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Table 111. Temperature Difference between Experimental 
and Calculated Values against Vapor Preasure Using 
Miller and Antoine Equations 

AT,” K 
P, kPa Miller eq Antoine eq 
32.500 
30.000 
27.500 
25.000 
22.500 
20.000 
17.500 
15.000 
12.500 
10.000 
7.500 
5.000 
2.500 
1.500 
1.000 
0.900 
0.800 
0.700 
0.650 
0.600 
0.550 
0.500 
0.450 
0.400 

-0.14 
-0.06 
0.03 
0.21 
0.19 

-0.10 
-0.14 
0.08 

-0.04 
0.01 

-0.06 
-0.01 
0.01 
0.00 
0.04 
0.04 
0.01 
0.05 
0.01 

-0.08 
0.00 

-0.07 
-0.01 
0.04 

-0.04 
-0.01 
0.04 
0.18 
0.14 

-0.16 
-0.20 

0.03 
-0.06 
0.03 
0.00 
0.08 
0.09 
0.01 
0.01 
0.00 

-0.03 
0.01 

-0.02 
-0.10 
-0.02 
-0.06 
0.03 
0.12 

Miller eq Antoine eq 
mean dif,* K 0.06 0.06 
max dif,” K 0.21 -0.20 

a T = Texptl - Tdd. * EilTsxptl - Tddli/n. n: number of data 

Since the percent root mean square deviations of pressures 
(prms) using Chebyshev polynomials with the number of pa- 
rameters from 3 to 10 were estimated as 2.70 at 3 parameters, 
0.29 at 4 and 5, 0.26 at 6 and 7, 0.22 at 8-10, respectively, 
here 8 parameters are selected as written in Table 11. The 
pnns of the Miller and Antoine equations are listed as 0.29 and 
0.33, respecthrely, in Table 11. Percent pressure deviations and 

(=24). 

mean absolute deviations from the equations have also been 
presented in Table I. 

Conversely, the temperatures were calculated by using the 
Miller and Antohe equations, and the differences between ex- 
perimental and calculated values are shown in Table 111. The 
mean differences of the temperatures obtained in both were 
equal to 0.06 K. 

The Miller equation, having four constants, gave somewhat 
better correlations than the Antoine equation, having three 
constants, but the degrees of differences were very small. 
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Investigation of Vapor Pressures and Enthalpies and Entropies of 
Vaporization of Xanthene at Elevated Temperatures 

Alwarappa Sivaraman and Rlki Kobayashl’ 

George R. Brown School of Engineering, Department of Chemical Engineering, Rice University, Houston, Texas 7725 I 

Introductlon Vapor pressures (8.35-817.29 mmHg) of xanthene, a 
polynuclear aromatlc (threarlng) compound containing an 
oxygen group, over the tmperature range 423-589 K, 
were measured. The measurements were performed in a 
Mgh-temperature static apparatus. Chebyshev 
polynomiak have been used to fit the experlmental vapor 
pressure data. The remits have been further processed 
to evaluate the enthalpler of vaporization and compared 
with the predicted enthalpy values, by a recently 
devdoped generalized correlation which incorporates the 
renormalization group theory with the corresponding states 
prhrclpk. The entropies of vaporlzatlon were also 
evaluated at thelr respective temperatures for xanthene. 

Vapor pressures and enthalples and entropies of vaporization 
are a few of the important physical properties required in de- 
signing coal-llquid and shale oil processing ar)@ separation 
plants. The thermodynamic propettles are vMually unknown at 
high temperatures for the three-ring heavy polynuclear hydro- 
carbons. We reported previously ( 1-3) the vapor pressures 
of various condensed aromatic compounds. In  this work we 
continue the measurements of vapor pressures of a thresring, 
oxygen-containing, coalderived liquid, xanthene. The vapor 
pressures of xanthene are reported over a wide range of tem- 
peratures up to the onset of thermal decomposition. No ex- 
perimental vapor pressures or enthalpies of wRorization are 
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Table I. Vapor Pressure and dp/dT of Xanthene 

423.69 
427.68 
434.89 
437.57 
443.50 
451.34 
452.03 
454.35 
462.18 

6.35 0.28 
7.55 0.32 

10.20 0.42 
11.35 0.46 
14.40 0.56 
19.50 0.73 
19.95 0.74 
21.75 0.80 
28.80 1.02 

