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CHAPTER 1. INTRODUCTION 

Two major and interrelated concerns of modern society are the need 

for an adequate energy supply and the relationship between 

environmental quality and human health. One of the ruthless diseases 

still threatening human life is cancer. And although the actual 

contribution of polycyclic aromatic hydrocarbons (PAHs) to cancer is 

not definitely known, it has been suspected that PAHs are the inducing 

agents for tumors for many years (1). 

The decline of domestic petroleum production, the sharp increase 

in the price of imported oil, and the demand for increasing energy, 

makes the utilization of coal-derived products for energy supplies look 

more promising. However, the coal-derived products are predominately 

aromatic in nature and contain many PAHs (2). The knowledge of PAH 

distribution in coal-derived products is important not only for human 

health, but also for the chemical composition of coal-derived products. 

Many procedures have been developed for the determination of PAHs 

in environmental samples. These vary in complexity, and in the 

instrumentation and techniques used. For the clean-up of PAH fractions 

liquid extraction, thin-layer chromatography(TLC}, and liquid-solid 

column chromatography on different absorbents have been employed. For 

the separation of PAHs, gas chromatography (GC} with packed glass 

columns or glass capillary columns has been the preferred technique 

until very recently. Usually the PAHs are measured by a flame 

ionization detector or in a mass spectrometer. However, the use of GC 

1 
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for the separation of PAHs in a complex mixture usually results in the 

following disadvantages: 

(1) GC is not sufficient for the separation of high molecular 

weight PAHs (MW> 300 daltons), because the vapor pressure of those 

compounds is too low (3). 

(2) The selectivity of GC columns for PAH isomers is marginallly 

low (4,5). 

(3) GC does not have selective detection systems for PAH analysis. 

Intensive sample preparation is needed for GC and, therefore, the 

routine analysis is time constJTiing. 

The early attempts to apply liquid chromatography (LC) to PAH 

analysis were not promising because of low column efficiencies. 

However, the development of high-pressure ptJTips and highly efficient 

microparticulate columns for HPLC has resulted in growing interest in 

applying this technique to PAH analysis. HPLC has considerable 

advantages over GC in the separation of high molecular weight PAHs and 

the separation of PAH isomers which are not resolved by GC (3). 

Coupled with selective detectors, such as ultraviolet 

spectrophotometers and fluorescence spectrofluorometers, HPLC often 

allows for the determination of the PAH of interest even if it is 

co-eluting with interfering compounds. As a result, HPLC does not 

require as intensive sample preparation as GC. 

Due to the increasing requirement for more coal-derived products 

for energy supplies, the analysis of PAHs becomes very significant. 

,. 
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The first objective of this research is to analyze PAHs in coal-derived 

products using on-line HPLC/spectrofluorometric techniques. Fifteen 

PAHs, which are on the list of EPA priority pollutants, were selected 

for this study. Their structures are given in Figure 1. PAHs will be 

identified by using selective fluorescence detection as well as the 

comparison of fluorescence spectra of samples and PAH standards. 

The use of charge-transfer complexation for the separation of 

aromatic hydrocarbons in TLC (6-8) and GC (9-11) is well known. The 

first chemically bonded charge-transfer phase for HPLC, which was based 

on bonded 2,4,5,7-tetranitrofluorenone, was prepared in 1975 by 

Lochmuller and Amoss (12). They reported high selectivity for aromatic 

hydrocarbons, however, the column efficiency was poor due to the high 

resistance to mass transfer between mobile phase and stationary phase. 

Nondek and co-workers {13,14) also successfully prepared bonded 

3-(2,4-dintroanilino)propyl phase on silica gel for the separation of 

PAHs. Recently, Matlin and co-workers (15) reported the preparation of 

a new bonded phase, 2-picramidepropyl, for HPLC. By changing the 

mobile phase from hexane to a water/methanol mixture, they indicated 

that the retention mechanism of PAHs on 2-picramidepropyl column is 

dominated by charge-transfer interaction. 

Many of the alkyl derivatives of PAH are known to enhance the 

formation of tissue sarcomas in living animals (24). The bonded 

charge-transfer phases possess high capabilities for separating 

alkyl-substituted PAHs from non-substituted analogs. Hence, the 
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Compound Structure 

Napthalene 00 
2-Methylnapthalene co---CH3 
Acenaphthalene ro ~ ~ 

Acenaphthylene ro 
Fluorene 

Anthracene · 
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Phenanthrene 

Fluoranthene 

Figure 1. PAHs of Environmental Interest 
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Indeno(l,2,3-cd)pyrene 
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investigation of retention behavior of PAHs on bonded charge-transfer 

phase columns is of importance for us to understand the use of these 

columns for PAH separations. 

The second object of this research is to study the retention 

mechanism of PAHs on a column which was chemically bonded with an 

organic phase which generates electron donor-acceptor complexes. 

2-Picramidopropyl bonded silica gel column was selected for this study. 

The chromatographic properties of the column, the temperature, and 

solvent effects on the capacity factors will also be examined. 

Fundamentals of Fluorescence 

Absorption of ultraviolet light (200-350 nm) and visible light 

(350-750 nm) by molecular compounds produces molecules in excited 

states. The absorption of this energy takes place in about 10-15 

seconds. The excited molecules are then deactivated through collisions 

with other molecules, by undergoing chemical reactions, or by the 

emission of light. The emitted radiation is broadly defined as 

photoluminescence. Photoluminescence can be further subdivided into 

fluorescence and phosphorescence. 

Figure 2 schematically illustrates the electronic transitions that 

produce photoluminescence. Molecules in the lowest vibrational energy 

level of the ground state absorb photons of specific wavelengths 

as shown by the absorption spectrum of the molecular species and are 

promoted to an excited state. Molecules in higher vibrational energy 

levels of the excited state rapidly relax to the lowest vibrational 
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energy level of the excited state through radiationless transitions. A 

fraction of the excited molecules may deactivate by emitting a photon. 

The emitted luminescence is defined as fluorescence. Because the 

excited molecule was partially deactivated by radiationless 

transitions, the wavelength of the emitted photon is longer than the 

wavelength of the exciting photon, i.e., the emitted photon is of lower 

energy. This phenomenon is known as Stoke's shift. 

Rarely are all excited state molecules deactivated through photon 

emission. The ratio between the ntJTiber of photons emitted and the 

ntJTiber of photons absorbed is defined as the quanttJTI yield. 

Non-fluorescent materials have a quanttJTI yield of zero. Fluorescent 

materials have quanttJTI yield between zero and one. Molecules not 

deactivated by photon emission normally return to the ground state by 

radiationless transitions. 

In very viscous media, such as low temperature glasses, some 

excited molecules may first undergo a radiationless transition to a 

metastable triplet state, and then emit a photon of wavelength much 

longer than the wavelength of the exciting radiation. This 

deactivation path is defined as phosphorescence. The decay period for 

phosphorescent states is from lQ-4 to several seconds, whereas 

fluorescent state decay periods are normally less than 10-8 seconds. 

Fluorescence spectroscopy can be used for both qualitative and 

quantitative analyses. Fluorescent materials may be characterized by 

comparing both the fluorescence excitation and emission spectra with 



spectra of known compounds. 

Charge-Transfer Complexes 

9 

The term charge-transfer complex refers to a variety of 

association products formed, in stoichiometric amounts, between 

chemical entities functioning as electron donors (D) and 

electron acceptors (A). The extent of interaction between 

the components is generally greater than that of Van der Waals forces, 

but much less than that of a covalent or an ionic bond. Normally the 

measured enthalpies for complex formation are on the order of a few 

kilocalories per mole (kcal/mole). 

The structure of a complex AD is defined by the ground-state wave 

function (16): 

11-N = a ip0 ( 0, A) + b 1/J1 ( o+ - A - ) [ 1] 

where 1/J0 refers to the non-bond structure (including dipole-dipole and 

dipole-induced-dipole interaction, London disperson forces, and 

hydrogen bonding) and 1/J1 refers to a 11 dative 11 function (corresponding 

to a structure of the complex where an electron has been completely 

transferred from the donor to the acceptor), and coefficients a and b 

define the contributions of the species to the total wavefunction. 

There is a high probability of a transition from the ground state 

to the excited charge-transfer state. The wavefunction of excited 

state is described by the equation 

Wv * = -b * w ( D, A) + a* 1/J1 ( o+ - A-) [2] 

a* .. a; b* .. b (if the overlap integral fij!.iJJdv = 0, i.e., a weak complex). 
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The charge transfer between the ground and excited state is 

associated with an absorption band approximately determined by the 

equation 
2 

hv ~ k (Io - EA - .:.._ - ~) [3] 
YAO 

where Io is the ionization potential of the donor, EA is the electron 

affinity of the acceptor, YAO is the acceptor-donor distance within the 

complex, ~is a small term involving other interactions, and k is a 

constant. 

Common electron donors include lone-pair electron donors such as 

amines, ethers, and alcohols; and ~-electron donors such as PAHs. 

Electron acceptors include the vacant orbital accepter, Ag+, the 

a-orbital type acceptors such as halogens, and the ~-orbital 

acceptors such as aromatic molecules with electron-withdrawing 

substituents. 

Fig. 3 is a schematic representation of a complex involving 

~-electrons. Electron-releasing substituents enhance the donor 

properties; electron-withdrawing substituents enhance the acceptor 

properties. 

Charge-transfer interactions are quite specific, being modified by 

both steric and electronic inductive effects. The interactions can be 

very solvent-dependent, which is a useful quality in charge-transfer 

liquid chromatography, where solvent composition is easily changed. 
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Figure 3. Schematic Representation of the 
Interactions of the ~,~-complex 



12 

Column Performance Parameters 

The column performance parameters are used to define the column 

characteristics, and to optimize conditions for a separation. The 

formulas used to calculate the various performance parameters are given 

in this section. Their derivatives may be found in most chromatography 

textbook. 

Figure 4 shows a chromatogram which illustrates the definitions of 

the retention times of analytes, the retention time of an unretained 

component (solvent holdup), and the peak width at baseline. 

The retention of analyte, tr, is the time the analyte spends in 

the column. It is measured from the point of injection to the peak 

maximum. 

The solvent hold (dead time), t 0 , is the time required to elute an 

unretained material, like the solvent. 

The peak width at baseline, w, is the portion of the baseline 

intersected by tangents drawn to the sides of the peak. 

A theoretical plate, N, is one analyte equilibrium between the 

mobile phase and stationary phase. It is calculated using equation 

N = 16(tr/w)2 [4] 

Theoretical plates measure the efficiency of a column, so a good column 

has a high nlJllber of plates. 
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The height equivalent to a theoretical plate, HETP, is the column 

length required for one theoretical plate. 

HETP = L/N [5] 

where L is the length of the column. 

The capacity factor, kl, is the ratio of the time the analyte 

spends in the stationary and the mobile phases. 

k~ = (tr-to)/t0 [6] 

The selectivity, a, is a written measure of how well the peaks are 

discriminated by the chromatographic system. 

a = (tr2-to)/(tr1-to) [7] 

The resolution, R, is a quantitative measure of the degree of 

separation of two peaks. 

R = 2(tr2-tr1)/w1+w2 

A resolution of 1.5 is a baseline separation. 

