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ABSTRACT

An experimental procedure is. described for characterizing high-boiling, distil-
lable fossil?fuel mix_tures to facilitate estimation of thermodynamic properties
for process design calculétions. A mixture is first separated into narrow-boiling
fractions using a spinn'mg-band column operating at low pressure and high
reﬁux. Each fraction is considered to be a pseudocomponent of the mixture.
Each pseudocomponent is characterized by structural properties per average
molecule: carbon, alpha hydrbgen. beta hydrogen, gaMa hydrog-en. hydroxyi.
ether oxygen, primary amine, secondary amine, pyridinic nitrogen, and
thiophenic sulfur. These structural pf'opert.ies are obtained from elemental
analysis, proton-nuclear-niagnetic-resonance spectra, infra-red spectra, and
cryoscopic measurements. The proposed characterization procedure is illus-
trated with an Exxon-Donor-Solvent product, a Lurgi creosote, five crude-oil
ffactions froxh Belridge, California, and five crude-oil fractions from Hendrick
Station, Texas. The mo_lecular-structixre properties obtained from characteri-
zation data are used to calculate eqt;ation-of-state constants as discussed in

the following article.




To design processes for high-‘.boiling fossil-fuel feed stocks, it is neceésary '
- to estimate thermodynarhic properties of suc‘h feeds. Particularly im;;'ortant
are the equilibrium ratios (K factors) as obtained from an equaﬁon of state.
Typically, three or more e_qu_at.ion-of-st.ate constanté are required for eéch com-
ponent, as well as binary-interac’tién'constants for each pair of componénts. As
the ‘number of componerif.s in a high-boiling feed is prohibitivély large, it is'
efficient to consider the feed to be a rrﬁxture of a relatively small number df
pseudocomponents. By correlating equation-of-state constants with physically
signiﬁcant..ch;aracterizétion data for mddél compounds, it is then possible to:
use chﬁractevrization data for pseudocompbonents to obtain their eqﬁation-of—
state constants. This work pre'ser-nvt.s a method fof obtaining such chafacteriza—

tion data for distillable (Tp om < 450°C), high-boiling, fossil-fuel liquids.

Traditional methods of characterization are now about fifty years old.
v These methods rely on liquid-density and boiling-point data (eg. API gravity and
-Watson charac_terizat.ion factor) which are easily measured and sufficiently
informative for charac@eriz"mg low-boiling paraffinic feeds; however, they are
‘often inadequate for charﬁcterizing_ more compléx fluids. Efforts to upgradev
highly aromatic or heterqatom-rich fuels extracted from coal, shale, tar sands
and petfoleum residueé have stimulated interest in developing better charac-
terization procedures. For example, Brulé,' et. al. (1983) reported that charac-
terization of complex fluidsis a primary prqblem'{h design of supercritical-fluid
extraction 6f fossil‘-.fuél.fje.e‘é‘_dsto,c‘:ks.‘ Recent.iy. it has béen shown that novel
appfoaches to characteriii;g'fdssil-fuéls m f.er_ms of functional-group concen-
trations are useful for ca_lculatixig properties such as héat capacities on a mass
.basis 'Wit.'h“Ol:.‘:ltv._ ;Sfdpdéipg fepresentatiire moléc’hl‘é"s (Allen, et. al., 19B4; Petrakis,
..e»t_»al.. _1_98'3); héweygr. molecular size must be éoﬁsidered for p_b’ase-equilibrium_

- calculations. Ruzicka, et. al. (1983) have extended the UNIFAC group-



'-'contrlbutlon method to low-bomng fossﬂ-fuel fractlons characterxsed by true- '
boxlxng pomt paraﬂin naphthene aromatlc analyses and l1qu1d densities. This
rnethod assumes that dlst1lled fractxons of the fuel are each composed of three
representat1ve model cornpounds a parafﬁn a naphthene. and an aromatlc
"' compound. Currently. however. pubhshed data for hlgh boulng compounds are .

' lnsuﬁicwnt to extend UNIFAC to hxgh bodmg fuels

Although sophxstxcated analyt1cal techmques are avauable for obtamlng o

‘detaxled molecular-structure data. many of these techmques are expensxve and

- time- -consuming and requ1re specxal expertlse Our purpose here is to pr°P°se R

an experlmental characterlzatlon method that is easy to use and that requlres o

only standard "oﬂ the-shelf" analytlcal mstruments '

Whlle tradltxonal characterlzatxon procedures have used macroscoplc
. (bulk) propertles. modern analytlcal methods make it possxble to use micro- -
. scopic (molecular-structure) propertles To reﬁect molecular structure we

- bave chosen new characterxzatlon properties for-the pseudocomponents These*

h ~are (per number-average molecule) the number of carbon aromatic: hydrogen.

alpha hydrogen. beta hydrogen and gamma hydrogen atoms (as explamed,"
. below in the sectxon on proton -NMR). For heteroatom—contammg feeds. we
include also (per number-average molecule) the number of hydroxyl oxygen.
,ether-o;ygenf p_runary--armne. -sec_ondary—armne..» pyr1d1mc mtrogen, ~and
thiophenic-sulfur lato.ms. ‘

'I‘o o‘btnin these 'characterization properties. the feed is first fractionated
by distillation to oroduc,e several narrow-boiling .fractions or pseudocom-
ponents. Each fraction is analyzed by standard combustion / gravimetric tech-
niques to o.btain its atomic composition (wt%). 'In addition, proton-NMR spec-
troscopy is usedlto ohtain the hydrogen distribution of each fraction. If the

oxygen or nitrogen content of a fraction is significant, IR spectroscopy is used
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to measure hydroxyl and amine’conf:entrat.ions per mass of fraction. The above
data are then used to estimate the aromaticity of each pseudocomponent.
Aromaticity and a representative boiling point (obtained during fracltjlonatbion)
are used to provide a preliminary estimate of the molecular weight o’f the frac-
tion. This estimate is used to prepare dilute solutions of each fraction in nitro-
benzene for molecular-weight measurement by cryoscopy. After obtaining the
number-a\‘rerage.molecular weight, the experirnentél data are used to calculate

the characterization properties of each pseudocomponenﬁ.

