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EXECUTIVE SUMMARY

This research is concerned with the fundamental physical

chemistry and thermodynamics of condensation of tars (dew points)
from the vapor phase at advanced temperatures and pressures.
Fundamental quantitative understanding of dew points is impor-
tant for rational design of heat exchangers to recover sensible
heat from hot, tar-containing gases that are produced in coal
gasification.

This report includes essentially six contributions toward

establishing the desired understanding.

1.

Characterization of Coal Tars for Dew-Point Calculations.

Effluent gases from coal-gasification processes often
contain high-molecular-weight hydrocarbons (tars) which,
upon condensation, may foul heat exchangers needed to
recover sensible heat. A method is given for the charac-
terization of these tars to facilitate dew-point calcula-
tions. Small gquantities of tar samples are fractionated
in a spinning-band column; each fraction is then chemically
classified with elemental analysis and proton NMR. Based
on approximate chemical classification, methods are given
for the estimation of vapor pressures and molecular
weights, required for predicting tar-condensation conditions.
For illustration, results are given for two tars; one is
from a Wyoming subbituminous coal and the other from an
Illinois No. 6 coal.

Details are in Appendix I.

Fugacity Coefficients for Dew-Point Calculations in
Coal-Gasification Process Design.

Hot gases from coal gasification processes often
contain tars and water which may condense upon cooling in
heat exchangers. To calculate dew-point conditions at
advanced pressures, vapor-phase fugacity coefficients must
be known. Toward that end, this work presents an estima-
tion procedure; it is based on the virial equation of state
and the squarewell potential for calculating second virial
coefficients. "Techniques are given for estimating required
potential parameters for identifiable components and for
tar cuts obtained from tar fractionation. At pressures
above 10 bars, where fugacity coefficients may be well
removed from unity, gas-phase nonideality may have an
appreciable influence on dew-point calculations.

Details are in Appendix II.



Vapor Pressures of High-Molecular-Weight Hydrocarbons,

A gas-saturation apparatus is used to obtain
experimental data at near-ambient temperature; vapor

pressures in the range 10—l to 10'-3 Torr are presented

for liquids n-octadecane, n-eicosane, l-methyl-naphthalene,
2-ethylnaphthalene, and solids naphthalene, anthracene,

and phenanthrene. Methods are recommended for extrapolat-
ing the data to higher temperature. These vapor-pressure
data are useful for dew-point calculations in processing
of gases containing heavy hydrocarbons such as those

found in coal tars.

Details are in Appendix TIII.

Estimation of Vapor Pressures of High-Boiling Fractions
in Liquefied Fossil Fuels Containing Heteroatoms Nitrogen
or Sulfur.

~ The SWAP correlation is extended to include the
effect of bound nitrogen and sulfur. Also, evidence is
presented showing that the correlation is applicable to
narrow-boiling petroleum fractions, heavy coal-derived
liquids and tars. The extended correlation is for the
region 10-2,000 torr. Using a minimum of experimental
information including approximate characterization and
one vapor-pressure datum, vapor pressures can be
calculated within T 10s,

Dctails arc in Appendix IV,

Vapor Pressures of Heavy Liquid Hydrocarbons by a
Group-Loéntribution Méthod.

The group-contribution method gives parameters for
a vapor-pressure equation based on a kinetic theory of
fluids. All parameters are obtained from molecular
structure only. Good representation is obtained for
vapor-pressure data for 67 hydrocarbon liquids in the
region 10-1500 mm Hg. This group-contribution method
is useful for estimation of vapor pressures and enthalpies
of vaporization for those heavy hydrocarbons where no
experimental data are available.

Details are in Appendix V.



Vapor Pressures of Some Nitrogen-Containing,
Coal-Derived Liquids '

Vapor-pressure data were obtained for four hetero-
cyclic, nitrogen-containing compounds. A gas-saturation
apparatus was used to measure the vapor pressures of
quinaldine, quinoline, 5-ethyl-2-methyl pyridine, and
N-ethyl carbazol.

3

The range of pressures measured was 10"~ to 10_1 mm Hg.

Details are in Appendix VI.
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Introduction

7

The long-range goal of this research is to obtain fundamental
physico-chemical data which, when coupled with theoretical results
from molecular thermodynamics, will enable engineering calculations
of dew points in tar-containing gas mixtures. at advanced tempera-

tures and pressures,

This research, initiated a few years ago, is continuing
with DOE support under a new contract number,

The following have been achieved:

1- A thermodynamic analysis has been made of the dew-point
phenomenon at high pressures, To calculate dew points under
equilibrium conditions, we require

A-

2- To
actual

Characterization of the tar by considering it to be
a mixture of pseudo-components called tar fractions.

Characterization of each tar fraction to estimate its
vapor pressure as a function of temperature.

Estimates of fugacity coefficients to calculate the
effect of vapor-phase nonideality.

Construction of a computer program to solve the non-
linear equations of equilibrium applied to a flow

system such as may be encountered in industrial

practice, e.g. a constant-pressure heat exchanger i
where the temperature of the coal-derived, tar-containing
gas falls as the gas proceeds through the exchanger. .

achieve 1A, we have successfully fractionated several
tars, including one from Research Triangle Institute

and one from the Synthane process. Fractionation is achieved
with a Perkin-Elmer spinning-band apparatus operating at low
pressure and high reflux. Details are given in Appendix I.

3- To

achieve 1B, we have established that the following

serve adequately to characterize tar fractions for our purposcs?

A-

B-

One vapor-pressure datum for each fréction is found
from the spinning-band distillation procedure.

The aromaticity of each fraction is determined from
NMR spectra. ' ' ’ ‘

The hetero-atomicity of each fraction (presence of .



sulfur, nitrogen or oxygen atoms) is determined by
elemental analysix.

D- The molecular weight of each fraction is determined
by vapor-pressure osmometry or by freezing-point
depression in benzene, A

Details are given in Appeﬁdix I.

4- We want to use tar-fraction-characterization data to
calculate the vapor pressure of each fraction as a function

of temperature. To do so, wé require a vapor-pressure
correlation based on experimental data for model compounds,
i.e. compounds typically found in tars. We have .established
such a correlation, called SWAP (1,2) and we have extended

it so that, in addition to paraffinic and strongly aromatic
hydrocarbons, it may also be applied to hydrocarbon deriva-
tives containing nitrogen or sulfur (3). Details are in Appendix IV.

5- Good vapor-pressure data are scarce for high-boiling
fluids such as those found in tars. We have therefore con-
structed a vapor-pressure apparatus for measuring vapor
pressures of selected model compounds. Since these compounds
tend to decompose at higher temperatures, equilibrium
measurements are best made at modest temperatures where the
vapor pressures may be extremelv low. Therefore. a standard
experimental method is not suitable, Our apparatus, ap-
plicable to pressures in the ranges 10 “-10° torr is similar
to that of Sinke (4). We have measured vapor pressures of

a number of model compounds as reported in two publications
(5,6). This work has also led to a group=-cuntribution
method for estimating vapor pressures from molecular struc-
ture only (7). Details are in Appendices III, V and VI.

6- To achieve 1C, we use an equation of state for gas mix-
tures at advanced pressures. The necessary coefficients are
determined by a molecular-thermodynamic method. (8) Special
attention is given to coefficients describing gas-phase inter-
actions when the hot gas centains watef as well as condensible
hydrocarbons and hydrocarbon derivatives.

7- To achieve 1D, we have developed a preliminary version of
a computer program, suitable for engineering design, for an
isobaric heat exchanger which recovers the sensible heat from
a hot, tar-~containing, coal-derived gas. -To design such an
exchanger, one must know the dew-point characteristics of the
gas. These, coupled with heat and material balances, give

the heat exchanger profile: percent condensed as a function of



temperature or, alternatively, distance in the exchanger.
Some details are given in Appendix II.

8- To test the;dew-point calculations, we have built an

equilibrium apparatus for measuring the solubilities of -
..selected tar fractions in compressed gas (typically, methane)

...at high temperatures and pressures. We lost much time with

. .an apparatus which did not give reproducible results.

Theréfore, we have entirely rebuilt-the apparatus in such’

a way that we eliminate the need for bothersome chemical- -

analysis measurements which, we are guite sure, caused our.

major difficulties with the earlier apparatus. The new.

-apparatus is now. operating .and we expect meaningful data:.-..

to emerge soon.

.....

. The achievements. listed above serve as a sufficient founda-=
tlon to suggest that -the goals of this research project can be.
attained in .the exten51on of thls contract which started October

1, 1979.
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APPENDIX I

CHARACTERIZATION OF COAL TARS

FOR DEW-POINT CALCULATIONS
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Introduction

Coal gasification often produces by-product tar which
can constitute as much as 5 weight percent of the coal feced
(Institute of Gas Technology, 1%75). While the nature of the
‘tar varies from one gasification process to another, typical
tars contain mostly hydrocarbons in the normal-boiling-point
range 100-700 C.

Hot effluent gases from coal gasifiers provide a
significaﬁt source of sensible heat whose recovery is achieved
by cooling in a heat exchanger with possible subsequent con-
densation of hcavy components. Design of coal gasifiers,
therefore, requires calculation of dew points of gas streams
containing high-molecular-weight hydrocarbons. This work dis-
cusscs a technique for characterizing tars to facilitate such

calculations.

Thermodynamic Analysis
A heavy component (i) remains in the gas phase as long
as its fugacity [ obeys the relation

(1)

¢

where superscript v stands for vapor and superscript ¢ stands
for condensed phase. These fugacities are related .to composi-

tion by

f. = yi(piP : (2)



= . 0
£7 0= xv58 (3)

whaere y and x are the mole fractions in the vapor and con-
densed phases, respectively; ¢ is the vapor-phase fugacity
cocfficient; y is the condenscd-phase activity coefficient,
and P is the total pressure. Reference fugacity fg is deter-
mined primarily by the vapor pressure of pure, condensed (i)
at system tcmpefaturef

The dew-point condition for component (i) occurs when
the inequality in EQuation (1) is replaced by an equality.

In a typical application, the tbtal pressure is known.
Fugacity cocfficicnts can be estimated using a suitable equa-
tion of state (Kaul and Prausnitz, 1978; Plbcker et al., 1978;
El-Twaty, 1979) and actiVity coefficients can be assumed to
cgual unity as a good first approximation. However, refer-
ence fugacity (vaper-pressure data) and mole fractions must
also be availéble for each component.

Coal tars are complex mixtures of many compohents; it
is not cconomically feasible to establish the exact composi-
tion of the mixture or to déterminc the vaéor pressure of cach
comvonent as a funclion of temperature. The work presented
here provides a classification of heavy hydrocarbon mixtures
such that doew-point properties can be estiméted with minimum
experimental effort.

The tar is fractionated into narroy-bniling-point

cuts, and cach cut is analyzed for approximate chemical

TAat low total pressure, fg is usually set equal to the vapor

pressurce of purce, condensed (i); at clevated pressures, the
Poynting correction must be added ([Prausnitz, 1969].
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structure. "The cuts arce assumed to be pseudo-pure components
which constitute the tar mixture.

Using cxperimental data from fractionation and from
chcmical analysis, the SWAP method (Smith ét al., 1976) is
tisad to determine the vapor-pressure-versus-temperature rela-
tion for each cut. The SWAP method is useful because it re-
quires minimal experimental information and because it is
reliable for hydrocarbons containing large molecules from the
mcltiné point to 1500 mm Hlg.. |

Molecular weights, needed to calculate x and y, are
determined from a correlation based on predicted normal

boiling point and approximate chemical structure,

Tar Fractionation

licavy hydrocarbons may undergo chemical reactions at
room temperature (i.e., polymerization). To provent molecular re-
arrangercnts, tar samples were analyzed within a few days of
their manufacture. Also, samples were kept in a dark, oxygen-
free atmosphere and under refrigeration (5 C) whenever pos-
sible.

Two tar mixtures were analyzed: one was produced at
Rescarch Triangle Institute (RTI) in their bench-scale gasifi-
cation unit (Mixon, 1978) and the sccond was produced by the
SYNTHANE demonstration unit of thé Pittsburgh Energy Technology
center (Institute of Gas Technology, 1975; Gasior, 1978).

Both “"us-received” tar samples contained the total

14



condansate from avparticular run. Therefore, these samples
contained significant quéntities of water. Since the purposc
here is to analyze the heavy hydrocarbon portion of the con-
densate, the light components, including water, were dis-
tilled off prior to tar analysis.

Distillation.and fractionation were achieved in a,
Perkin-Elmer adiabatic, spinning-band still (Model 251). In-
stcad of trays or packing, this type of distillation column
uscs a helical band rotating at a high RPM. The rotating
band gives high efficiencies, low pressure drops, and low
li¢quid holdup while allowing operation at High temperature'
and high vacuum. To avoid thermal cracking, vacuum distilla-
tion is usced to kcep‘pot temperatures low.

Approximately 100 gm of "as-received"” tar were used.
The still was run with a monel band at 1800 RPM, a reflux
ratio of 20:1, and a liquid holdup in the column of about
0.5 ml. Under these conditions, there exist about 50 theore-
tical plates in the column.

Temperature in the still pot and reflux head were mon-
itored with thermocouples calibrated to #0.1 C. Vaéuum opera-
tion from 1 atm to 0.1 nm Hg was maintained with a Perkin-
Elmar vacuum regulator (Model 086-0241). Vacuum operation
from 0.1 to 0.01 mm Hg was achieved manually with a vacuum
pump and blced valve. Above 0.1 mm Hg, vacuum could be
regyulated to 312%; below 0.1 mm Hg, control was :10%. For

pressure mcasurcments, a manomcter and cathetometer were used
15



above 1 mm lig and a McCloud gdugc.bc]ow 1 mm Hy. * Since frac-
tionation cuts have boiling-point ranges of approximately 25
C, .small errors in measurement of temperature or pressure are
not significant for our purposes.

"As-rccecived" tar samples wefe charged to the still
pot. Initial overhead distillate, taken off at atmospheric
pressure and reflux-head temperatures of 25-105 C, contained
all light-cnmponcnts and water. The remaining tar in the pot
(25-75 gm) was then fractionated into pseudo-pure-component -
cuts.

Scveral experimental criteria were used to establish
divisions between fractions. Since narrow-boiling-point cuts
are desired, the boiling-point range for a cut wa$ kept at 25
C or less. When distilling, it was often possible to iden-
tify obviéus break points between cuts by observing a sharp
decrease in the boilup rate and a sharp increase in the pot
temperature.  For example, several grams of material were
taken off at a boilup rate of 20 drops/minute with an almost
constant pot temperaturce, After 45 minutes, the beilup rate
dropped to 5 drops/minutc and thc pot temperature started to
increasc at a rate of 2 C/minute. This behavior indicated
that significantly heavier materijal started to come up the
column and that the material being taken off at the reflux
head was alwmost fully removed from the pot.

Sometinmes it was also possible to make divisions be-

tween cuts by observing physical changes in the overhead

16



distillate. variations in color or viscosity were sometimes
usad to decide where cuts should be made. 1In general, the
division between cuts was not a difficult decision, and the
total number of cuts was determined by what appeared to be
the obvious breaking points between fractions. Not including
light fractions, the RTI tar was divided into 8 cuts and the
SYNTHANE tar into 12 cuts, At room temperatﬁre, the physi-
cal nature of the tar cuté varied from colorless, light oils
to black, solid waxes.

The final cut was residual material in the still éot
which would not boil at 350 C and 0.05 mm Hg. The residual
tar was treated as the heaviest pseudo-pure component, with
a boiling point determined by the conditions where it was no.
longer possible to obtain boilup. Upon cooling to room tem-
perature, this residual tar was a brittle, glossy-bléck sub-
stance, similar in appecarance to coal., Since the initial
samples contained total condensate, the residual tar con-
tainod particulate matter or inorganic fly-ash produced dur-

ing gasification,.

