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compromise between fraction purity and analysis time and 
could be readjusted either way. The specified conditions are 
optimum for samples with carboxylic acid concentrations of 
1% or higher; a more gradual gradient slope and/or a lower 
concentration of tetramethylammonium hydroxide in the 
mobile phase may be desirable for samples containing S0.2% 
acids (15). Also, optimization of the method could potentially 
be sample dependent. For example, as pointed out in the 
Results and Discussion section, other acidic compound classes 
represent the most difficult types to resolve from carboxylic 
acids. Thus, samples containing high levels of phenols, for 
example, might require a slightly modified solvent 
program-assuming that the presence of phenols would in- 
terfere with the ultimate use of the carboxylic acid concentrate. 

Rapidization of the Method, Future Work. In this work, 
relatively large quantities of oil were separated; then tetra- 
methylammonium hydroxide was extracted from acid con- 
centrates to enable gravimetric analysis; after which, portions 
of each concentrate were esterified separately and ultimately 
analyzed by GC and other methods. 

On the other hand, rapid screening of large numbers of oils 
would require taking a number of shortcuts. Thus, a much 
more rapid system would be comprised of an analytical scale 
HPLC, a fraction collector, and a GC or GC/MS. First, 
relatively small amounts of filtered oil (I1 g) would be sep- 
arated by HPLC under conditions analogous to those used 
here. During HPLC separation, the majority of the oil could 
be directed to waste and only the carboxylic acids would need 
to be collected. Solvent removal (a few milliliters) could be 
accomplished by any of several methods and the resulting 
concentrate injected directly into the GC. Tetramethyl- 
ammonium hydroxide pyrolyzes in GC injection ports and 
methylates carboxylic acids (16); hence, a separate derivati- 
zation step may not be necessary. Such a system would take 
study of carboxylic acids in petroleum out of the realm of a 
strictly research and development type project. As stated in 
the Introduction, that is the ultimate goal of this work. 
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Polycyclic aromatic compounds contalnlng both oxygen and 
nltrogen heteroatoms (speclflcally the hydroxylated nltrogen 
heterocycles) In a solvent-refined coal llquld were separated 
by use of a two-step column adsorptlon chromatographlc 
method on neutral alumlna and slllclc acld and were idenitfled 
and quantlfled by caplllary column gas chromatography and 
gas chromatographylmass spectrometry. Among the nu- 
merous Isomers detected, a number of compounds were 
posltlvely ldentlfled for the first tlme In coal llqulds by com- 
parison of the retentlon data with avallable and newly syn- 
theslred standard compounds. Hydroxylated Indoles, qulno- 
Ilnes, carbazoles, and acrldlnes predomlnated among the 
compound types found In thls sample. 

Numerous studies have been undertaken in the past to 
identify the heterocyclic compounds in coal-derived products. 
In most cases, compounds containing only one heteroatom 
were considered. However, there is evidence for the existence 
of polycyclic aromatic compounds (PAC) containing two 
heteroatoms in coal-derived products (1-5); compounds con- 
taining combinations of sulfur, nitrogen, and oxygen have been 
only tentatively identified by high-resolution mass spectrom- 
etry. 

In our previous work (6,7), nitrogen/sulfur-containing PAC, 
and oxygen/sulfur-containing PAC were identified for the fiist 
time in a solvent-refined coal liquid by capillary column gas 
chromatography and gas chromatography/mass spectrometry 
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(GC/MS). The major nitrogen/sulfur-containing PAC in the 
coal liquid were aminodibenzothiophenes and alkylated am- 
inodibenzothiophenes. All isomers of the aminodibenzo- 
thiophenes were detected. The 2- and 3-aminodibenzo- 
thiophenes demonstrated 10 to 100 times greater mutagenicity 
in the Ames test than benzo[a]pyrene (6). The major oxy- 
gen/sulfur-containing PAC in this sample were hydroxy- 
benzothiophenes, hydroxyphenylthiophenes, hydroxydi- 
benzothiophenes, and hydroxyphenylbenzothiophenes (7). 

The PAC containing two heteroatoms are usually less 
abundant in coal liquids than are those compounds with one 
heteroatom. Nevertheless, their characterization is important 
for the study of coal structure, coal processing, and the health 
and environmental aspects of coal utilization. 

In order to identify compounds such as the PAC containing 
two heteroatoms, it was necessary to isolate or concentrate 
these compounds in select fractions or to use selective de- 
tection. Since it was difficult to separate the nitrogen/sul- 
fur-containing PAC, and oxygen/sulfur-containing PAC 
fractions, a sulfur-selective detector was applied to the ni- 
trogen- and hydroxy-PAC fractions in our previous work. 
Selective stationary phases and derivatization methods were 
also used. Complementary information for identification 
purposes was provided by GC/MS. 