When the single-pseudocomponent assumption is inadequate for accuréte
design calculations fbr systems involving the characterized fraction, a further
step may be useful. Rather than characterizing a larger number of narrower- -
boiling fractions, "true-boiling-point” distributions, obtained from distillation or
gas ichro’matography. are used to estimate the molecular-size distribution
within each fraction. These data are then used to describe a set of “micro-
pseudocom;ﬁonents" which have the .sarne relative structure as the pseudc_)com-
ponent, but differ in size. The number of fnicro-cornponents is chosen as neces-

- sary to achieve the optimum balance between accuracy and computing cost.

The following sections give details of these techniques including illustrative

results for several fossil-fuel fractions.



F'RAC'['IONATION AND VAPOR-PRESSURE HEASUREIENT

The fossxl fuel llquld is fractlonated in a Perkm Elmer Model 251 Annular
Stlll shown in Figure 1. The stlll has been shghtly modlﬁed .the head ther- '

mowell was replaced thh a septum through whlch al. 59 mm (1/16 lnch) diam-

eter monel sheathed copper-constantan thermocouple (not shown) was 1nsert- ST

* ,
ed into the head for accurate temperature measurement Although only one

: 'recexver is- shown in Fxgure 1. the apparatus has four 25 ml receiver. tubes so -

that four fractlons can be taken before vacuum is broken Both a dlgltal tem- ’» C

‘perature comparator and a hquxd-level controller are used to termmate collec-

tion of each fractlon automatxcally upon exceedmg a set head temperature ora

set liquid level in the recexver Heated condenser water and an mfrared lamp -

mamtaln the head of the column' at an elevated temperature' to reduce distil- -

late viscosity and to facilitate collection of th'e fractions."

A prellmmary distillation is used to prepare a plot of dlstlllate volume as af o
functxon of head temperature " This plot is used to estuna-te the requlred
charge and the boumg-point cutofl temperatures for fractionation. Subsequent '
characteriiatlon ex\periments.requ‘ir‘e only 'about 225 rrsg-"of each fraction.

- After chargmg the pot forvfractlonatlon. the column'ls purged wlth mtro-i
gen and evacuated to 87 xmlllbar (50 torr), allovnng operatlon of the still at
temperatures sumcxently low to inhibit thermal -de'composmon.vyet summently -
high to prevent solidification of anth_racene in the condenser. :To p.rotec_t_ the g
silicone seals.zin the still head, the-maximum head temperature is hrmtedto

.250°C. The pot temperature is limited to 300°C by the Kalrez® (Du Pont
registered trademark) O-ring used to seal the ‘potto the column. Typically,
eight samples (boiling-ran‘ge about 20°C) are collected_ﬁth_,__e bo.il-up rate' of
approximately 30 ul of liquid Pef éeCQn'd_and a Peﬂﬁ'x' ratio of 101 After collec-

~ tion, each fraction is stored under nitrogen in a sealed container and refri-



gerated.

' A representative boiling point is useful for estimating molecular weight and
for devéloping accurate vapor-pressure correlations for the pseudocom-
po'ner.lts; therefore, the head temperature and pressﬁre are recorded at the
beginning and at the ena of fraction collection. ‘Rather than .separately
measuring a bubble point for the fraction, the arithmetic average of the initial
and ﬁnél head temperatures at the arithmetic average of the corresponding
head pressures is used as the representative boiling point for the fraction.
. Table 1 shoﬁs measurements of the initial, final, and average tenipératures and
pressures for fractions from an Exxon-Donor-Solvent’ sample, frorri avLurgi-»
Creosote sahplé. from five crude-oil fractions from-‘ Belridge, California, and
from five pipeline-mix crude-oil fractions from Hendrick Station, Texas. The
crude-oil fractions were prepared by Chevron Research Co. using a packed
column. operated at 1.61 bar for the first fraction in both sets, 67 millibar (50
torr) for the second and third cuts, and 1.3 millibar (1 torr) (unpacked) for the
fourth and fifth cuts. Actual distillation data were fzot available; however, the
estimated initial and final normal boiling points, obtained by the Maxwell-
Bonnell method (Maxweil and an.nell. 1957), were prpvided. Fraction B of the
Exxon-Donor-Solvent sample and fraction 5 of thé Lurgi-Creosote sample are

non-distillable residues.



Analyse,epf'or"'weig'htr percents of,-hydr'og'en’ carbon ‘and nitrogen ar'e ob-
'tained u.sin»g a Pe'rkin-Elmer 240 Analyzer.’ Welght percent sulfur is determined
- :vby tbe Grote combustlon method and, assummg that the only other beteroatom: S

: is  oxygen, welghtlpercent oxygen, is found by mass blalan'ce'.; .Only__3 mg of sam—v'

ple are z_'equire_d‘for'element.al analysis.

- Table 2 shows elementa}l_a-haly’ses:.for’ the previously indicated fractions.

PROTON-NHR SPEC'I'ROSCOPY

A proton NMR spectrum was obtamed fol' .each fossu-fuel fraction using a - .

a Varian EM 390jNMR spectrometer o_peratmg -at 90 MHz. Samplesyere prepared,

by syring'ulg 25 .,u.'l of oekamelhfldisiloiane <(HMDS) 50;;1 of fraction, and '400 ul -
of Ds- pyndme mto a prewexgbed 2-mm NMR tube. Tbe welght of each ﬁuxd ad-» -

ded was determmed by dlﬂerence The tube was sealed th.h a polyethylene cap' o

_ to limit evaporetlon. wat._ercopt.axmnatmn. a_nd oxxdatxon. The tube was‘repeat-b )

-‘edly inverted untvi.l_.t.he. solution jrasi '.bomogene_ous:x'l‘o' ach‘ieve honlogeneit}? for

very viscous fractions. il.-lvas n‘ecessary‘. to ’sonic.at.e the tubevbl;ieﬂy by immers--

ing it in a warm—water batb agltated by ult.rasomc waves. A blank sample con- .

tammg no fossxl fuel was also prepared to quantxfy background absorptlon due

to small amounts of non-deute‘rated pyridine in t.he solvent.