466.30 
493.00 
527.31 
539.88 
558.18 
559.80 
584.80 
588.61 

33.00 
78.97 

206.56 
282.85 
432.95 
446.69 
765.56 
817.29 

1.15 
2.39 
5.32 
6.90 
9.79 

10.09 
15.36 
16.29 

reported in the literature In the range of the present Investigation 
for xanthene. The experhnental data of vapor pressures were 
fitted to Chebyshev polynomials and values of dpldT were used 
to evaluate the enthalpies and hence entropies of vaporization 
of xanthene. A three-parameter corresponding states corre- 
lation developed by Sivaraman et al. (4, 5) incorporating re- 
normallzatlon group theory (6) with the corresponding states 
principle (7) has been used to predict the enthalpies of va- 
porizatlon of xanthene and compared with the present data 
evaluated by using experimental vapor pressures. 

Experlmental Sectlon 

Materlsls. Purity is an important factor in precise vapor 
pressure measurements. Samples of xanthene were pur- 
chased from Aldrich Chemical Co. with a purity of 99 mol %. 
The compound was further pwified to a purity of 99.99 mol % 
by 48 passes In a zone refiner. The purities were checked by 
the freezing temperature method of Rossini et el. (8). 

Apparatus and Roceditre. I n  the present vapor pressure 
measurements a versatlie high-temperature static apparatus 
developed by Sivaraman et al. (2) has been used. About 40 
cm3 of the purified sample was placed In the equlllbhum cell. 
The procedures for degassing of the compound, attalning 
thermal equilibrium, and locating thermal degradation of the 
compound are the same as described earller (2). The tem- 
perature (IWS-68) near the cell was measured with an accu- 
racy better than f l  mK by means of a callbrated platinum 
resistance thermometer. The pressure measurements were 
made with a high-temperature Ruska differential pressure null 
detector and a calibrated Ruska digital quartz gauge (Model 
DDR 6000) with an accuracy better than f O . O 1  mmHg. 

Results and Mccurdon 

Vapor pressures of xanthene were measured in the tem- 
perature range 423.69-588.61 K. The values of experimental 
vapor pressures of xanthene at various temperatures and their 
respecthre dp/dT are llsted in Table I. Chelyshev polynomials 
(9) of the following form have been used for representation of 
the vapor pressure curves of xanthene studied: 
Tlog p = 
&ao + a , E , ( x )  + a#,(x) + ... + &?&E&) + ... + a#Jx) 

(1) 

where E&) = cos (s cos-' x) Is the Chebyshev polynomial in 
x of *ee s, and where xls a functbn of temperatue, varylng 
between the limits 1 and -1 .  The first few Chebyshev poly- 
nomials are E,(x)  = x ,  €Ax)  = 2x2 - 1, E3(x) = 4x3 - 3x and 
are evaluated from the equation 

E,+,(x) - 2xE,(x) + Ea-1(Jf) = 0 

x = ( 2 T -  (Tmax + Tmd/ (Tmax - Tmh) 

in which x is defined as 

(2) 

where T, and T, are tempmtwes, respectively, just above 
and just below the extreme temperatures of the measured 

Table 11. Coefficients of Chebyshev Polynomials for 
T log (p/mmHg) for Xanthene4 

A0 2160.529 
A1 735.9533 

'43 0.578942 
A4 -0.300112 
T-, K 600.0 
T m h ,  K 423.0 
PnnS 0.53 

Aa -9.37571 

Fourth order. 

Table 111. Coefficients of Chebyshev Polynomial for 
T log (p /mmHg) for Xantheneo,* 

A0 3826.835 
A1 1481.981 
A2 -120.8118 
- 4 3  -32.0658 
-44 -8.63591 
T-, K 833.0 K 
T m h t  K 423.0 
P- 0.54 

a Fourth order. Inclusive of critical region. 

I I 

XANTHENE 

a +21 + I  

N' -I 

l ;~ 
I I I 1 I 

400 450 500 5 50 600 
TEMPERATURE, K 

Flgue 1. Residuals, A log @/mm) = log @,&mm) - log @ d m m )  
for xanthene as a function of temperature. 

values. p m  is the percent root mean square deviation in 
pressure defined as 

Prm = tlC[100@,, - Pcalcd)/Pexptl12)/n)1'2 (3) 

The values of T log @/mmHg) were fitted by Chebyshev 
polynomials up to degree i = 4. The coefficients of the poly- 
nomials cover the temperature ranges bounded by T, and 
T, given in Table 11. For xanthene a fowth-order polymlnal 
was chosen to give 0.53% root mean square deviation in 
pressure. In  Figure 1 the residuals, A log beW/mmHg) - log 
@ ,/mmHg) are presented for xanthene for varlous temper- 
atures. 