Oxygen is known to be present in coal in several structural 
forms including ether, furan, carbonyl, carboxylic acid, and 
hydroxyl groups, but the hydroxyl group is the major form 
(8). Previous studies have indicated the presence of hy- 
droxylated nitrogen heterocycles in coal-derived products 
( e l l )  and petroleum products (12-15). Bodzek and Marzec 
(11) extracted a high-volatile bituminous coal with various 
organic solvents, and reported high-resolution MS evidence 
for possible structures in the extract including hydroxy- 
quinolines, hydroxycarbazoles, hydroxyacridines, and hy- 
droxyazapyrenes. Jewel1 and Hartung tentatively identified 
hydroxyhexahydrocarbazoles and hydroxyindolines in hy- 
drogenated furnace oil by gas-liquid chromatography, UV- 
absorbance spectrometry, and mass spectrometry (12)) and 
hydroxybenzoquinolines in heavy gas oil by paper chroma- 
tography, infrared spectrometry, and titrimetry (13). However, 
no positive identification and quantification of individual 
species have been reported. 

In this study, capillary column gas chromatography with 
nitrogen-selective detection was applied to the hydroxylated 
nitrogen-PAC fraction, and a number of compounds were 
positively identified for the first time by comparison with the 
retention times of available and newly synthesized standard 
compounds. A selective stationary phase, a biphenyl poly- 
siloxane (16), and GC/MS were also used. 

EXPERIMENTAL SECTION 
A solvent-refined coal heavy distillate (SRC I1 HD, 260-450 

OC boiling point range) was collected during the processing of a 
West Virginia coal from the Pittsburgh Seam, and obtained from 
the Fort Lewis, Washington, pilot plant which was operated by 
the Pittsburgh and Midway Coal Mining Co. This material was 
of pilot plant origin and should not necessarily be considered as 
representative of products that may eventually be produced on 
a commercial scale. The standard reference compounds used in 
this study were purchased (Aldrich Chemical Co.) or synthesized 
in our laboratories (17). 

A schematic diagram of the separation method is shown in 
Figure 1. The SRC I1 HD was first fractionated into chemical 
classes by column adsorption chromatography on neutral alumina 
as previously described (18). Approximately 50 mg of the fourth 
fraction (hydroxylated PAC) was adsorbed onto 0.5 g of silicic 
acid (Mallinckrodt No. 2847,100-mesh standardized to 5% H@), 
and the solvent was removed by stirring the mixture under dry 
nitrogen gas. A 22 mm i.d. glass column was packed using an 
n-hexane slurry of 2 g of silicic acid. The silicic acid on which 
the sample was adsorbed was then added to the top of the 2-g 
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Flgure 1. Scheme for the Separation of hydroxylated nitrogen het- 
erocycles (HPANH) from synthetic fuel products. 
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Flgure 2. Elution profiles of selected hydroxylated PAC on silicic acid 
adsorption chromatography columns. 

column and two fractions were obtained as follows: fraction S-l', 
hydroxy polycyclic aromatic hydrocarbons (HPAH) and hydroxy 
polycyclic aromatic sulfur heterocycles (HPASH) with 50 mL of 
benzene; fraction S-2', hydroxy polycyclic aromatic nitrogen 
heterocycles (HPANH) with 50 mL of 1:1 (v/v) benzene/ethyl 
ether. 

A Hewlett-Packard Model 5880 gas chromatograph equipped 
with a flame ionization detector (FID) and nitrogen-selective 
thermoionic detector (NPD) was used for gas chromatographic 
analysis in this study. Sample injection was made in the splitless 
mode, the helium carrier gas was set at a linear velocity of 50 cm 
s-l, and the selectivity of the NPD was 1:2000 for naphthalene/ 
4-hydroxyindole. 

Capillary columns were prepared by statically coating fused 
silica capillary tubing (20 m X 0.32 mm i.d., Hewlett-Packard, 
Avondale, PA) with a 25% biphenyl methylpolysiloxane (0.25 wm 
film thickness). This phase (16) was cross-linked using azo-t- 
butane (19), and conditioned overnight at 280 "C under nitrogen 
gas flow. 

Compounds were identified by comparison of retention times 
of the pure standards with the retention times of components in 
the coal liquid S-2' fraction and GC/MS. A Hewlett-Packard 
59826 GC/MS system was operated in the electron impact mode 
at 70 eV. Spectra were acquired and processed with an HP 59346 
data system. Semiquantitation of the HPANH was accomplished 
by comparing sample component peak areas with those of the 
standard references, 4-hydroxyindole and 2-hydroxycarbazole. 

