
Figure 1 the residuals, A log P = log p - log pw for the 
compounds investigated are presented. 

Because the polynuclear aromatic compounds investlgated 
in this work are thermally unstable below their critlcai tem- 
peratures, and in the case of 9,lOdihydrophenanthrene even 

Table IV. Constants of Cliebyshev Polynomials for T log p 
1-methvlnaDhthalene 2-methylnaphthalene 9,lO-dihydrophenanthrene 

order 4 5 4 5 
2834.199 3213.244 3213.125 1893.26 1 

468.280 a0 829.11 3 
a, 662.835 828.965 

-6.1730 -10.6236 -10.6894 -1.8573 aa 
"a 0.2501 -1.2058 -0.8815 

-1.9200 -0.4421 -1.0996 -1.0178 
-0.6466 a4 

-1.1727 
552.70 0 5  

TminIK 424.40 424.40 424.40 437.20 
% rms 0.13 0.16 0.40 0.31 

1.7818 

593.40 638.95 638.95 TlnaxlK 



10 Journal of Chemical and Engineering Data, Vol. 20, No. 1, 1981 

Table V. Estimated Critical Parameters Used 
T,, K P,, atm 

1-methylnaphthalene 772 35.2 
2-methylnaphthalene 761 34.6 
9,lO-dihydrophenanthrene 714 12.97 
estimated bp ~ 587.26 

Table VI. Constants of Chebyshev Polynomials for T log p 

a 
a 
a 
a 
a 
a 
TmaxlK 
TminlK 
% rms 

l-methyl- 
naphthalene 

41 38.000 
1383.112 

-6.1503 
8.2009 
1.2376 

772.10 
415.20 

0.19 

2-methyl- 
naphthalene 
41 34.410 
1283.869 

-8.9911 
12.1703 

7.5364 
3.0921 

761.10 
424.40 

0.48 

9,lO-dihydro- 
phenanthrene 

2171.397 
606.468 
-2.3576 

-1.1510 
-1.9399 

1.5415 

587.30 
437.20 

0.30 

~ 
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Flgure 2. Vapor pressures of 1-methylnaphthalene vs. 1/ T. 

below its normal boiling point, to estimate the vapor pressure 
in this temperature range between investigated T, and esti- 
mated critical temperature (Table V), we fitted the experimental 
vapor-pressure data over an extended range of temperatures 
including the estimated critical temperature for l-methyl- 
naphthalene and 2-methylnaphthalene and up to the estimated 
boiling point for 9, IOdihydrophenanthrene. The Chebyshev 
coefficients along with temperature range and percent root 
mean square deviation for this exercise are given in Table VI. 

The values of dpld T for the range of temperature investi- 
gated calculated from fourth-order Chebyshev polynomial with 
coefficients from Table IV, for I-methylnaphthalene and 2- 
methylnaphthalene, are given in Tables I and 11, respectively. 
We do not report the values of dpldT for 9,lO-dihydro- 
phenanthrene because of the restricted range of the data and 
the questionable behavior of the calculated heats of vaporiza- 
tion therefrom. The reason for that behavior is that measured 
values of the vapor pressure of 9, lo-dihydrophenanthrene at 
lower temperature ranges are small, between 12 and 50 
mmHg, leading to an even further reduction of the vapor- 

750 700 65C -r I 

33 003 

TEMOERATURE, K 
600 550 500 450 
-I------------ 

0 CAMIN 5 ROSSlh  ,1355' 
A GLASER 5 R U L A N D  119571 
0 FIRST RUN 

SECOND RUN 1 T H S  

1 : C y  

i 

7 4 16 I 8  2 0  2 2  2 4  
4c 1 , l I l , l , l  

l 0 0 O / T  c, 1 

Flgure 3. Vapor pressures of 2-methylnaphthalene vs. 1/ T .  
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I I 
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1 

L- I 1 I I b ,  
I8  20  2 2  2 4  2 6  

1 0 0 0 / T  K 1  

Flgure 4. Vapor pressures of 9,lMlhydrophenanthrene vs. 1 / T .  

pressure values that would yield reliible experimental points. 