Since xanthene was thermally unstable above 590 K, we 
could not continue our vapor pressure measurements beyond 
588.61 K. The bohg temperatwe (584.3 K) was obtahed from 
the present experimental vapor pressure data. The critlcal 
parameters T,  and pc  for xanthene were estimated by Lyder- 
sons method ( IO), which employs structural contributions (T, 
= 833.0 K; p c  = 29.3 atm). Although the vapor pressure 
measurements were not possible up to critical temperature, the 
present vapor pressure data were fitted over an extended range 
of temperature including the estimated critical temperature (T,). 
An extrapolation of this sort will be quite useful for chemical 
engineering purposes. A fourth-order polynomial gave a rea- 
sonable fii with root mean square deviations of pressure @,) 
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Table IV. Coefficienis of Polynomial for Compressibility 
Factors z(O) and z(*) for Saturated Vapor and Liquid at 
Reduced Temperature Ranges between T, = 0.94 and T, = 
0.56 

vapor liquid 
coeff Z(0)  &-(I) z(0) &-(I) 

A0 1.0329 4.8701 0.8930 -0.3242 
Ai -0.5760 -25.4854 -5.2910 1.5098 
A2 1.7942 48.1356 11.7974 -2.1798 
As -1.7863 -37.6756 -11.8799 0.8856 

4.673 444 10.1178 

Table V. Comparison of Experimental and Predicted 
Enthabiee of VaDorization (kJ mol-') for Xanthene 

1 
1 

I ,OL 1 I I I I I I 
1,7 1,8 1,9 2.0 2,l 2.2 2,3 2,4 

103/T, K-' 
Fr(lwe 2. Vapor pressures of xanthene. 

~ ~~~~~ 

T, K Le, Lcdlcd error, % 
425.15 65.5 65.6 0.15 

being 0.54% for xanthene. The respectlve coefficients of the 
polynomials are given in Table I I I .  Present vapor pressure 
measurements In liquld xanthene are in the region 
423.69-588.61 K and are shown In Figure 2. Although no 
vapor pressure values are reported In the literature in the range 
of the present investigation, the boiling point value (584.3 K) 
determined from our experimental data Is quite comparable to 
the one reported (588.15 K) elsewhere ( 7  7). 

€ntha@y of Vaporlretlon. Enthalpies of Vaporization of 
xanthene were calculated from the Clapeyron equation via 

Q/dT = L / [ ( R T * / P , W  (4) 

where Az = zvmt - zilYlt, the difference between the com- 
presslbllity factors of the saturated vapor and liquid, L is the 
enthalpy of vaporization, p is the vapor pressure, and Tis the 
temperature. 

Piker's three-parameter corresponding states correlation has 
been used to calculate the compressibility factors of saturated 
liquid and vapor: 

(5) z = z(0) + wz(l) 

where do) is the compressibility factor for a simple fluid, ztl) 
is the compressbn factor for the deviatbn from a simple fluid, 
and w Is the acentric factor given by 

0 = - log p r  - 1.0 (6) 

The reduced vapor pressure p equals p lp ,  at reduced tem- 
perature T,  = T I T ,  = 0.7. For xanthene, w is calculated (w 
= 0.478) from the experimental vapor pressures. Pitzer's 
values of z(O) and z(l) for either saturated vapor or llquid as a 
function of reduced temperature T, = 0.56 and T,  = 0.94 were 
calculated by means of a polynomial given by 

y = A. + A I T ,  + A,T: + A,T? + A,T: (7 )  

The coefficients of the polynomial are given in Table IV. I f  
one knows dp/dT, Az, and p at various temperatures, the 
enthalpies of vaporization can be calculated from eq 4; they are 
listed in Table V at 10 K intervals and are shown in Figure 3. 