Proton-NMR spectrorﬁetry gives the hydrogeh-’&t.om distribution for a -

fossil-fuel’fractior_a. Figure 2 shoys a typical NMR spectrum. The electronic
evnv»ixv'onment of each hyﬂrogen atom determinee its resonance frequency, com-
l’no‘nly expreesed as a relative shift from the resonence frequency of
tetramethylsilane (TMS); for example, the hydrogen atoms in hexemethyldisi-

loxane (HMDS), used as an internal reference, resonate at 0.02 67‘3.
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In complex hydrocarbon mixturés. proton-NMR measurements can be used
to distinguish four types of hydrogen atoms (Clutter, et. al.,, 1972). These are

listed below with their corresponding resonance-frequency ranges:

(1) H,, = hydrogen attached to an aromatic carbon

(6.0 - 9.0 Srys)

(2) H, = hydrogen attached to an aliphatic carbon
which is alpha to an aromatic carbon

(1.7 - 4.0 61ys)

(3) Hy = hydrogen af.t.ached to non-alpha, non-terminal,
]

aliphatic carbon (0.9 - 1.7 érys)

(4) H, = hydrogen attached to non-alpha, terminal,

aliphatic carbon (0.5 - 0.9 6rys)

The number of hydrogen atoms of a given type in the sampie is propor-
tional. to the 'mt.egra_l. of .the absp:;ption over the correspohd.ing resonance-
frequency range. As the propértionality constant is ifldependent of frequency,
‘the corresponding integrals (Ig,. Iya. IH,,,f a.nd Iiaro) can be used to calculate the

hydrogen distrib‘uti_on for each fraction.

The hydrogen atoms of pyridine resonate in the region attribu(ed to Heros
therefore, deuterated pyridine is used- as the solvent. However, since D,-
pyridine reacts slowly with at._mospheric water to form trace quantities of non-
deuterated. pyridine, a background correction is required. The spectrum of the
blank sample gives the peak area for pyridine in the solvent (Ip',,.,dm,) relative t'd

that of HMDS (Iyyps). The corrected peak area (Ig.ro) is calculated from:



U/ ) pmame |
I/ _m)mm's blank

Tare = THaro = | | (1)
. -+ . | T"IHMDS |sample-

where I is the" NMR;sééctrum peak’_area- éof.responding,v..to a specific tyf:e_ of
hydrogen atom and m is the mass of the fluid ir;»the NMR tube.
| Ff_)t: each of t.'hve"fo.‘ur- types.of-. bydrogen ';atox_'n.s', the fraction of carbon-
- bondedh)*dt_‘é:geh .ofvtypej is giveﬁ by | N |
"'j_IIH_t' SR | o .
wﬁere IQ,_ is the sum of the integrals due tc; cva‘.rbo‘x:;-bbnc.l,éd-- hydroé-en -
Iy = Hiaro + Tia + Inip fhy | S @)
Par'ame-tefs_ _I;;,. YIH,. and .IH.,» are vg.iven by-thé' areas .und.ef the 'c.orre.spvond.ing, o

i

proton-NMR péaks. ’



INFRARED SPECTROSCOPY FOR HYDROXYLS AND AMINES

Infrared spectroscopy is used to measure the concentration of hydroxyl
(GH), primary-arnine' (NH,), and secondary-amine (NH) groups per gram of pseu-
docomponent. For each fraction, IR transmission spectra were obtained with a
Perkin-Elmer Model 1430 IR spectrophotometer. Two matched quartz cells with
optical path lengths of 2 mm were used. A solution of pseudocomponent in
methylene chloride was >placed in the sample cell, and pure methylene chloride
was placed in the reference cell. IR transmittance was measured at -the peaks
near 3585 (OH), 3485 (NH and NH;), and 3390 (NH;) cm~!. Each measurement
was corrected for baseline absorption arising from small differences in IR
transmittance through .the cells. The solutions were sufficiently dilute to
neglect the eflect on transmittance due to the reduced concentration of the

solvent in the sample cell.

Fér each functional group (OH, NH, NHp), vt..h‘e" Lambert-Beer law is used to
determine concentrations from IR absorbance due to a given species:

, A=abec v | (4)
where A is absorbance (A = -log,p transmittance), a is molar absorptivity
(liter-mole~!-mm™!), b is path length (mm), and cis functional-group concen-
tration (mole/liter). Absorbances due to OH and NH,; groups are obtained
‘d'u'ect.ly from the corrected transmittances at 3585 and 3390 cm™!, respec-
tively. The absorbance at 3485 cm™! due to the NH group is calculated by

correcting for the overlap of the NH; peak at 3465 cm™.

The calibration functions for each functional group were obtained by
measuring tﬁe absorbances of pure compounds containing these groups. f‘ig-
ure 3 shows absorbance as a function of concentration for each pure com-
pound. In each case the Lambert-Beer law is obeyed over the concentration

range studied.
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- Five compounds were used to relate the congeﬁtqétion of OH to its absor-

bance:

[OH] = 0.0372 Agsps (£4% at 95% c.l) o (5
where [OH] is ‘cdncentratioi; in moles/liter and Assas is the ;}eakrheight absor-
' bance near 3585 em™!. ,

Eight p‘ure‘ compounds cbhtainihg the NH, group were used to obtain |

- [NHz]=0.1011 Assso. (;212 at ssz,c'.l.) o S (6)
Thé'v large érrox_‘ ‘in _.ft'his' 'func,tioﬁ | fﬁuo;s from the variation of extinction
- coefficients of the ‘pure --rvcorhpovunds.» This.. is reﬁeét‘edv:'m Figure 3‘_by. the
- different slopes of the NHz-containing v't.:omp,Oun.ds. > o |
NH; al_So has ain,asymetrical deformét.ion"- near’3465‘ c‘m.".«.'.ThiS- d_ire'ctl)"
A c‘n_rerlaps_with. the NH absofsan'ce band. To correct for the oyerlap. the mean
ratio of NH; absorbance at 3485 té. that at 3390_'cm‘l was calcul_ateci a5»0.154>f0r j
._the eight prirhéty'éminés st.u_.died. S_ince_t‘hve absorbaﬁcés are 'addi‘tv.i.vie. »,ithe; jh;
absorbange' at 3485 cm™! due to NH cah be-determin.ed b.y vdiﬂ_e“r'ev.nc_e. v |

H

~ The calibration function for NH concéntration is
[NH] = 0.0233 Agyes (£7%at95%cl)” - (7)
where Ag.es is the peak-height absorbance due td NH corrected for the NH,
overlap. Three compounds were used to obtain Equation 7.
Although the Lambert-Beer law i:olds -for each group over the concentra- -
tion range used, higher concentrations than those shown in Fi.g.ure 3"may caﬁse
deviations from ideality. If an IR analysis indicates that the concentration of

OH, NH, or NHZ is above the calibrated r-ahge. a more dilute solution must be

prepared and the analysis repeated. To reduce the need for repeated analyses,
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elemental-analysis data are used to prepare samples with appropriate concen-
trations for IR measurements. (To calculate the appropriate concentrations, we
assume that all oxygen atoms are hydroxyl and that all nitrogen atoms are in
secondary amines.) | |

For .each heteroatomic group i, the number of moles of i per gram of pseu-
docomponent is given by

(ha); = (8)

a; b cp
where cp is the concentration (in grams per unit volume) of the fraction in

methylene chloride.