Chemical Characterization

T'o calculate the vapor-pressure curve of each pseudo-
pure component, the SWAP method requires one temperature/ -
pressurce datum and approximate chcmical'structu;e; (The
SWAP method is only applicable to liquid hydrocarbons; in the

tar fractionation described above,. each cut was distilled as
17



a liguid.) The one temperature/pressure datum is obtained
from the overhead distillation conditibns.

The chemical structure information required is the
distribution of carbon atoms by chemical type: aliphatic or
aromatic. In this work, no distinction is made among aliphatic
carbons; all aliphatics, including naphthenes, aré treated
alike. Macknick et al. (1978) showed that vapor pressures
calculatéd with SWAP are only a weak function of molecular
structure. Therefore, classification of carbon atoms as
either aromatic or aliphatic is adequate for gooé vapor-
pressure estimation tor tar cuts.

“I'o calculate FA' the fraction of carbon atoms which
arc aromatic, we use a relation proposed by Brown and Ladner

(1960):

| t
F, = [(C/H) = -=rme—1]/(C/H) | (4)
AN (H/(.)ali

wvhere, for the particular cut, a is the ratio of aliphatic
hydrogen atoms to total hydrbgen atoms and (C/H) is the atomic
carbon-to-hydrogen ratio. For large molecules, (H/C)ali (the
hvdrogen-to-carbon ratio for aliphatic‘structuresi is 2.0.
Retcofsky et al. (1977) showed that Eguation (4) is
reliable for a wide variety of complex mixtures, including
cual extracts, coal-tar pitches, and coal-carbonization pro-

ducts. The ratio (C/H) is obtained by standard chemical

anown and Ladner (1960) use the notation H*l. in-
stecad of «. . 18 ali



analynis (Weissberger, 1954), and « 15 obtained from proton
magnetic resonance (lu NMR) " (Dyer, 1965); Rctcofsky comparcd
carbon aromaticities calculated from Equation (4) to deter- .

lJC nuclear magnetic spectra and

minations by proton-coupled
showed that agreement is excellent for coal-derived products.

In this work, carbqn, hydrogen and nitrogen content
were determined for each tar fraction using a Perkin-Elmer
240 C/H/N analyzer.  Sulfur content was determined by the com-
bustion method of Sundberg et al. (1946), converting sulfur
dioxide from éombustibn to sulfur trioxide in a peroxide
solution. Sulfur trioxide was then precipitated with barium
ion for gravimetric determination of sulfur, Oxygen content
was calculated by difference.

The ratio a was deétermincd by lH NMR using a Varian
T-60 spectrometer operating at 60 MHz. Experimental studies
were performed at room temperature by d;ssolv;ng 0.2 gm of
sample Sn ] ml of pyridinq—ds {99 atem % decuterium). Tetra-
methyl siloxane (TMS) was used as an internal stnadard to set
zcero-chemical shift. Down-field shifts: from TMS of 0-250 Hz
were attributed to aliphatic hydrogen; down-field shifts of
300-500 lz wore assumed to be aromatic hydrogen. Since the
sanples weré distillation products, there was no spectral
intevfoerence from water or particulates. (It was not possi-
ﬁlo to dissolve residual tar from the still pot in carbon
tetvachloride, dcuturochlordform, or dcuterated pyridine for

lu NMR studies; for these cuts, chemical structure is

19



10.

cstimated from clemental analysis alone.) Fiqgure 1 shows
ropresentative ln NMR spectrum fcr a tar fraction.

Table 1 gives the atomic (C/H) ratio and a along
with aromaticities calculated by Egquation (4). All fractions
contained approximately the same quantities of nitrogen,
sulfur, and oxygen: 0.5, 0.5, and 2.5 atom per cent, respec-
tively. -"Since oxygen content was calculated by difference,
small mass losses during analysis and the presence of trace
elements .may cause. oxygen values to be erroneously high. 1In
general, the tar fractions were over 95 atom per cent hydro-

carbon. -

Vapcr-Pressure Calculation

Using the‘single temperature/pressure datum from
distillation and the structural inforration from elemental
and NMR analysis, the SWAP method (Smith et al., 1976) was
used to calculate the vapor-pressure curves for the pseudo-
pure components.
| For vapor pressures below (about) 1500 mm Hg, the SWAP
function rclates Qapor pressure Pi (mm Hg) to temperature T

(K).

S N |
Ln 5} = A + BUTJ + C(ﬁr) (5)

Characteristic molecular parameters T; and P; are, respective-
ly, in kelvins and in mm Hg. Parameter P{ is calculated from

simple functions given by Smith et al. (1976) and Macknick et.
20



11l.

at. (1978); it is a function of approximate chemical structurce
and one boiling—goiﬁt datum. In this work, we characteriie
chemical structure by F, (carbon aromaticity as determined by
the Brown-ladner method) and for the boiling-point datum we
or

choose T or T, (the temperature where the vapor

0.01 T760
pressure is 10_2, 10, or 760 mm Hg, respectively). For a
particular cut, the choice is that which is closest to the
distillation temperature at which the cut was obtained. For
cxampic, if a cut was distilled at 5 mm Hg, Tlo is used to.
calculate P;.

Like P!, coefficients A, B, and C are calculated from
simple functions given by Smith et al. (1976) psing Fa and
TO.Ol or Tlo or T760’ Once“P;, A, B, and C are known,

guation (5) along with TO.Ol or Tlo or T760 are used to

<alculate 1.
i
Final values of all parameters in Equation (5) are
obtained by an iterative procedure.

For & particular cut, temperatures T T and

0.01' “10°'
Ty 0 @re not known, but thcy can casily be qalculated since

the vapor-pressure-versus-temperature curve must pass through
the vapor-pressure point obtained during distillation.< For
vaMp}c, if a cut was distilled at T = 500 K and a pressurec of
5 mm Hyg, a trial-and-error calculation for T10 is required

which yiclds the correct distillation datum. Good initial

gucsses for T or T, or T can be obtained from the

0.01 10 760
distillation datdm by using the rough rule that the vapor
‘ 21 '



I2.

pressure doubles for each increcase of 25 K.

As an cxample, take a cut obtained at a reflux condi-
tion of T = 500 K and P? = 5 mm Hg. As determined from ex-
perimenLaI NMR and elemental analysis, Fp = 0.5. To fingd
since it is closest to distil-

10
lation conditions. For an initial value of T

P;, A, B, and C, we choose T
10’ W& assume
that the vapor pressure doubles for each increase ot 25 K.

Since P? = 5 mm Hg at T 500 K, T A~ 525 K.

10

Using Tyo = 525 K and F, = 0.5, we calculate P;, A,

B, and C. Once these are known, Equation (5), along with

Pi = 10 mm Hg at T = 525 K, are used to calculate T;.

Equation (5) is now checked at the distillation con-

I

ditions. That is, at 7T 500 K, does .Equation (S) predict

- the observed result, P:

5 mm Hg? If not, successive iter-
ations for be values are made until values for A, B, C,

P; and T; are obtained such that Equation (5) gives the
correct distillation datum,

Equation (5) is well-bchaved for rapid convergence;
there is only one reasonable TO.Ol or TIO or T7ﬁn which gives
the correct distillation datum. TFor the tars analyzed
heve, the iteration method to calculate SNAPApa:ametcrs was
carried out on a programmable desk-top calculator. Figures
2 and 3 give representative vapor-pressure curves calculated

with Equation (5). Table 2 gives SWAP parameters for two

cuts from cach tar.

22



13.

Molccular-Weight Estimation

Weight fractions are obtained from experimental
- .JAractionation. However, the thermodynamic relations, Eqgua~-.
- tions (2) and (3), require mole fractions. Therefore, es-~
“timates of molecular weights are required for cach cut. Ex-.
. perimental techniques (Weissberger, 1959) are available to
determine the molecular-weight distribution of the pseudo~
pure components, but- the large necessary experimental effort
is not justified for our purposes here.

Figure 4 shows the dependence of moleccular weight on .
structurc and normal boiling point T. The heavy lines in
‘Figure 4 represent extremes in aromaticity: normal paraffins
‘and fused-ring aromatics. Figure 4 was constructed by plotting

~-the molecular weight.as a function of normal boiling point for
normal paraffins Cg - C50 and for eromatics benzene, naph-
thalene, anthracene, and chrysene. At a given Tb' linear
--interpolation between these extremes using aromaticity,
"Fp las determined by Equation  (4)), gives good estimates of -
nolecular weight. For example, the molecular weight of
‘2,6-djmvthyl-nnthrnccno (PA = 14/1¢, Tb = 643 K) is 206;
using Figure 4, the estimated molecular weight is 207.

Since a tar fraction is a narrow-boiling-point cut,
lit.does not have a single molecular Qeight, but rather a
molecular-weight distribution. Figure 4 gives an average
molecular weight using FA, as determined from Equation- (4),.

23



14.

and T,,, as dectermined from Equation (5). Table 3 gives normal
boiling points cstimated from the SWAP method and molecular

weights calculated using Figure 4.

Conclusions

Upon cooling hot gases containing small amounts of
tars produced during coal gasificatibn, tar condensation can
cause severe pluggiﬁg and fouling problems. Therefore, the
design of coal-gasification plants rcquires a reliable method
to calculate the dew points of tar-containing gases.

Since tars are complex mixtures; it is not usually
feasible quantitatively to identify each component. The
method presented here supplies a simple technique for char-
acterizing tars throuéh fractionation into cuts or pseudo-
componeints; cach of these cuts is then subjectéd to approxi-
mate chemical analysis. The data obtained from fractionation
and approximate chemical analysis arc then used to estimate
the molccular wecight of each pscudo-component and its vapor
pressure as a function of temperature. These are required
for dew-point calculations. Since nitrogen, oxygen, ;nd sul-
fur content was less than 5 atom per cent, the tars were
clussified as hydrocarbon liquids. However, inclusion of
N, O, and S content in vapor-pressure and molecular-weight
estimation methods is likely to improve the reliability of
dow=-point ca]culations..

As indicated in this work, small quantities of tar

produced in bench-scale apparatus can be used to predict
24
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equilibrium condensation conditions. Dew-point calculations
assuming phase equilibrium predict the maximum condensation
of tar. 1In pr#ctice, condensation depends also on mass
transfer (i.e., kinetics of condensation and entrainment);
however, thermodynamic calculations, as sucgested here,
facilitate prediction of potential fouling problems in large-

scale installations. .
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Nomenclature

Coefficients in the SWAP vapor-pressure equa-
tion

Atomic carbon-to-hydrogen ratio
Fugacity, mm Hg

fraction of carbon atoms
per molecule which are aromatic

Atomic hydrogen-to-carbon ratio for aliphatic
structures

Total pressure, run Hg
Saturated vapor pressure, mm Hg

Characteristic molecular parameters in the

. SWAP vapor-pressure eguation; mm Hg and K

recpeoctively
Temperature, C
Temperature, K

Mole fractionc in the condensed and vaper
phases, reswectively

Fraction of hydrogen atoms per molecule which
are aliphatic

26



17.

b Vapor-phase fugacity cocfficicnt

Y Condensed~phase activity coefficient

Subscripts

0.01, 10, 760 At pressures of 0.01, 10, and 760 mm Hg,

respectively
Superscripts
c Condensed phase
o Standard state
v Vapor phase

Literature Cited

Brown, J. K., Ladner, W. R., Fuel, 39, 87 (1960).

Dyer,-J. R., “"Applications of Absorption Spectroscopy of
Organic Compounds," Prentice-Hall, Englewood Cliffs,
N. J., 1965.

Fl-Twaty, A., Ph.D. D;ssertatlon, Univ. of Calzf., Berkeley
(1979).

Institute of Gas Technology, "Clean Fuels from Coal, Sympo-
sium II Papers," J. VW. White, editor, Chicago, Ill.,
July 23=27, 1975.

Kaul, B. K., Prausnitz, J. M., A.I.Ch.E. J., 24, 223 (1978).

ttacknick, A. B., Winnick, J., Prausnitz, J. M., L.1.Ch.E.
J., 24, 731 (1978).

Mixon, F. O., "Pollutants from Synthetic Fuel Production,”
Annual Report, Research Triangle Institute, Research
Triangle Park, N. C., 1978.

ril8cler, U., Knapp, H., Prausnitz, J. M., Ind. Eng. Chem.,
Process Des. Dev., 17, 324 (1978) .

Prausnitz, J. M., “"Molecular Thermodynamics of Fluid-Phase

Equilibria," Prentice-Hall, Englewood Cliffs, N. J.,
p. 37, 1969.

27



18.

Retcofsky, il. L., Schweighardt, F. K., Hough, M., Anal. Chen.,
49, 585 (1977). '

Smith, G., Winnick, J., Abrams, D. S., Praushitz, J. M.,
Can. J. Chem. Eng., 54, 337 (1976).

Sundberg, 0. E., Royer, G. L., Ind. Eng. Chem., Anal. Ed.,
18, 719 (194¢). :

Weissberger, A., “"Technigue of Organic Chemistry, Micro and
Scmimicro Methods,” Vol. €, Intecrscience Publishers,
NCW YOIR, N. Yl' 1954- ‘ -

Weissberger, A., "Technique of Organic Chemistry, Physical

Methods of Organic Chemistry," Vol. 1, Interscience
Publishers, New York, N. Y., 1959.

28



19.

List of Figure Captions

Figure

Figure

Figure

Figure

1.

Representative 1H NMR Spectrum: Cut £6,
RTI Tar; a = 74/(135 + 74) = 0.35

Representative Vapor-Pressure Curves for
RTI Tar Fractions

Representative Vapor-Pressure Curves for
SYNTHANE Tar Fractions

Molecular Weight Estimation as a Function
of Normal Boiling Point and Approximate
Chemical Structure

29



20,

Table 1. TFractionation Conditions and Chemical Characteri-
zation for Tar Fractions

Distillation
Conditions Composition,

Cut t P Wecight F

Tar No. C mm Hg $ C/H a A
RTI 1 110 23 11.2 0.87 0.51 0.71
'2 140 24 15.7 0.92 0.56 0.70

3 93 0.19 11.9 1.07 0.42 0.80

4 122 0.20 12.3 1.17 0.38 0.84

5 147 0.20 11.6 1.17 0.38 0.84

6 152 0.02 4.6 1.19 0.35 0.85

7 170 0.04 6.7 1.20 0.38 0.84

Residual 330 0.03 26.0 1.48 -- 0.9
SYNTHANE 1 115 33 3.0 0.85 0.35 0.80
2 114 18 9.2 0.82 0.63 U.62

3 135 20 5.7 0.81 0.73 0.55

4 155 23 7.8 0.84 0.73 0.57

5 177 24 7.8 0.89 0.69 0.61

6 , 190 26 3.7 0.92 0.69 0.62

7 130 0.15 9.8 0.94 0.66 0.65

8 153 .0.12 8.8 0.96 0.70 0.64
9 179 0.13 11.1 0.94 0.70 0.63
10 209 0.20 5.4 1.00 0.74 b0.63
11 1220 0.30 4.2 1.02 0.71 0.63

Residual 340 0.50 23.5° 1.38 -~ 0.8
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‘'able 2. Representative SWAP parameters for tar fractions.

Cut P, g T
Tar No. mm Hg x10 A B C:
RTI 1 6.222 497.4 2.089 =6.272 -2.4066
7 6.340 635 1.608 -5.017 -5.342
SYNTHARE 1 '6.291 521.8 2.056 -6.208 <=2.681
11 6.190 625.8 1.421 ~4.405 -6.439
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Table 3. Calculated normal boiling points, molecular weights,
and molar compositions of tar fractions.

