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The transplratlon technlque for measuring very low vapor 
pressures has been Improved by the use of better 
catalysts and a longer path length I R  cell. Accurate data 
may now be obtained to pressures as low as 3 mPa much 
more rapldly than by the classical effuslon technlques. 
Results are reported for anthracene (313-363 K), 
triphenylmethane (303-358 K), dlbenzofuran (303-343 K), 
9-fluorenone (298-343 K), and dlbenzothlophene 
(303-348 K). 

Introduction 

Relatively little characterization has been done traditionally 
on nonvolatile, heavy-end components. However, many such 
materials are becoming increasingly important from both an 
economic and environmental viewpoint, and separation pro- 
cesses will have to be developed for such chemicals. Thus it 
is becoming increasingly important to have a rapid and rea- 
sonably accurate method to measure the vapor pressure of 
materials of very low volatility. Our immediate Interest in such 
measurements is to use these data to evaluate enhancement 
factors for supercritical extraction processes ( 7 ) ,  but they also 
will be useful in the development of predictive methods. 

In the pressure range below I Pa, a number of variations on 
the effusion technique have been used. The modified Knudsen 
cell used by Murray et ai. (3) requires a highly sensitive mi- 
crobalance, a precise effusion hole, and high vacuum. Torsion 
effusion is based on suspending an effusion cell from a long thin 
wire and uses the direct proportionality of the vapor pressure 
on the torque exerted on the wire by the effusing molecules. 
DeKruif and Van Glnkel(4) report a detailed and complicated 
apparatus for such measurements. The inclined piston effusion 
method balances the weight of a free piston agalnst the exerted 
pressure of the sample vapor (5). As with the other methods 
a high vacuum is required. The gas saturation method has 
received attention recently (6-8)  and is challenging the more 
common effusion methods In the measurement of accurate 
vapor pressure data in the mlllipascal range. 

Because of the difficulties of such methods, good data have 
been sparse, and some investigators have developed estimation 
techniques. The AMP equation (9) uses a group contribution 
method to predict pure component vapor pressures within a 
factor of 2. Another method, the SWAP technique (70), uses 
a single datum and principles similar to the AMP method to 
predict a vapor pressure curve. Data so obtained are claimed 
to be valid to 20% at the boiling point. 

In  this paper we present a rapid (a datum In a few hours, 
compared to days for effusion methods) and accurate im- 
provement of the gas saturation or transpiration method, ca- 
pable of measwing vapor pressures to much lower levels. Here 
we go down to 3 mPa, but the apparatus as presented is ap- 
plicable to 100 pPa. The experimental method Involves con- 
verting an equilibrium concentration of an organic sample, 
saturated in a gas stream, to carbon dioxide and other gases. 
Carbon dioxide in the effluent is analyzed and the sample vapor 
pressure, Pa, is found by 

Pa = [CO,]P/n (1) 
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where P is pressure in the apparatus (near atmospheric) and 
n is the number of carbon atoms in a molecule of the sample. 
The major improvement made over current methods is the use 
of a 20-m path length infrared spectrophotometer to measure 
carbon dioxide concentrations as low as 50 ppb. 

We have used this improved gas saturation method to mea- 
sure vapor pressure data for anthracene, triphenylmethane, 
dibenzofuran, 9-fluorenone, and dibenzothiophene. As a group, 
oxygen-containing compounds have not been treated as com- 
pletely by existing group contribution methods as other sub- 
stituted organics. The addiiion of a carbonyl and a ketone type 
compound to the data will undoubtedly aid in incorporating 
various oxygen-contalning organics into group contribution 
methods that provide useful vapor pressures with a minimum 
of effort. 

Experimental Sectlon 

Apparatus. The gas saturation apparatus is shown sche- 
matically in Figure 1. The apparatus Is constructed of stainless 
steel and glass; plastics, Teflon, and other materials used to 
seal connections have vapor pressures in the measurement 
range and are not used upstream of the catalytic convertor. An 
open end manometer measures the saturator outlet pressure. 
Column heights are measured to f0.025 mm with a Gaertner 
cathetometer tube. Pressure is also measured at the saturator 
inlet to monitor operating conditions. 

The purifier removes carbon dioxide from supply oxygen. 
Trace hydrocarbons are converted to carbon dioxide and water 
vapor in a catalytic (Pd coated on Al,03) fumace at 770 K. The 
oxygen is then cleaned with Drierite and Ascarite. This puri- 
fication step removes 0.43 ppm carbon dioxide from the supply 
oxygen. 

A Haiikainen controller thermostats the temperature bath fluid 
within fO.O1 K. Temperature is measured with mercury-filled 
total immersion glass thermometers, calibrated with a platinum 
resistance thermometer traceable to N.B.S. Temperature is 
recorded to 0.01 f 0.005 K. 