CALCULATION OF ETHER-, PYRIDINE-, AND THIOPHENE-GROUP CONCENTRATIONS

The concentrations of ether oxygens, thiophenic sulfurs, and pyridinic ni-

trogens were determined by mass balance, assuming:

(1) All sulfur is in thiophenic form.

(2) All nitrogen is in primary-amine,

secondary-amine or pyridinic form.

(3) All oxygen is in ether or hydroxyl form.

From these assumptions, the number of moles of oxygen, nitrogenv. and sul-

fur atoms per gram of fraction is found from

(ha), = (9)

(A‘;)i

where w; is the weight fraction of heteroatom i in the fraction and (AW), is the



12
'va’to"rnvi'c mass of heteroatom i. Next, (ha); for éth-er"-oxygens and for pyridinic

nitrogens is found by atom balance:

- (ba)yp = (ha)y — (ha)ng — (ha)nue : -~ (10)
(ba)ge = (ha)g — (ha)oy o o ‘ o (11)

SN ASsﬁmption,-(Z) is not suitable, a nvon.-aqueo‘us'"potent.io'metric titration
(Koros, et. al., 1967) may be used to obtain more detailed'quantitétivé analysis .

~ of pyridinic cofripoun’dvs. '

ESTIMATION OF AROMATICTTY
| Aromaticity is .t.h.e fraction of carbon atoms which are'in afomatic-' rihgs: it -
is used to 65tain .a first estimétg c;f 'thé ﬁloleéular weigvht ;)fi the'.frz_action for.use_._'
.fm molecularﬁveight rheasuremehts.j Avroma't.icit.y is estii'hated using": data bb-i

" tained from elemental analysis, proton-NMR, and IR:

FA = n;;" o D 5 - | S ) '(.125_
-~ S
=1- {i etiatio) . : 0
o el el ) o

~ where FA is the aromaticity, F;is the fraction of carbon-bonded hydrogen atoms
which are of type j. ny is the total number of atoms of carbon-bonded hydro-
gen per mole_cule and ng, is the total number of atoms of carbon per molecule.

The factor ny./ ng is obtained using
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e/ nox = (R 1) (Bre B e
where
(o ne) = (ng/ ) AW/ (AW)] (17)

and where

(ha)og + (ha)s + 2 (ha)wwe

WH/ (AW)H (18)

Nye/ Np = 1 —

Several structural assumptions are required to estimate the vratios'.
(nca/ Npa). (Ncg/ Ngg). and (ng,/ ny,). For petroleum fractions, the following

assumptions are reasonable:

(1) Few heteroatoms are present.
- (2) Few alpha, carbons are terminal.
~(3) Few branches are at aliphatic carbons.

(4) Few olefins are present.

~ With these assumptions,

(neo/ n@) =1/2 (19)
(nc,/ nup)= 172 - ‘ ‘ (20)
(ne,/ ng,) = 1/ 3" o (21)
Therefore,
FA =1 Nk .-[.FHa"‘.FHp . FH7] -
<1 - e Teet P, T (22)

‘with the restriction:
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FAz0 - - (23)
g ln,tegr-als IHa. - Ing. IH., and Iy, are givén by the areas under the corresponding
proton-NMR peaks.
Whlle the prevmus assumptlons are reasonable for petroleum, they rnay not
'accurately descrlbe hquxds from coal-gasxﬁcatxon processes For such severely

cracked hlghly aromatxc fractxons, many alpha carbons: are ternunal due to A

beta- scxssmn For such fractmns. Equatlon 19 should be replaced by:

N
.‘lng/ ) =13 o ._ @4
" When - other assurnptlons are ‘more .approprlate correspondmg ‘values for
(nea/ nH,,) (nc,,/ nH,) and (nc.,/ Dyy) should be used.

Table, 3 gives hydrogen-atom dlstrlbutlon‘s and estirﬁated arorrlaticitles

using Equatxon 24 for the coal-hquld fractlons and usmg Equatxon 19 for the

petroleurn fractxons

nomcuurz'QmGH'r MEASUREMENT

For each fractxon ‘the nurnber-average molecular weight is determined by
'freezmg pomt depression (FPD) measurements using a Precxslon-Systems. Au-
'tomatic,v Higb-Sensitivity Cryett.e' with nitrobenzene as solvent.

'I'he'acccracy of the FPD mea_screment is a function of solute concentra-
tion in rlv.itrcbenzene solution. At extremely low concentrstions, the resolution
of the 'Lrlstrument limits accuracy. However. high concentrations violate lhe
assumption of solution ideality. Thus, an optimum concentration range exists
fcr molecular-weight determinations.

.'I'he optimum concentration rarlge was determined by measuring the
.rrxcleculer weights of pure compounds and those of known mixtures of pure

compounds at a variety ofv‘cvoncentrations., as indicated in Figure 4. The
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optimum concentration range lies between 0.04 and 0.07 molal.

For -any fraction, approximate values for arornat;.icity and normal boiling
point provide an estimaté of the optimum solution concentration, as shown in
Figure 5 (Macknick, 1979). The ﬁOrnial boiling temperature of a fraction is
estimated by adding 100°C to the average saturation temperature at 67 millibar

(50 torr). This rough estimate is sufficient for preparing the solution.

Sample solutions of optimum concentration are prepared by dissolving a
known weight of sample (estimated ffom Figurg 5) in 25 ml of nitrobenzene. As
consistent sample volume is essential, a precision pipet is used to place 2.500
ml of the sa@le solution m the FPD sample tube. The sample is thén subcooled
one degree Celsius bevlow‘the freezing point of nitrobenzene (5.76°C). After‘
seeding the solution by vibration, the freezing-point depression of the sample
solution is measured with a platinum-resistance thermometer, previously cali-

brated with standard solutions of pyrene in nitrobenzene.