[8] 



CHAPTER 2. HISTORICAL 

Analysis of Environmental Samples for PAHs 

The first determination of PAHs in an environmental sample was 

done by Cook and co-workers (17) in 1935. They isolated 

benzo(a)pyrene, and benzo(a)anthracene from coal tar and demonstrated 

that the benzo(a)pyrene is highly carcinogenic when applied to the skin 

of mice. Sawicki (18) reviewed the most important methods for 

determination of PAHs prior to 1964 and suggested a lack of separation 

efficiency to be the most serious hindrance to a better understanding 

of their composition. Work before 1964 tends to employ the separation 

techniques of solvent extraction, classical column liquid 

chromatography and TLC. With the extensive use of high-resolution 

glass capillary columns, GC has become a popular method for the 

determination of PAHs after 1964. The major disadvantage is that 

extensive sample clean-up is required prior to gas chromatography. The 

rapid development of high-pressure pumps and highly efficient 

chemically bonded phase columns in the mid 1970's has resulted in the 

use of HPLC as currently the principle technique for PAH analysis. 

The extraction of PAHs from the environmental sample has always 

been the first step for PAH analysis. Table I lists a series of 

extracting solvents which were commonly used throughout the past thirty 

years. The extraction procedures are described in each reference. 

Hexane and cyclohexane are the two solvents commonly used for 

extracting PAHs from a coal matrix. 

15 
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TLC was the initial technique used for the separation of PAHs. 

Most of the earlier works were performed using silica gel or alumina as 

the adsorbent. Silica gel may further be impregnated with silver 

nitrate, cellulose acetate, picric acid, and 2,4,7-trinitrofluorenone 

for increasing the retention of PAHs on the TLC plate. 

Sawicki et al. (30) compared the TLC adsorbents (alumina, 

cellulose, and cellulose acetate) for separating PAHs in atmospheric 

pollutants. They found that a cellulose plate with 

dimethylformamide/water (1/1) as the developing solvent gave the best 

results for PAH separation. White and Howard (31) continued this work 

with different developing solvent systems. They concluded that a 

cellulose plate with iso-octane as the developing solvent is very 

effective in separating the PAHs into groups according to their ring 

structure. The cellulose acetate plate with ethanol/toluene/water 

(17/4/4) as the developing solvent give better resolution of the 

individual 4-, 5-and 6-ring compounds. When the two systems were used 

in conjunction with one another, they were able to separate all but 4 

of 29 PAHs. 

McGuirk and Mainwaring (32) described a two-dimensional TLC 

procedure for multiple sep~ration of benzo(a)pyrene from aerosol 

samples. The samples were separated on mixed cellulose 

acetate/aluminitJTI oxide plates (1/3) using pentane/ether (19/1) as the 

first developing solvent and ethanol/methylene chloride/water (20/10/1) 

as the second developing solvent. 
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TABLE I 

Extraction of Procedures 

Sample Extraction Solvent 

PAH in Water Cyclohexane 

PAH in Dust Benzene/Methanol 

PAH in Soot Ether 

PAH in Automotive Exhaust Toluene, Acetone 

PAHs 

(4/1) 

Reference 

19 

20 

21 

Cyclohexane/Heptane (1/4) 22 

PAH in Tobacco Smoke Methylene Chloride, 
Cyclohexane, Nitromethane 23 

PAH in Water Cyclohexane, Methylene Chloride 24 

PAH in Coal Liquefaction Hexane 25 
Product 

PAH in Dust Cyclohexane 26 

PAH in Flyash and Pentane 
Manufacture Effuent Water 27 

Carbon Black Methylene chlroide 28 

Coal Tar Cyclohexane 29 
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Matushita et al. (33) devised a two-dimensional dual band TLC 

method for fast analysis of PAHs in various enviromental samples. The 

TLC plate consisted of an aluminiun oxide layer and a cellulose acetate 

layer. The sample was first developed with hexane/ether (99/1) in the 

aluminiun oxide layer. Then the plate is turned 90° and the sample is 

further developed with methanol/ether/water (4/4/1) in the cellulose 

acetate layer. 

The separation of PAHs in enviromental samples by gas 

chromatography was first achieved by Lijinski et al (34) in 1963. This 

group succeeded in separating PAHs in coal tar with the use of glass 

beads coated with SE-30. In 1964-1965, Liberti and co-workers (35,36) 

first introduced glass capillary columns coated with silicones (SE-30, 

SE-52, and XE-60) for the determination of PAHs in atmospheric dusts. 

They concluded that SE-52 is the most effective of these stationary 

phases with respect to selectivity and temperature stability. Perhaps 

the most effective application of capillary GC to PAH analysis is due 

to Lao et al (37,38) involving the use of a GC/MS computer 

combination. Results were reported for atmospheric dusts, coal tar 

volatiles, wood preservation sludge and coke oven emission particles. 

Recently Lee et al (39) also demonstrated the possibility of using 

capillary GC-MS in PAHs analysis and examined air particulates, 

tobacco, and marijuana smoke. There have been only a few other 

attempts (40-42) at using GC-MS techniques for the determination of 

PAHs in coal tar. 
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Many workers have tried to improve the separation of PAHs by using 

a more selective stationary phase in a packed column. A stationary 

phase with special selectivity must also have sufficient thermal 

stability. 

In 1972, Sauerland and Zander (43) tested poly-m-phenoxylene as 

the stationary phase for coal tar analysis. Mathew et al. (44) 

developed polyphenyether sulphones as two stationary phases for PAH 

separation. One stationary phase, poly S 179, proved to be temperature 

stable to "400°C. In 1975, Lao et al. (38) examined coal tar on 

Dexsil 300 and OV-1 packed columns by GC-MS and identified or 

characterized about 50 compounds in a single run. Janini et al (45) 

developed several stationary phases for PAH separations. In this 

series the application of 

N,Nl-Bis(p-phenylbenzylidene)-a-al-bi-p-toludine was demonstrated for 

coal tar analysis with a temperature range of 257° to 403°C. 

The substantial work of HPLC for the determination of PAHs in 

environmental samples was started in the mid 1970's. With the 

selective UV and fluorescence detectors quantitative results for PAHs 

could meet or exceed those for GC (46). The EPA has chosen, since 

1979, HPLC as the separation and detection system for its method of PAH 

determination (47). 

In 1975, May et al. (48) reported on the determination of PAHs of 

marine sediments and seawater using a bonded octadecyl (C-18) 

stationary phase column. The presence of five PAHs in the sample was 
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determined using the UV 254 nm detector. In the same year, Wheals and 

co-workers (49) prepared a chemically bonded C13 microparticulate 

silica column for the analysis of PAHs in engine oil. Fluorescence and 

UV detectors were used for monitoring the samples eluted from the 

column. Since 1975, EPA researchers (50,51) have done a great deal of 

work in PAH analysis in various fresh surface waters. Samples were 

taken, extracted with methylene chloride or cyclohexane, cleaned-up 

with an alumina column, and separated by a µ-bondapack C13 column with 

acetonitrile/water (70/30) as the mobile phase. In 1976, Goldstein 

(52) separated PAHs with cross-linked polyvinylpyrrolidone stationary 

phase using iso-propanol as the mobile phase. Grant and Meiris (53), 

in 1977, separated PAHs in bittJTiinous materials by initially 

fractionating with organic-clay-coated TLC, then using a silica gel (5 

um) column for additional separation. Compounds were identified by UV 

spectroscopy. In 1979, Nielsen (54) separated PAHs in automobile 

exhaust by means of reverse phase HPLC with fluorescence detection. 

They also found that fluorescence detection can analyze poorly resolved 

compounds using various excitation and emission wavelengths. In the 

same year, Lankmayr and Muller (55) used a N02 modified silica gel 

column for the separation of PAHs in dust particles. The mobile phase 

was an iso-octane/dichloromethane (9/1) mixture. The most successful 

separation of high molecular weight(> 300 daltons) PAHs in enviro-

mental samples by HPLC was done by Peaden and co-workers (56) in 1980. 

They analysed high molecular weight PAHs in carbon black· by the use of 
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a Vydac 201 TP reverse phase column. The solvent program consisted of 

water, acetonitrile, ethyl acetate, and methylene chloride. Fifteen 

compounds were identified by means of mass spectrometry and. 

Characterization of Coal-Derived Products by Chromatography 

"Coal-derived material" is defined as any product that is 

the direct result of upgrading coal to a more refined product, such as 

tars and residues from gasification, coals liquefaction solids, liquid 

products, and coal liquefaction process solvents (57). 

There are a variety of methods currently used for the 

characterization of coal-derived products. Sternberg et al. {58) 

divided coal converson products into asphaltenes and oils by 

extractions with hexane and benzene. Farcasiu (59) divided coal 

liquefaction into nine fractions based on the elution sequence of 

compounds from a silica gel column. Solvents used for elution were 

hexane, hexane/15% benzene, chloroform, chloroform/10% ether, ether/3% 

ethanol, methanol, chloroform/3% ethanol, tetrahydrofuran, and 

pyridine. Compounds in the same fraction have similar chemical 

functionalities. 
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Dorn et al. (60,61) studied coal liquid fractions (which were 

previously separated by gel permeation chromatography [GPC]) by Hl and 

cl3 Fourier transform nuclear magnetic resonance techniques. They also 

studied the acid-neutral-base components of coal liquefaction by means 

of preparative GPC (62). Schiller (63) first used a neutral alumina 

column to fractionate coal-derived solvent and liquefaction products of 

coal into saturates, aromatics, and polar materials. Schiller then 

used a GC/MS technique to determine the components in each fraction. 

The same technique was also used by other authors to analyse nitrogen 

hetrocyclics (64) and sulfur hetrocycles (65) in various coal-derived 

products. 

Phenolic compounds in coal-derived products were first studied by 

Schabron and co-workers (66). The samples were first cleaned-up by a 

silica gel column with a variety of solvent systems. Then the 

processed samples were chromatographed by reverse phase HPLC. 

Recently, Kershaw (67) used fluorescence spectrometry to 

characterize the hexane soluble fraction of coal-hydrogenation liquids. 

Brown et al. (68) used infrared spectroscopy to study the chemical 

functionalities of coal-derived fractions. Both results were 

encouraging. 



CHAPTER 3. ON-LINE LIQUID CHROMATOGRAPHIC/SPECTROFLUOROMETRIC 
DETERMINATION OF PAH DISTRIBUTION IN COAL-DERIVED PRODUCTS 

A. Experimental 

(a) Reagent and Materials 

The sample for this work was Amax solvent-refined coal (SRC) 

produced in a Catalytic, Inc. pilot plant at Wilsonville, Alabama. The 

PAH standards were purchased from Analabs, Inc., New Haven, CT, 

(acenaphthene, acenaphthylene, benzo[a]pyrene, chrysene, fluoranthene, 

indeno[l,2,3-cd]pyrene, naphthalene, 2-methylnaphthalene, and pyrene); 

RFR Corporation, Hope, RI (anthracene, 2-methylanthracene, 

benzo[a]anthracene, benzo[g,h,i]perylene, fluorene, and pyrene). 

Polystyrene standards were obtained from Waters Associates, Milford, 

Mass. Alkane standards were purchased from Eastman Kodak Co., 

Rochester, N.Y. Hexane and acetonitrile were HPLC grade solvents 

obtained from Burdick and Jackson Laboratories Inc., Muskegon, MI. 

Water for reverse phase HPLC was purchased from J. T. Baker Co., 

Phillipsburg, NJ. 

(b) Preparation of PAH Standard Solutions. 

PAH standard solutions were prepared in 4 dram glass containers 

fitted with a plastic top, and kept in a 10°C refrigerator throughout 

the course of the work. The concentration of each PAH is given in 

Tables II and III. The solvent for the standard solutions used in the 

normal phase HPLC work was distilled-in-glass hexane. The solvent used 

in the reverse phase HPLC work was distilled-in-glass acetronitrile. 

23 
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(c) Solvent Extraction of Amax SRC. 

Five grams of Amax SRC was slurried with hexane at a ratio of 1 

gram/40 ml. The slurry was stirred under nitrogen at room temperature, 

for 36 hours, and then filtered. The hexane soluble fraction is 

designated "Oils". 