RESULTS AND DISCUSSION 
Prefractionation of coal-derived products is generally re- 

quired for detailed characterization of individual components. 
The separation and identification of the nitrogen-containing 
PAC (N-PAC) in synfuels has been recently reviewed by Later 
(20). Current methods for isolating the N-PAC fraction em- 
ploy liquid-liquid or liquid-solid chromatography, or a com- 
bination of both separation techniques. The N-PAC fraction 
was recently isolated on neutral alumina and further separated 
into secondary nitrogen heterocycles (2O-PANH), amino po- 
lycyclic aromatic hydrocarbons (APAH), and tertiary nitrogen 
heterocycles (3O-PANH) by silicic acid adsorption chroma- 
tography (18, 21, 22). The separation primarily followed 
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Flgure 3. Gas chromatograms of the HPANH fraction of an SRC I 1  HD using (a) NPD and (b) FID detection: column, 20 m X 0.32 mm i.d. fused 
silica column coated with a 25% biphenyl polysiloxane; temperature programmed from 40 OC to 265 OC at 4 OC min-l after an initial 2-min isothermal 
period; helium carrier gas at 50 cm s-’. Peak numbers refer to compounds listed in Table I. 

compound basicity, with the more basic compounds demon- 
strating greater retention. 

Since it was thought that the HPANH could also be sep- 
arated and classified according to the basicity of the nitrogen 
functionality after the hydroxyl group was blocked, the iso- 
lation of the HPANH was first attempted by column ad- 
sorption chromatography on neutral alumina and silicic acid 
in the same way as the method of Later e t  al. (18) after 
forming the trimethylsilyl derivatives. These derivatives were, 
however, hydrolyzed during the chromatographic fractionation 
steps and could not be recovered quantitatively. 

However, the HPANH could be separated from the HPAH 
and HPASH on silicic acid alone when the proper eluent was 
used. The application of the method reported here to a se- 
lection of standard compounds is shown in Figure 2. A small 
portion of the secondary nitrogen-containing HPAH eluted 
in the S-1’ fraction, but nearly all of the HPANH eluted later 

Table I. Recoveries of Selected Hydroxylated PAC by 
Column Adsorption Chromatography on Silicic Acid 

% recovered 
compound s-1‘ s-2’ 

4-hydroxyphenanthrene 70-80 0-5 
1-hydroxydibenzothiophene 70-80 0-5 
2-hydroxycarbazole 10-15 65-75 
3-hydroxy-9-aminophenanthrene 0 75-85 
2-hydroxyacridine 0 75-85 

in the 5-2’ fraction with a more polar solvent. The elution 
order of these HPANH is in accordance with the basicity of 
the nitrogen in the HPANH. The secondary nitrogen het- 
erocycles are slightly acidic, while the amino nitrogens and 
the tertiary heterocyclic nitrogens are basic due to their lone 
pairs of electrons. However, the basicity of the tertiary ni- 
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Table 11. Compounds Identified and Quantified in an SRC I1 Heavy Distillate Coal Liquid 

peak no. 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 

13 
14 
15 
16 
17 
18 

19 
20 

21 

compound 

8-hydroxyquinoline 
5-hydroxyindole 
4-hydroxyindole 
5-hydroxyisoquinoline 
2-methyl-8- hydroxyquinoline 
1-hydroxyisoquinoline 
2- hydroxyquinoline 
methylhydroxyquinolines and/or aminohydroxynaphthalenes 
methylhydroxyquinolines and/or aminohydroxynaphthalenes 
2-hydroxy-4-methylquinoline 
4-hydroxyquinoline 
1-hydroxycarbazole 
2-methyl-4-hydroxyquinoline 
4-hydroxycarbazole 
4-hydroxyacridine 
2- hydroxyacridine 
hydroxy carbazoles 
3- hydroxycarbazole 
2-hydroxycarbazole 
hydroxybenzoquinolines 
C1-hydroxycarbazoles 
C1-hydroxybenzoquinolines and/or hydroxyaminophenanthrenes and/or 

Cz-hydroxycarbazoles 
Cz-hydroxybenzoquinolines and/or C1-hydroxyaminophenanthrenes and/or 

hydroxyazapyrenes and/or hydroxyazafluoranthenes 

hydroxyaminoanthracenes 

Cl-hydroxyaminoanthracenes 

re1 
reten- 
tion” 