" For dilute solutions, number-average molecular weight is calculated by:

mg K, (25)

(MW)e = myp ( Tng — Teomn )

where (MW)p = Number-average molecular weight of

fossil-fuel fraction (g/mole)
myp = Mass of nitrobenzene (kg)
my = Mass of fossil-fuel fraction (g)

K, = Freezing-point depression constant for -

nitrobenzene (6.8525C-kg/mole)

Tyg = Freezing point of nitrobenzene (5.76°C)
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, T‘-ol.r.x = Frbeezing peint- of solution (°C)

An mmal calibration.of the cryette therrmster is' made using pure nitro-
benzene and a dilute solutxon of known concentratlon of pyrene in mtroben-
zene. After this initial zero and—,gam adjustment, ‘the effective Typ is deterrmned
By avere:g'mg t.he appiarent_FPD of p,ﬁre: 'x_ukit_.rvo‘benzene samples. An eflective K, xs
given by the arithmetic mean ef the K,A'.e calculla'ted.', from Equ.eti‘o.‘n 25 .‘using‘ the
measured FPD's of six .standardr.eyrene solutiene el;anhing the optlrnurn eon-
' centratiohv-r.anvg.e. Tﬁe eflective TNB eed K, ere used to »-calculvﬁa’t..e t.he molecular
weights of unknown solutibns In a typlcal expenment. ‘the' standard dev1at1on’ -
of the eﬂectwe K, was 0. 272°C kg/ mole. This standard deviation provides an
estimate of the accur_vacy_;ofw our moleculax_'-we;gh't. measurements {about 3:10%.‘

at 957 confidence limit.s)'.

Molecular-weight measurements may be distorted by assoc1atxon of the

solut.e molecules under some condmons (Moschopedxs. et al., 1976 Schwagar, -

et al., 1977; Sharma et. al,, 1983) however. this is not xmportant in sufficiently
“dilute solutions (Spexght and Moschopedls 1977). Within the optxrnum concen-
tratxon range usedvhere. assocmtmn is not significant even for large., polazf_
mole'cul.es dissolved in n_it.robe'nzen_e.. Table 4 lgives» exa'mples'of_;‘ r;iolecu’lar-
.weight determinations for sy‘hthetic solutions. The measure_rnents. are all within
t.heeipected aceu‘racy. | | o
Table 5 glves number-average molecular-welght measurements for the pre-

vmusly indicated fractlons
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CALCULATION OF NUMBER-AVERAGE MOLECULAR STRUCTURAL PROPERTIES

The measured molecular weight is used to normalize the other data toa
per-average-molecule basis, yielding the number of carbon atoms per molecule,
the number of each type of hydrogen atom per molecule, and the number of

each type of heteroatomic group per molecule (HA)i.

Tables 5 and 8 give molecular-structure‘proper.t.ies for the previously indi-

cated fractions.

Each pseudocomponent is a mixture of real compoﬁqnts. When the fossil-
fuel fraction is partially vaporized, the compositions of the vapor phase and the
liquid phase are not identical, nor is either equal to that pf the whole fraction.
In cbnti’ast to pure corxipounds. the avefage r'nolecular'structu_re in each ph;:-xse
is different from that of the unseparated fraction. Therefore, it is not correct
to apply the overall characterization of the unseparated fraction to the par-
.t.ially vaporized or partial}y condensed poriion of that fraction. The error is
small for narrow-boiling fractions, but it may be z;ppreciable when the boiling
range exceeds (about) 10°C. Clearly, the error may be reduced by characteriz-

ing a larger number of narrower-boiling fractions.

Alternatively, however, relatively wide-boiling, characterized fractions may
be analyzed further to obtain “true-boiling-point” (TBP) data. TBP data may be
obtained by distillation (ASTM-88) or by gas chromatography, as discussed by
O'Donnell (1973), Gouw, et. al. (1967), Green, et. al. (1964), and Petrocelli, et. al.
(1984). The Appendix gives some details on the use of gas chromatography to
obtain TBP data in the form of carbon-number distributions for fossil-fuel dis-
tillates. Carbon-number distributions are used to characterize a set of
hypothetical, narrow-boiling "microfractions’ which constitute each fraction.
This characterization is made by assuming that for each microfraction, the

characterization properties (i.e., number of carbon atoms, each type of
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‘ hydrogen atom,. and each type of heteroatom per molecule) are proportxonal to
those of 1ts parent-fractmn The. proportlonahty constant is assumed to be the
.ratlo of the average number of carbon atoms per, molecule in _the microfraction - '
to the auerage number' of carbon atoms per molecule in the macrofraction.
When a more detailed description ’ of th.'e' fuel is, desired, c_haracterlzing-
_ mi.crofractions is likely to be‘simpler tban preparing and characterizing. a large -
~number of narrower-b_ol]in’g ma'crofractivonrs. 'Carbo.n'-dis'tributlons are desirable '

for those macrofractions that are too wide-boiling to b'.e-treat-e'd accurately as-

~ single pseudocomponerits.

coNcwsioNs |

While classxcal methods for cbaractenzmg fossxl-fuel feed stocks are s1mple
and fast, they may not be adequate for those feeds which are hxghly aromatw’
or, perhaps. rich in heteroatoms. On the other hand, sophlstrcated analytlcal '
' techmques are expenslve. slowr and requxre expenenced personnel The char- -
actenzat.xon procedure presented here is a comprormse suxtable for englneer-
-mg work Using standard "oﬁ-the-shelf" analytical mstruments. a hlgh bo1l1ng ,
but dlstlllable fossll'-fuel is first ;fracuonatie‘d mto about eight ‘narrow-bomng
fractions, considered to be pseudocomponents of the fuel. Then, fvor each frac-
.tion. measurements are made.of one vabor-oressu_re- datum (from d’istillation').
elemental composition (from combustion / gravimetric.an'alyses). hydrogen dis-
tribution ‘(from.'proton-NMR). hydroxyl and amine concentrations (frovaR). and
number-average molecular weigbt (from cryoscopy). To iuustrate, characteri-
zation data are given for an Exxon-Donor-Solvent sample, a Lurgi-Creosote sam-
ple. a Belridge-Crude-0il samble. and a Hendrick-Station-Pipeline-Mix sample.