Cut t760 Molecular Composition,
Tar No. C weight Mole %
RTI 1 222 146 16.8
2 257 ' 163 21.1
3 319 188 13.9
4 358 205 13.1
5 395 224 11.3
6 454 257 3.9
7 461 263 5.6
Residual >688 398 14.3
SYNTHANE 1 217 140 5.1
2 233 156 14.1
3 255 171 8.0
4 275 180 10.5
5 302 193 9.7
6 314 199 4.5
7 373 234 10.0
8 410 262 8.0
9 445 292 9.1
10 ‘474 319 4.0
11 479 324 3.1
_ Residual >6249 406 13.9
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SPECTRAL ABSORPTION

Figure 1. Representative 1H NMR Spectrum: Cut #6, RTI Tar:
a = 74/(135 + 74) = 0.35
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Figurc 2. Represcentative Vapor-Pressurce
Curves for RTI Tar Fractions
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Figure 3. Representative Vapor-Pressure
. . “-Curves for SYNTHANE Tar Fractions
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Molecular Weight

Figure 4. Molcecular Weight Estimation as a
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APPENDIX II

FUGACITY COEFFICIENTS FOR DEW-POINT CALCULATIONS

4

IN COAL-GASIFICATION PROCESS DESIGN
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Coal-gasification processes produce hot gases that may
- .contain small quéntities of tar and water. The sensible
heat of these hot gas streams is recovered by cooling in
. heat exchangers. TFor stable operation of these exchangers,
it is necessary to-prevent condensation of tars and water.
. Design of coal—gasification processes, therefore, may require
quantitative estimates of dew-point condi;ions in tar-
containing g&ses.

Consider a gaseous mixture at prcssurelP; the composition-
of the gas is given-by mole fractions Y1+ ¥Yp...etC where the
-subscripts refer to:components. For any ccmponent i, con-

densation does not occur as long as
(1)

- Where ¢ is the vapor-phase fugacity coefficient, y is the

~liguid-phase activity coefficient ‘and- x is the liquid-phase

mole fraction; the reference fugacity is denoted by fo.
For typical tars, assuming 'immiscibility with water,

-.Wwe can assume tﬁat Y; *® 1 when fg is taken as the vapor pres-

sure of pure liquid i at system temperature and pressure.

The vapor pressure is strongly temperature dependent; as the

temperature falls (at constant pressure), Equation 1 may no

longer hold; the inequality becomes an equality. The tem-

perature where this occurs is the dew-point temperature.
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A tyﬁicéi tar is ajmixtdre of many organic components
and it is not feasible to identify'each componént through
elaborate chemical analysis. It is far simpler to frac-
tionate the tar into a set of pseudof¢ompon¢nts whose
vapor pressurecs can be estiméted as a functioh'of tembera—
ture, as discussed elsehwhefe.(Macknick and Prausnitz, 1979).

Tf.water vapor is present in the hot gas, we assume
that condensed water is immiscible with condensed tar.
When i=water, we still use Equation (1) but in that case
Y; X5 0= 1.

Depending on the particular coal-gasification process,
total pressure P may vary from 1 to 80 bars. At low pres-
sure, the gas phase is nearly ideal and therefore ¢; = 1
for every component but, as the pressure rises, significant
deviations from ideality are likelyﬁ This work is concerned

with calculation of fugacity coefficients ¢.
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Fugacity Coefficients from the Virial Etfuation

The conditionis of interest here aré high temperatures
(typically, 120—8000C).and moderate pressures; the gas com-
position is such that the mole fraction of methane (the de-
sired product from coal-gasification) is always large. ‘There-
fore, the density of the gas is well bélow the critical and
we may then describe'gas-phase nonideality with the tfun—'
cated virial -equation of state:

B.D
7 = B¥ o 1 4+ b (2)

RT RT
Where z is the compressibility factor, v is the molar volume,
T is the absolute tcmperature, R is the gas constant and BM'
the second virial.coefficient of the mixture, 'is related to

mole fraction by

where Bij’4a function of tempcrature, is determined by inter-
molecular forces between molecule i and molequle j.

From Equations (2) and (3), the fugacity coefficient is
readi'y calculated using standard thermodynamics; for any

component 1,

o (4)



In Equation (4), the summation is over all components,

including component - i. .

Second Virial Coefficients

To use Eduation (4), we require second virial coefficients
for all i-j pairs, including most where i = j. Since the
mole.fractions of light components (especially methane) tend
"to be large, the main problem is to calculate those Bij where
i is.a heavy (tar-like) component and j is a light component.
This problem has been discussed by Kaul and Prausnitz (1977,
1978} who showed £hat good results for Bij could be obtained
when calculations are based on a square-well potential for
describing iﬁtérmolccular forces.

The sguare—well potential Fij is a function cf r, the

center-to-center distance between a pair of molecules i and j:

I'i_i = fur 1 & Ui"] (5)
rij = - Cij for oij < r < Oij + Aij (6)
\ = . =z qg. . . . 7
rij 0 for r : 045 + AlJ (7)

Where o is the ccllision diameter, £ is the characteristic
potential energy of attraction and A is the well width.
Using the sqguare-well potential, the second virial co-

efficient is given by
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Bi; 943 + Ai. 3 €5 3
Lt =1 - [(=—=2) - 1llexp(ed) - 11 (8)
0ij ij
Where b = 2 N 03 : N is Avogadro's number and k is
0i7j 3 “av %ii’ “av ga

Boltzmann's constant.

In their study of asymmetric mixtures (i.e. those where
molecule j 1is much largér than molecule i), Kaﬁl'and Prausnitz
(1978) found that Equation (8) gives a good representation of

ij
from the radii of gyration of molecules i and j.

the limited experimental cdata, provided that o,. is calculated

is not set proportional to cij (as

is customary when molecules i and j are of similar size);

In Kaul's work, Aij
instead, Kaul suggested that Aij is a constant, reflecting
the rangc of intermolecular attraction between small molecule -
i and the outer parts of large molecule j because small mole-
cule i cannot "see" all of large molecule j. Kaul suggested
tha; Aij = 0.2 nm for all i-j pairs.

Figure 1 shows the reduced second virial coefficient as
a function of reduced temperature for sevcral valucs4of Oij
at fixed Aij‘ As expected with a square-well potential, Bij
increases monotonically with temperature, asymptotically ap-
proaching bOij' However, Figure 1 also shows that at cons;ant
reduced temperature, Bij becomes more positive as oij rises.
This increase in Bij is due to the excluded volume effect as
noted by Kaul and Prausnitz (1977).

In this work, following Kaul, wec use Equation (8), re-
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_taininq Aij:= 0.2 nm for all i-j pairs..

For small mclecules and their mixtures, we.obﬁdin para-
meters o -and e/k from reduction of sccond virial-coefficient
data. Téble‘l gives these parameters for nine pure flﬂids
containing small molecules.

Fgr dissimilar pairs of small molecule;} parameter eij/k
is giveh in Table 2, |

For every cross-coefficient Bij (i#j); paraﬁeter aij is
found from |

Q
i
N

ij (ci+cj} ) (9)

Second Virial Coefficient of Water and Mixtures.Containing

Water

Since water is a common corstituent in gases from coal
gasifiers, it is important to include it in our correlation.

Equation (8) gives a good representation of the second
virial cocfficient of water when A = 0.2 nm (as before) and
o = 0.20 nm. lowever, for polar water, the votential energy
varameter is split intq a nonpolar contribution, designated
by superscript (0), and a pglar contribution, designated by

superscript (1):

e/k = O e ) g . (10)
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When fit to experimental data for water, summarized by Dymond
and Smith (1965), ¢ ®)/k = 186x ana e 1) /x = 1.67 10° 2.

Good agreement between calculéted ané ekperimeﬁtal second
virial coefficients is shown in Fiquie 2. |

Reduction of pure-water data alone does not provide
unique Qalues for'the three adjustable parameters J, e(o)/k,
and ckl)/k. The values chosenAwerc those which'first, give
a physically reasonable ¢ and se;ond; which are appfopriate
for calculating cross-virial coefficients for binary aqueous

'mixtures where the secbnd component is a small, nonpolar
moiecule. For such mixtures we require that Eij R (z:_.l(me#:.])l/2
where water is desiynated by 5ub§cript i.

Fiéufe 3 shows calculated and experimental second virial
cross coefficient Pjo for three binary aqueous mixtures
(Rigby and Prausnitz,'l968 and Coan and King, 1971). Calcu-
lations were made with the sqﬁare-well potential usiﬁg Equa-
‘tion (9) for o; well width A12 was set equal to 0.2 nm and

€12 was calculated from

(0) 1,2

€95 =-(51§2), (1-—k1 (11)

2)
where k12 is a binary parameter, small comparcd to unity.
(Here 1 refers to water and 2 refers to the second comvonent.)
Table 3 gives values of eiz/k and corresponding values of

k12'
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Figure 4 shows calculated and obscrved (Kobayashi and
Katz, 1953) solubilities for water in compressed propane.
Solubilities were calculated as described elsewhere (Rigby
and Prausnitz, 1968) where the all-important second virial
coefficient n12 was calculated using the square-wcll poten-
tial, as indicated above.

BecaﬁSe of experimental evidence of associﬁtion bethen
water and carbon dioxide in the gas phase (Coan and King,
1971), this binary is given special treatment. The cross
virial coefficient 312 is split int» two contributions
(Nothnagel et al, 1973): Blz,(chemical) and 312 (physical).
For the chemical contribution to B12 we use the relation
(chemical) = -

B R T K (12)

[} =~
[P
W2

12

where KQ(1 is the equilibriuin constant of the association
reaction between water and carbon dioxide. De Santis et al
(1974) have fitted Keq as a function of temperature from

experimental data in the temperature range 25-750 C:
, ' ) q i . 3 1'\2 b- 3 f
2r1keq = - 11.071 + 5953/T - 2746 » 107/17" + 464.6 x 10°/T (13)

where Keq is in atmosphere and T is in K.
We use Equations (12) and (13) to calculate the chemical

contribution to the cross virial coefficient for water-carbon
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dioxide. Then, using experimental data of Coan and King

(1971) for B we found 812 (physical} which we fitted

12’
using the sguare-wcll potential with Al2 = 0.2 nm and using

Equation (9) for ¢

12° The optimum value of clz/k is 186.7 K.

Figure 5 compares calculated. and experimental cross virial

coefficients for water and carbon dioxide.

Parameters for Mixtures Containing Large Molecules

Since tar-centaining gases have only very small quanti-

ties of heavy hydrccarbons, we are not concerned with the

(e

secon:d virial coctficients of pure heavy hydrocarbons. BRu
we are much concernad with cross cocfficients Bij(i#j) where

rn

j is a large moleoule.  Thede cross coefficients play a domi-
nant role in Eguation (4) for the fugacity cocfficient of
component j.

Since large molecules can adopt many configurations,
the characteristic‘distance g 1s rclated not only to mole-
cular dimensions but also to moleccular flexibility. For
such molecules we calculate ¢ from the radius of gyration
r as discussed by Kaul and Prausnitz (1977):

g

o/2 = rg + (o/z-rg) (14)

methane

For methane, ¢/2 = 0.1675 and r, = 0.0443 nm.

Using molecular-structure data (Bower and Sutton, 1965),

we have calculated radii of gyration for a numbcer of heavy
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hydrocarbons. Details are given elsewhere (Thompson and
Braun, 1968 and kaul, 1977) but some results are .shown in
Table 4. For oij(i#j), we use Fauation (9).

As before, we use Aij = 0.2 nm. The remaining-paramcte:
is cij/k. As discussed by Kaul and Prausnitz (1978), this
parameter (for a fixed light component i) is related to the
(Hildebrand) enthaloy of vaporization* of the heavy coﬁponent
j. Figure 6 gives a correlation forfcij/k as a2 functior of
Hildebrand enthalpy of vaporization for componeht j. For
heavy coméonents, whose Hildebrand enthalpy of vaporization
AH is in excess of 10 K-cal/mole, Table 5 shows analytical

correlations for Ei4/k as a function of Hildbrand enthalpy
J

of vaporization of component j.

Radius of Gyration for Tar Cuts

To calculate'Bi (where i is a small molecule and j is

3
a large molecule), we usc Equation (9) to find Gij' For
small molecule i, ‘iable 1 gives c;- We now discuss a proce-
dure for calculating Gj which is related to radius of gyra-

tion rg through Eguation (14), written below in a slightly

.Jiffcrent form

N . . .
The (Hildcbrand) cnthalpy of vaporization is defined as the
enthalpy of vaporization at the tcmperature where the molar

volume of the saturated vapor is 49.5 liters.
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9]

S)=0.1232 + r, o (om) . as)
i
For convenience, we now drop subscript j; keé?ing in
mind that'the discussion below refers to large molecules.
We are concerned with-a hydrocarbon tar cut which is
characterized by a no;mal boilinq,point Tb (in Kelvins)
and a hydrogen-to-carbon ratio, designated by H/C. These
characterizing parameters can be obtainred. from distiiiation
and elemental—analysis measurehents as discusscd by Macknick
and Prausnitz  (1579).
At one extreme, the tar cut may contain only saturated
(alkane) hydrocarbons. In that case
(1/C) ., =2+ 2 (n+1)"} (16)
““sat ) :
where n = number éf carbonllinkagcs.* For the radius of
gyration (nanomotcrs) of a satﬁfatod hvdrocarbon

0.6

(r ) . = 0.0637 n (1+0.547/n) /2 (17)

Equation (17) is bascd on the wolecular-dynamic studies of
Bellemans (1973).

The number of carbon linkages is given by

N .
For example, in normal heptane, n = 6.
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2 6.2

n = exp (-0.128814+0.55811x%10 Tb-0.940000x10— Tb) (18)
Equation (18) is based on boiling point -data for normal
alkanes from Ce to Cqo- It holds for the normal-boiling-point
range 340-800 K.

At the other extreme; a tar cut may be completely

aromatic in which case

iy s _ 6 + 2 (N-1)
(R/C)ap = 6 + 4 (N-1) (19)
*
where N is the number of fused rings in the aromatic. N is

related to thc normal boiling point of fused-ring aromatics
(benzene, naphthalene, anthracere, and chrysene) by

3

N =.- 1,9256 + ©.,124 10 Ty (20)

Using structural data, the radius of gyration of these

aromatics was corrclated with N by

(r.) = 0.0794 + 0.0389 N (nm) (21)

g'ar

Equations (20) and (21) cover the normal boiling point range

350-720 K.

*
For example, N = 1 for becnzene, 2 for naphthalene, 3 for

anthraccene.
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A typical tar cut is neither completely saturated
(alkane) nor completely aromatic. We define D, the fraction

of the cut which is alkane, by

(m/c)y - (u/cy
D = =
M7CY ., - (/C),,

(22)
at

For any hydrocarbon cut whose carbon number is greater
than 6 and where we know 'I‘b and (11/C), we propose to calcu-
late the radius of gyration by linear interpolaﬁion with re-

spect to D

(r)..1] (23)

l -
9| G ar : g sat g’ar

Figure 7 shows radius of gyration as a function of Tb
and D.

Calculated radii of gyration for toluene and ethyl-
benzene using EQuation (22),ére in excellent agreement with
values reported by'ThompSOn and Braun (1968) after dividing

by the appropriatc factor (2 ﬂ)l/z.

Calculation of Paramcter Cij’/k for Mixtures where 1 1is

a Light Gas (or Water) and j is a Tar Cut

For a tar cut interacting with a light cas or water,

eij/k is calculated using Figure 6 or Table 5. To use the
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results éiven here, we fequiré the Hildebrana enthalpy of
vagorization; we obtain ‘this from vapor-pressure character-
istics_bf the tar cut using the Clausius-Clapoyron equation.
The vapor pressure characteristics cof a tar cut are deter-
mined using the SWAP method as discussced by Smith et al (1976),

Macknick et al (1978) and Macknick and Prausnitz (1979).

Illustrative Calculations for Fugacity Coefficients and

Dew Pbints 6f Pscudo Ccmponents

| Fﬁgacity:cbef?icients fér two't;£ cuts‘were calculated,
cach at infinitce diluticn in methane, as a function of tem-
perature for several isobars.' The tar cuts were obtained
by fractionation, as discusséd by Macknick (1978), from coal
tar obtained froﬁ the Synthane coal-gasification process.
The =a2verage normal boiling point of the first cut is 528 K
whereas that of the sccond is 747 K. Table € gives the
propertics of the two cuts. Fiqures (£) and (9) show that
at pressures above lQ bars, significant deviations from
idcal-gas behavior are likely, particularly as the temperature
of the aas falls.