The hexane insoluble portion was then slurried with benzene at a 

ratio of 1 gram/40 ml and stirred as above for 24 hours. The benzene 

soluble fraction is designated "Asphaltenes". 

The benzene insoluble portion was stirred, with 1 gram/40 ml ratio 

of pyridine, for about 10 minutes. The soluble fraction is designated 

"Asphaltols", and the insoluble supernatant is called "residuals". 

(d) Chromatographic Analyses. 

In normal phase HPLC, the chromatographic analyses were performed 

with a Spectra-Physics Model 35008 Isocratic Liquid Chromatograph 

(Spectra-Physics Inc., Santa Clara, CA) fitted with a E. Merck 

(Gibbstown, N. J.) SI 60 size A pre·parative column (24cm x lcm ID). 

A Spectra-Physics Model 230 mixed wavelength (254nm and 280nm) UV 

detector and a Varian Model 43003-00 RI detector (Varian Associates, 

Walnut Creek, CA) were coupled in series for monitoring the samples 

eluted from the column. The samples were injected with a Valeo Model 

CV-6-UHPA -N60 sample valve {Valeo Instrument Co., Houston, TX) fitted 

with a 250 µl sample loop. Hexane was used as the mobile phase, at a 
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TABLE II 

PAH Standard Solutions for Normal Phase HPLC 

Compounds Concentration ( µg/ml) 

Naphthalene 9.70 

2-Methylnaphthalene 9.70 

Acenaphthene 11.60 

Fluorene 12.30 

Anthracene 10.10 

2-Methylanthracene 9.10 

Phenanthrene 10.90 

Fluoranthene 9.50 

Pyrene 13.70 

Benzo(a)anthracene 10.00 

Chrysene 9.80 

Benzo(a)pyrene 9.90 

Perylene 11.50 

Benzo(g,h,i)perylene 14.10 

Indeno(l ,2,3-cd)pyrene 15.20 
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TABLE II I 

PAH Standards Solutions for Reverse Phase HPLC 

Compounds Concentration ( µg/ml) 

Naphthalene 2.83 

2-Methylnaphthalene 2.80 

Acenaphthene 1.54 

Fluorene 1.02 

Anthracene 1.44 

2-Methylanthracene 1.28 

Phenanthrene 1.44 

Fluoranthene 0.98 

Pyrene 3.27 

Benzo(a)anthracene 1.96 

Chrysene 2.62 

Benzo(a)pyrene 0.92 

Perylene 1.15 

Benzo(g,h,i)perylene 3.53 

Indeno(l,2,3-cd)pyrene 1. 95 
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flow rate of 2.8 ml/min. 

In reverse phase HPLC, the chromatographic analyses were performed 

with a Spectra-Physics Model 35008 Isocratic Liquid Chromatograph 

fitted with a Vydac (The Separations Group, Hesperia, CA) 201 TP 

reverse phase column (25cm x 3.2mm ID). A Spectra-Physics Model 230 

mixed wavelength UV detector and a Varian SF-330 Spectrofluorometer 

were coupled in series for sample detection. The silllples were injected 

by using a Valeo N60 sample valve equipped with a 10 µl sample loop. 

Various percentages of acetonitrile and water were used as the mobile 

phase at different flow rates. Temperature was controlled at 30°C for 

all the chromatographic analyses. 

The average molecular weight was determined with a Bio-Beads SX-8 

gel permeation column (Bio-Rad Laboratories, Richmond, CA) 30cm x 3/811 

ID. The mobile phase was chloroform. The standards used for obtaining 

the molecular weight calibration curve are shown in Table IV. 

(e) Trapping Peaks in the Spectrofluorometer Flow Cell. 

When a peak of interest appeared on the fluorescence trace and 

reached its apex, the pump was shut off, and the sample injection valve 

was turned to a position intermediate between the injection and load 

position, which interrupted the flow. The excitation spectrum was 

rapidly scanned from 250 nm to 700 nm, and the maximum wavelength of 

the largest peak was noted. The excitation monochromator was set to 

this wavelength, and the emission spectrum was recorded. The emission 
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TABLE IV 

STANDARDS FOR GPC CALIBRATION CURVE 

Compounds MWt. 

Polystyrene 67000 

Polystyrene 8500 

Polystyrene 2100 

Polystyrene 1200 

Polystyrene 800 

Polystyrene 600 

Squalane 428 

Tetracosane 339 

n-C18 254 

n-C15 226 

n-C14 198 

n-C12 170 

n-C10 142 

n-C8 114 

n-C5 86 

n-C3 44 
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Amax SRC 

Hexane So 1ub1 es 
(Oils) 

Benzene Solubles 
(Asphaltenes) 

Hexane Extraction 

Hexane Insolubles 

Benzene Extraction 

Benzene Insolubles 

Pyridine Solubles 
( Asphaltol s) 

Pyridine Extraction 

Residues 

Figure 5. Fractionation of Amax SRC via Solvent Extraction 
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Figure 6. Molecular Weight Calibration curve with Bio-Beads SX-8 
Column, 30 cm x 3/8" ID; Mobile Phase, CHCl3; Temperature 
30°C; Flow Rate, 1 ml/min; RI Detector 
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monochromator was then set to the wavelength of the major emission 

peak, and the excitation spectrum was recorded. The sensitivity 

control was adjusted as necessary to obtain significant excitation and 

emission intensity signals. 

RESULTS AND DISCUSSION 

Solubility Classification of Amax SRC 

There are several procedures using solvent extraction which have 

been employed for isolating PAHs from SRC into a liquid solution, which 

contains relatively few types of compounds. One of the most common of 

these procedures is the extraction of SRC into hexane solubles (Oils) 

and insolubles. Hexane solubles contain mostly saturates, aromatics, 

nonbasic nitrogen, oxygen and sulfur heterocyclics, and phenols (89, 

90). Hexane insolubles contain mostly basic nitrogen heterocyclics, 

di-and triphenols, and other highly functional compounds. By 

extracting hexane insolubles first with benzene, and then with 

pyridine; the insoluble portion can be further fractionated into 

benzene solubles (Asphaltenes) and pyridine solubles (Asphaltols). The 

diagram of this fractionation scheme is shown in Fig. 5. 

Amax SRC was extracted using the same fractionation procedure 

described above. The average molecular weight of each fraction was 

determined by a Bio-Beads SX-8 GPC column, and the molecular weight 

calibration curve is shown in Fig. 6. The characterization of each 

fraction is given in Table V. 
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The hexane soluble fraction contains a relatively low amount 

(2.8%) of the total weight. The average molecular weight is about 200. 

The weight percent in benzene and pyridine soluble fractions are 

relatively high; 43.29% in benzene soluble fraction and 51.23% in the 

pyridine soluble fraction. The average molecular weights of the 

benzene and pyridine soluble fractions are 400 and 900, respectively. 

Elemental analysis shows that the nitrogen content in the hexane 

soluble fraction is 0.91%, in the benzene soluble fraction is 1.47%, 

and in the pyridine fraction is 3.86%. The hexane soluble fraction 

contains 4.96% of other elements. These are asslJlled to be "oxygen and 

sulfur". The benzene soluble fraction has 6.96% of these elements. 

The pyridine soluble fraction shows an 8.48% "oxygen and sulfur". 

Isolation of PAHs by Normal Phase HPLC 

The highly polar, slightly acidic surface of silica gel makes it 

useful for the separation of hydrocarbons by class type (91). 

When a non-polar mobile phase such as hexane is used, the order of 

elution is paraffins, olefins, and finally aromatics. The 

molecular weight of the hydrocarbons does not alter the elution 

sequence. An example of class type separation by an E. Merck SI 60 

size A silica gel column is shown in Fig. 7. Squalane, which has a 

molecular weight of 428, elutes before 1-octene (112 MW). Benzene 

(78 MW) elutes after 1-octene (112 MW). 
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Figure 7. Class Separation of Hydrocarbons by Silica Gel Column. 
Conditions: Column, E. Merck SI 60 size A, 
24 cm x 1 cm ID; Mobile Phase, Hexane; Flow Rate, 
2.8 ml/min; detector, RI. 
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The interaction between aromatic hydrocarbons and silica gel 

increases with the number of ~ electrons. Therefore, the retention 

times (or elution volumes) for aromatic hydrocarbons increase with the 

number of condensed rings as shown in Table VI. 

The addition of alkyl groups to a condensed aromatic ring 

generally increases the retention time, but not significantly. This is 

because the addition of alkyl substituents would only slightly affect 

the ~electron system and the interaction with silica gel. For example 

in Table VI, the retention time difference between naphthalene and 

2-methylnaphthalene, or anthracene and 2-methylanthracene, is almost 

negligible. 

In contrast, with reverse phase packings, such as octadecyl bonded 

silica gel, the addition of alkyl groups to a condensed aromatic ring 

significantly increases the retention time (92). This is because the 

reverse phase separation of PAHs is largely dependent on the solubility 

of the components in the highly polar mobile phase. The addition of an 

alkyl group results in a significant reduction in the solubility and, 

as a consequence, a large increase in the retention time. This 

increased retention time makes reverse phase HPLC useful for the 

separation of PAHs which have the same number of condensed ring but 

different alkyl substitution. In complex mixtures containing 

alkyl-substituted PAHs as well as the unsubstituted parent PAHs, the 

use of reverse phase liquid chromatography, however, could yield 

misleading results due to overlapping alkyl homologues. Therefore, 
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TABLE V 

Characterization of AMAX SRC 

Fraction % Wei9ht Elemental Anal~sis MW 

c H N Others H/C 

Hexane Solubles 2.8 88.21, 5.92, 0.91, 4.96, 0.80 ,200 
(Oils) 

Benzene Solubles 43.29 86.06, 5.51, 1.47, 6.96, 0. 77 --400 
(Asphaltenes) 

Pyridine Solubles 51.23 83.05, 4.61, 3.86, 8.48, 0.67 ,900 
(Asphaltols) 
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chromatography first with a silica gel column accomplished a class type 

separation and fractionated the aromatic compounds according to the 

nllTiber of condensed rings. Then a reverse phase column obtained the 

separation of alkyl homologues within each PAH fraction. This 

combination provides a powerful technique for the analysis of PAHs in a 

complex mixtures and was applied to Amax SRC. 

One hundred mg of Amax Oils was chromatographed on an E. Merck SI 

60 size A column under the same conditions given in Table V. RI and UV 

detectors were coupled in series for monitoring. The results are shown 

in Fig. 8. 

Based on the retention time of hydrocarbon standards shown in Fig. 

7, the paraffins and olefins were eluted in less than 6 minutes. They 

were visible only on the RI detector. Aromatic hydrocarbons were 

eluted after 8 minutes. The polar compounds were strongly attracted to 

the silica gel surface and were either eluted very slowly, or retained 

on the column. For this reason, the direction of the mobile phase 

through the column was reversed (back flushed) after the aromatic 

hydrocarbons had been eluted. The column was first flushed with hexane 

to elute the less polar compounds, Then methylene chloride was used to 

remove the stronger retained compounds which were considered to be 

phenolic. Both the aromatic and the polar compounds can be seen on the 

UV recorder trace. For subsequence separation by reversed phase HPLC, 

the aromatic class eluted from the silica gel column was 

collected into fractions as shown in Fig. 9. Based on the retention 
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TABLE VI 

Retention Times of Aromatic Compounds on Silica Gel Column 

Compound Retention Ti me (Minutes) 

Benzene 8.0 

p-xylene 8.3 

Naphthalene 12.1 

2-Methylnaphthalene 12.3 

Acenapht~ene 12.5 

Anthracene 16.8 

2-Methylanthracene 16.9 

Phenanthrene 17.1 

Pyrene 17.7 

Fluoranthene 20.5 

Benzo(a)anthracene 26.2 

Chrysene 26.4 

Benzo(a)pyrene 28.l 

Benzol(ghi)perylene 30.0 
1,2,4,5, Tetraphenylbenzene 103.4 

Elution conditions: column, E. Merck SI 60 Size A, 24cm x lcm ID; 
mobile phase, hexane; flow rate, 2.8 ml/min; detector, UV 254 mm. 
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Figure 9. Fractionation of Aromatic Class of SRC into Fractions based 
on the Number of Condensed Rings. Conditions: Column, 
E Merck SI 60 size A column, 24 cm x 1 cm ID; Mobile Phase, 
Hexane; Flow Rate 2.8 ml/min; Detector, UV 254 nm and 
280 nm. 