Since only standard analytical lnstruments are used, and since all experi-

mental work is relatively simple, the characterization procedure described here
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is suitable for routine engineering applications. Characterization properties of
the pseudomolecules representing the fractions cén be calculated from the
data obtained using this procedure. The following paper shows that, using-
correlations obtained from experimental data for model compounds, it is possi-
ble to use the characterization properties proposed here to calculate
equation-of-state constants. These constants may then be used to calculate
phase equilibria for systems .containing high-boiling fossil-fuels that include
aromatic or heteroatom-rich components in addition to more common

paraffins.
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" 'NOMENCLATURE -

A = absorbance

a = absorptivity

AW‘ = | atomic weight

b - = optical path length

c = gvérage number of éérﬁoh atoms.-péi" molecuvlve

¢ = molar concentration
¢’ = mass concentration -

cel. = conﬁdehce limit .

R
I

_fract.ioh of carbon-bonded hydrogen atoms

which are of type ] | | | |

FA = moies of axfomat.ic carbon atoms pei’ f;iole_of carbon atoms
(aromaticity ). . o |

.(HA)i = . moles of hete?oa_tomic gréﬁp i
per numb'er‘-aver_aée mble pf ‘fos'.sil.-fuel fraction
(Beteroatonﬁci_f.y) | | h

(ha),- =" moles éf heteroatomic group i :

per gram of fossil-fuel f‘x_;actior_x

(beteroatomicity) |

j, = area of proton-NMR peak due to tiydrogén atoms

of type j
k =. number of carbon ;toms per molecule of n-alkane
K = freezing-'poiﬁt depression constant -
m = mass
n = number of moles

MW = number;average mol'ecular'weight

P = pressure

20



T = temperature

V = volume

w = mass fraction

Subscripts

aro = aromatic hydrogen atoms
b = boiling-point

blank = blank proton-NMR sample
C = carbon atoms

¢ = carbon-bonded

Cali = aliphatic carbon atoms

Caro = aromatic carbon atoms

Ct = total carbon atoms

Ca = aliphatic carbon atoms directly bonded to aromatic ring
Cg | = hon-alpha. non-terrxﬁnal aliphatic carbon atoms

Cy = non-alpha, terminal aliphatic carbon atoms

est = estimated

F = fossil-fuel fraction

X
]

hydrogen atoms
Hali = aliphatic hydrogen atoms

Haro = aromatic hydrogen atoms

ol
0
i

carbon-bonded hydrogen atoms

~Ht = total hydrogen atoms

Ha = hydrogen atoms attached to Ca
HB = hydrogen atoms attached to Cg
Hy = hydrogen atoms attached to Cy

HMDS = hexamethyldisiloxane



i = heteroato_m—cohtaining, functional group i
j- = | hydrogen-atom type j
max. = maximum

N = nitrogen atoms

Np = pyridinic nitrogen atoms
NB - =  nitrobenzene
NH. = secondary amine functional groups
NH2 = pz_-irnary. a;rline functional g‘r._oup_s
| 0 = oxygeh atoms
Oe = et.hef functional groups :
OH =_ hydroxyl functional groups

S = sulfur atoms
sample = proton-NMR sample containing fraction
soln. = solution’

t = total

TMS = tetramethylsilane

Superscripts

¢ = corrected for background absorptidh due to trace pyridine

"~ in proton-NMR solvent
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APPENDIX: CARBON-NUNBER-DISTRIBUTION DETERMINATION

For some o.f‘ the fractions studied here; a carbon-number distri-
bution was -determined from a simulated "f.rue-Boiling-point" separa-
tion via gas chromatography. This dis.tx_'ibut.ipn can be u_sed to charac-
terize relatively vﬁde-boiling fractions in terms of a gfeat:er number of
narrow-.boiling p.seudot:t.amponer.)ts or, alternat;ely. it may be used fo’ fit
a statistical mbdel of the fraction as described by Cotterman. et. al.
(1_984). A Vafian Model 3700 gas chromatograph with an_OV-lOl-
coated, glass-capillary column and a ﬁarhe-ibnization 'detéc'tor was
used to obtain the distribution. One minute after injgc_ting al .p,l sam-
ple of the oil, the column was heated from 80°C to 250°C at 7°C/nuﬁ.
Carbon-atom concent;i;ations were measured at 0.02-sec intervals and
integrated by an online, Commodore Model 8032 microcomputer. The v
resulting data givé an estimate of the mass percent of fraction as a
function of retention time. Normai-alkane reference compounds were
used to relate re.tention time to n-alkane _carbon number. Next, the_
data veré used to calculate mole percent of fi'action eluit.ing_between‘
n-alkanes of carbon number k-1 and k (excluding the former bubtv
including the latter). The carbon number Associated with each range
was estimated As that of the n-alkane having a retentioq time gqual'to
f.bé mean retention time of compounds integrated within the i.nterva_x'l.'.
Tl;xé mean carbon ngmbe.r pef average m‘c;l_'ejcule; (deternﬁpéd by
mblecular-wéight and elemental a’nalysés) was f.he"xi ﬁsed to nbrrhalize
the carbon numbers associate.c_ivv‘vith the i.r;tervalé;_ The number of
each type of hydrogen a’t'or'n” f;nd ']‘:J.et'erpvato.m associated with 'éaé_ih |
interval was estin}atéd' as U‘i_e.h‘umﬁer of each type of hydrogen atom

and heteroatom in the bulk fraction (as determined from
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v.characterizatian data) niuliipned byf i:the ratio ofl"’the norrnva’lized' car-
bon' number assocxated thh the mterval to the ‘mean carbon number
' Jper average molecule; The nurnber of carbons. hydrogens and
| heteréatorhs associated with each::_. mtetval _characterize a ‘rmcrcva-'
component”. These nﬁcro—compoaeri_ts. can ba :llirnped. as ne{c‘essary to

achieve the desired resolution of cha‘-racte_rization.

Tables K4 and 8 give dxst.rlbutlon data obtamed in thxs rnanner for

four Belndge (Cahforma) crude-ou fractlons and four Hendrlck-

Station (Texas) plpehne mix ou fractlons '

\!