To demonstrate the effect of fugacity coefficients on

phase eguilbrium calculations, Table 7 presents calculations
of condensation conditions for a mixturce of two pseudo-
ccomponents in methane. The mixturehcohtains two tar cuts
whose properties are listed in Table 6. Prior to condensation,

. ‘ -4
the mole fractions of the cuts are, respectively, 2.0 x 10
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and 1.0 x 10_4.
Table 7 shows that at 80 bars, failure to take fugacity
coefficients into account introduces only a small error in.

dew-point temperatures. lHowever, the corresponding error in

percent condensed is large. .

Acknowledgment

For financial support,-the authors are grateful to the
Fossil Energy Program, Assistant Secretary Energy'Téchthogy,

US Department of Energy.

53

o



16.

RETERENCES

Bellemans, A., Physica 68, 209 (1973).

Bower, H. J. M., and Sutton, L. E., "Tables of Interatomic
Distances and Configuration in Molecules and Ions,"
The Chemical Society, 11, (1958) and 18, (1965).

Coan, C. R., and King, A. D., J. Amer. Chem. Soc., 23,
857 (1971).
De Santis, R., Breedveld, G. J. F., and Prausnitz, J. M.,
I&EC Process Design @nd Development, 13, 347 (1974).
PDymond, J. H., and Smith, E. B., "The Virial Coefficiént of

Gascs, "

Clarendon Press, Oxford, (1969).

Kauvl, B. K., Ph.D. Thesis, Univ. of California, Berkeley
(1977).

Kaul, B. XK., und Prausnitz, J. M., I&EC Process Design and
Development, 16, No. 3, 335 (1977).

Kaul, B. K., and P;ausnitz, J. M., AICHE, 24, No. 2,
223 (1978).

Kobayashi, R., and Katz, D. L., IEC, 45, 440 (1953).

Macknick, A. B., Ph.D. Theéis, Univ. of California, Berkeley
(1978).

Macknick, A. B., Winnick, J., and Prausnitz, J. M., AICHE,
24, 731 (1978).

Macknick, A. B., and Prausnitz, J. M., Submitted to I&EC

Process Design and Development (1979).

54



17.

Nothnagel, K. i., Abrams, D. S., and Prausnitz, J. M.,

I&4EC Proc. Des. Dev., 12, 25 (1973).

- 'Rigby, M., and Prausnitz, J. M., J. of Phys. Chen., 72,
330 (1968).

Smith, G., Winnick,:J., Abrams, bD. S., -and Prausnitz, J. M.,

Can. J. of Chem. Eng., 34, 337 (1976).

“‘Thompson, W. H., and Braun, W. G., Proc. API, 48, 447 (ITI)

—

(1968) .

55



18.

Table 1

Sauare-Well Parameters for Nince Pure Fluids

Containing Small  Molecules

(well wWidth & = 0.2 nm)

Fluid A .‘ o, nanometers e/k, K
1-Hydrogen - 0.245 18.7
2-Nitrogen : 0.327 ©89.1
3-Carbon Monoxide 0.325 92;6
J-Methane 0.335 141
5-Ethane 0.403 259
G-Carbon Dioxide 0.357 211
7-llydrogcn Sulfide | b.387 272
8-n-Propane . 0.465 346
Y-n-Butane 0.514. 425
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Table 2

v§iuare—Wcll Parameters i9/k for All Pairs
of Smali Mo;ecmles (i = j) Shown iﬁ'Tabie 1
Pair Sig/mek - rair Fij/n.K
1-2 . 43.5 3-7 (127)
1-3 (43.5) 3-8 (178)
1-4 50. 3 3-9 (182)
1-5 59.5 -5 197
1-6 (58.0) 4t 171
1-7 (55.0) 1-7 154
1-8 75.7 1-8 231
1-9 4.0 4-9 258
2-3 (39.1) C5-6 222
24 vos 5-7 239
2-5 151 5-8 295
2-6 141 5-9 331
2-7 127 6-7 245
2-8 178 6-8 251
2-9 152 69 B 272
3-4 (106) , 7-8 | (278)
3-5 (151) . 7=9 | (310)
3-6 145 8-9 379

* R
Quantities in poarcentheses arce estimates.
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Table 3

Square-Well Parameter El2/k for Watex (1)

and a Small Molecule (2)

<
x

Component (2) “12/%, K 12
Hydrogen (SGJ% n.05
Niirogen ' 151 0
Carhon Monoxide (31 0
Methane ' 102 9
Ethane 221 n
Hydrogen Sulfide ' 225 9
n-Propane ' (245) 0.03
n-Butane ' (204) 0.06

For Water-Carbondioxide see text.
4
"Quantities in parcentheses arc estimates.
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Table 4

Radius oif Gyration for Some Large Cyclic

Cyclohexane
. Benzene

Naphthalene
Inthracene
Naphthacene

Chrysene

HMolecules from Structural Data

59

r
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, nancmeters

0.1301
0.1192
0.1590
6.189¢
0.2253

0.2465
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Table 5

Enerqgy Interaction Parameter

for Coal Tar-Light Gas Binaries*

eij/k is in K, AHY is in Kcal/mole

Hydrogen Binaries

cij/k 146

Nitrogen and Carbonmonoxide Binarics

- - - __v.. y V
eij/k = 266 603 exp ( -0.294 AHj)

Methane Binaries

€55/k = 395 - 915 exp ( —0.224,An;)

Ethane and livdregensulfide Binaries

€54/k = 477 = 870 exp ( -0.255 &)

Carbondioxide Binaries

iij/k = 437 - 915 exp | -0.224 AR

n-Propane 2inaries

c../k = 532 = 870 exp ( -U.25% ALY

iy 3
n-Butane Binaries

eg5/k = 576 - B70 exp ( -0.255 AKY)

J

Water Binaries

= 490 - z - . Y
Eij/k 420 915 exp ( -0.221 Aﬂj)

*

These correlations ‘are valid only 1if Aﬁg, the (Hildebrand)
enthalpy of vaporization, is greater than 10 Kcal/mole. For
lighter second components, use either Tables 1, 2, 3 or Figure 6.

v .

AHj is found from limited vapor-pressure data as discussed

_ by Macknick and Prausnitz (1979).
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Properties of Two Tar Cuts

Table 6

from Svnthane Process

Cut # 5
N (ecquivalent aromatic) 2.364
(H/C)'ar | | 0.762
n (equivalent alkane) 12.88
) A 2.14¢
(H/C’sat 2.144
(11/C) 1.230
D C.339
‘rg)ar' nn 0.;73
(rg)sat"nm 0.301
r , nm 0.216
G A A
G4, DR C.680
‘ .
*
019+ DM 0.508
LHY, Keal/mole 12.13
. .
512/k, K 334.5

23.

Cut # 12
747
4.143

0.662 .

L8]
L
o

D
oL

N
(@]
w
o -

* . . .
Component 1 is Mcthanc
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rabilce 7

Effect of Fuqgacity Cocfficiont on Condensdtion

Conditions at 50 Lars Tntal Pressure

Assuriing Correcting for

Idoal Gas Phage  Gas-Phase Nonideality

&= 1 (.f'%l

Dew Point

Temperature, X 545 ‘ 534
Hole Percent

of Tar Ccndenscd

at T = 525 ¥ 21,4 11.7
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ol 1 1 1 1 i [
0% 10 1.5 20 25 30 35 40

kT/¢..
D)

Reduced Secend Virial Coefficient for o Pair of i-j
Molecules Caolculated from the Square-Well Potential
with Well-Width Ai. = 0.2 nanometers. The units of
<rij are nanometers., ° The values shown ure for

binary pairs containing methane and 7-CigHoo;
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Second Virial Coefficient, cm>/mole |

T T T i T .
. ) x.._o—/+ M
- 100} W ‘ .
-200} |
-300¢t
-400¢} Calculated: ——
| ' Measurad:
-5C0}- o Keyss, Smith & Gerry
x Kell, McLaurin 8 Whalley
-600}- + Vukolovich, Trakhtengerts &
Spiridonov '
-700}+
-800} J:
-900 1 : 1 | 1 L ]
- 300 400 500 600 700 800 - 900
Temperature, K o
Calculoted and Experimental Second Virial Coeffizient for Water
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‘.
)]
(@)

i

| B2 em>/mole

_|QO~

. Calculated: ——

v : ' Measured: _

} ' o Nitrogen, Righy -

o licthane, Rigby:

a Ethane, Coan & King
J_ .

-150 L i ! L
: A 25 - 80 75 100
Temperature, °C * '

Caiculated and Experimental Seéond Virial Cross Coef-
. ficients for Three Binary Aguoous Systems -
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|.C ; ! ' -l T
—Calculated with viricl equation
o Experimental (Kobayoski & Katz)

o
z
1

Mole Froction of Water in Vapor Phase

=21 : _
10 ~—~experimental phose boundary
Three-Phase Region
10-3— 1 N 1 SRS

10 20 O 40
Pressure, bars
Calculated and Experimental Solubility of Water in Compressed Propane
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I —T1
—— Calculated with elz/k'=

186 K (k'2 = 0.058)
B|2 includes chemical
- contribution

o Measured by Coan &
King

_2001

8|2, cm3/mole

- 100} | —’\

: |
O 50 100
Temperature, °C

Calculated and Experimental Second Virial Cross

Coefficients for Water—Carbon Dioxide
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Fugacity Coefficient of Synfhone Tar Cut
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Fugacity Coefficient of Synthane Tar Cut
No. 12 in Methcane at Infinite Dilution
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APPENDIX IIT

VAPOR PRESSURES OF HIGH-MOLECULAR-WEIGHT

HYDROCARBONS
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Introduction

In recent years, high-molecular-weight hydrocarbons
have become increasingly important because of development of
energy-related processes: coal liquefaction, oil shale, tar
sands, and especially coal gasification. Gasification of coal
often produces a by-product tar which contains hydrocarbons
in the boiling range 200-600 C; to design efficient processes
for tar-containing gases, it is essential to predict their
vaporization/condensation characteristics.

Hot effluent gases from coal gasifiers, often as high
as 1100 C, are a significant source of sensible heat. Re-
covery of this energy is accompanied by cooling of the gas
with subsequent condensation of the heavy components. To
minimize condensate fouling or plugging, design of heat-
recovery processes requires knnwledge nf the thermoedynamic
properties that govern dew points of gas streams from coal-
gasification processes.

A heavy'component (i) remains in the gas phase as 1long

as its fugacity f obeys the relation
£y < £ (1)

where superscript v stands for vapor phase and superscript c
stands for condensed phase. These fugacities are related to

composition by

f. = y.¢.P (2)



c _ 0 A
f, = x Y.fi (3)

where, for component UJ,yi and x; are the mole fractions in
the vapor and condensed phases, respectively; ¢i is the
fugacity coefficient, Y; is the activity coefficient and P
is the total system pressure. Reference fugacity fg is
usually chosen to be the vapor pressure of pure (i) at sys-
tem temperature.

The dew-point condition for component (i) occurs when
the inequality in equation (1) is replaced by an equality.
Therefore, to predict condensation conditions of a heavy com-
ponent, we require accurate vapor-pressure data at tempera-
tures normally encountered in coal-gasification effluents.

Experimental determination of vapor pressures near
800 C is difficult because operation of experimental appara-
tus at such elevated temperatures is cumbersome. Also, since
achieving thermodynamic equilibrium may take several hours,
the hydrocarbon is susceptible to thermal degradation.
(Degradation is often not severe in a gasification process
because of the relatively short residence time from gasifier
exit to cooling or condensation.)

In this work, we report experimental data at near-
ambient temperatures. We then use semi-theoretical correla-’
tions to extrapolate to normal-boiling-point temperatures. -

A modification of Sinke's apparatus (1974) was used to

measure vapor pressures in the ranye 1071 to 10-3 Torr.
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Vapor pressures were measured for liquids n-octadecane,
n-eicosane, l-methyl-naphthalene, and 2-ethyl-naphthalene,
and for solids naphthalene, anthracene, and phenanthrene.
For liquids, extrapolation to higher tempefatures is based
on the mcdified SWAP method described by Macknick et al. (1978)
For solids, extrapolation is based on the Clapeyron equation

and on the SWAP method of Smith et al. (1976).

Experimental

A modification of Sinke's gas saturation method (1974)
was used; Figures 1 and 2 show schematic diagrams of the
appafatus. An oxygen carrier gas ét atmospheric pressure
is saturated with a hydrocarbon in a thermostated bath.

This mixture is then combusted completely to CO, and H,0
over a hot catalyst. The amount of CO2 produced is measured
with a commercial infrared analyzer (IR), monochromatically
tuned and calibrated for CO, detection. Upon knowing the
carbon number n of the hydrocarbon and the concentration of
CO, after combustion, ppm(COz), the saturation pressure of
the hydrocarbon P(sat) can'be‘calculated hy

[ppm(COz)][P(atmo)]

P(sat) = 2 [P(sample)/P(atpo)] (4)'

P(sample) is the total pressure in the equilibrium cell.
The pressure in the IR analyzer is equal to atmospheric
pressure P(atmo) since the analyzer is vented directly to

the atmosphere. The last term in equation (4),
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[P(sample) /P(atmo) ], is a correction for pressure drop
through the‘system; this term is usually very close to unity
at the low fldwrates'used. Equaﬁidn (4) justifiably assumes
ideal-gas behavior since operatién is at low pressure and
low hydrocarbon concentrations.

| All connecting tubing in the system is S-mm i.d.
stainlessvsteel. Metal-to-metal fittings are used since the
analyzer detects also the vapor pressure of packing or seal-
ing materials. The combustion catalyst, kepi at 700 C, is
20 gms of 3.2-mm alumina pellets containing 0.5 weight per-
cent palladium. . Oxygen carrier gas is purified prior ﬁo
~saturation by passage‘over a hot catalyst followed by a
scrubbing section containing Ascrite anq Drierite to remove
any background Cbz or HZO’*

The IR analyzer is calibrated for three ranges:

0-350, 0-800, 0-2500 ppm €O, by volume. Calibration is
achieved using eiéht Primafy-Standard gés mixtures from
Matheson Gas Products Company. These range in concentration
from 75 to 2350 ppm co, by volume in nitrogen, certified to
an accuracy of 1% in co,. High-purity nitrogen is used for
zero-gas calibration. . Temperature measurements of the well-
stirred, thermostated bath are ﬁadé‘with a plafinum—resistance-
thermometer coupled with a linearizing bridge to give direct
readout on a digital volt meter. Temperature-measuring
instruments are dalib:ated with N.E.S.-traceable thermometgfs
to an accuracy of #0.05 C. The bath fluid isiwéter for
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5-80 C and silicon o0il for 80-200 C. Pressure measurements
are made with a mercury manometer and cathetometer. The
apparatus is constructed such that calibration checks can be
made on the analyzer while byfpassing the combusted 02/
hydrocarbon mixture to the atmosphere.

Sample cells are 8-mm i.d. stainless-steel tubing,
150 mm long. Before loading, all cells and all connecting
tubing are washed with acetone and baked in an oxygen atmos-
phere at 400 C for 12 hours to remove inpurities. Hydrocarbon
sample sizes are approximately 5 gm per cell. Liquid samples
contain 2-mm glass helicies as packing to enhance saturation
rates. Solid samples are crushed prior to loading into the
cells.

All samples are commercially available with purities
of at least 99+%. Once the samples are loaded, each is run
for a period of 24 to 72 hours at a temperature higher than
the highest operating temperature, to strip out any light
impurities. Because of high initial purities and the method
of measurement, the error introducéd by trace heavy impuri-

ties is not significant.
1

s 7,

Purified oxygen, at approximately 0.5 (NTP) cm3

passes'through a coil of tubing in the bath for thermal

equilibration. The gas then flows through two equilibrium
cells. A tandem-cell design is used to assure saturation.
The saturated gas mixture then passes through a third cell

containing spun glass to eliminate any entrained droplets or

/8



particulates. After passing through the cells, the gas flows
directly into the combustion zone. The heavily insulated
catalyst chamber is partially submerged in the bath fluid

to eliminate any condensation of the gas mixture prior to
reaching the catalyst. From the combustion zone exit, the
C02/H20/O2 mixture flows into the IR analyzer where the con-
centration of CO2 is monitored.