435.15 
445.15 
455.15 
465.15 
475.15 
485.15 
495.15 
505.15 
515.15 
525.15 
535.15 
545.15 
555.15 
565.15 
575.15 
585.15 

64.5 
63.7 
62.9 
62.2 
61.5 
60.9 
60.3 
59.7 
59.2 
58.6 
58.0 
57.4 
56.7 
56.1 
55.2 
54.4 

65.0 
64.3 
63.7 
63.0 
62.4 
61.7 
61.0 
60.3 
59.6 
58.9 
58.2 
57.5 
56.6 
55.9 
55.1 
54.3 

0.78 
0.94 
1.27 
1.35 
1.46 
1.31 
1.16 
1.01 
0.68 
0.51 
0.34 
0.17 

-0.18 
-0.36 
-0.18 
-0.18 

, I , 1 

70 -Predicted 
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Table VI. Coefficients of Least-Squares Analysis 
a. L*(,,) Using J3g 11 

-0.93298 
275.553255 
416.646872 
-617.767986 

29.557315 
-94.438858 

b. L*(l) Using Eq 12 
10.494541 

-617.139173 
854.731448 

Bz' 155.934841 

-351.097613 
Al* 
Al* 
-43* 
Bl* 

B3* -50.592504 

Table VII. Entropy of Vaporization (kJ mol-' K-') of 
Xanthene 

T, K As T, K As 
425.15 
435.15 
445.15 
455.15 
465.15 
475.15 
485.15 
495.15 
505.15 

0.1541 
0.1482 
0.1431 
0.1382 
0.1337 
0.1295 
0.1255 
0.1218 
0.1182 

515.15 
525.15 
535.15 
545.15 
555.15 
565.15 
575.15 
585.15 

0.1149 
0.1116 
0.1084 
0.1053 
0.1021 
0.0993 
0.0960 
0.0930 

R Is the gas constant (8.3145 J mol-' K-'); T ,  is the crItical 
temperature of xanthene (kebin); w Is the acentric factor; w 1  
= 0.490; p c  is the critical pressure; L *(0) and L *(') are the 
reduced enthalpy of vaporizatlon taking into consideration Its 
singular (near critical) and analytic background contributions 
(72) as 

L "(o) = A ,e@ + A2e@+* + A3t1-a+B + Blt + B2t2 + B3t3 
(1 1) 

L *(1) = 
A , " &  + A 2 " ~ @ + A  4- A 3 * ~ 1 - Q + @  + B l ' t  + B2't2 + B3"c3 

(12) 

where 

t = ( T ,  - T ) / T ,  (13) 

a, 6, A are critical exponents given by a = ' lo ,6 = ' I3, A = 
' I2  (Wegner's first "gap" exponent), obtained from renormall- 
zation goup theoretical calculations. The systemlndependent, 

T E y a n d  6," In eq 11 and 12 are listed in Table VI, a 
and b. 

These values were substituted to calculate the predicted 
enthalpy of vaporization, L,, for xanthene. These predicted 
wthalpy data and the data obtained through experknental vapor 
pressures were given in TaMe V for comparison. Our present 
results are in good agrwlnent wtth the predicted ones. The 
comparison ylekled the percent root mean square deviation 

. I " .  
cogftlcientsAi,A,,A3,B,,B2,83,A1 , A 2  , A 3  

L, = ([C".,, - L-)/Le,,121/N"2 

for xanthene as 0.82. The percent residual enthalpies of va- 
portzatbn have been piotted against thek respective tempera- 
tures for xanthene in Flgure 4. Entropy of vaporidtion was 
calculated from 

ASv = L / T  (14) 

at various temperatures for xanthene and are presented in 
Table VII. The varlatbn of entropy of vaporization with tem- 
perature is shown in Figure 5. 

P r  I I I I 

I! XANTHENE 

v, $-iL # - 3  
L 1  

Z I I I , , l  
0 5 400,15 450,15 500,15 550.15 600.15 
a TEMPERATURE, K 

Flgwe 4. Percent residual enthalpies of vaporization at various tem- 
peratures for xanthene. 