The saturator is composed of four 9.5 mm X 230 mm 
stainless steel tubes. The demister is a 9.5 mm X 150 mm 
stainless steel tube packed with glass wool to remove entrained 
solids. The tubing connecting the temperature bath to the 
catalytic converter is always kept at temperatures above the 
bath temperature. 

The catalytic convertor is a 25-cm schedule 40 stainless 
steel pipe machined to accept four thermocouple fittings. 
Aiumel-chrome1 thermocouples monitor the convertor tem- 
perature. The convertor is packed with alumina peltets. A 
more detailed discussion of different catalysts is given else- 
where ( 1  7). Heat is supplied with a muffle furnace capable of 
temperatures in excess of 1250 K. 

The infrared analyzer is a MIRAN-1A of Foxboro Analytical. 
A single beam instrument, it is fiied with a gas cell variable in 
path length from 0.75 to 20.25 m in 1.5-m increments. When 
the longest path length is used, carbon dioxide can be mea- 
sured to 50 ppb. Calibration of the infrared spectrophotometer 
is accomplished by using Air Products primary standards. 
These carbon dioxide in nitrogen mixtures are certified to fl % 
in carbon dioxide concentration. 
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Table I. Summary of Experimental Vapor Pressure Data 
P, mPa 

anthracene trbhenvlmethane dibenzofuran 9-fluorenone dibenzothioDhene 

T,  K 
298.15 
303.15 
308.15 
313.15 
318.15 
323.15 
328.15 
333.15 
338.15 
343.15 
348.15 
353.15 
358.15 
363.15 

5.80 
10.5 
19.3 
39.0 
67.5 
98.7 

168.8 
305.6 
525.2 
914.7 

1224 
mean dev from eq 2 5.7% 
A 5359 
B, K-' 17.88 
Ahnub, kJ mol-' 102.6 

OXYGEN PURIFIER 

CONSTANT 
TEMPERATURE BATH 

SATURATER 

H;TiFG4 ,"TT 
CATALYTIC 
CONVERTER 

METER 
INFRARED 

CALIBRATION GAS MIXTURES 

Flgure 1. Schematic of experimental apparatus. 

3.13 
3.52 
7.38 

16.3 
34.3 
53.4 
97.8 

179.3 
342.3 
580.8 
857.9 

1527 

9.9% 
5578 
18.75 
106.8 

487.4 
781.8 

1280 
2128 
3200 
4679 
7246 

12780 
19710 

4.6% 
4132 
16.30 
79.1 

16.5 
30.8 
55.7 
91.7 

149.7 
269.7 
455.7 
812.6 

1256 
2394 

5.5% 
4818 
17.36 
92.2 

36.3 
64.7 

112.2 
192.0 
361.7 
636.1 

1044 
1770 
2338 
3433 

7.0% 
4762 
17.27 
91.2 

Msterlelo. The oxygen carrier gas is Air Products rated at 
99.994% pure. The purification section removes 0.43 ppm 
carbon dioxide improving the carrier gas purity to five nines. 

Anthracene and dibenzofuran are AMrich "Gold Label" quality 
pure to 99.9%. These compounds were used as received. 

Vacuum sublimation was used to purify triphenylmethane, 
9-fluorenone, and dibenrothiophene (Aldrich, 97 % pure as re- 
ceived). Purity of 99.5+ % for triphenylmethane and dlbenro- 
thiophene was verified by elemental analysis and melting point 
range. 9-Fluorenone was purified to 99+% verified by the 
same methods. 

All compounds used as sample solids are further purified in 
the experimental pretreatment procedure, as discussed In the 
next section. 

PIoCedure. The saturator is cleaned with distilled ethanol 
and baked at 550 K for 12-24 h. About 40 g of the solkl to 
be studied is packed into the saturator, which is then flushed 
at a low flow (1 cm3/s) at a temperature above the highest 
experimental temperature for 3 days to strip off any residual 
volatile impurities. Very heavy impurities, if present, do not 
interfere in the experiment. For the run the purification con- 
vertor is set to 770 K and the main catalytic convertor to 1250 
K, and the flow rate increased 10-20 cm3/s for 60-90 min. 
Then the gas mixture is directed to the infrared gas cell, which 
has a volume of 5.6 L; to ensure complete exchange, 30 L are 
passed through the cell. The absorbance of the mixture is 

i' 10' (K') 

Figure 2. Comparison of the experlmentai data from different inves- 
tigators (by different methods, given in parentheses) for the vapor 
pressure of anthracene. 

recorded and compared with that for pure oxygen. This dif- 
ference gives the carbon dioxide concentration relative to the 
calibration gas. 