40 

times of PAH standards in Table V, fraction 1 (F-1) contains 2-ring 

PAHs; fraction 2 (F-2) contains 3-ring PAHs and pyrenes; fraction 3 

(F-3) contains fluorantheses; fraction 4 (F-4) contains 4-ring and 

5-ring PAH; fraction 5 (F-5) contains PAHs with more than 5-rings. 

Determination of PAHs by Reverse Phase HPLC/Spectrofluorometric 
Techniques 

The samples of F-1 to F-5 were first evaporated to near dryness 

with a slow nitrogen stream; approximately two ml of acetonitrile was 

added to each sample. 

To develop the optimum solvent systems for separating PAHs, two 

sets of PAH standard mixtures (Table VII and VIII) were chromatographed 

on a Vydac 201 TP reverse phase column at various solvent compositions. 

Results showed that a 60/40 mixture of acetonitrile/water provided 

optimum separation for 3-ring PAHs (Figure 10). A 75/25 mixture of 

acetonitrile/water provided optimum separation for 4-ring and larger 

PAHs (Figure 11). Also, a 50/50 mixture of acetonitrile/water could 

provide a good separation for 2-ring PAHs. 

Due to the complexity of SRC samples, the conventional UV detector 

used for PAH analysis showed a very complex chromatogram. Usually the 

peaks of interest are not sufficiently resolved from other interferring 

compounds. For example in Figure 12, they are the chromatograms of F-1 

with UV detections at 254 nm and 280 nm. The peaks noted as F-1-A and 

F-1-B on both chromatograms represent the peaks of analtyical interest. 

Their retention times correspond to naphthalene and 2-methylnaphtha-



41 

lene. Fortunately, PAHs are naturally fluorescent and are readily 

monitored with an HPLC fluorescence detector with a correspondent 

reduction in interference from most of other compounds. 

The excitation and emission spectra of PAHs were determined by 

injecting the pure compounds. The peaks from the column were trapped 

in the flow cell of the spectrofluorometer and the excitation and 

emission spectra were obtained as described in the experimental 

section. The wavelength of strong excitation and emission of 14 EPA 

priority pullutants are shown in Table IX. Aex was the excitation 

wavelength used for obtaining the emission spectrum and Aem was the 

emission wavelength used for obtaining the excitation spectrum. If the 

excitation and emission spectra of several compounds overlap, a 

compromise excitation and emission wavelength pair can be used for 

detecting the compounds. Otherwise, a single excitation and emission 

wavelength pair can be used for detection of a specific compound. 

For·example in Fig. 13, only perylene is detectable when the excitation 

wavelength is 408 nm, and emission wavelength is 467 nm. Also, with a 

careful selection of excitation and emission wavelengths, 

fluorescence detection can resolve the PAH isomers which are coeluted. 

For example in Figure 14, the benzo(a)anthracene and chrysene are 

coeluted with a acetonitrile/water (75/25) mixture. When the 

excitation wavelength is 275 nm and the emission wavelength is 440 nm, 

only benzo(a)anthracene is detectable. When the emission 

wavelength is altered to 360 nm, then the benzo(a)anthracene peak 



42 

1. PHENANTHRENE 
2. ANTHRACENE 
3. FLUORANTHENE 
4. PYRENE 
s . 2-METHYLANTHRACENE 
6. BENZO(A)ANTHRACENE 

2 5 7. CHRYSENE 

1 
LL.I 

7 (,.} z 
34 < 6 CD 

5 
(/) 
CD 
< 

0 5 10 15 20 
MINUTES 

Figure 10. Chromatogram of PAH Mixture (I). Conditions: Column, 
Vydac 201 TP Reverse Phase Column, 25 cm x 3.2 mmID; 
Mobile Phase, Acetonitrile/Water (60/40); Flow Rate, 
0.88 ml/min; Detector, UV 254 nm, 0.02 AUFS. 
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Figure 11. Chromatogram of PAH Mixture (II). Conditions: Column, 
Vydac 201 TP Reverse Phase Column; Mobile Phase, 
Acetonitrile/Water (75/25); Flow Rate 0.90 ml/min; 
Detector, UV 254 nm, 0.02 AUFS. 
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Figure 12. Chromatograms of F-1 with UV Detection at 254 nm and 280 nm 
Conditions: Vydac 201 TP Reverse Phase Column, 
25 cm x 3.2 mmID; Mobile Phase, Acetonitrile/Water 
(50/50); Flow Rate, 0.52 ml/min. 
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Figure 13. Selectivity of Fluorescence Detection. Separation 
Conditions are as in Figure 11. 
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Separation of Benzo(a)anthracene and Chrysene Isomer by 
Fluorescence Detectioc,.. 

EX= 2 75 nm 

EM =440 nm 

EX =275 nm 

EM :360 nm 
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Figure 14. Separation of Benzo(a)anthracene and Chrysene Isomers by 
Fluorescence Detection. Conditions: Column, Vydac 
201 TP Reverse Phase Column, 25 cm x 3.2 mmID; Mobile 
Phase, Acetonitrile/Water (75/25); Flow Rate, 
0.80 ml/min. 
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Reverse Phase Analysis of Sample F-1. 
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Figure 15. Reverse Phase Analysis of Sample F-1. Conditions: Column, 
Vydac 201 TP Reverse Phase Column, 25 cm x 3.2 mmID; 
Mobile Phase, Acetonitrile/Water (50/50); Flow Rate, 
0.52 ml/min; Detector, Fluorescence at Excitation 280 nm 
and Emission 360 nm. 
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Rev~rse Phase Analysis of Sample F-2. 
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Figure 16. Reverse Phase Analysis of Sample F-2. Conditions: Column, 
Vydac 201 TP Reverse Phase Column, 25 cm x 3.2 mmID; 
Mobile Phase, Acetonitrile/Water (60/40); Flow Rate; 
0.88 ml/min; Detector, Fluorescence Excitation at 357 nm 
and Emission at 430 nm. 
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TABLE VII 

Concentration of PAH Standard Mixture (I) 

Component Concentration { µg/ml) 

Phenanthrene 0.618 

Anthracene 0.618 

Fluoranthene 0.422 

Pyrene 1.405 

2-Methylanthracene 0.548 

Benzo(a)anthracene 2.848 

Chrysene 1.249 
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TABLE VII I 

Concentration of PAH Mixture (II) 

Component Concentration 

Phenanthrene 1.746 

Pyrene 7.143 

Chrysene 4.762 

Perylene 4.980 

Benzo{a)pyrene 3.985 

Benzo(g,h,i)perylene 15.325 

Indeno(l,2,3,cd)pyrene 8.429 

Picene 32.184 

( µg/ml) 
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vanishes and only chrysene becomes detectable. In order to obtain 

better resolution and to distinguish the coeluted PAH isomers by 

selective fluorescence detection, an on-line reverse phase 

HPLC/Spectrofluorometer technique has been applied in PAH analysis in 

this research. The excitation and emission wavelengths selected for 

fluorescence detection was dependent upon the PAHs of interest which 

might present in each sample. 

Chromatograms of fraction F-1 and PAH standards with fluorescence 

excitation at 280 nm and emission at 340 nm are depicted in Figure 15. 

Based on the retention time, peak F-1-A corresponds to naphthalene and 

F-1-B corresponds to 2-methylnaphthalene. Two other 2-ring EPA 

priority pollutants, acenaphthene and acenaphthylene, were not found in 

sample F-1. They possess similar excitation and emission regions as 

naphthalene, but longer retention times. 

The chromatograms of fraction F-2 are presented in Figures 16-18. 

The excitation and emission wavelengths have been changed to produce 

different chromatograms with the same separation conditions. Comparing 

the retention times of the sample to that of PAH standards, peak F-2-A, 

F-2-B, F-2-C and F-2-D correspond to anthracene, 2-methylanthracene, 

phenanthrene and pyrene, respectively. With the excitation at 338 nm 

and emission at 395 nm, the fluorescence instrument provides a very 

selective detection for pyrene analysis. 

Sample F-3 was considered as a fluoranthenes fraction. With the 

excitation at 280 nm and emission at 470 nm, a single significant peak 
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is present as shown in Fig. 19. Based on the retention time, peak 

F-3-A corresponds to fluoranthene. No other alkylfluoranthenes were 

found in sample F-3. 

The chromatograms of sample F-4 with various fluorescence 

detection conditions are presented in Fig. 20 and 21. When the 

excitation at 280 nm and emission at 440 nm, two major peaks, F-4-A and 

F-4-B, were evident. These are shown in Fig. 20. Based on retention 

time, they correspond to benzo(a)anthracene and benzo(a)pyrene. In 

order to distinguish the benzo(a)anthracene from the coeluting 

compound, chrysene, the emission wavelength of detection was changed to 

360 nm. At this point, the major peak of F-4-A became very small. 

This indicated that the peak of F-4-A may contain chrysene, but only in 

a small amount. When the excitation·is at 408 nm and emission is at 

467 nm, the fluorescence detector provides a specific detection for 

perylene. 

Sample F-5 was a solution containing PAHs of more than 5-rings. 

However, with the excitation at 305 nm and emission at 500 nm, no 

response was observed. This could indicate the absence of 

indeno(l,2,3-cd)pyrene in sample F-5. If the excitation was adjusted 

to 280 nm and emission was at 420 nm, there was only a single peak, 

F-5-A, corresponding to benzo(a)pyrene (see Figure 22). This also 

indicated the absence of benzo(g,h,i)perylene in sample F-5. 

8enzo(g,h,i)-perylene possesses similar excitation and emission regions 

as benzo(a)pyrene, but longer retention. 
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Reverse Phase Analysis of Sampl~ F-2. 
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Emission at 360 nm. 

I. PHENANTHRENE 
2. PYRENE 
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Figure 17. Reverse Phase Analysis of Sample F-2. Chromatographic 
Conditions are as in Figure 20. Detector, Fluorescence 
Excitation at 290 nm and Emission at 360 nm. 
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Reverse Phase Analysis of Sample F-2. 

0 5 

F-2-D 

E.xcitation at 338 nm 
Emission 395 nm. 