Comparison with Exlstlng Data 

In Figure 2 the comparison of vapor pressures of 1- 
methylnaphthalene obtained during this investigation was made 
with data available from the literature. Camln and Rossini (2 )  
measured the vapor pressure of Imethylnaphthalene between 
415.29 and 518.48 K. Our data are in very good agreement 



J. Chem. Eng. Data 1081, 26, 1 1-13 11 

with their results. Myers and Fenske (5) reported the smoothed 
data for 1-methylnaphthalene between 325.45 and 516.15 K. 
Their values at lower ranges of investigated temperature are 
slightly smaller than both ours and the data of Camin and 
Rossini (2). Smoothed data of vapor pressures of l-methyl- 
naphthalene reported by Glaser and Ruland (6) at the tem- 
perature range between 515.15 and 778.15 K are in serious 
disagreement with our results, their data being rather higher 
than ours. 

In Figure 3, comparison of vapor-pressure data for 2- 
methylnaphthalene are shown. Similarly, for 2-methyl- 
naphthalene, good agreement with the data of Camin and 
Rossini (2) at temperature ranges between 412.34 and 514.81 
K is evident, while serious discrepancies with smoothed data 
of Glaser and Ruland (6) between 515.15 and 735.15 K are 
noted. 

For 9, lodihydrophenanthrene, only the data of Lee-Bechtold 
et al. (7) are available, covering the temperature range from 
353.15 to 418.15 K which does not overlap ours. In Figure 4 
our data from higher temperatures are shown. An extrapolated 
line from our data to lower temperatures appears to merge with 
the line through their data. 
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Heats of Vaporization of Five Polynuclear Aromatic Compounds at 
Elevated Temperatures 

Stefan A. Wleczorek and Riki Kobayashi' 

Department of Chemical Engineering, William Marsh Rice University, Houston, Texas 7700 1 

Heats of vaporization of five polynuclear aromatic 
compounds, thianaphthene, l-methylnaphthalene, 
Pinethylnaphthalene, blcyciohexyl, and diphenylmethane 
over a wide range of elevated temperatures have been 
calculated from the Clauslus-Clapeyron equatlon by using 
acentric factors and vapor pressures recently measured 
by the authors. The values of dp/dTcalcuiated from 
Chebyshev polynomials were used. Compressibility 
factors of saturated vapor and iiquld were estimated from 
three-parameter corresponding-states correlation using 
acentrlc factors determined from new vapor-pressure 
data. 

Introduction 

In previous papers (3, 4) the vapor pressures of polynuclear 
aromatic compounds over a wide range of elevated tempera- 
tures were reported. The experimental data of vapor pressures 
were fitted to Chebyshev polynomials, and values of dpld T 
were calculated. 

No literature measurements of heats of vaporization over the 
range of temperatures were found for these compounds. In 
view of the importance of thermal data in coal liquefaction 
technology, such data are urgently needed. 

In the present work we report calculated values of heats of 
vaporization based on our own data over a range of tempera- 
tures which were covered in the vapor-pressure measurements. 
The heats of vaporization were calculated by using the Clau- 
sius-Clapeyron relation and the three-parameter correspond- 
ing-states correlation of Pitzer ( 1) to evaluate the compressibility 

0021-956818111726-0011$01 .OOlO 

Table I.  Estimated Critical Parameters 

T,, K p C ,  atm w 

thianaphthene C,H,S 752.0 38.3 0.294 
1-methylnaphthalene C,,H,, 772.0' 35.2' 0.340 
1-methylnaphthalene C,,H,, 761.0' 34.6' 0.371 
bicyclohexyl C,,H,, 731.4 25.3 0.394 
diphenylmethane C,,H,, 770.2 28.2 0.438 
Taken from ref 2. 

factor of saturated vapor and liquid. 

Resuits and Discussion 

The heats of vaporization of five polynuclear aromatic com- 
pounds, thianaphthene, I-methylnaphthalene, 2-methyl- 
naphthalene, blcyclohexyl, and diphenylmethane, were calcu- 
lated from the Ciausius-Clapeyron equation: 

dp/dT = AHv/(RT2/p)AZ 

or 

where 

A Z =  Z,V - Z,L 
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