0.554 
0.622 
0.840 
0.858 
0.863 
1.018 
1.042 

1.240 
1.451 
1.497 
1.500 
1.575 
1.599 
1.599 

1.618 
1.637 

method of 
identifica- 

tion* 

GC 

GC 
GC 
GC 
GC, GC/MS 
GC, GC/MS 
GC/MS 
GC/MS 
GC 
GC 
GC 

GC, GC/MS 

GC/MS 
GC, GC/MS 
GC, GC/MS 
GC/MS 
GC/MS 
GC/MS 

GC/MS 
GC/MS 

GC/MS 

concn,c 
rg /g  

0.03 

0.37 
0.02 
0.19 
1.4 
0.85 
5.4 
0.99 
0.23 
0.03 
0.63 

0.76 

13 
0.89 
0.51 

1.4 
“Retention time relative to phenanthrene. These values are the average of two measurements. Both measurements agreed to within 

Approximate k0.004. 
concentration in pg/g in the crude SRC I1 heavy distillate. 

GC, capillary column gas chromatography; GC/MS, capillary column gas chromatography/mass spectrometry. 

trogen is greater than the amino group, and the former are 
more strongly retained. The recoveries of each compound by 
this fractionation method are given in Table I. Recovery 
losses seem to stem mainly from irreversible adsorption onto 
glassware and column packings. 

The application of this method to a coal liquid, the SRC 
I1 HD, produced for the first time an isolated chemical class 
fraction of HPANH. Capillary column gas chromatograms 
of the S-2’ fraction of the SRC I1 HD using both nitrogen- 
selective and universal detection are shown in Figure 3. 
Comparison of these two chromatograms indicates the quality 
of the HPANH enrichment scheme developed in this study. 

The compounds labeled as peaks in the chromatograms of 
the HPANH fraction (Figure 3) were identified by GC/MS 
and by comparison of retention data with those of available 
standard samples. Table I1 lists the compounds identified 
as well as other available standard compounds which were not 
found to be present. The relative retention and semiquan- 
titative data for these compounds are also included. A number 
of compounds were positively identified for the first time, 
including all hydroxycarbazole isomers. Mass spectral evi- 
dence for the presence of hydroxyazapyrenes or hydroxy- 
azafluoranthenes in this sample was also found. Since the 
aminohydroxynaphthalenes have the same molecular weight 
as the methylhydroxyquinolines, mass spectral data alone are 
insufficient for more than tentative identification of these 
compounds. This situation occurs again with the corre- 
sponding three-ring HPANH. Hydroxylated 3O-PANH such 
as the hydroxyquinolines, hydroxyacridines, and hydroxy- 
azapyrenes were found to be major components of this sample. 
Nitrogen-containing compounds in coal-derived liquids were 
found to be largely aza heterocycles (18, 23). Carbazole, 
benzoquinoline, and their alkylated derivatives were the major 
N-PAC in the SRC I1 HD. Likewise, hydroxycarbazoles, 
hydroxybenzoquinolines, and their alkylated derivatives were 
the predominant HPANH in this coal liquid. As mentioned 

above, hydroxyquinolines and hydroxycarbazoles were ten- 
tatively identified in a high-volatile bituminous coal; but in 
this work, several hydroxyquinoline and hydroxyisoquinoline 
isomers, and all of the hydroxycarbazole isomers were posi- 
tively identified by comparison with the retention times of 
standard compounds. 

The HPANH were present at  the 1-10 ppm level in this 
coal liquid, which was comparable to the observed levels of 
other PAC which contain two heteroatoms, such as the am- 
inodibenzothiophenes and the hydroxylated thiophenic com- 
pounds (6, 7). In comparison, the corresponding parent N- 
PAC were found to be present a t  the approximate 100-1000 
ppm level (18, 21). 
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Resolution of Ortho, Meta, and Para Isomers of Some 
Disubstituted Benzene Derivatives via CY- and P-Cyclodextrin 
Inclusion Complexes, Using Reversed-Phase High-Performance 
Liquid Chromatography 
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Separatlon of varlous dlsubstltuted benzene derlvatlves on a 
LiChrosorb RP18 column, wlth moblle phases contalnlng a- 
or b-cyclodextrln, was systematlcally studled. The model 
compounds tested were cresols, fluoronitrobenzenes, chloro- 
nltrobenrenes, bromonltrobenzenes, lodonltrobenzenes, nl- 
troanlllnes, nitrophenols, and dinitrobenzenes. Ethanol, 20 vol 
%, was used as an addltlonal component of the aqueous 
moblle-phase solutlon. The course of the relatlonshlp of the 
apparent capacity factor vs. cyclodextrln (CD) concentratlon 
was conslstent wlth that resultlng from slmple theoretlcal 
consideratlons only In the case of b-CD. This permitted 
evaluatlon of the capacity factors of P-CD complexes, as well 
as of thelr stablllty constants. I t  was found that only 6-CD 
Imposes a dlstlnct selectlvlty toward ortho, meta, and para 
Isomers on RP systems, thus enabllng thelr complete sepa- 
ration In all cases studled. 