DISTILLATION DATA FOR FOSSIL-FUEL FRACTIONS

TABLE 1

Initial Boiling Final Boiling .
Sample Fraction =~ P - T P T p* T*
(torr)- (°C) (torr) - (°C) (torr) (°C)
Exxon 1 51.4 108.2 50.9 128.1 51.1 118.2
Donor 2 50.9 126.1 52.3 142.0 51.8 134.0
Solvent 3 52.3 142.0 52.0 150.8 52.2 150.9
Process 4 52.0 159.8 51.3 182.4 51.8 171.1
Product 5 513 182.4 51.1 201.0 51.2 191.7
8 51.1 201.0 52.9 223.8 52.0 212.3
7 52.9 223.8 52.3 243.8 52.6 233.8
8 52.3 243.8 —— —— — ——
Lurgi 1 52.4 180.0 51.5 198.0 '51.9 189.0
Creosote 2 52.0 184.8 51.5 211.1 51.8 202.9
3 50.6 208.2 50.9 233.8 50.8 220.9
4 ~ 48.9 224 .8 498.0 243.8 48.9 234.2
5 49.1 2398.0 — — — ——
Belridge 1 760 149 760 205 760 177
Crude 0il 2 780 . 205 780 280 780 232
S 780 260 760 44 780 302
4 760 344 780 432 780 388
S 760 432 780 538 780 485
Hendrick 780 149 760 205 780 177
Station 2 760 205 780 260 780 232
Pipeline 3 760 260 780 S44 780 302
Mix 4 780 44 780 441 760 382
-8 780 441 7680 538 780 489

P* = Saturation Pressure (linear average)

T®* = Saturation Temperature (linear average)




ELEMENTAL COMPOSITION OF FOSSIL-FUEL FRACTIONS

TABLE 2

Fraction W% C

85.79

11.55

1.82

Sample Wi H WX N ~ WtxS WX 0° Molar H/C:
‘Exxon 1 88.80 . 10.28 0.09 0.08 0.97 1380
Donor 2 88.37 - 10.57 016 - - 003 087 - ° 1425
Solvent 3 88.74 - 10.48 0.20 0.05° 0.53, -1.407
Process 4 89.03 10.48 02 0.05 0.25 1.400 -
Product 5 88.80  10.14 0.30 003 - 0.93 1.3684 -
6 86.468 9.18.  0.21 ' 0.00 1.13 1.229
v 89.14 9.41 0.36 0.02 1.07 1.258
o .8 89.37 859 - 0.71 ,0.04 129 1.145
| Lurgi g 86.57 - 824 - 111 0.29. 3.79 1.134
| Creosote 2 '86.73°° " 8.47 1.01 -0.48 3.31 1.075
‘ 3 '88.38 8.18 1.01 0.37 2.08. 0.982
4 86.17 8.48 1.40 0.31 3.86 0.892 -
5  86.45 8.13 142 027 = 3.73 0.992
Belridge 1 86.30 13.50 0.00 0.13 0.07. 1.864
| Crude 01 2 88.59 12.68 0.01 0.72 -0.00 1.744
' '3 86.58 . 1213 . 0.08 . 0.79 0.42 1.669
4 88.41  11.82 0.38 - 0.78 0.81 1.803
5 86.37 '11.84  0.80 10.89 . 0.50° 1.806
hendrick 1 85.81 13.26 0.02 0.53 0.38 1.841
| Station -2 86.23 13.30 - 0.00 047 0.00 1.838 -
Pipeline s. 85.81 12.58 -0.00 1.61.. . " 0.00 1.747
Mix 4 85.87 1226 - 0.04 1.88 0.37 1.705
5 0.10 0.94 1.604

* Obtained by difference

o



HYDROGEN-ATOM DISTRIBUTIONS AND AROMATICITY
FOR FOSSIL-FUEL FRACTIONS

TABLE 3

Sample Fraction Fa Fp F, Faro Aromaticity
Lurgi 1 0.308 0.265 0.087 0.342 0.649
Creosote 2 0.301 0.278 0.089 0.332 0.833
3 0.258 . 0.278 0.087 0.381 0.678
4 0.258 0.335 0.081 0.318 0.819
5 0.288 0.342 0.088 0.304 0.632
Donor 2 0.248 0.385 0.185 0.182 0.480
Solvent 3 0.242 0.405 0.187 0.188 0.465
Process 4 0.261 0.411 0.150 0.178 0.458
Product 5 0.235 0.400 0.159 0.208 0.483
8 0.268 0.314 0:.164 0.258 0.574
7 0.289 . 0.348 0.148 0.217 0.538
8 0.285 0.324 0.121 0.200 0.818
Belridge 1 0.091 0.473 0.396 0.040 0.226
Crude 2 0.095 0.474 0.382 0.049 0.277
oil s 0.145 0.489 0.310 0.056 0.300
4 0.152 0.500 0.298 0.052 0.322
5 0.186 0.538 0.247 0.049 0.304
Hendrick 1 . 0.102 0.479 0.368 0.051 0.238
Station 2 0.085 0.534 0.334 0.047 0.230
Pipeline 3 0.082 0.540 0.328 0.050 0.268
Mix 4 0.177 0.574 0.199 0.050 0.248
5 0.152 0.560 0.229 0.058 0.308

Fo = Number of alpha hydrogen atoms
per total number of carbon-bonded hydrogen atoms (PCBH)

Fy = Number of beta hydrogen atoms (PCBH)

Fy

= Number of gamma hydrogen atoms (PCBH)

Fare = Number of aromatic hydrogen atoms (PCBH)

Aromaticity = Number of aromatic carbon atoms per total carbon atoms




TABLE 4

. FREEZING-POINT-DEPRESSION MEASUREMENTS ‘
~ FOR SOLUTIONS OF MODEL COMPOUNDS IN NITROBENZENE

Solute - ' Wt % Molecular Weight .

] . Calculated ©~  Measured
Pyrene 0.836 202.28 197
: . '1.258 o 200
| Hexadexane  1.160 226.45 v 229.
1.337 228
| Anthracene - 0.522 2089 198
Hexadecane 0.280 o
| Hexadecane . 0388 - 1778 - ° - 179
Quinaldine . 0.137 :
2-Naphthol 0.207 7
Hexadecane  0.480 1848 188
Quinaldine = . 0.143 .
2-Naphthol. - ‘ 0.175
Hexadecane 0.508 - 1803 - 183 -
Quinaldine- 0.242 '

2-Naphthol .0.237




STRUCTURAL DATA FOR FOSSIL-FUEL FRACTIONS:

TABLE 5

CARBON AND HYDROGEN ATOMS PER AVERAGE MOLECULE

AND MOLECULAR WEIGHT

Sample Fraction C H, Hy, H, Hapo uw
Lurgi 1 18.5 4.6 4.0 1.3 5.2 187
Creosote 2 15.0 5.2 4.8 1.5 5.8 208
3 15.3 4.3 4.6 1.5 8.4 208