Once the apparatus is functional, the IR reading

reaches steady state in approximately 30 minutes. Since the

C02 concentration should not be a function of flowrate,

the flowrate was varied between 0.1-5.0 (NTP) cm3s_l. No

flowrate effect was observed.

Previéus tests with catalyst-bed temperatures indi-
cate that even at 300-400 C, complete combustion is achieved.
All runs are monitored for at least two hours to check for
steady-state operation. A slow, continuous drop in the C02
concentration indicates that light impurities are stripped
and depleted from the sample. A steady CO2 concentration,
independent of flowrate and catalyst temperature, indicates

complete saturation and combustion of the pure hydrocarbon.
Results

Tables 1 and 2 present vapor pressures for four 1li-
quids and three solids. The indicated errors are average
percent deviations of the experimental pressures from calculated

pressures at the same temperature. The calculated pressures
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are calculated from the Clapeyron equation
2n P(sat) = A + B/T (5)

where P is in Torr and T is in kelvins. Constants A and B
are determined from a least-squares fit of the experimental
data. Over narrow ranges in temperature, the Clapéyrbn
equation is valid; therefore, the percent deviation of the
experimental data from the Claperyon equation gives a good
estimate of random experimental uncertainty. For the data
reported here, an equation using more than two parameters

is not suitable since such an equation would tend to fit the
data scatter and not give a valid reflection of random exper-
imental uncertainty.

Sinke (1974) measured the vapor pressure of naphthalene
in the same temperature range; for comparison, we inter-
polated his data using the Clapeyron equation. For six
points, the average deviation between the two data sets is
1.4% in P(sat). This error is approximately equal to the

0.8-2.7% experimental uncertainty of the data presented here.

Niscussion

For liquids, the Clapeyron equation is used to find
TO.Ol"the temperature at which the vapor pressure is 10"2
Torr. Using Tp.01 @nd the modified SWAP method of Macknick et.
al. (1978), the data reported here are extrapolated to the

normal boiling point T760' Figure 3 shows the extrapolation
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for n-eicosane. Average error in estimating the four liquid

T760

8.8% in pressure.

's is 3.8 C, which corresponds to an average error of

For solids, assuming no significant solid-solid phase
transitions, the Clapeyron equation i; used to extrapolate
the experimental data to the known melting point. The SWAP
method of Smith et al. (3) 1is then used to predict the
liquid-phase vapor pressure curve. This method requires
either Tlo or T760' (Many aromatics are solids at Tlo; we
have therefore chosen to use.T760.) - The normal boiling point
is not known, but can easily be calculated. The liquid and
solid vapor-pressure curves must intersect at the triple
point which is here'taken to be equal to the melting point.
Therefore, a trial-and-error calculatioh yi’elds-T760 which
is then used to obtain the correct melting-point vapor
pressure., The function of Smith et al..is well-behaved for
convergence to the correct T760;'there is only one reasonable
T260 which gives the correct melting-point vapor pressure for
each compound. Figure 4 shows this.extrapolation for anthra-
cene. For the three compounds which are solids at near-
ambient temperature, the average érrér in estimating T760
is 5.2 ¢, or 11.1% in pressure.

For extrapolation of solid data to the normal boiling
point, the melting-point temperature must be known. How-
ever, the SWAP method is not'highly sensitive to small

errors in melting-point temperatures. For anthracene, if the
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melting-point temperature used is in error by #10 C, the

subsequent error in predicting T760 is only *4.7 C.

Conclusions

The experimental technique used here yields reliable
vapor-pressure data near ambient temperatures. Since the ex-
periment is performed at convenient temperatures and préssures,
it is simple to operate and provides good-quality data easily
and rapidly. Using the SWAP method, vapor pressures for
high-molecular-weight hydroéarbons in the range 10_3 to lO3

Torr can be estimated from experimental data at near-ambient

temperature for both solids and liquids.

Nomenclature .

A,B Clapeyron equation constants

£ Fugacity, Tnrr

FA'FB'FN SWAP parameters: fraction.of carbon atoms per

‘ molecule which are aromatic, branched paraffin
and naphthenic, respectively

n Number of carbon atoms per molecule of hydro-
carbon , _ :

ppm(COz) Concentration of C02, pém by volume

P(atmo) Atmospheric pressure, Torr

P (sample) | Total pressure in equilibrium cell, Torr

P(sat) Vapor pressure, Torr

t Temperatu:e, C

T | Temperature, K

X Mole fraction in condensed phase
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y Mole fraction in vapor phase

Greek letters

¢ Fugacity coefficient

Y Activity coefficieﬁt

Subscripts

i Component (i)

m.p. Melﬁing point

0.01,10,760 At pressures of'10-2, 10, and 760 Torr, re-
spectively

Superscripts

c Condensed phééé

0 Standard state

v Vapor phase
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Table 1: Vapor Pressures of Four High—Moiecular-Weight,

Ligquid Hydrocarbons

n-Octadecane

3

t,C P (sat) ,Torr*10
' 45.00 1.65
51.45 3.00
54.50 4.26
54.85 4.43
59.85 7.01
65.50 11.4
71.25 18.7
80.85 43.7
84.10 53.6
88.10 72.9

Average Error in

P(sat) = 2.2%

A 25.548

B = -10165.

n-Eicosane

t,C AP(sat),Torr*lOJ
71.15 3.08
79.90 7.30
86.70 12.7
90.35 17.5
94.50 24.5

102.95 50.4
107.30 68.5
Average Error in

84

P(sat) = 1.6%

A 26.849

B -11230.
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Table 1 continued

1-Methyl-Naphthalene 2-Ethyl-Naphthalene

t,C P(sat’j,Torr*lO2 t,C P(sat),Torr*lO2
5.70 1.32 : 13.05 1.15
11.40 2.19 17.90 1.66
18.10 304 22.90 2.55
22.15 5.35 ° 29,50 4.66
28.85 ' 9.45 ’ 34.85 7.35
32.25 11.8 ' 39.40 9.87 ¢
34.90 14.2 a 45.10 ©15.0
38.60 17.6 o Average Error in
Average Error in P(sat) = 2.7% |
P(sat) = 2.0% | . A= 21.485
A= 20.552 - ’ B = -7435.9
B = -6933.2 -
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Table 2:
Solid Hydrocarbons
Naphthalene
t,C }?(sat),Torr*lO2
7.15 1.32
12.80 2.35
18.40 4.19
18.85 4.45
26.40 9.44
31.85 15.4

Average Error in

P(sat) = 1.1%

A= 26.250
B = -8575.
Phenanthrene

t,C P(sat),Torr*lU3
51.60 3.49
57.00 6.10
61.85 9.91
67.35 15.9
71.80 23.2
78.90 42.4
83.40 fR.7
90.30 109.0

Average Error in
P(sat) = 2.3%

A = 26.648

B = -10484.

86

Vapor Pressures of Three High-Molecular-Weight,

Anthracene
t,C P(_sat),Torr*lO3
85.25 6.69
90.15 10.2
95.65 l6.4
100.70 24.9
104.70 34.4
111.90 60.3
116.40 85.2
119.95 110.0

Average Exror in
P(sat) = 0.8%

—te .
N

A= 26.805
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Figure 1. Gas-Saturation Apparatus for Vapor-Pressure
Measurements
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Figure 2.
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Figure 3. Extrapolation of Vapor-Pressure Data for
n-Eicosane at Near-Ambient Temperatures to
the Normal Boiling Point, Using SWAP Method
(to 01 = 83.85 C; Fp = Fg.= FN = 0.0)
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Figure 4.
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Extrapolation of Vapor-Pressure Data for
Anthracene at Near-Ambient Temperatures to
the Normal Boiling Point, Using SWAP Method

(tm.p. = 216.3 C; P(sat) ="33.4 Torr; F, = |
FESFS=0.0) m-p. A
Temperature, C
341.2 216.3
400 | 300
] T

200 100
T T

" Boiling
Point

Melting Point

| |

9 L | | B
2 14 16 1.8 20 22 24 26 28 30
oy, k!

90



APPENDIX IV

ESTIMATION OF VAPOR PRESSURES OF HIGH-BOILING FRACTIONS
IN LIQUIFIED FOSSIL FUELS CONTAINING

HETEROATOMS NITROGEN OR SULFUR
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Heavy hydrocarbons and their derivatives are of increasing
interest in fossil-fuel technology, including coal liquefaction
and gasificatidn. Following primary liquefaction or gasification,
separation operations are required for purifying the product.
Design of separation equipment requires quantitative data for
physical properties, in particular, vapor pressures. However,
little is known about the vapor pressures of heavy hydrocarbons
and their derivatives, especially those that are aromatic. |

In 1976, Smith et al. (1976) correlated vapor-pressure data
for heavy hydrocarbons in the region 10-2,000 torr; the result-
ing SWAP correlation is reliable to 110% and can be extrapolated
with good results to lower pressures (Macknick, 1978). The SWAP
correlation is based on Prigogine's (1957) theory of polysegmented
molecules. One of its main advantages is that in characterizing
the hydrocarbon, critical properties are not used; fractions of
aromaticity, napthenicity, branching and hetercaromaticity are
uscd rathcer than ﬁﬁccific structural information which is required
to estimate critical properfies. This is important especially
for mixtures of complex hydrocarbons where structure is difficult,
if not impossible, to determine, Currently available methods for
eétimating critical properties, based on results for fluids of
low and intermediate molecular weight, may not Be reliable
for high-molecular-weight materials.

In this work we extend SWAP to include hydrocarbon deriva-
tives containing either nitrogén or sulfur as heteroatoms and
present evidence showing that the extended correlation is appli-
cable to narrow-boiling petroleum fractions and coal-derived

liquids.
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SWAP Correlation

For the region 10-2,000 torr, Smith et al (1976) proposed

that vapor pressure P is related to absolute temperature T by

¢n P= A + B/T + C/T? o (1)

~ ~

where reduced pressure P and reduced temperature T are given by
P = P/P*; T = T/T* ' (2)
Here P* and T* are parameters characterizing the fluid. Co-
efficients A, B, and C are functions only of molecular flex-
ibility ¢/n, where n is the number of carbon atoms and 3c is
the number of external degrees of freedom (density-dependentv
rotations and vibrations, in addition to translation) per

molecule. These functions are of the form

A, Bor C = 1/r an{ (DxE) + (Fx%) %} (3)

where X = (c/n - 0.167)"!. Parameters D, E, F, G and r
are shown in Table 1.

Eguation (1) was originally applied to large normal
paraffins, where experimental data are-relatively plentiful.
Vapor pressures of other hydrocarbons are correlated as
perturbations about a closely related normal paraffin. We
first determine the number of carbon atoms in the normal
paraffin which would have a normal boiling point (T760) equal
to that of the hydfocarbon in question. This is the

effective carbon number of the hydrocarbon,

1.5
= . - p - 2.303
feftective = (3'03191 tn (1078-T560)/ ) (4)

0.04999

If the normal boiling point is not known, it can be
estimated for normal paraffins as 'shown by Macknick (1978),
from another vapor-pressure datum, at a temperature below,
possibly far below, the normal boiling point. For compounds
other than paraffins, two methods are outlined in Appeﬁdix

93



II to estimate normal boiling point,
For the normal paraffin which has the same T760 as that of the

compound of interest

-0.189/n? (5)

=0.167 + 1.022/n cffective

(c/n)normal effective

paraffin

To correct for aromaticity, naphthenicity and branching, Smith

et al. write

c/n = (c/n)normal +Ac/n (6)

paraffin
wlhere

-3

Ac/n=(0.l3l9FA + 0.2429FN + 0.1992FB)exp(-2.532x10 T760) (7)

where

Fp = fraction of carbon atoms which are part of an aromatic
ring

FN = fraction of carbon atoms which are naphthenic (part
of a saturated ring)

FB = fraction of carbon atoms which are in a terminal
hranch:
FB = (R ~2)/% where QCH is the number of CH3

CHy 3
groups and £ is the total number of carbon

atoms, per molecule (FB Zof'
For parameter P*, a similar procedure is followed

- . _
P* = Plormal paraffin * OF (8)

= 5 - -
Plormal paraffin 5.78 x 10° exp{-4.7222/(T760- 100)} (9)

= - 5
AP* = (0.72FA + 0.271“N 0.65FB) 10 (10)

where the units of P* are torr.

Parameter T* is evaluated from Equation (1) using one

vapor-pressure datum,

t For example for toluene, %., =1 and £=7. However, we use
3

FB=0 for toluene.
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Extension to Hydrocarbon Derivatives Containing Either Nitrogen

or Sulfur

To achieve the desired extension, experimental vapor-
pressure data were studied for 21 sulfur-containing and 14
nitrogen-containing fluids (Van de Rostyne, 1978; Edwards,
1980); these fluids are identified in Tables 2 and 3.

The primary effect of introducing a heteroatom like S or
N into a hydrocarbon is on the flexibility c/n; Therefore,
for each fluid shown in ‘iables 2 and 3, vapor-pressure data
were fit to the SWAP method letting c/n be the adjustable
parameter to obtain the besf fit. Using Eguation (6}, values
of Ac/n were found; these are also shown in Tables 2 and 3.

Since T* is a function of the single vapor pressure datum,
for the fluids studied here, we chose the temperature corres-
ponding to 300 torr for determining the best Qc/n.

To find and subsequently correlate Ac/n, it was necessary
to exercise care in the definitions of parameters T;¢¢, FA‘
Fy and FB. We preserve the original SWAP method by perturbing
about an effective normal paraffin. However, to obtain
good vapor-pressure predictions for hetercatom-containing
hydrocarbons, it is necessary further to perturb the model
about a structural homomorph of the heteroatom-containing
hydrocarbon. This homomorph is obtained by replacing all
heteroatoms with eguivalent carbon atoms. For example, the
homomorph for pyridine is benzene and that for thiophenol is

and F_. are determined from the

F B

toluene. Then T3¢0 , FA’ N

homomorph.
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Unfortunately, equivalent carbon atoms cannot always be

substituted for the heteroatoﬁg, egy

for aromatic five-membered rings containing nitrogen and/or
sulfur. It is impossible to obtain an aromatic five-membered
ring containing only carbon atoms; hence, a true homomorph
does not exist.

In this case we still replace all heteroatoms with carbons
even if they are not equivalent carbons. We then determine
T,60 as the normal boiling point of this approximate homomorph.
.FA‘is determined as if all substituted carbon atoms are equiv-
alent whether they are or not. For example, while the

homomorph of thiophene contains 1 non-aromatic carbon atom,

FA is set equal to 1.0.

To obtain the best estimate'of the effective carbon num-
ber, the approximate homomorph should resemble the true homomorph
to as great an extent as possible. We encounter another
obstacle here, howéver, if we consider, for instance,
thiophene. Our preference, using the rules described above,
would be to replace the sulfur atom with carbon and use the
normal boiling point of cyclopentadiene to represent Tis6o.
However, cyclopentadiene exists only as a dimer and we can
not easily obtain a value for T;¢o0. Instead we use the next
closest approximation to the true homomorph - cyclopentene.
Fortunately, normal boiling point’is not sensitive
-to degree of aromaticity. For example, T;¢, for cyclopentane
is 322 K and that for cyclopentene is 317 K; also, T;¢9 for

toluene is 384 K whereas that for methylcyclohexane is 374 K.
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Further, the SWAP method is not sensitive to small inaccuracies

in T;60, as shown by Macknick (1978).

-

To illustrate the use of thé SWAP method for the case of
five membered rings, we present an example.calculation for |
thiophene in Appendix I.