PYRENE 

10 . 1'5 
MINUTES 

Figure 18. Reverse Phase Analysis of Sample F-2. Chromatographic 
Conditions are as in Figure 20. Detector, Fluorescence 
Excitation at 338 nm and Emission 395 nm. 
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Reverse Phase Analysis of Sample F-3. 
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Figure 19. Reverse Phase Analysis of Sample F-3. Conditions: Column, 
Vydac 201 TP Reverse Phase Column, 25 cm x 3.2 rnmID; 
Mobile Phase, Acetonitrile/Water (75/25); Flow Rate 
0.90 ml/min; Detector, Fluorescence Excitation at 280 nm 
and Emission at 470 nm. 
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Reverse Phase Analysis of Sample F-4. 
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4. BENZO (G,H, I) PYRENE 
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Figure 20. Reverse Phase Analysis of Sample F-4. Chromatographic 
Conditions are as in Figure 23. Detector, Fluorescence 
Excitation at 280 nm and Emission at 430 nm. 
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Figure 21. Reversed Phase Analysis of Sample F-4. Chromatographic 
Conditions are as in Figure 23. Detector, Fluorescene 
Excitation at 408 nm and Emission at 460 nm. 
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Reverse Phase Analysis of Sample F-5. 
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F-5-A 

Exe i tat ion at 280 nm 
Emission at 420 nm. 
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MINUTES 

Figure 22. Reverse Phase Analysis of Sample F-5. Chromatographic 
Conditions are as in Figure 23. Detector, Fluorescence 
Excitation at 280 nm and Emission at 420 nm. 
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TABLE IX 

Excitation and Emission Wavelengths for PAH 

Wavelen~th (nm) 

Compound Aex Emission Excitation :\em 

Naphthalene 277 324,414 269,277 340 

Fluorene 260 313 260 320 

Acenaphthene 275 333 282,290 335 

Acenaphthyl ene 288 330 288 330 

Phenanthrene 250 350,361 247,292 360 

Anthracene 357 378,398 340,357,377 398 

Fluoranthene 362 471 278,288,329, 470 
247,362 

Pyrene 273 370,390 262,273,321, 390 
336 

Benzo(a)anthracene 288 388,409 278,288 388 

Chrysene 270 360,378,398 267 378 

Benzo(a)pyrene 297 406,427 286,297 406 

Perylene 436 437,464 368,387,408, 467 
496,536 435 

Benzo(g,h,i)perylene 290 415 290,300,368 420 

Indeno(l,2,3-cd)pyrene 270 475,497 302,315,360 500 
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One conventional technique for confirming the identity of a 

compound by HPLC is to compare the ratio of two different detector 

responses of a standard with the suspected compound (69). Naturally 

both compounds have the same retention time. However, for the 

identification of PAHs in a complex SRC sample, this technique is 

difficult. Usually the peaks of interest are not well resolved, and 

the ratio of detector response may be subject to interference by 

co-eluting species. 

For positive identification of individual compounds, the peaks of 

interest were trapped in the flow cell of the spectrofluorometer. The 

emission spectrum was recorded by scanning from 300 to 525 nm using the 

optimum excitation wavelength. Similarly, the excitation spectrum was 

recorded by scanning from 250 to 400 nm using the emission wavelength 

that gave the best excitation spectrum. 

Naphthalene, pyrene, fluoranthene, benzo(a)anthracene and 

benzo(a)pyrene had been identified in Amax SRC by the similarity of 

their fluorescence excitation and emission spectra to those of 

standards. These results are illustrated in Fig. 23-32. The peaks 

corresponding to the retention times of 2-methylnaphthalene, 

anthracene, 2-methylanthracene, phenanthrene and perylene did not 

however produce fluorescence spectra which compared favorably to the 

standards. If these compounds were present, the individual peaks were 

badly contaminated with co-eluting compounds. 
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269 

F-1-A 

NAPHTHALENE 

250 275 300 325 

WAVELENGTH (nm) 

Figure 23. Fluorescence Excitation Spectra of Peak F-1-A and 
Naphthalene. Emission Wavelength, 414 nm; Scanning Rate, 
25 nm/min; Solvent, Acetonitrile/Water (50/50). 
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EXCrTATION MONOCHROMATOR 
SET AT 270 nm 

414 

~j~ 
1\ 
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Figure 24. Fluorescence Emission Spectra of Peak F-1-A and 
Naphthalene. Excitation Wavelength, 270 nm; Scanning Rate, 
25 nm/min; Solvent, Acetonitrile/Water (50/50) 
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Fluorescence Excitation Spectra of Peak F-2-0 and Pyrene~ 

EMISSION MONOCHROMATOR 
SET AT 390 nm 

F-2-D 

PYRENE 

225 250 275 300 325 350 375 400 
WAVELENGTH (nm) 

Figure 25. Fluorescence Excitation Spectra of Peak F-2-0 and Pyrene. 
Emission Wavelength, 390 nm; Scanning Rate, 25 nm/min; 
Solvent, Acetonitrile/Water (60/40). 



64 

Fluorescence £mission Spectra of Peak F-2-0 and Pyrene. 

> 
I-

(/) 
z 
w 
1-z 

z 
0 
(/) 
(/) 

EXCITATION MONOCHROMATOR 
SET AT 273 nm 

F-2-D 

PY RENE 

320 345 370 395 420 445 470 495 520 
WAVELENGTH (nm) 

Figure 26. Fluorescence Emission Spectra of Peak F-2-0 and Pyrene. 
Excitation Wavelength, 273 nm; Scanning Rate, 25 nm/min; 
Solvent, Acetonitrile/Water (60/40). 
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EMISSION i\"CNGCHRC~ATCR 
SET AT t..70 nm 

F-3-A 

FLUORANTHENE 

250 275 300 325 350 375 400 
WAVELENGTH ( nm ) 

Figure 27. Fluorescence Excitation Spectra of Peak F-3-A and 
Fluoranthene. Emission Wavelength, 470 nm; Scanning Rate 
25 nm/cm; Solvent, Acetonitrile/Water (72/25). 
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EXCITATION M:JNOCHRO~ATOR 
SET AT 362 nm 

~ 
F-3-A 

~ 
FLUOR.ANT'riENE 

41.5 440 465 490 515 
WAVELENGTH ( nm ) . 

Figure 28. Fluorescence Emission Spectra of Peak F-3-A and 
Fluoranthene. Excitation Wavelength, 362 nm; Scanning 
Rate, 25 nm/min; Solvent, Acetonitrile/Water (72/25). 



en z 
UJ 
1-z 

67 

Fluorescence Excitation Spectra of Peak F-4-A and 
Benzo(a)anthracene. 

250 

EMISSION t-1JNOCHRQtw1ATOR 
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Figure 29. Fluorescence Excitation Spectra of Peak F-4-A and 
Benzo(a)anthracene. Emission Wavelength, 388 nm; Scanning 
Rate, 25 nm/min; Solvent, Acetonitrile/Water (75/25). 
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Fluorescence Emission Spectra of Peak F-4-A and 
Benzo(a)anthracene. 

EXCITATION t'ONOCHROf'AA TOR 
SET AT 288 nm 

I I I I I I ! ! 
350 375 400 425 450 475 500 525 

WAVELENGTH ( nm ) 

Figure 30. Fluorescence Emission Spectra of Peak F-4-A and 
Benzo(a)anthracene. Excitation Wavelength, 288 nm; 
Scanning Rate, 25 nm/min; Solvent, Acetonitrile/Water 
{75/25). 
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Figure 31. Fluorescence Excitation Spectra of Peak F-4-B and 
Benzo(a)pyrene. Emission Wavelength, 406 nm; Scanning Rate 
25 nm/min; Solvent, Acetonitrile/Water (72/25). 
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Figure 32. Fluorescence Emission Spectra of Peak F-4-8 and 
Benzo(a)pyrene. Excitation Wavelength, 297 nm; Scanning 
Rate 25 nm/min; Solvent, Acetonitrile/Water (72/25). 
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Conclusion 

Ten PAHs, which are on the list of EPA priority pullutants, were 

found in Amax SRC with fluorescence detection at selective excitation 

wavelength and emission wavelength (Table X). Five of them were able 

to be confirmed by their fluorescence spectra. 

Due to the complexity of the sample, the conventional techniques 

for compound identification by HPLC can not apply to the analysis of 

PAHs in coal dervied products. The peaks of interest are usually not 

well resolved and, therefore, the detector responses are easily 

interfered by co-eluting species. 

On-line HPLC/Spectrofluorometry provides a simplier techniques for 

routine PAH analysis than techniques such as HPLC/MS, HPLC/NMR. There 

are no limitations in either sample volatility or compositions of LC 

effluents for producing fluorescence spectra. In most cases 

fluorescence spectra are more characteristic for PAH identification 

than those of mass spectra (70), particularly when isomeric PAHs are 

being determined. However, the fluorescence is sensitive to solvent 

and temperature effects (71). Thus, the comparison of sample 

fluorescence spectra with those of standards must be carried out under 

the same conditions. 
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TABLE X 

PAH Distribution in Amax SRC 

PAH 

*Naphthalene, 2-Methylnaphthalene 

Phenanthrene, Anthracene 

2-Methylanthracene, *Pyrene 

*Fluoranthene 

*Benzo(a)anthracene, Perylene 

*Benzo(a)pyrene 

Benzo(a)pyrene 

*compound was confirmed by fluorescence spectrum. 



CHAPTER 4. PREPARATION AND CHARACTERIZATION OF PICRAMIDO 
BONDED PHASE PACKING 

Experimental 

(a) Reagent and Materials 

Silica gel used as the supporting material for chemically bonded 

phases was Lichrosorb SI 60 (EM Laboratories, Inc., Gibbstown, N. J.). 

Reagents (2,4,6-trinitrophenol and thionyl chloride) and PAHs 

(anthracene, 2-methylanehracene, 9-methylanthracene, 

9-phenylanthracene, 2-aminoanehracone, 9-anehracenecarbonitrile, and 

9-anthraldehyde) were purchased from Aldrich Chemical Company 

(Milwaukee, Wis.). The additional PAHs used in this research were 

purchased from Analabs and RFR Corporation. Hexane was obtained from 

Burdick and Jackson Laboratories Inc., (Muskegon, Michigan). 

(b) Picrylchloride Synthesis 

The preparation of picryl chloride from picric acid was described 

by Matsumoto (72). A mixture of 45.8 g of picric acid, 29g of thionyl 

chloride, 80 ml of toluene and 0.12 ml of dimethyl formamide was heated 

on a steam bath, with occasional shaking, in a 250 ml round bottom 

flask equipped with a reflux condenser. After a 40 minute reaction 

time, the solvent was removed from the mixture. The product was washed 

with 100 ml of cold ethanol, then recrystallized from hot ethanol to 

yield white needle crystals, with a MP of 83°C. Calculated elemental 

analysis for picryl chloride follows: C: 29.11%; H: 0.81%; 0: 

38.78%; N: 16.98%. Found elemental analysis for picryl chloride 

73 
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prepared in our laboratory was: C: 29.30%; H: 0.67%, N: 16.22%. 

Oxygen analysis is not available from the Analytical Services of the 

Chemistry Department, V.P.I. & S.U. 

(c) Amino Bonded Silica Gel Preparation 

Four grams of Lichrosorb SI 60 (10 um silica gel) were refluxed in 

100 ml of concentrated nitric acid for 2 hours. After cooling, the 

silica gel was filtered, washed thoroughly with distilled water and 

acetone until neutral, then dried at 120°C overnight. 

This pre-treated silica gel and 50 ml of dry toluene were placed 

in a 100 ml round bottom flask equipped with a reflux condenser. 

Fifteen ml of 3-aminopropyltriethoxylsilane was added, and the mixture 

was refluxed for 16 hours. The amino bonded silica (white) was 

filtered, washed thoroughly with dry toluene, acetone and methanol, and 

finally dried at l00°C under nitrogen for 2 hours. 

(d) Picramido Bonded Silica Preparation 

Three grams of amino bonded silica, 50 ml of dry tetrahydrofuran, 

and 0.5 ml of pyridine were placed in a 100 ml flask. Two grams of 

picryl chloride was added, and the mixture was stirred at room 

temperature for 24 hours. The product (yellow) was filtered, and 

washed in sequence with 100 ml portions of THF, ethanol, water, ethanol 

and ether. Finally, the product was dried at 60°C. 

(e) ..££.lumn Packing Procedure 

The stirred-slurry column packer used in this experiment is shown 
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Figure 33. Stirred-Slurry Column Packer. 
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in Figure 33. The procedure for the preparation of LC columns by 

slurry packing techniques have been described elsewhere (73). 