4 18.3 4.9 6.4 1.7 8.0 227

5 22.0 8.5 8.3 21 7.4 305

Exzon 1 9.8 3.3 4.8 23 3.3 133
Donor 2 10.7 3.8 5.9 2.8 2.8 148
Solvent 3 114 3.9 8.5 2.7 3.0 154
Process 4 12.2 4.5 7.0 28 3.0 185
Product 5 12.8 4.1 7.0 2.8 3.8 ‘174
8 13.7 4.5 5.3 2.8 4.3 184

7 14.0 5.1 8.1 2.8 3.8 189

, 8 17.3 5.2 6.4 24 5.7 232
Belridge 1 10.6 1.8 9.4 7.8 0.8 148
Crude 2 13.8 2.3 11.3 9.1 1.2 189
oil s 17.7 4.3 14.4 9.1 1.7 245
4 24.5 5.9 19.8 11.8 2.0 340

5 33.4 8.9 28.8 13.2 28 464

Hendrick 1 11.0 2.1 8.7 - 7.5 1.0 154
Station 2 13.8 2.1 18.3 8.3 1.2 189
Crude s 17.6. 2.5 18.8 10.1 1.5 247
0il 4 24.5 7.4 24.0 8.3 2.1 S44
5 38.4 8.9 32.7 13.4 sS4 510

C = Number of carbon atom per average molecule (PAM)

Hy = Number of hydrogen atoms (PAM)

bonded to aliphatic carbon atoms
which are in turn bonded to aromatic carbon atoms

Hy = Number of hydrogen atoms (PAN)
bonded to non-terminal, non-alpha, aliphatic carbon atoms

H, = Number of hydrogen atoms (PAM)

bonded to terminal, non-alpha. aliphatic carbon atoms

Hero = Number of hydrogen atoms (PAM)

bonded to aromatic carbon atoms

MW = Number-average molecular weight in g/mole




TABLE 6

STRUCTURAL DATA FOR FOSSIL-FUEL FRACTIONS:
HETEROATOMIC GROUPS PER 1000 MOLECULES

Sample ~Fraction "NH NHp - N OH O, S
Lurgi S 15 s 130 170 273 17
Creosote 2 1 4 145 140 © 2980 31
' 3 '3 188 85 183 ' 24
4 2 19 208 82 427 22
"5 2 35 272 110 601 26
Exxon 1 ) 0 8 20 61 3]
Donor 2 2 0 15 21 58 1]
Solvent 3 2 1. 19 20 31 2
Process 4 s 4 18 - 17 9 3
| Product 5 4 1 32 35 88 2
‘ ] 4 1 23 28 104 (]
7 4 0 45 82 94 1
, B 22 15 81 89 118 s
Belridge 1 0 o 0 0 8 .. 8
Crude 2 ) 0 1 0 0 42
oil 3 1 0 . 18 1 - 83 80
4 S5 18- 39 8 186 83
5 86 27 108 8 137 129
Hendrick - Ry .0 0. 2 X 38 25
Station 2 o o 0 0 0 28
Pipeline '3 o 0 0 0 0 124
Mix 4 5 0 5 11" 80 178
' 5 14 0 . 22 11~ 289 - 258

NH, = Primary Amine
NH = Secondary Amine
N, = Pyridinic Nitrogen
OH = Hydroxyl
O, = Ether Oxygen

S = Thiophenic Sulfur



TABLE 7

CARBON-NUMBER DISTRIBUTION DATA
FOR FOUR BELRIDGE CRUDE OIL FRACTIONS

Fraction 1 Fraction 2 Fraction 3 Fraction 4
C HoleX Cc MoleX C Holex | C HoleX
8.3 1.11 10.5 0.17 13.8 0.43 18.8 0.09
8.3 2183 11.5 8.38 14.8 11.02 17.8 0.98
10.4 38.26 12.8 28.13. 15.7 24.18 18.8 3.87
11.4 28.42 13.8 30.31 18.7 14.85 19.7 7.18
12.4 8.80 14.6 21.80 17.8 11.74 20.8 8.47
13.5 0.48 15.7 9.99 18.8 10.47 21.8 10.18
18.7 1.24 18.8 10.69 22.5 8.74
20.9 8.41 23.5 10.28
21.9 5.32 24.4 8.85
23.0 163 | 253 7.20
24.0 0.41 28.3 7.51
25.1 0.05 27.2 10.78
28.2 8.08
29.1 2.28
30.0 3.81
31.0 2.48
31.8 1.73
328 1.09
33.8 0.68
347 0.42
35.7 0.25
38.8 0.12
375 0.05

C = average number of carbon atoms per molecule within micro-fraction



'TABLE 8

.~ CARBON-NUMBER DISTRIBUTION DATA
FOR FOUR HENDRICK STATION CRUDE OIL FRACTIONS

Fraction 1 - Fraction 2° Fraction 3 Fraction 4
C Molex C .- Molex C MoleZ C Molex
75 0.34 10.5. 183 | 134 . 0.20 18.7 0.003
88 . 258 [ 118 11.09 | 144 - 640 .| 178 = 045
97 2279 | 128 25.05 154 - 22.15 18.8 3.14
108  386.10 1368  28.03 | 165  15.18. | 195 7.92
118 27683 {147 - 23.10 175 . 15.56 20.4 8.29
12.9 9.42 158  9.98 18.5: 1237 | 213 8.14
140 114 | 188 - 0.82 | 198 1280 | 223 8.09
' 208 1111 | 282 1009

218 3.81 24.1 7.95

227 031 | 250 8.37

- . . 26.0 780

269 1137
- 278 6.37

28.8 245

20.7 3.89

306 3.8

31.6 1.74

32.5 1.11

| 834 0.87

343 0.41

35.3 0.23

s62 . 0.2

371 0.04

C = average number of carbon atoms per molecule within micro-fraction



CAPTIONS FOR FIGURES

Figure 1: Perkin-Elmer Annular Still
Figure 2: Typical Proton-NMR Spectrum

Figure 3: Infra-Red Absorbance of Pure Phenolics and Amines

Dissolved in Methyiene Chloride at 20°C

A\l

'Figure 4: Freezing-Point-Depression Measurements
Showing Optimum Solute-Concentration Range

(0.04 - 0.07 molal)

Figure 5: Estimation of Optimum Concentration
for Molecular-Weight Determination -
by Freezing-Point Depression of Nitrobenzene

(Adapted from Macknick, 1979)
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- Still: Perkin-Elmer Model 25! Annular Still
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