Within the scatter of the data, the results shown in Tables

2 and 3 correlate with FH' the fraction of heteroatomicity. For

nitrogen-containing compounds

no. of nitrogen atoms
= i ecule
FH no. of nitrogen atoms + no. of carbon atoms per mol

A similar definition is used for sulfur-containing compounds.
For both types of compounds, Ac/n becomes increasingly

negative as FH rises; molecular flexibility for a nitrogen-

or sulfur-containing hydrocarbon derivative is lower than that

of a corresponding heteroatom-free hydrocarbon. Introduction

of the heteroatom tends to stiffen the molecule.

For nitrogen-containing compounds:

Ac/n 0 0 < F, <0.073

Ac/n

Q.9285FH+0.6773 FH > 0.073

For sulfur-containing compounds:
Ac/n = 0.7847F; =~ 1.635F2 - 0.02029F (13)
H H .

Cgquations (12) and (13) are uscd in addition to Equation 7
to determine the total Ac/n used in Egquation 6.

Appendix I gives illustrative calculations showing how
the extended SWAP correlation can be used to calculate vapor
pressures of hydrocarbon derivatives containing either nitrogen

or sulfur heteroatoms.

Discussion

When Equations (12) and (13) are used, the vapor pressures
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8
of all compounds shown in Tables 2 and 3 are reproduced with an

average error of less than 10% over the experimentally-available
range. Maximum errors are also less than 10% except for pyrrole

(12%) and dimethyl pyrrole (17%).

For fluids whose molecules contain both sulfur and nitro-
gen, a reasonable approximdtion may be provided by adding the
contributions from Equations (12) and (13) to determine Ac/n.
Experimental data for such fluids are extremely rare, However,
data are available for thiazole and methyl 2-thiazole (Boublik

et al., 1973) in the range 100-760 torr. When SWAP is used for

these fluids, the maximum error in the predicted vapor pressure
is 4%.

To gain some perspective on the accuracy of SWAP com-
pared to that of other methods, we have calculated
ﬁaximum and average errors for two representative compounds,
one containing nitrogen (2,4 dimethquuinoline% and one con-
taining sulfur (thiophenol), over the available range of data.
In addition, we have calculated maximum and average errors
for these compounds supposing that their true structures were
not known’ to simulate the usefulness of the three methods on
mixtures where structure is unlikely to be well defined.

These are shown in Table 4.

The nitrogen-containing compound was altered to be 3-
methyl l-naphthalene amine and the sulfur-containing compound
was altered to be l-ethyl thiophene. These perturbations
changed primarily the position and character of the heteroatoms
and leave fraction aromaticity largely unchanged. Since Macknick

(1970) has previously shown that SWAP is a superior method in

the face of uncertainties in aromacity, we desire here to show
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SWAP's advantages in terms of uncertainties in heteroatomicity
character. We assume that fraction heterocatomicity can be
determined with good accuracy.
For both compounds the accuracy of the SWAP method either
equals or exceeds that of the Riedel-Plank-Miller method and
that of the Lee-Kesler method (Reid et al. 1977). More
important, when structure is perturbed, the accuracy of the
SWAP method is affected to a much lesser extent. Note that
the percent error for the SWAP method hardly changes when
molecular structure is misrepresented in contrast to that for the
methods of Riedel-Plank-Miller or Lee-Kesler.

Each method requires input data to determine applicable
constants. The SWAP method needs only approximate structure
expressed through fractions of aromaticity, naphthenicity,
branching, and heteratomicity, and one vapor-pressure datum.

On the other hand, the Lee-Kesler and Riedel-Plank-Miller methods
both require critical temperature and critical pressure as well
as one vapor;pressure datum. Since critical properties are

often not available, they were estimated using Lydersen's group
contribution method (Reid et al., 1977) which requires detailed

structural information and molecular weight.

Mixtures

Perhaps the major utility of the SWAP correlation lies in

it applicability to narrow-boiling mixtures of heavy hydro-
carbons (cuts or fractions), where detailed molecular structure

is not known. To illustrate, we compare calculations using
SWAP to the petroleum-cut data of Myers and Fenski (1955) who
studied four sets of narrow-boiling petroleum fractions, des-

ignated OLA tar, Sovaloid C, Was I and Wax II. Both OLA tar
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and Sovaloid C were characterized as predominantly alkylated

anthracenes and phenanthrenes, also possibly containing some
four-ring, polynuclear aromatics. The degree of alkylation
was small. The two waxes were stated to be typical high-boil- ..
ing normal paraffins. Based on this information, we set

F, = 1 for the OLA tar and for Sovaloid C; we set F,=0

A
for the waxes. All other characterization factors (FB'FN'FH)
were set to zero. T;¢¢ Was -estimated from an extrapolation
of the experimental data. Table 5 shows maximum and average
errors through the range of experimental data, generally
0.2 to'100 torr. Agreement is good, especially considering
the rough quality of the characterizations of the compounds
and considering that the maximum deviations occur at 0.2 torr
where we expect the largest experimental uncertainty.

For comparison,we have also used the Lee-Kesler and
Riedel<Plank-Miller methods to estimate the vapor pressures
of the petroleum-cut data of Myers and Fenske. These methods
require critical constants ;
Lydersen's method (Reid, et adw, 1977)
was used to estimate the critical properties. Lydersen's
method requires knowledge of exact molecular structure and

molecular weight. Since moiecular structure was not known,
itwas estimated as follows:. OLA tar and Sovaloid C were
assumed to be 1,6 diethyl-4 methyl anthraqene; Wax I was
assumed to be n-tricosant; Wax II was assumed to be n=octa-
cosane. Table 5 presents maximum and average calculated
relative errors.

In all cases the accuracy of the SWAP method either equals

or exceeds that of the Riedel-Plank-Miller and Lee-Kesler
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methods. This is particularly true for Wax II where the maximum
and average errors of the SWAP method are -approximately one-tenth
those of the other two methods.

The advantage of SWAP results from its use of rough charac-
terizations rather than exact-:structure to characterize the proper-
ties of a given compound or mixture. »These characterizations
N’ FH) are often easy to determine experimentally; they
tend to give a sufficiently accurate representation of the charac-

(Fps F

ter of unknown compounds.

Extrapolation of a rough characterization to exact structure
can lead to large errors id that structure, especially for mixtures.
Translation of the estimated structure to critical properties using
a group contribution method magnifies those errors. Finally, use
of the incorrect critical properties leads to larger errors. in
vapor-pressure especially far from the available vapor-pressure datum
SWAP avoids these problems by using the .rough characterizatioen’
directly.

Unfortunately, no published data are presently available
for narrow-boiling fractions of hydrocarbons containing nitrogen
and/or sulfur heteroatoms. However, the evidence presented here
suggesfs that the extended SWAP method, as discussed here, should

provide good estimates for the vapor-pressures of such fractions.
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TABLE 1

Parameters in Equation (3)

D E F G b o
5.4224 x 10° -3.326 x 10° '9,0692 x 10° 6.4197 x 10?2 -0.53§53
4.6512 x 10~2°  1.3450 x io‘ 2.0617 x 10=! -2.1884 x 10-! 0.17427
2.6646 x 1025 -1.8775 x 10! 1.0278 x 10° ~0.11956

~-7.5590 x 10!
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TABLE 2

14

Parameter c¢/n Obtained from Vépor¥Pressure Data?® for

Nitrogen-Containing Compounds

Range of Data

ataken from T. Boublik, V. Fried, E. Hala.

Compound (torr) -10%Ac/n
2,5-Dimethyl pyrrole 70 - 1,700 133
Pyrrole ‘ 70 - 2,000 169
2,4-Dimethyl guinoline . 90 - 800 8.94
Quinaldine 110 - 760 32.8
Quinoline -110 = 760 -36.3
Isoquinoline 100 - 760 -1.97
2-Methyl 5-Ethyl pyridine 20 - 760 6.74
‘3-Methyl pyridine 70 - 2,000 57.3
4-Methyl pyridine 70 - 2,000 57.2
2-Methyl pyridine 150 - 2,000 62.1
Pyridine 150 - 2,000 90.9
Dicthylamine - 300 - 900 115
Dimethylamine 5 - 760 244
Methylamine 4 - 760 375

The Vapor Pressures

of Pure Substances. Elsevier Scientific Publishing Company,

Amsterday (1973).
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TABLE 3

Parameter Ac/n Obtained from Vapor-Pressure Data for
Sulfur-~Containing Compounds

Range of Data

Compound o (torr)’ Data Source -iO3Ac/n
Methanethiol ’ "10 - 1,500 2 294
l-Propanethiol 150 - 2,000 1. 97.3
2-Propanethiol - 180 - 2,000 1 130
1-Hexanethiol - 70 - é,ooo 1 27.3
l1-Heptanethiol 70 - 1,300 ° 1 19.9
2-Methyl l-butanethiol 70 - 2,000 1 43.9
2-Methyl 2-butanethiol 150 - 2,000 1 37.6
3-Methyl 2-butanethiol 70 - 2,000 1 47.0
2-Methyl 2-pentanethiol 70 - 2,000 1 .29.4
2—Methyl‘2—propanethi§l 150 - 2,000 ° 1. 95.3
Thioanisole 70 - 900 1 52.4
1-Undecanethiol 10 - 1,500 2 12,1
l-Eicosanethiol 10 - 1,500 2 : 5.31
Thiophenol 10 - 1,500 2 55.1
2-Methylbenzenethiol 10 - 1,500 2 " 24.6
3—Methylbenzenethiol 10 - 1,500 2 36.3
4-Methylbenzenethiol 10 - 1,500 2 21.6
Ethanethiol 10 - 1,500 2 160
Thiophene 10 - 1,500 2 83.8
2-Mcthylthiophene 10 - 1,500 2 64.4
3-Methylthiophene " 10 - 1,500 2 63.7

l) T. Boublik, V. Fried, E. Hala. The Vapor Pressures of Pure
Substances. Elsevier Scientific Publishing Co., Amsterdam (1973)

2) R.C. Wilhoit, B.J. 2wolinski. Handbook of Vapor Pressures and
Heats of Vaporization of Hydrocarbons and Rzlated Compounds
(APIRP 44), Thermodynamics Research Center, Dept. of Chem.,
Texas A&M University, College Station, Texas (1971).
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‘TABLE 4

Accuracies of Three Vapor Pressure Correlations

Used For Estimation For Compounds of Unknown Structure

Thiophenol 2,4 Dimethquuinoline

METHOD Correct Incorrect Correct Incorrect
Strucz-ura Structure Structure | Sturcture

_ MAX AVE MAX AVE MAX AVE MAX AVE

SWAP 6.9] 2.1 7.7% 2.4 1.7 0.4 1.8 {0.4
Lee-Kesler 6.1] 4.8 8.71 1.8 2.5 0.9 |10.5 | 4.7
Reidel-Plank-Miller 7.2] 1.1 10,0 | 2.1 4.5 | 1.9 {10.0 | 4.5
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TABLE 3

Calculated Vapor Pressures Using SWAP, Lee-Resler, Riedel-Plank-Miller for Petroleum

Fractions

(Range 0.2 - 100 torr)

Deviation From Experiment

SWAP Lee-Kesler Riedel-Plank-Miller
maximum average maximum average maximum average
OLA tar 1B.7 8.0 18.4 10.1 15.4 10.0
Sovaloid C 22.9 | 7.8 23.7 10.8 20.8 9.1
Wax I 1¢9.5 6.6 . 24.% | 8.2 30.0 8.6
Wax II 6.8 3.3 58.6 21.2 ¢ 6{.0 23.1

LT



18 Iv-1 -

APPENDIX —. IV-I

Sample Calculations

To illustrate the extended SWAP correlation for

predicting vapér pressures of sulfur- and nitrégen—cpntaihinq
hydrocarbons, we present .calculations foi two representative
pure liquids: thiophene and quiholige. Required data for the
estimations are appruximété mole fraétions ot h—pagaffinic;;
branched paraffinic, naphthenic, aromatic, sulfur and nitrogen
atoms in the sample.. Also ngeded are the normallboiling point

of the structural hombmorph and a single vapor-pressure datum.

Nitrogen-Containing Hydrocarbon

quinoline: Fy =0 Fp=10 Fp = 1.0 Fy = 0.1

?,P datum - 471.4 K, 300 torr

homomorph = naphthalene (T,¢,= 491.1 K)

1. n.es¢ from Equation (4):

oo
eff _ 12.12

2. c/nnormal paraffin from Equation (5):
= 2
c/nnormal 0. 167+1 022/12.12-0. 189/(12 12)
paraffin

= 0.2500 -
3. Ac/n from Equation (7):

Ac/n =[0. 1319(l)+0 2429(0)+0.1992(0) Jexp[-0. 002532(491 1]

| = 0.03804
4. Ac/nH from Equation (12);

Ac/hH = -0.9285(0.1) + 0,06773.
. = =0.0251
5. P ormal from Equation (9):
paraffin

108
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10.

11.

*
. Summing the contributions to ¢/n and P :

19 L Iv-I - 2

* . ' ) .
P oormal = 5.78x10° exp[-4.7222/(491.1-100)]
paraffin_ 571063
*
AP from Equation (10)

[0.72(1)+0.27(0)-0.65(0)]J10° = 72000

c/n = 0.25+0.03804-0.0251 = 0.2629

P" = 571063472000 = 643063 torr

From ¢/n = 0.2629,
X = (0.2629 - 0.167)" 1 = 10.43
We now calculate A, B, and C from Equation (3)

using the appropriate conétants from Table 1.
[1/(-0.53853) ]2n{[ (5.4224x10%) (10.43)
+ [(9.0692x10°) (10.43) 4137x107 7= 053853
= 2.027 a

-3.326;(10"]-0.53053

A

and similarly:

B =-6.149 and C = -2.861
. '
T can now be obtained by solving Equation (1) using

the vapor pressure datum:

0= 2,027~ 2n(300/643043) =-6. 149T /471 4
-2.861T 2/(471.4)2
Only one solution is possible:

*
T = 498.3K
As a test, calculate the .vapor pressure at 485.8K

Ln(P/643063)- 2.027-6.149/(485.8/498. 3)
-2.861/(485.8/498.3) 2

P = 438.6 torr
The reported vapor pressure aﬁ this tehperature is
430.6 torr; the error is 1.9%.
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Sulfur-Containing Hydrocarbon

The method for sulfur-containing hydrocarbons is
to that used for nitrogen~containing hydrocarbons:
thiophene: Fy = 0 FB =0 FA = 1.0 FH = 0,2
T,P datum - 329.8 K, 300 torr
homomorph = cyclopentene (T7¢0= 317.)

from Equation (4) :

=((3.03191-{2n(1078-317.) }/2.303)/0.4999) !5

1. Ness

Neff
= 5,252

2. ¢/n from Equation (5):

normal paraffih

, _ -0 . 2
normal paraffin- 0.167+1.022/5,252-0,189/(5.252)

= 0.2547

c/n

3. Ac/n from Equation (7):

l0.1319 (1)+0.2429 (0)+0.1992 (0)) exp[-0.002532(317.)]
0.0591 -

Ac/n

4. Ac/nH from Equation (13):

Ac/ny 0.7847(0.2)%-1.635(0.2) 2-0.02029(0.2)

0.0632

pgormal from Equation (9):
paraffin ,
pr . =5.78x10 exp( -4.7222/(317.-100)
paraffin
. . = 565558
6. AP* from Equation (10):
aP* = [0.72(1)+40.27(0)-0.65(0)] 10% = 72000

7. Summing the contributions to c¢/n and P*,
c/n = 0.35474+0.0591 - 0.0632=0.3506
P* = 565857+72000=637558 torr

8. From c¢/n 0.3506
=1

X (0.3506 - 0.167)

= 5.447

110



10.

11.
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Evaluate A, B, and C from Equation (3) using the

appropriate constants from Table 1.