Three grams of the packing material and 25 ml of a degassed 50/50 

mixture of chloroform/methanol were placed in the slurry packer. 

The slurry packer was placed in the ultrasonic bath for 20 minutes to 

remove the air from the pores of the packing material. A magnetic 

stirrer was then used to insure that the packing particles remained 

suspended. The solvent inlet of the surry packer was connected to the 

air driven fluid pt.mp, and the solvent outlet was connected to the LC 

column. The pl.ITlp was turned on and adjusted to a pressure of 5000 psi. 

The solvent was pumped through the column until 200 ml of effluent had 

been collected. At this time the pump was stopped. When the pressure 

of the pump had decreased to atmospheric pressure, the column was 

removed from the slurry packer and the inlet column end fitting was 

attached. After packing, the column was placed into the LC system and 

100 ml of the following solvents were passed in series through the 

column at a flow rate of 1 ml/min: methanol, chloroform, methylene 

chloride and hexane. The column was then conditioned with the mobile 

phase at a flow rate of 0.5 ml/min overnight. The solvent system and 

procedures used for packing all of the columns in this research were 

based on the procedure. 

(f) Chromatographic System 

The chromatograph used in this experiment was a Varian Model 5000 
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Liquid Chromatograph {Varian Assoc., Walnut Creek, CA.) consisting of a 

single-piston reciprocating plJllp, three solvent reserviors, a 

gradient-forming system, a 254 nm ultraviolet detector, a column 

heater, and an electronics cabinet housing a control keyboard and a 

cathode ray tube (CRT). The plJllp is capable of delivering the solvent 

to the column at pressures up to 5000 psi with a flow of 10 ml/min with 

± 3% accuracy. The column heater provides temperature control from 

room temperature to 140°C with a stability of ± 0.25°C. All the 

operating conditions of the instrument are controlled by the keyboard 

and displayed on the CRT. Samples were injected via a Valeo Model 

CV-6-UHPA-N60 sample valve equipped with a 10 µl sample loop. 

(g) Dielectric Constant Measurement 

Dielectric constants of hexane/chloroform mixtures were determined 

with a Sargent Chemical Oscillometer Model V (MFD by E. H. SARGENT & 

Co., Chicago). Empty cell was used as the zero value of the instrument 

scale. Hexane, toluene and chloroform were used as known dielectric 

constants for establishing a standard curve. 

RESULTS AND DISCUSSION 

-Chemical Evaluation of Picramido Bonded Silica Gel 

The picramido bonded silica gel was prepared by means of a 

two-step synthesis. In the initial step, Lichrosorb si 60 silica gel 

(specific surface area ~ 500 m2/g) was reacted with 3-aminopropyl-

triethoxysilane to form a amino bonded silica gel by condensation 
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reaction. 

This amino bonded silica gel was then reacted with picry chloride 

giving the picramido bonded silica gel by another condensation 

reaction. The reaction scheme is shown in Figure 34. The amino bonded 

silica gel was white and picramido bonded silica gel was light yellow. 

The elemental analysis and bonded phase coverage are shown in Table IX. 

Bonded phase coverage was calculated by means of equation [9]. 

coverage{µ mole/g) = %N/1.4 Nn [9] 

where Nn is the number of nitrogen atoms in the bonded phase. 

If it is ass1J11ed that the number of hydroxyl groups per nm2 on 

silica gel is four (74) and the specific surface area of Lichrosorb Si 

60 is 500 m2/g, then, the surface coverage of Lichrosorb Si 60 by 

3-aminopropyltriethoxysilane was 27.6%. The ratio of coverage of 

picramido bonded silica gel to amino bonded silica gel is 0.60, that 

means about 60% of amino bonded phase was converted to picramido bonded 

phase. 

Retention Mechanism of PAH on Picramido Bonded Silica Gel 

The retention behavior of aromatic hydrocarbons on picramido 

bonded phase columns has been investigated by Matlin and coworkers (15) 

using two types of mobile phase, a mixture of ethyl acetate/hexane 

(1/99) and a mixture of methanol/water (85/15). They found that the 

retention order for aromatic hydrocarbons was roughly the same with 

both types of mobile phase, and indicated that the retention is largely 

due to charge-transfer complexation. Otherwise, a reversal of 
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Figure 34. Two Step Synthesis of Picramido Bonded Silica Gel. 
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retention order would have been observed on making a change in eluent. 

In order to confirm and explore in more detail the retention 

mechanism of aromatic hydrocarbons on a picramido bonded phase column, 

three different approaches were used. They were: (a) electronic 

effect of substituent on the capacity factor; {b) effect of column 

temperature on the capacity factor; and (c) effect of solvent on the 

capacity factor. 

(a) Electronic Effect of Substituent on Capacity Factor 

To interpret the electronic effect of substituents on the capacity 

factors (K') it is necessary to discuss the electronic effect of 

substituents on the association constant, and then to seek an 

appropriate relationship between electronic effect of substituent and 

capacity factor. 

If the retention of aromatic hydrocarbons on the picramido bonded 

phase is a charge-transfer mechanism, and pres1J11ably the interaction of 

aromatic hydrocarbon (electron donor) and picramido bonded phase 

{electron acceptor) is a unity ratio, then for an equilibriLJTI: 

Donor (D) + Acceptor (A) 
Kc AD 

-------+ Complex (AD) 

the thermodynamic association constant KcAD can be expressed by 

equation [10]: 

KcAD = [AD]/[A][D] [10] 

where [AD], [A] and [DJ represent the equilibriLJTI concentration of AO, 

A and D, respectively. 
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TABLE XI 

C, H, N Analysis of Amino and Picramido Bonded Packings 

Bonded Phase %C 

Amino bonded Lichrosorb SI-60 3.85 

Picramido bonded Lichrosorb SI-60 6.32 

%H 

0.86 

0.59 

%N 

1.33 

2.96 

Coverage 
( µ mole/g) 

0.83 

0.53 
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, A reasonably 1 i near carrel at ion between log KcAD and Hammett o 

values (electronic effect of substituent on an aromatic ring) (75) for 

the electron-donating substitutent was observed by Foster and 

Morris {76), and the correlation was written as: 

log KcAD - log K0 AD = op (11] 

where a is a parameter characteristic of a substituent and its position 

on the aromatic ring; p is a parameter characteristic for a given 

reaction condition; and log K0 AD is the association constant for the 

unsubstituted ~ase. The correlation between log KcAD and the Hammett o 

broke down when various electron-withdrawing groups were substituents 

in the donor molecules. It was postulated that in these complexes 

dipole-dipole and other polarization forces completely overwhelm any 

effects due to charge-transfer interaction (76). 

The fundamental equation for any chromatographic process can be 

written as (77): 

k"' = K { Vs/Vm) [12] 

where k"' is the capacity factor; K is the partition coefficient which 

in a charge-transfer mechanism is the ratio of the molar concentration 
of the electron donor either immobilized by forming complexes with the 

electron acceptor (stationary phase) or in the mobile phase, i.e. K = 

[AD]/[D]; Vm is the total volume of mobi~e phase; and Vs corresponds to 

that fraction of the total volume where electron acceptor units can be 

found. If the electron acceptor units are distributed uniformly in 

Vm, then Vs would be equal to Vm and Vs/Vm would be one. 
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By substituting [AD]/[D] = K into equation [10] and substituting 

this result into equation [12], then the relationship between K' and 

KcAD will be: 
K' = KcAD [A] [13] 

Since the concentration of A is very large, the change in [A] in the 

chromatographic process is supposed to be very small and [A] can be 

assuned to be constant. Substituting K' = KcAD [A] into Equation [11], 

the relation of K' and Hammett a can be derived as: 

log K' = ap + logKOAD - log [A] [14] 

With the same chromatographic conditions, the values of P and log KoAD 

are constant. Therefore, log K' is proportional to Hammett a. 

A set of anthracene derivatives were used to study the 

relationship between capacity factor and the Hammett a equation. They 

are anthracene, 2-aminoanthracene, 2-methylanthracene, 9-methyl-

anthracene, 9,10-dimethylanthracene, 9-phenylanthracene, 9-anthracene-

carbonitrile, and 9-anthraldehyde. A direct comparison of the capcity 

factors of anthracene and its derivatives with the values of Hammett a 

functions for different substitutes on the anthracene ring can not be 

made because of the paucity of data. However, a proportional 

relationship between the capacity factor and the strength of 

electron-donating effect of substituent on the anthracene molecule will 

be expected if the retention is due to the charge-transfer 

complexation. Jlmino (NH2), methyl (CH3), and phenyl (~) are considered 

as electron-donating substituents; cyano (CN) and aldehyde (CHO) are 

considered as electron-withdrawing substituents (78). 
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Table XII shows the retention times and capacity factors of 

anthracene and its alkyl and phenyl derivatives on a picramido bonded 

phase column (30 cm x 4.4 mm ID). Hexane was used as the mobile phase 

at a flow rate of 1 ml/min. The retention time of pentene was used as 

t 0 (solvent hold time). 

The observed values of anthracene and its alkyl derivatives in 

Table XII show qualitatively the proper trend for the charge-transfer 

mechanism of picramido bonded phase column. The retention time is 

prolonged by increasing the degree of methyl group substitution. A 

larger retention time for 9-methylanthracene than that for 

2-methylanthracene indicates that the methyl substituent at 9-position 

is probably better able to inductively donate electrons to the 

anthracene nucleus. The retention time for 9-phenylanthracene (Table 

XII) is surprisingly less than that for anthracene. This may be 

attributed to aplanarity in the molecule, resulting in steric 

interference with the required parallel alignment of ~electrons 

necessary for charge-transfer complexation {79}. 

An additional chromatographic experiment was performed to show 

that no other significant interaction than those leading to 

charge-transfer complexation prevailed. The anthracene, 2-methyl-

anthracene, 9-methyl anthracene and 9-phenyl anthracene were 

chromatographed on an amino bonded Lichrosorb SI 60 column, using the 

same solvent system and flow rate as in Table XII. The results are 

given in Table XIII . It can be seen that anthracene, 2-methyl-



85 

TABLE XII 

Chromatographic Data for Anthracene and Its 
Oer1vat1ves on P1cram1do Bonded Phase Column 

Compound !R (ml) 
Anthracene 14.28 

2-Methylanthracene 17.30 

9-Methylanthracene 17.76 

9,10-Dimethylanthracene 19.57 

9-Phenylanthracene 11.12 

Column: Picramido bonded phase (30 cm x 4 mm ID) 

Mobile Phase: Hexane 

Flow Rate: 1 ml/min 

Detector: UV 254 nm, 0.08 AUFS 

t 0 : 3.57 ml (Pentene) 

K~ = Capacity Factor 

K"' 

3.00 

3.82 

3.96 

4.59 

2.11 
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TABLE XIII 

Chromatosraphic Data for Anthracene and Its 
Derivatives on Amino Bonded Phase Column 

(ml) K"" 

Anthracene 5.73 0.70 

2-methylanthracene 5.69 0.69 

9-methylanthracene 5.78 o. 71 

9-phenylanthracene 6.40 0.85 
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anthracene and 9-methylanthracene were eluted at similar retention 

times, and 9-phenylanthracene was retained longer. These results are 

in contrast to the retentions in picramido bonded phase column, and, 

therefore, support the conclusion that the retention of aromatic 

hydrocarbon on picramido bonded phase column is mainly due to the 

charge-transfer complex formation between the solutes and the 

stationary phase. 