I I I I I I 

a 
a 0 

4 

b l  LL 
L 

i 

2 I I I I 
500,15 6OOs15 

w 01 
400,15 

TEMPERATURE, K 

Flgure 5. Entropy of vaporization of xanthene as a function of tem- 
perature. 
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ene at 525.15 K. 

w = 0.478. From eq 13 

We thank Mr. Dave Morgan for his assistance in purifying the 

f imp/e.  Calculate the enthalpy of vaporization for xanth- 

Soiutlon. Xanthene. Critical temperature T ,  = 833.0 K; 

E = ( T ,  - T ) / T ,  = (833.0 - 525.15)/833.0 = 0.3696 

From eq 11 and 12 
L +(o) = 4.9783 

L *(1) = 3.6167 

From eq 10 

w *  = 0.478/0.490 = 0.9755 

L = L + w'L +(I) 

= 8.5064 

L = L "RT,  = (8.5064)(8.3145)(833.0) 

= 58.9 kJ mol-' 

From the present experimental vapor pressure measurements 

L = 58.6 kJ mol-' 
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The error is 0.30 or 0.51 %. 
R W r y  No. Xanthene, 92-83-1. 
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Densities of Aqueous Solutions of 18 Inorganic Substances 
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Zdenik solc 
Unlverslty of Chemical Technology, Leninovo nim. 565, 532 70 Pardubice, Czechoslovakia 

Densities of aqueous solutlono of Cd(NO,),, Co(NO,),, 
H W 6 ,  KsFdCWe, KMn04, KN02, m(cK)4)2, NaH2P04, 
Na,H PO,, Na2Mo04, Na,P04, Na4P20,, Na2S03, Na2S20s, 
Na2W04, NH4Ai(S04),, (NH4),C,O4, and NH4CH,CO0 for 
temperatures from 5 to 85 OC and concentratlono up to 
near saturatlon determind pycnometrlcaily are reported. 

Introduction 

The denslties of aqueous solutions are frequently used In both 
physical chemistry and chemical enginwrlng. In  the latter case 
they are necessary in establishing material balance of a pro- 
cess using solutions as a medium and/or volume of techno- 
logical equipment. For purposes of chemical engineering it 
seems advantageous when concentratlon and temperature 
dependence of solution denslty Is represented by a single 
equation valid in the range 0-100 O C  and up to saturatlon 
concentration. 

Also reliable data covering the whole interval of concentra- 
tions and temperatures should be available In sufficient supply. 
Since for many inorganic systems data reported in the Werature 
are restricted to a rather narrow temperature and concentration 
range, we have measured missing densities for 18 systems. 

Theoretical Section 

defined as ( 7 )  
The apparent molar volume of solute in a binary solution is 

1 [ n l M 1  ; n*M2 - ""1 
4 v  = ( V -  n1~, ,1) /n2 = - 

n2 P1 

(1) 

for constant temperature and pressure. I f  the solution corn- 
padtion is expressed by the number of mdes of solute In 1 m3 
of sdutkn, la., n2 = c ,  n,  = (p - cM2)/M1, then eq 1 acqukes 
the form 

(2) 4 v  = ( P 1  - P ) / C P l  + MdP1 

Combination of eq 2 with the relation after Masson (2) 

(3) 112 4~ = 4"' + sexptlc 

p = p1 + ac - pc312 

a = M2 - P 1 4 v 0  

gives 

(4) 

where 

(5) 

P = S e d 1  (6) 

Relation 4 describes the dependence of solution density on 
concentration at constant temperature. Introducing the tem- 
perature dependence of a and p in the form 

(7) 

(8 )  

a ( t )  = A + Bt + Ct2 

P( t )  = -(D + Et + Ft2) 

into eq 4 and rearranging gives 

P(t) = 
pl( t )  + Ac + Bct + Cct2 + Dc312 + €c312t + Fc3I2t2 (9 )  

Relation 9 describing the concentration-temperature depen- 
dence of densities of binary aqueous solutions can thus be 
regarded as theoretically justified. Its application to aqueous 
binary solutions has been tested for over 300 systems and 
found very satisfactory (3). Moreover, the physical parameter 
of solute, & O ,  calculated from constants of eq 9, is rather 
close to the theoretitxi values (4). Equation 9 can also be used 
for the estimation of the ternary system densities on the basis 
of data for binary systems (5). 

Relations proposed in the literature for the description of the 
concentration and temperature dependences of densities of 
aqueous solutions are mostly of an empirical nature, e.g., ref 
6- 70. Such equations have, however, several disadvantages 
compared with eq 9, mainly (i) narrower field of application due 
to their validity for either concentration or temperature depen- 
dence, (il) less satisfactory description of the density depen- 
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