0
A=1[1/(-0.53853)) 2n {[(5.4224x10%) (5.447)y3*326%107 -053¢8

-2
+[(9.0692x10°)(5,447)5ﬂ197*1° Jo,ssesa}

2.207

aﬁd similarly:
B= -6.434 and C = -1.544
T* is obtained by solving Equation (1) using the single
vapor pressure datum:

0 = 2.207 2n(300/637558)—6.434T*/329.8-1.544T*2/(329.8)2
Only one solution is possible:

T* = 393.3 K

Finally, as a test, calculate the vapor pressure at 337. 8K

2n(P/637558) = 2.207-6.434/(337.8/393.3)
-1.544/(337.8/393.3)2

P = 398.7 torr

The reported vapor pressure at this temperature is 400

torr; the error is 0.3%.
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APPENDIX IV-II - 1

Estimation of T7G° For Determination of SWAP Parameters

We realize that in most cases T,,,, the normal boiling

point, will not be available for calculating
®*
normal paraffin’ "effective

‘the SWAP method is relatively insensitive to the value of

P , or Ac/n. Fortunately, since

T,Go‘used, we can estimate it with little loss in accuracy.

We suggest one of the foilowing two methods:

I. Molecular weight (M) and fraction aromaticity (FA) are
known.

T, = (1-F,)PAR + F,AR

PAR ; 65.09M% 4317 — 3139, ,5M0.239

AR = 41.87M0-56% _ 2g 25M 0-370

If sulfur is present:
homomorph (l-FH)fFH(BZ/IZ)
T,¢0 18 in degrees Kelvin. No correction is needed for

(11-1)

(11-2)
(11-3)

(I1I-4)

nitroger

11.0ne vapor pressure datum (Td' Pd), fraction aromaticity

(FA) and fraction heteroatomicity (FH) are known.

T, .= (l-FA)(A+BTd

2
760 +CTd)+FA(D+ET

2
d+FTd)

2
+GFH+HFH

A = 28.4 - 5.22 &nP
B=1.51 - 0.0709 &nP
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= -1.92 x'10°* + 2.38 x 10~° &nP

(o
D -142 + 22.2 &nP

E = 2.39 - 0.210 &nP

F=-1.15 x 10 ® + 1.71 x 10 " 2nP

G and H depend on whethe; the heteroatom is N or S.
For nitrogen:

G = 52.1 fnP - 558

N

]

H=-99.7 2nP + 749

For sulfur:

G -2.10 &nP -~ 386

]

H = 8.48 &nP + 394
T;60 1S in degrees Kelvin and P is in torr.

Method I has been derived {(Macknick, 1978) for pure hydro-
carbons with no heterpatomicity and is preferred for these com-
pounds because of its better accuracy. Method I also estimates
quite well the homomorph T;¢, 0f compounds containing the hetero-
atom S provided the measured molecular weight is corrected
for sulfur content using equation (II-4). Since nitrogen and

carbon have almost the same molecular weights, there is no

(II1-8)
(I11-9)
(11-10)
(II-11)

(II-12)

(1I-13)

(I1-14)
(II-15)

correction for nitrogen containing compounds when using Method I.

Figure 1 can be used for quick hand calculations.

Oftentimes it is difficult or inconvenient to determine

the molecular weight of an unknown compound. 1In this case, method

II is recommepded. When the compound is a pure hydrocarbon and
a vapor pressure datum above 10 torr is available, T,¢o can be
estimated within 10 K (Gonzalez, 1979). The homomorph normal
"boiling ﬁoint for compounds containing nitrogen or sulfur can

be estimated within 40 K when the vapor pressure datum is above

10 torr.
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The combined results of equations (II-11) through
(II-14) were used to estimate the homomorph.normal boiling
point from the data of two compounds containing both nitrogen
and sulfur (thiazole and methyl-2-thiazole). . Simple additiop
of the two contributions yielded results of accuracy comparable
to that obtained for compounds containing only one heterocatom.

This suggests that Methdd II can be used to estimate
the homomorph normal boiling point of compounds cohtaining
both nitrogen and sulfur.

To illustrate the use of Methods I and II for estimating
T,¢0 + We present calculations for OLA tar. Since molecular
weight is not known for this petroleum fraction, we assume
that its molecular weight can be represented by that of
1,6 diethyl-4 methyl anthracene (224.3). A convenient vapor

pressure datum is 474.3 K at 5 torr.

Method I
From equation (II-2):

PAR = 65.09(224.3)°%!7 - 139,5(224.3)7°0"13°

]

556.3

From equation (II-3):

AR = 41.87(224.3)°"%¢% - 28.25(224.3)°"*7°
= 677.4
Fp = 14/19 = 0.74

From eguation (II-1):
Tye0= (1-0.74) (556.3) + (0.74) (677.4)
= 645.9 K
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Method I

From équations (II-6 through II-11):

A = 28.4 - 5.22 n(5) = 20.00
B =1.51 - 0.0709 &n(5) = 1.40
C=-1.92 x 10™% + 2.38 x 10”5 &n(5)= -2.30 x 10 *
D = -142 + 22.2 &n(5) > = -106
E = 2.39 - 0.210 &n(5) - = 2.05
F

= -1.15 x 10 ® 4+ 1.71 x 10" * 2n(5)= -8.75 x 10 *
Since the cut exhibits no heteroatomicity, it is not’
necessary to calculate G or H.

From Equation (II-5):
' [1-0.74][20+1.40(474.3)-2.3x10" " (474.3) 2]

T760

+ [0.741[-106+2.05(474.3)=8.75x10 " (474.3) 2]

659.8 K
The extrapolated value of T,,, used in the calculations for

Table 5 was 652 K.
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Figure 1  Molecular Wcight Estimation as a
Function of Normal Boiling Point
and Approximate Chemical Structure
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APPENDIX V

VAPOR PRESSURES OF HEAVY LIQUID HYDROCARBONS

BY A GROUP-CONTRIBUTION METHOD
g Abstract

The group-contribution method gives parameters for a
vapor-pressure equation based on a kinetic theory of fluids.
All parameters are obtained from molecular structure only.
Good representation is obtained for vapor-pressure data for
67 hydrocarbon liquids in the region 10-1500 mm Hg. This
group-contribution method is useful for estimation of vapor
pressures and enthalpies of vaporization for those heavy

hydrocarbons where no experimental data are available.
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An abundance of experimental vapor-pressure data is
“'in the literature for low-molecular-weight hydrocarbons.-. How-
ever, with the exception of normal paraffins, reliable wvapor
" pressures are scarce for compounds which have normal boiling
points over 200 C. - For rational process design, especially
~for alternative energy processes, it is important to have
‘"good estimates for thermodynamic properties of heavy hydro-
carbons. Since it -.is rarely feasible*economicaliy to deter-
“mine experimentally all necessary data, correlations are often
~used to extend limited experimental information. However, -
. for many high-molecular-weight hydrocdarbons, no experimental
"data at all are available. Therefore: it is desirable, when
possible, to estimate physical properties from theoretically
based correlations. This work presents a group-contribution
‘method for determining parameters in a vapor-pressure equa-
tion.

Many vapor-pressure equationSFhavé been proposed.
Most are either empirical or integrations of the Clapeyron
equation coupled with simplifying assumptions. In almost
~all cases these equations take a form.where the pressure is
an exponential function of the temperature and of the adjust-
able parameters; this exponential dependence requires accurate
prediction of parameter values. Since common vapor-pressure
equations contain at least:three, and often more, adjustable
parameters with no. clear physical significance, it is not

possible to determine unambiguous values of these parameters
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by group contribution.

Many equations use éritical data to develop a corres-
ponding-states relation. Such relations are suitable for most
light compounds, but not for heavy hydrocrabohs which are
thermally unstable in the critical region. Criﬁical data
for heavy hydrocarbons are usually not known.

Several authors have correlated vapor'presSures for
homologous series, but such correlations are limited to
specific compounds. While suéh correlations are sometimes
more accurate, a group-contribution method, based on carbon-
types, is more general because it can be used for a wide
variety of hydrocarbons. Not only can one estimate the vapor
pressure of a homologous series, but in additibn, it 'is pos-
sible to estimate the effect of substituting various branches

and side chains onto an unbranched parent molecule.

The AMP Equation

.Extending a suggestion by Moelwyn-Hughes (1961),
Abrams, Massaldi, and Prausnitz (1974) preSented an equation

relating pressure P to absolute temperature T:

2

An P=A+B/T+C 22 T + DT + ET (1)

where .
E
A = 2n (‘-,—’32-) +(s-3 an D - (s-11)
"4+ fn a _ ' (2)
B = -EO/R - ) R o (3)
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c = % - s | @
_ (s-1) . . .
P = w® /R | (3)
2(E0/R)

Here Vw is fhe (hard-core) van der Waals volume; Eo
is the enthalpy of vaporization of the hypothetical liquid
at T = 0; s is the number of equivalent oscillators per
molecule, and R.is the gas constant (82.06‘cm3;atm/gmole;k);
EO/R is in kelvins. and the universal constant a is equal to
0.0966 when P is in-atm and T is in kelvins.

Abrams (1974) and Macknick (1977) have shown that this
equation gives reliable results for large molecules and that
it is suitable for representing vapor-pressure data in the
range 10-6 to 2 atm. While Egquation (1) has only three fhn—
damental parameters (Vw, s, and Eo/Rx, the equation has a
form similar to that of pop;lar'empirical equations with five
adjustable parameters. The three fundamental parameters have
physical significance; they reflect the size and shape, flexi-.
bility, and intermolecular forces of the molecules. The
small number of parameters and their physical significance

.facilitates correlation by a group-contribution method.

AMP Parameters from Group Contribution

As shown by Abrams (1974) and by Macknick (1977),
parameters s, EO/R, and V  can be calculated from a non-linear
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fit of experimental vapor pressure data. In this work, when
experimental data are not available, the parameters can be

found from a group-contribution method:

s =L v,ss (7)

i
EU/R = i vi(SOi/R) _ ‘ (8)
Vw = f.vivwi (9)

where si;'EOi’ and v, are contributions from a group con-
taining carbon-type (i); vy is the number of carbon atoms

of type (i) in a molecule. Table 1 gives contributions to s
and EO/R by carbon type. The (hard-core) van der Waals
volume Vy is found from Bondi's (1968) group-contribution

correlation.

Group parameters sy and €pi Were determined from
experimental vapor-préssureAdata for 67 liquid hydrocarbons:
20 normal paraffins, 21 branched paraffins, 19 aromatics,
and 7 naphthenics. The data were obtained from American
Petroleum Institute Projects 42 and 44 [1966, Zwnlinski (1971)].
The Simplex [Nelder (1965)] regression routine was used to
correlate the data. Table 1 gives the hydrocarbons used for
evaluation of different group contributions. Whenever pos-

sible, the experimental data for data reduction were in the

range 10-1500 mm Hg. However, accurate experimental data
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for heavy hydrocarbons are sparse; for some compounds the
only reliable experimental datum is the normal boiling point;
Therefore, the group-contribution method given here is likely
to be more accurate near normal-boiling-point temperatures.
Carbon-type analysis does not take into account dif-
ferenceéxin molecular fine structure. For example, the
method given here does not distinguish between l-methyi-
naphthaleng and 2-methyl—naphthalene;~ However, the methéd
does account for differences in gfoss molecular structure; a
distinction is made, for example, between 1,2-dimethyl-
naphthalene and l-ethyl-naphthalene. 1Inability to account
for fine structure usually produces an error of less than
+7 C at the normal boiling point. Predictions for highly
branched compounds are less reliable than those .for compounds
whose molecules contain only simple substitutions on a

non-branched parent molecule.
Results

Tables 2 and 3 compare predicted and experimental .
boiling points and enthalpies of vaporization. In Table 2,

T and T760 are respectively, the temperatures where the

10
vapor pressures equal 10 and 760 mm Hg; AT is the difference
between calculated and experimental values. |

Experimental enthalpies were obtained by differen-
tiating the experimental vapor-pressure data using a form of

the Clausius-Clapeyron equation valid at low pressures:
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d(gen P) _ aHY . - -
. RT

Calculated enthalpies of vaporization were determined

using Equations (1) and (10) to give,

v 2

AHqalc

= R[-B + CT + DT“ + 2ET3] (11)

For 67 liquids, the average error ian760 is ¥2.1.C, and
that for AH' at the normal boiling point is *5.4%.

Equation (1) holds for a large range of pressures; .
gross errérs ére not expected even for temperatures well
below fhe,normal boiling point. For example, for eicosane
(n-C,,H,,), Macknick (1978) reports that Ty o1 = 83-85 C;
TO.Ol is the temperature where the vapor pressure is 10'_2
mm Hg. Using the group contributions given here, and re-
calling that they were determined from data in the range
10-1500 mm Hg, thé calculated TO.Ol is 79;60 C; this error
of 4.25 C is remarkébly low, considering an extrapnlation in
pressure of a little more than three orders of magnitude.

Since the derivation of Equation (1) assumes ideal-
gas behavior, it is not applicable at temperatures near the
critical region. For eicosane, Reid et al. (1977) report
T, = 494 C and P, = 11.0 atm. At the critical pressure, the -
group-contribution method estimates T = 514 C, giving an
error of 20 C.

Tables 4 and 5 give sample éroﬁp-contribution calcu--

lations for compounds which were not used in obtaining the
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gfoup parameters. Figure 1 compares experimental and predic-

ted vapor pressures. Agreement is about the same as that in-

"dicated in Table 2.

Conclusions

The semi-theoretical correlation presented here can
supply reliable estimates for vapor pressures and enthalpies
of vaporization for heavy hydrocarbons. This correlation is
gspecially useful for preliminary design considgrations
where it is not economically feasible to make experimental

measurements.

Nomenclature

A, B, C, D, E AMP equation parameters, functions of
EO/R, Vw' and s

Eo ‘ ' AMP equation pargmeterf epergy of vaporiza-
' : tion of hypothetical liquid at T = 0.

auY Enthalpy of VapSrization, Kcal/gmole

P Yapor pressure, atm

R Gas cohstant, 82.06 cm3-atm/gmole-K

s _ AMP equation parameter: number of equivélent

harmonic oscillators per molecule

5; ContriSutipn By group (i) to parameter s

t " Temperature, C | .

T ’ Temperature, K

Vi Contribution by group (i) to parameter v,

\' AMP equation par meter: (hard-core) van der

v Waals volume, cm3/gmole
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Greek Letters

a AMP equation universal constant equal to
0.0966 when P is in atm and T is in kelvins

€0i Contribution by group (i) to parameter Eo_

Vi Number of (i) groups per molecule

Subscripts

0.01,10,760 At pressures of 102, 10, and 760 mm Hg,
respectively

c At critical point
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Table 1. Group Contributions to Vapor-Pressure Parameters

s and EO/R

Vapor-Pressure Data
Used to Obtain

Carbon-Type s; i/R,K Group Paramaters
Aliphatic -CH3- 2.359 1162.7 Normal paraffins C5—C40
Aliphatic - CH,- 0.479 674.0 Normal paraffins C5—C40
' ]
Aliphatic —?—H -2.189 -372.9 Branched paraffins mClO
. .
Aliphatic —?— -4.318 -1127.1 Branched paraffins NClO
Ar
Aromatic Nc-H 1.175 939.5 Benzene
ar”
Ar$
Aromatic _C-R -0.520 583.0 Substituted aromatics
Ar
Ar.
ggggi’gfgd PN -0.774 432.5 Naphahalene, Anthra-
Ar Cond cene, Chrysene
Ar
Condensed A
: o 0.321 632.5 Pyrene
Aromatic Cond, \Cond
\ L
Naphthalene ,FHZ 1.188 928.0 Cyclochexane
N /H
Haphthenic /C\ -1.936 ~431.0 Substituted cyclo-
R hexane
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“Table 2

. Comparison of Experimental and Predicted Vapor

Pressures for Representative Liquids.