However, the retention times of heterofunctional groups 

substituted anthracenes (2-aminoanthracene, 9-anthracenecarbonitrile 

and anthraldehyde) on picramido bonded phase column are irregular, as 

shown in Table XIV. Thus, the retention mechanism of a picramido 

bonded phase column for those compounds is no longer a simple 

charge-transfer interaction. It may be that strong physical 

interactions, such as dipole-dipole and other polarization 

interactions, take place during the elution of those compounds on the 

column, and make a major contribution to retention. Extremely high 

retention of anthraldehyde on picramido bonded phase column is probably 

also due to Schiff base effect (94), which was arisen by the 

interaction of aldehyde and unprotected amino group on the column. 

It was necessary to verify that the retention is not due to the strong 

interaction between the solutes and the unprotected silanol group on 

the orginal surface of the support material. So, the mobile phase 

(hexane) was saturated with water, and the analysis was performed 

again. The retention times with either eluent (hexane or water 
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TABLE XIV 

Chromatographic Data for Heterofunctional Group 
Substituted Anthracenes on Picramido Bonded Phase Column 

Compound 

2-Aminoanthracene 

9-Anthracenecarbonitrile 

9-Anthraldehyde 

~ 
86.15 

58.28 

» 

K .. 

23.13 

15.32 

» 
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saturated hexane) did not produce a significant difference. Therefore, 

it was asstJTied that adsorption on surface silanol groups was neglible. 

(b) Effect of Temperature on Capacity Factor 

The association constant (KcAD) for a given charge-transfer 

complex formation decreases as the temperature increases (80). This 

behavior has been interpreted in terms of temperature independent 

enthalpy and entropy changes in the Van•t Hoff relationship (80): 

ln KcAD = - tiH 0 + ~0 [15] 
1IT K 

where AH 0 is the enthalpy change; AS 0 is the entropy change for a 

complex formation; R is a constant (1.9872 cal/deg. mol.); and Tis the 

absolute temperature. Then the relationship between capacity factor 

(K"') and temperature for a charge-transfer column can be derived from 

equation [13] and [15]. 

1 og K"' = - AH + ~ + 1 og [A] 
2 • JR I 7:"3R" 

[16] 

In accordance with equation [16], log K"' and reciprocal temperature 

have a linear relationship. Log [A] is asstJTied to be a constant 

because the change of concentration of electron acceptor in the 

chromatographic process is very small. The AH for charge-transfer 

complex formation can be calculated from the slope of log K"' against 

reciprocal temperature. 

The effect of temperature on capacity factor of aromatic 

hydrocarbons on a picramido bonded phase column is shown in Table XV. 

The capacity factors decrease as the column temperatures increase. 
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TABLE XV 

Effect of Temeerature on Capacit~ Factor for PAH 
Eluted on Picramiao Bonoea nase Column 

Capacit.):'.: Factor (K ') 

2o·c 27°C 35•c 4o·c 45•c 

· Naphthalene 0.86 0.79 0.72 0.67 0.63 

Fluorene 1. 95 1.82 1.63 1.51 1.42 

Anthracene 4.10 3.74 3.28 3.00 2.80 

Pyrene 7.50 6.75 5.87 5.41 4.96 
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This corresponds well to the predictions of equation [16]. The plot of 

log K~ versus l/T is depicted in Figure 35, and the calculated 6H 

values are shown in Table XVI. These AH values, calculated with this 

chromatographic technique, correspond well with the work done by 

Foster (80). He determined the enthalpy for complex formation 

between 1,3,5-trinitrobenzene and aromatic hydrocarbons with a nuclear 

magnetic resonance chemical shift technique. The Ah values of PAHs on 

picramido bonded phase column were also compared to that of silica gel, 

RP-2, RP-8 and RP-18 columns done by Or. Colby (95), as shown in Table 

XVII. These results indicate that the heat of interaction of PAH on 

picranido bonded column is higher than that on either absorption or 

partition mechanism column, and therefore support the charge-transfer 

mechanism on the picramido bonded phase column. 

(c) Effect of Solvent on Capacity Factor 

The association constants of charge-transfer complex formation are 

also dependent upon the nature of the solvent, as discussed by Carter 

and co-workers (81). Their studies were based on the idea of 

competition between salvation and complexing reaction. A somewhat 

different idea was discussed by other authors (82-84), who argued that 

the association constant of charge-transfer complex formation varying 

with the solvent is mainly due to the competition of solvent for either 

or both electron-donor and electron-acceptor. 

Based on the concept of the solvent effects on association 

constants of change-transfer complex formation and the relationship 
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TABLE XVI 

Enthalpy Change for Charge-Transfer Complex Formation 
on Picramido Bonded Phase Column 

Donor 

Naphthalene 

Fluorene 

Anthracene 

Pyrene 

10 

12 

14 

16 

-t.H° (kcal/mole) 

2.4 

2.6 

3.0 

3.2 
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TABLE XVI I 

Enthalpy Change of PAHs on Picramido Bonded Phase, Silica Gel, 
RP-2, RP-8, and RP-18 Columns 

Column Enthalpy Change ( Afi) 

Naphthalene Anthracene Phenanthrene 

Pi crami do 2.4 3.0 

Lichrosorb SI-60 1.5 1.6 1.6 

Lichrosorb SI-100 0.9 0.9 0.9 

Lichrosorb RP-2 0.9 1.0 1.0 

Li chrosorb RP-8 2.1 1.8 1.8 

Li chrosorb RP-18 1.5 2.5 2.5 
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between association constant and capacity factor, Equation [13], the 

capacity-factors of aromatic hydrocarbons on picramido bonded phase 

columns should decrease as the solvent strength of the mobile phase 

increases. As Table XVIII shows the capacity factors of anthracene, 

9-methylanthracene, and 9,10-dimethylanthracene decrease with 

increasing solvent strength. The solvent strength parameters of the 

pure solvents hexane, carbon tetrachloride, dioxane, and methanol are 

0.00, 0.18, 0.56 and 0.95, respectively (85). Figure 36 shows that the 

capacity factors of anthracene and pyrene on picramido bonded phase 

column decrease as the content of chloroform increases. This can be 

explained by the hydrogen-bond formation between chloroform and 

electron-donor aromatic hydrocarbons (86). 

The relationship between the association constant of the 

charge-transfer complex and the dielectric constant of the solvent was 

first investigated by Fialkou and Borovikov (87). They found that the 

logarithm of the association constant is linearly proportional to the 

dielectric constant of a binary solvent system, as shown in equation 

[17]. 

ln KcAD = a + b/E [17] 

in which KcAD is the association constant of complex; a and b are 

constants; and e is the dielectric constant of the binary solvent 

system. Therefore, by substituting equation [13] into equation [17], a 

linear relationship between log K~ and l/e should be obtained, as shown 

in equation [18]. 
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TABLE XVI II 

Solvent Effect on Capacity Factor 

Compound K ... 
5% CC14 5% Dioxane 

Hexane in Hexane in Hexane 

Anthracene 2.64 2.10 1.85 

9-Methylanthracene 3.38 2.63 2.29 

9,10-Dimethylanthracene 
3.97 3.00 2.59 

Column: Picramido Bonded Phase Column, 30 cm x 4.4 mm ID 

Flow Rate: 1 ml/min 

Temperature: 35°C 

5% Methanol 
in Hexane 

0.96 

1.16 

1.26 
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Figure 36. Effect of Chloroform on the Capacity Factors for 
Anthracene and Pyrene Eluted on the Picramido 
Bonded Phase Column. Mobile Phase: Hexane-
Chloroform, Flow Rate 1 ml/min. 
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log K; = a;+ b'/€ + log[A] [18] 

In order to confirm a linear relationship between log K; and l/€ 

in a charge-transfer mechanism, a nunber of PAHs (pyrene, anthracene, 

fluorene and napthalene) were chromatographed with a picramido bonded 

phase column. The binary mixtures of hexane/chloroform were used as 

the mobile phases. Their dielectric constants were determined with a 

Sargent Chemical Oscillometer Model V. The scale was accomplished with 

an empty cell assuning the dielectric constant of the air to have vlaue 

of unity. 

Figure 37 shows a calibration plot of instrument scale (cell 

response) with solutions of known dielectric constants, hexane, toluene 

and chloroform. Their dielectric constants are 1.89, 2.38 and 4.80 

respectively at 25°C (81). Table XIX presents the dielectric constants 

of hexane/chloroform mixtures. They were determined by the use of the 

cell responses of the mixtures on the oscillometer and the standard 

calibration plot in Figure 37. The plots of log K; vs. 1/€ of PAHs on 

picramido bonded phase column are shown in Figure 38. The results show 

that the relationship between log K; and l/€ is linear. 

Chromatographic Properties of Picramido Bonded Phase Column 

It is interesting to compare the chromatographic properties of 

picramido bonded phase columns for PAHs, with those of silica gel and 

amino bonded phase columns. Separations were made under the same 

chromatographic conditions. Picramido bonded phase columns for PAH 
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Figure 37. Standard Curve of Dielectric Constant 
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TABLE XIX 

Dielectric Constants of Hexane/Chloroform Mixtures 

Dielectric Constant 

Hexane 100% 1.89 

Hexane 80% 2.25 
CHCl3 20% 

Hexane 6% 2.68 
CHCl3 4% 

Hexane 40% 3.25 
CHCl 3 60% 

Hexane 20% 3.95 
CHCl3 80% 

CHCl3 100% 4.80 



101 

1.0 

0.8 Pyrene 

0.6 Anthracene 
0.4 

02 Fluorene 

' ~ 0.0 
Ot Naphthalene 0 

_J -0.2 

-0.4 

-0.6 

-0.8 

-1.0 

-1.2 

-IA 

0.1 0.2 0.3 0.4 0.5 0.6 

1/ e 

Figure 38. Deffect of Dielectric Constant on Capacity Factor 
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elution is considered to have a charge-transfer mechanism, whereas 

silica gel and amino bonded phase column are considered to show an 

adsorption mechanism (88). 

Figure 39 shows the picramido bonded phase column has a lower 

column efficiency than that of silica gel and amino bonded phase 

columns. This indicates that the mass transfer of complex formation is 

much slower than that of an adsorption mechanism in the chromatographic 

process. The higher efficiency of amino bonded phase columns compared 

with that of the silica gel column is obviously due to the lower 

polarity of the surface of the packing material. The picramido bonded 

phase column shows a greater change in capacity factors for PAHs, as 

shown in Table XX. The increase of the capacity factors is due to 

the presence of picryl groups on the bonded stationary phase. Compared 

with silica gel and amino bonded phase columns, the picramido bonded 

phase column also shows greater selectivities for PAHs (Table XXI). 

The increased selectivity of the picramido bonded phase column were 

observed not only in the PAHs which possess different nllllber of n 

electrons, but they also were observed in the PAH isomers which have 

the same nLJTibers of ~ electrons and condensed rings, but different 

molecular configurations (Table XXII). Anthracene and phenanthrene are 

3-ring isomers; benzo(a)anthracene and chrysene are 4-ring isomers; 

benzo(a)pyrene and perylene are 5-ring isomers. 

The 6H value of napthalene on picramido bonded phase column was 

compared to that on Lichrosorb silica gel, Lichrosorb RP-2, RP-8 and 
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Figure 39. Effect of Bonded Phase on Column Plate Height. 
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TABLE XX 

Capacity Factors, K ... , for PAHs 

Compound No. ire 

Naphthalene 10 

Fluorene 12 

Anthracene 14 

Pyrene 16 

Benzo(a)anthracene 18 

Benzo( a) pyrene 20 

Benzo(g,h,i)perylene 22 

Column Size: 30 cm x 4.4 mmID 

Mobile Phase: hexane 

Flow Rate: 1 ml/min. 