Cyclodextrins (CDs) are torus-shaped cyclic oligosaccharides 
made up of six or more a-1,Clinked D-glucopyranose units. 
The nonpolar central cavity of CDs can selectively include 
various inorganic and/or organic species of neutral or ionic 
nature (1). These inclusion processes are influenced mainly 
by hydrophobicity and shape of guest molecules, Le., by the 
fit of the complexed molecule to the CD cavity. Hence CD 
complexation is a procedure of choice for separation of isomers. 
It has been used to advantage in classical liquid chromatog- 
raphy (2, 3) .  However, the columns usually containing 
polymers with incorporated CD molecules are of very low 
efficiency, owing to the complex mechanism of sorption in- 
volving both gel permeation and molecular inclusion. CDs 
dissolved in the mobile phase have also been used in thin-layer 
chromatography with polyamide stationary phase (4 ,  5 ) .  

The CD inclusion phenomena have recently been utilized 
for separation of disubstituted benzene isomers by high- 
performance liquid chromatography (HPLC) in two ways: by 
using chemically bonded a- and/or P-CD-silica stationary 
phases (6-10) and by applying CDs as the mobile phase 
components in reversed-phase systems (11, 12). 

Studies dealing with the latter method have concerned only 
three nitrobenzoic (11) and three nitrocinnamic acids (12). 
The present paper reports the results of further systematic 

research on resolution of various disubstituted benzene de- 
rivatives of acidic, basic, or neutral nature. The work was 
aimed at  establishing the general rules similar to those valid 
in clathrate chromatography (13,14)  which relate the shape 
and size of molecules to their chromatographic behavior in 
reversed-phase systems containing a- or 6-CD in the mo- 
bile-phase solution. 

EXPERIMENTAL SECTION 
Reagents. a- and p-CD were supplied by Chinoin (Budapest, 

Hungary) and were purified by recrystallization from water. 
Methanol (MeOH), ethanol (EtOH), 1-propanol (1-PrOH), 2- 
propanol (2-PrOH), and tetrahydrofuran (THF) were of p.a. grade. 
Water was purified by double distillation and ion exchange 
treatment. 

The following ortho-, meta-, and para-disubstituted benzene 
derivatives were used as solutes: cresols, fluoronitrobenzenes, 
chloronitrobenzenes, bromonitrobenzenes, iodonitrobenzenes, 
nitroanilines, nitrophenols, and dinitrobenzenes. All aromatic 
compounds purchased from various suppliers were of analytical 
or reagent grade and were used without further purification. 

Apparatus and Procedure. Chromatographic measurements 
were performed with a Type 302 apparatus (Institute of Physical 
Chemistry, Polish Academy of Sciences, Warsaw, Poland) 
equipped with a 5-pL high-pressure injection valve and with a 
UV detector (254 nm) with Z-shaped passage (volume 8 pL). 

Stainless steel columns (100 X 4.6 mrn i.d. and 150 X 4.6 mm 
i.d.) were packed with 10-pm LiChrosorb RP18 (E. Merck, 
Darmstadt, FRG) by the viscosity technique. All chromatographic 
experiments were carried out at constant flow rate of 2.4 mL/min 
and constant temperature of 25 f 0.1 "C (using a water jacket), 
unless specified otherwise. 

The mobile phases consisted of aqueous solutions containing 
20 vol % organic solvents and a-CD at concentrations of 0.2 x 
lo-', 0.5 X lo-', 1.0 X lo-,, 1.5 X lo-', and 3.0 X lo-, M or P-CD 
at concentrations of 0.2 X 0.5 X lo-', 1.0 X lo-,, 1.5 X lo-', 
2.0 X lo-', and 2.5 X lo-' M. The ethanolic solutions of solutes 
(5.0 X M) were injected onto the columns both separately 
and as mixtures. 

k'values were measured on a column (100 X 4.6 mm id.) whose 
dead volume, determined from NaNO, retention (15),  was 0.72 
mL. 

EQUILIBRIA AND EQUATIONS 
R P  systems containing CD in mobile-phase solutions may 

involve many species of the solute: neutral, ionic, free, or 
bound to one or more CD molecules. Consequently the ad- 
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