Ty60’ ©

A

T460

AT

10

~Compound Experimental Calculated C Experimental Calculated fE_-
n-CloH22 '174.2 | 173.9 -0.3 57.6 52.9 . =-4.,7
n-C, H,, 343.8 314.0 0.2 198.3 195.8 =2.5
.n?quﬁaz 525.0 524.6 -6.4 353.0 360.6 | 7.6
3-Ethyl-octane 122.3 130.7 8.4 12.5 8.1 ° -.-4.4
3,3-Dimethyl-octane 161.2 156.4 5.2 45.0' 42.1 - 2.9
2,3,-Dimethyl-3-ethyl- 163.7 154.7 1.0 45.0- 36.3 .. =8.7

hexane : : ‘

- Naphthalene 217.9 218.5 0.6 ~86.6 88.0 1.4
Anthracene © . 341.2 340.2 -1.0 176.2 181.4 5.2
Chrysene 448.0 448.5 0.5 - - : -
2,6-Dimethyl-anthracene  370.0 369.3  -0.8 - -- -
n-Hexadecylébenzene 378.0 372.5 -5.5 227.0 224,0 o =3.0

~2-Methyl-3-ethyi- : '

naphthalene 277.0» 378.9 1.9 132.0 138.7 6.7

. n-Octyl-cyclohexane 263.6 262.7 -0.9 126;0 "122.6 -3.4

n-Hexadecyl-cyclohexane 379.0 379.7 0.7 224.0 223.7 . =0.3
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Table 3. Comparison of Expefimentaliand Prediétéa’EnthaIpies
of Vaporization at the Normal Boiling Point for )
Representative Liquids ‘

AHV, Kcal/gmole

ACompound. : | Experimental Calculated $% Error
n-C10H22 - 10.12 9.59 -5.3
n-C,oH, o . 15.28 . 15.14 -0.9
n-CyoHg, . 2s.00°  23.10 7.6
3-Ethyl-octane 10.11 S 9.22 | -8.7
3,3-Dimethyl-octane 9.87 18.96 -9.2
2,3-Dimethyl-3-ethyl-hexane -  9.98 8.49  -15.0
Naphthalene ' ’ 10.85 © 10.96 1.0
Anthracene 1 14.10 14.05 0.4
h—Héxadecyl—benzene 17.01 - .16.60 " -2.4
2-Methyl-3-ethyl—naphtha1éne 13.23% 12.93 -2.2
n-Octyl-cyclohexane : ., 12.56 11.96 - f4u8
n-Hexadecyl-cyclohéxane '16.55 16.14 ':—2.5

v

8Because of a lack of experimental data, AHexp

was calculated from the slope of the vapor-pressure

curve between '1‘10 and T760'
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Table 4. Sample Calculation for Parameters in Equation
(1): 1,2-dimethyl-naphthalene '

!
e

. ) 3 i
Carbon-type Vi Si €gi/Re K vy cm”/gmole
Aliphatic =~ CH,4 2. 2.359 1162.7 ©13.67.

ArQ
Aromatic ,C~R ‘2 -~0.520 583.0 ‘5.54

Ar

_ Ar\ Lt
Aromatic  C-H 6 1.175 939.5 8.06
Ar
Ar :
N\
g",“den?ed Nc-cond 2 -0.774 432.5 4.74
romatic AI‘/ : . »

s =12 v,s, = 9.18
i

EO/R = i vi(eOi/R) = 9993.4 K
- L2 3
Vw = i ViVai = 96.26 cm”/gmole

+Source: Bondi (1968).

130



13

Sample Calculation for Parameters in Equatibn

Table 5.
‘ ' (1): 2-methyl-5-ethyl-heptane
v s € /R‘ K v cm3/ mole*

Carbon-type i i 0i” "’ wi’ g
Aliphatic - CH3 4 2.359 1162.7 13.67‘.
Aliphatic —CHZ" 4 0.479 674.0 10.23

‘ |
Aliphatic -?H 2 -2.189 ~-372.9 6.78
s =1L v.s. = 6.974

ivi
EO/R = i vi(eOi/R) = 6601.0 K

- = 3

Vo = § ViVii T 109.16 cm™/gmole
+

Source: Bondi (1968).
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Figure 1. Comparison of Experimental and Predicted
» Vapor Pressures '
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APPENDIX VI

VAPOR PRESSURES OF SOME NITROGEN-CONTAINING

COAL-DERIVED LIQUIDS
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1.

Much attention- is now being directed at obtaining gaseous
.and liquid fuels from. coal. For designzof coal-conversion -
.processes, it is necessary to know the..physical properties-
‘of .the products. This work reports vapor-pressure data for
~four nitrogen-containing, heterocyclic compounds found in
. coal-derived liquids, including tars.. :
It is difficult:to measure vapor.pressures at eleQated
“temperatures where .thermal degradation..of the compound may..
‘occur. In this work, vapor pressures .are measured at near-
-ambient temperatures, where measurements are relatively ' -
simple. Using knowledge of the molecular structure and low-
- temperature vapor-pressure data, the vapor pressure at high
“‘temperatures can be .predicted using a semi-empirical correlation, .

as discussed elsewhere (1,5,6).

Experimental Apparatus and Procedure .

Vapor  pressures were measured for high-molecular-weight
"organic compounds with a nitrogen atom as part of a ring. ' For

. these measurements,  the gas-saturation method described  below

~ is suitable. Following the procedure of Sinke (4) as
ardeveloped.by Macknick (2,3), pressure can be measured from 10_1
to 10'-3 torr, and temperature may be varied frém ~30 to 150°C.
Oxygen is slowly passed over the sample until saturated. >The

. resulting organic-oxygen stream is burned in a catalyst bed

and the concentrétion of carbon dioxide is determined by an
infrared analyzer. Using this method, it is possible to measure

vapor pressures of complex organic compounds at moderate

135



2.

temperatures, thus avoiding degradation. The infrared analyzer
a;lows determination of the small vapor pfessures with higﬁ
accuracy. Since measurement of pressure is continuous, there

is no need for a collection method with its attendant inaccuracies.
Figufe 1 shows a schematic diagram of the process.

The sample is packed in a cell construéted of 3/8-inch ID
stainless-steel tubing. Figure 2 shows that there are three
legs to this cell. Two contain the sample; the third and final
leg contains glass packing to eliminate entrainment. If the
sample is a liquid, it is poured over glass packing; if‘
ﬁeasurements are to be made in the temperature range where the
substance is solid, the loose crystals are packed into the
tubing. The three legs of the cell are connected in series.
All connections and seals are metal-to-metal
because materials used fdr other sealing methdds
(i.e. Teflon tpe, O-rings) have vapor pressures of the
same order of magnitude as those being measured.

Oxygen is introduced into Lhe system at 5=10 psig. Trace.
impurities are removed by'passing the oxygen over a hot
catalyst and then through Ascrite@and Drierite @to remaove COy
and Hzo. The purified oxygen stream enters the constant- |
temperature bath and, after thermal equilibration, enters
the sample oell. After saturation, the gas stream enters
the catalyst bed. The entry and the bottom third of the |
c&talyst bed are immersed in the constant-temperature bath

to prevent condensation.of the sample on the walls of the
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apparatus.’

The catalyst is¥0.5 percent palladium on 1/8-inch
alumina pellets. Catalyst temperature is 600 to 650°C. With.
the large excess of oxygen, every organic molecule is combusted
completely to COZ’ NO2 and HZO:

CnH‘m Ny + (n+y + m/4) O, + nCco, + (m/2)H20 + yNO2 . .(1)

2 2
After combustion in the catalyst bed, the stream is sent. to a
Beckman Model 865 Infrared ‘Analyzer - tuned to detect carbon:
dioxide. The analyzer's working range is 100 to 2500 ppm of
CO,. Neither water nor NOz.interfere'with accurate determination

2

of CO2 concentration. Since the cell is loaded with a pure
compound, the carbon number: (number of carbon atoms per
molecule) is precisely known, and the vapor pressure of the

substance can be easily calculated:s

(ppm COZ)P(atmO) P (sample) (2)
n P (atmo)

P(sat) =

where P(sat) is the vapor pressure of the sample; ppm CO2
(molar concentration) is the experimentally determined
composition of CO2 in the effluent. The carbon number of the
compound is represented by n; P(atmo) is atmospheric
pressure measured with a mercury barometer. and a cathetometer

and P(sample)  is the pressure within the sample cell. Since
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the cell is exhausted to the atmosphere; the correction,
[P(sémple)/P(atmo)], is close to unity and can often be neglected.

After passage through the infrared analyzer, the gas stream
passes through a flowmeter and then to exhaust.

The infrared analyzer was calibrated with standardized
gases to determine the response curve for each scale. ‘The
curves thus generated allow conversion from the experimentaily—
determined scale reading into parts per million of Co,. Daily
the calibration is checked with high-purity nitrogen as a zero
standard, and with a standardized gas whose CO2 concentration
corresponds to 75 percent of full scale.

A main concern is the purity of the sample. First,
the empty sample cell is baked overnight in an oven at 400°C.

The sample is loaded into the cell, and tﬁen the whole apparatus
(sample cell and catalyst bed) is inserted into the constant-
temperature bath. For several days the sample is held at an
elevated\temperature with oxygen flow to allow outgassing of
light impurities; during this time, IR readings are approximately
150-200 percent of full scale. The temperature is gradually
lowered and data collection begins when the system has re-
equilibrated.

Saturation of the oxygen stream with the sample can be
checked by varying the flow rate; the vapor-pressure readings
should remain unchanged. To check that combustion
within the catalyst bed is complete, IR readings should remain

unaffected by changes in catalyst temperature.
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5.

The temperature of the bath is maintained by continuous
cooling and on-off heating. Cooling is provided by a a
reffigeration system 1—30 to +20°C), cooling water (20-40°C)
or losses to the atmosphere (greater than 40°C). Heating is
provided by a knife heater controlled by a Thermotrol connected
to a platinum resistance thermometer. Differentrfluids ére
used in the bath for each temperature range; below 10°C, a
mixture of 50 percent ethylene glycol and 50 percent water; water
for 10 to 35°C, and for high temperatures (35 to 150°C), Dow
silicon oil.

All organic chemicals are from Aldrich Cheﬁical Company in
the pureét form possible; they are purified further before loading
into the sample cell. High purity is important since small
amounts of volatile impurities can cause large errors in observed
vapor pressures.

Quinaldine was obtained at 98 percent purity and distilled
in a Perkin-Elmer spinning-band column at 5 mm Hg. The top cut
(5 percent by volume) was discarded, as were the bottoms (15
percent by volume). Quinoline (96 percent initial purity) was
purified by boiling under vacuum until 5 percent by wéight of the
sample was boiled off. A vacuum oven was used te purify N-ethyl
carbazol (98.5 percent) which is solid at room temperature (m.p. 60°C).
The sample was baked at about 125°C for several days. 5-ethyl
2-methyl pyridine required no further purification at 99+ percent
purity. '

To establish confidence, vapor-pressure measurements were
first made for naphthalene. Results agreed to within 2% with

those of Sinke (4).
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Results and'Discussion -

Vapor pregsures were obtained«for quinaldine, 5-ethyl 2-methyl
pyridine, quinoline, and N-ethyl carbazol.  All compounds were
liquids in the température range used. The experimental scale
readings from the infrared analyzer were converted to ppm
(molar) CO2 by previously determined calibration curves. The
vapor pressure is then easily calculated by Equation (2).

Vapor pressures were fit by the least-squares method to a straight

line of the form . i
¢n P =a + b/T (3)

where P is in mm Hg, and T is in kelvins. The assumption of
a straight line fit is valid due to the short temperature range
used here.

Table 1 summarizes the data. Témperature and pressure
ranges and average percent deviation are also presented. The
percent deviation is defined by

Percent deviation = ([P )]/P(exp))lOO

(exp)-P(calc

where P(exp) 'is the experimentally determined value and
P(calc) 1s from the straight-line f;t.
Also,

Average percent deviation = ) |percent deviation|/i
i
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7.

where i is the number of data points. The average percent
deviation ranées from 1.62 to 2.80 for the four data sets.

The data used in preparing Table 1 are shown in Tables 2
through 5. Each of these presents temperature, experimental
vapor pressure, calculated vapor pressure and percent deviation.

Although the exact freezing point of 5-ethyl 2—méth§l
pyridine is not known, a small sample (v 2 mi) immersed for
5 minutes. in .a -25°C bath did not freeze, assuring that the .

reading at -20.39°C is still well within the ligquid range.
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TABLE 1: SUMMARY OF EXPERLMENTAL RESULTS L
Tempierature _ Lt Average
Range Pressure Range - % Deviation
Compound a b °C mm Hg
i l iy . | B
Quinaldine 21.55 | -7365.2] 8.75-39.49 {1.07x10 “-1.35%10 * 1.92
5-Ethyl 2-Methy : ' -2 -
S-Leiyl 2-Methyllag o0 U _eo04 4] -20.39- 42,701 2.70%10 % -2.05%107% | 1.62
Pvridine ;
: =2 -
uinoline 20.96 | -6993.2] 12.62-35.90 i 2.89x107°-1.82x10" % | 2.80
N-E ‘ - o -2 -1
i-Echyl 21.92 | -9010.4| .74.66-100.65| 1.85 10 "-1.10 10 2.17
Carbazol '
t
TABLE 2: QUINALDINE VAPOR VRESSURES
P
. on P(c.}:p) (calc)
e Y i Hg mir g, %z .Deviation
'._—:._‘_:——'::__if-_ - —, T
8.75 ! 1.07x10 1.03x1C © + 3.54
) )
12.18 1.35%10°° 1.42x10 ~ 5.20
’ -2 -2
16.16 2.02x10 2.02%10 + 0.25
-2 -2
20.18 2.90x10 2.86X10 +1.38
y -2 | -2
23.96 3.99x10 3.94%10 +1.30
-2 -2
27.85 5.33%10 5.43%10 - 3.45
. =2 l =2
31,69 i 7.52x10 i 7.38%10 +1.78
{
e ea l -1 ! TS|
25.58 ; 1.00%x10 | 1.00¥10 0
)
- i -1 l 4 -1
39.49 i 1.35 10 . 1.35 16 + 0.22
R W R R e
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10.

TAELE 3: 5-ETHYL Z-METHYL PYRIDINE VAPOR PRESSURES

r. o Pexp)  T(eare) .
’ mm Hg mm Hg . %Deviation
-20.39 2.70%10"2 2,71x1072 -1.54
~14.79 4.63x1072 4.61x1072 +0.39
~10.72 ' 6.68x10"2 6.70x10 > - 0.21
- 6.35 o0t 9.87x1072 42,40
- 2.84 1361070 1.33x107% + 2.00
+ 2,70 2.05%107 % 2.122107% - 3.15
TABLE 4&: QUINOLINE VAPOR PRESSURES
Lo P(exp) p(c:zl';) o
mm Hg : mm Hg - 72 Deviation
P rpepdiviey — T == - ' eptetund ==
12.62 2. Ryx10" 1ok 1”2 - 3.98
16.71  4.27x1072 4.23x1072 + 0.98
21.35 6.12x1072 6.22¢10"2 - 1.60
22,&2 7.17x10°% 6.76x10™2 +5.76
13,16 8.40%10"" 8. 4ux 107" 0
25,25 . 1.11x107* 1.07%x107% + 4.23
29.10 1.12x107} 1.1421072 - 2.15
35.90 1.82x107} 1.8921071 - 3.67
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TABLE S: N-ETHYL CARBAZOL VAVOR PRESSURES

11.

t, C P(e’xp) P(calc)
mm Hg mm Hg % Deviation
-2 2
74.66 1.85%10 .86%10 0.38
a2 o2
79.11 2.52x107 % .57%10 1.94
_9 -9
83.81 3.57x107° 62<10 1.40
89.23 5.47%107 > 24410 4.19
93.26 7.17x10°° 92x1072 3.35
-2 - -
96.69 8.55x10 67%10 1.17
100.65 1.10x107" 13%10° % 2.74
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12.

Figure Captions MS JE 9-80
Figure , Caption
1 Schematic Diagram of Gas-

Saturation Apparatus

2 Oxygen Saturated with Organic
Vapor is Combusted to Carbon
Dioxide, Water and Nitrogen

Dioxide.
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Figure 1:

Schematic Diagram of Gas-Saturation Apparatus
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Oxygen Saturated with Organic Vapor is Comkusted to Carbon Dioxide, Water

and Nitrogen Dioxide

Figure 2:-
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