Temperature: 30°C 

t 0 : retention time of pentene 

Lichrosorb 
SI-60 

0.12 

0.30 

0.32 

0.45 

0.64 

0.69 

0.85 

on Several Columns 

Lichrosorb Lichrosorb 
Amino Picramido 

0.22 0.70 

0.46 1.60 

0.70 3.41 

1.03 6.20 

1. 70 9.92 

2.40 17.4 

3.51 » 
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TABLE XXI 

Selectivities, a, for PAHs 

Compound Lichrosorb Lichrosorb Lichrosorb 
SI-60 Amino Picramido 

Naphthalene 
2.50 2.10 2.19 

Fluorene 
1.01 1.52 2.13 

Anthracene 
1.40 1.61 1.83 

Pyrene 
1. 20 1.50 1.60 

Benzo(A)anthracene 
1.08 1.41 1. 76 

Benzo( A) pyrene 

Conditions are as in Table XII 



Anthracene 

Phenanthrene 

Benzo(a)anthracene 

Chrysene 

Benzo( a) pyrene 

Perylene 
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TABLE XXI I 

Selectivities, a, for PAH Isomers 

Lichrosorb 
SI-60 

1.00 

1.00 

1.04 

Lichrosorb 
Amino 

1.00 

1.00 

1.06 

Conditions are as in Table XVII 

Lichrosorb 
Picramido 

1.08 

1.06 

1.17 
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RP-18 columns done by Colby (95), as shown in Table XVII. The result 

indicates that enthalpy change of naphthalene on picramido bonded phase 

column is higher than that on either silica gel or reverse phase 

columns. Silica gel and reverse phase columns are considered as 

adsorption and partition mechanisms respectively. The capacity factors 

of phenanthrene and anthracene are almost equal on picramido bonded 

column. Ther_efore, the higher ~H value of phenanthrene on picramido 

bonded phase column would be expected. 

Application of Picramido Bonded Phase Column to On-Line LC/LC System. 

At present, multidimentional column chromatography (sometimes 

called column switching, multiphase, multicolumn, or coupled column 

chromatography) is attracting a great deal of attention. The principle 

of this approach is the fractions from one chromatographic column are 

selectively transferred to one or more secondary columns for further 

separation. The technique has been applied for many years in TLC but 

in a slightly different manner. The TLC plate consists of two 

different stationary phases (33). The sample was first developed in 

the first stationary phase. Then the plate is turned 90° and the 

sample is further developed in the second stationary phase. 

Column switching in GC has been carried out with both packed (96) 

and capillary columns (97, 98). In GC case, the use of a different 

stationary phase in each column gives different selectivity. 

Therefore, the unresolved solutes on the first column can be further 

separated on the secondary column. High temperature switching values 

are employed (99) for column switching. 
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Multidimensional LC/LC system can be off-line or on-line. 

Off-line LC/LC system is carried out by collection of solutes at the 

detector outlet from first column and reinjection of the collected 

fraction onto the secondary column. 

In on-line LC/LC system, the fractions eluted from first column 

are selectively transferred to second column by means of a high 

pressure switching value. It either traps a defined volume of 

collected sample and directs it to the second column (heart cutting), 

or directs the mobile phase containing the desired solutes from the 

first column to the secondary column for a defined period of time, 

on-column concentration (100}. In on-line LC/LC system, the mobile 

phases used in both column must be compatible. 

Off-line technique used for PAH analysis in coal derived products 

is very time consLJTiing, as seen in previous work, and also difficult to 

quantitation. The purpose of this work is trying to couple an amino 

column and a picramido bonded phase column in series for PAH analysis 

in a complex sample. Amino column performs an adsorption mechanism; 

picramido bonded phase performs a charge-transfer mechanism. 

The configuration of on-line amino/picramido columns is shown in 

Figure 40. A and B are the two Valeo six-part switching valves. 

Column 1 is an amino bonded phase guard column (8 cm x 2.2 mmID), which 

is used to prevent any highly polar substance from entering the 

analytical columns. 



COL. l 8 CM AMI NO BOllDED SI LI CA ( GUARD COLUMN ) 

COL.2 30 CM AMINO BOHDED SILICA 

COL,3 30 CM PICRAMIDE BONDED SILICA 

COLUMN I COLUMN I 

COLUMN 2 COLUMH 2 

COLUMN J COLUMN 3 

A. COLUMNS 1+2+J B. COLUMHS I +2 

Figure 40. On-Line LC/LC Configuration 
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Column 2 is an amino bonded phase analytical column 

(30 cm x 4.4 mmID), which separates PAHs by means of an adsorption 

mechanism. 

Column 3 is a picramido bonded phase column (30 cm x 4.4 mmID), 

which separates PAH by means of a charge-transfer mechanism. Heavy 

lines show the flow path of the mobile phase through the valves. 

When the switching valve A is in its "on" position (with regard to 

colums 1 and 2) and the switching valve B is in its "off" position 

(with regard to column 3) the injected sample is treated first by 

retaining highly polar components on column 1, then the sample is 

separated by column 2. This valve configuration is shown in Figure 

40-A. Column 3 is isolated under this configuration. When a peak of 

interest elutes from column 2, the switching valve B is turned to the 

"on" position shown in Figure 40-B; this diverts the desired peak to 

column 3. The remainder of the sample on columns 1 and 2 are then 

backflushed to waste by reversing the flow as shown in Figure 40-C. In 

this configuration, the switching valve A and B are placed in their 

11 off11 positions. The chromatography on column 3 can be carried out 

again by switching valves A and B to their 11 on 11 positions as shown in 

Figure 40-B. The valves A and B were manually switched to their "on" 

and 11 off11 positions in this study but the automatic switching by a 

microprocessor for the same configuration has been demonstrated by 

Apff el ( 100) . 

Figure 41 shows the separation of a PAH standard mixture by the 
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use of an amino bonded phase column. Hexane was used as the mobile 

phase at flow rates of 2 ml/min. Column effluent was monitored with a 

fluorescence detector. 

Notice that the PAH mixture was separated based on the number of 

condensed rings. The alkyl derivatives (peaksl and 3) or the 

configurational isomers (peaks 4 and 5) were co-eluted from the amino 

bonded phase column. 

However, when the PAH mixture was separated using on-line 

amino/picramido column switching techniques, the components co-eluted 

from the amino column were diverted directly to the picramido bonded 

phase column for further separation based on the charge-transfer mode. 

As shown in Figure 42, a arrow at 1 position indicates that the valve 

switched from B configuration to A configuration (see Figure 40). At 

this circumstance, naphthalene and acenaphthylene were trapped onto 

picramido bonded phase column, and rest of PAHs were eluted through 

amino column. Arrow at picramido column position indicates that the 

valve switched from A configuration to B configuration, therefore 

naphthalene and acenaphthylene were further separated by picramido 

bonded phase column. Peaks A and B belong to naphthalene and 

acenaphthylene respectively. 

The same procedure was performed to separate peak 3 into peaks C 

and D as shown in Figure 43. Peak 3 is anthracene; peak 4 is 

2-methylanthracene. 

In order to take full advantage of the system, the on-line 
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amino/picramido column switching technique was used to analyze PAHs in 

hexane-soluble AMAX SRC. The sample was first injected into the system 

where switching valve A was in the "on" position and switching valve B 

was in the "off" position. The highly polar substances were retained 

on the guard column, and PAH fractions were eluted from the amino 

bonded phase column after a retention time of 3 minutes (retention time 

of naphthalene). 

When the retention time was equal to that of anthracene (4.2 

minutes) switching valve B was turned to the "on" position to trap the 

sample onto the picramido bonded phase column for about 30 seconds, as 

shown in Figure 44. In the figure, the decrease and increase in 

absorbance at arrow positions account for 30 seconds of trapping 

time. 

Then the remainder of sample on the guard column and the amino 

bonded phase analytical column was backflushed to waste by reversing 

the direction of mobile phase. Again the mobile phase was introduced 

to the picramido bonded phase column. The sample trapped on the column 

was eluted. Two peaks, peaks 1 and 2, corresponding to anthracene and 

2-methylanthracene were found in this AMAX SRC sample. 

Conclusions 

The study of the chromatographic behavior of alkyl-substituted 

aromatic hydrocarbons on picramido bonded phase columns has indicated 

that the charge-transfer complexation makes a major contribution in the 
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retention of the aromatic hydrocarbons. Structural effects also play 

an important role in the retention of solutes. When the aromatic 

hydrocarbons are substituted with a hetrofunctional group, the 

dipole-dipole and other polarization forces completely overwhelm any 

effects due to change-transfer interaction. 

The charge-transfer mechanism of aromatic hydrocarbons analysed on 

picranido bonded phase columns is also strongly supported by the 

studies of temperature effect and solvent effect on the capacity 

factor. The capacity factor decreases as the solvent strength (or 

dielectric constant) increases. This may make the picramido bonded 

phase column useful for gradient elution for aromatic hydrocarbon 

analysis, particularly for high molecular weight of PAHs. 

Picramido bonded phase column shows more selectivity for PAH 

compounds than silica gel or amino bonded phase columns, especially for 

PAH isomers and alky-substituted PAHs. 

Coupling the adsorption and charge-transfer modes of LC colum~s, 

the on-line LC/LC column switching technique can be easily developed 

for complex PAH analysis. 

The Unique Work of Research 

1. Investigate PAH distribution in SRC. This has not been reported 

before. 

2. Identify PAH in SRC by trapping its relative HPLC peak in the flow 

cell of Spectrofluorometer. Then compare the fluorescence spectra 

to that of standard. This technique shows more confident result 
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than conventional HPLC techniques. The conventional HPLC 

techniques used for PAH identification in the environmental 

samples are only based on the retention time and the response 

ratio of two different detectors. 

3. Derive relationship equations between capacity factor and Hammett 

a, temperature as well as dielectric constant based on the 

fundamental equations of HPLC and charge-transfer complex. 

4. Confirm charge-transfer mechanism of PAH on picramido bonded 

phase according to the derived capacity factor equations. 

5. Compare chromatographic properties of picramido bonded phase 

columns. 

6. Develop on-line normal phase LC/LC system for PAH analysis. 
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ON-LINE LIQUID DISTRIBUTION CHROMATOGRAPHIC/ 
SPECTROFLUOROMETRIC DETERMINATION IN COAL DERIVED PRODUCTS 

by 

Teng-Man Chen 

(ABSTRACT) 

On-line HPLC/Spectrofluorometric techniques have been applied to 

the determination of polycyclic aromatic hydrocarbons (PAHs) in 

coal-derived products. The PAHs were isolated by preparative silica 

gel columns with a hexane mobile phase, and fractionated into five 

samples based on the number of condensed rings. Each fraction was 

separated by reverse phase HPLC with an acetonitrile/water mobile 

phase. Compounds were detected by means of on-line fluorescence 

detection. Naphthalene, pyrene, fluoranthene, benzo(a)anthracene and 

benzo(a)pyrene were verified by comparing the excitation and emission 

spectra obtained by a stop-flow technique with those of PAH standards. 

A Picramido bonded phase packing was prepared by the reaction of 

picryl chloride and amino bonded phase silica gel, forming a 

charge-transfer active phase. The retention mechanism of aromatic 

hydrocarbons on the picramido bonded phase column was studied in three 

ways: electronic effects (Hammett cr function); temperature effects on 

heats of adsorption and solvent effects on capacity factors. 

Chromatographic properties of the picramido bonded phase column 

were compared to those of silica gel and amino bonded phase columns. 



An on-line LC/LC column switching system was developed for PAH 

analysis of solvent refined coal (SRC). It utilized a guard column, an 

amino bonded phase, and a picramido bonded phase column. The guard 

column prevented the highly polar materials from entering the 

analytical columns; the amino bonded phase column separated PAH 

materials into groups based on an adsorption mechanism; the picramido 

bonded phase column separated PAHs based on charge-transfer mechanism, 

and provided better resolution. 
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