Results and Discussion 

In  order to test the apparatus, measurements were made 
for the vapor pressure of anthracene in the temperature range 
313-363 K (1 mPa-2 Pa). Some values are averages of 2-5 
data at a single temperature. Many previous studies on an- 
thracene have been reported ( 72- 79), and the results of this 
work are compared with these in Figure 2 over the range 
313-363 K. Note that all other data reported in this tempera- 
ture range were made by some variation of an effusion 
method-a more involved and tedious process than transpira- 
tion. Wlth the exception of some older data that scatter 
somewhat, the results presented here are in very good aqee- 
ment with those of other investigators. Our data have been fi i  
by a nonweighted least-squares method to the Clausius-Cla- 
peyron equation. 

(2 )  log P' (mPa) = B - A / T  (K) 
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lower, an improved method has been developed to replace 
Knudsen or torsion effusion. 

We have presented vapor pressure data for anthracene, 
triphenylmethane, dibenzofuran, 9-fluorenone, and dibenzo- 
thiophene. The mean deviation of these data is within the 
experimental uncertainty. Enthalpy of sublimation data have 
been obtained and agree well with limited literature values. The 
gas saturation method provides a rapid means of obtaining good 
data, and virtually eliminates interfering impurities. Experimental 
Uncertainties are largest at the lowest pressures, where con- 
centrations and absorbance readings are least accurate. 

The oxygen-containing compounds (dibenzofuran and 9- 
fluorenone) data presented here will be helpful in extending 
present group conribution and other predictive methods. Oxy- 
gen is a substituent for which few model compounds have been 
studied. 

The coefficients found are reported in Table I, and the average 
deviation of the data from the straight line is less than 6 % . 
Possibly a better fit could be obtained from a higher order 
equation, but the data probably do not justify more than two 
adjustable parameters. 

From the A parameter, we evaluate the enthalpy of subli- 
mation of anthracene as 102.6 f 1.3 kJ mol-’. Kudchadker 
et al. (20) have revlewed 13 such measurements ranging from 
84 to 105 kJ mol-’ and selected a most probable value of 100.9 
kJ mol-’. DeKruif (73) compared several data sets graphically 
and reports that the vast majority of the data from 300 to 400 
K yield values in the range 97-105 kJ mol-’. 

The greatest uncertainties in the measurement are probably 
due to oxidation and to the IR analysis. Temperature control 
is far too good to contribute uncertainty, and the sample 
preparation, with the extensive purging of volatiles, also con- 
tributes negligibly. Pressure measurements may have slight 
effects, but substantially less than 1 % . We found that great 
care had to be taken in the catalyst bed to ensure complete 
combustion-including temperature homogeneity and precau- 
tions to minimize flow channelling. I t  is extremely difficult to 
oxidize a trace organic completely. With our efforts we believe 
we did achieve 99+ % combustion. In  the IR measurement 
the calibration was good to only f 1 % at best, and at low 
absorbances (lowest pressures) the reading uncertainty was as 
much as f5 % . Presumably greater accuracy at lower pres- 
sures could be achieved by using a longer path length cell, but 
this would also require the availability of very accurate cali- 
bration mixtures in the ppb range. 

Table I also presents similar results for triphenylmethane, 
dlbenzofuran, 9-fluorenone, and dibenzothiophene. Again In a 
few cases multiple runs at the same temperature have been 
averaged. 

The mean absolute percent deviations for all the data sets 
of this work ranged from 4.6% to 9.9%. The triphenylmethane 
data show the greatest deviation at the three lowest tempera- 
tures. Omitting these values reduces the standard deviation for 
the set to 5.1%, with hsub still 107 kJ mol-‘. The mean ab- 
solute percent deviations are then within the stated Uncertainty 
of 6% for the experimental measurements. 

Literature vapor pressure data for comparison for dibenzo- 
furan, triphenylmethane, 9-fluorenone, and dlbenzothiiphene as 
solids are scarce at best. Culbertson and Bent (27) and Aihara 
(22) report data for triphenylmethane at 300-364 K and 
325-349 K, respectively. Their values for hsub are 100.8 and 
100.1 kJ mol-’, respectively. Differences are 5.6% and 6.3% 
from our value of 106.8 kJ mol-’. 

Dibenzofuran and 9-fluorenone have previously been mea- 
sured as liquids only. Edwards and Prausnitz (23) measured 
vapor pressures of dibenzothiophene from 336 to 366 K, and 
report hsub as 90.7 kJ mol-’. Our hsub value of 91.2 kJ mol-’ 
is in good agreement, but the absolute values of P’ are about 
10% lower. 

Conclusions 

Low vapor pressure data for nonvolatile compounds seldom 
exist and the reported values disagree greatly depending on the 
method used. For very low vapor pressures, 1 Pa-1 mPa and 
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