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Figure 1. Structures of seven PAHs used in this study. 
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Figure 2. Structures of two stationary phases.

Polynuclear aromatic hydrocarbons (or polycyclic aromatic 
hydrocarbon; PAH) are stable compounds which have π- 
electrons in their ring structure, many of which were con-
firmed as carcinogens.1-4 The most popular method regarding 
PAH analysis is chromatography. In regard to GC analysis for 
PAH, this method is expected to obtain enhanced resolved 
peaks, but it takes a lengthy analysis time with low sensi-
tivity.5 The most popular chromatographic method regarding 
PAH analysis is GC-MS.6,7 Even though it showed a good 
resolution and high sensitivity, this method also has some 
limitations, having difficulties in the analysis of the structural 
isomers of PAHs and highly contaminated samples.8

HPLC is used alone or in conjunction with GC for exact 
quantification and shows a high selectivity in the resolution of 
PAH isomers, such as benzo(a)pyrene and benzo(e)pyrene.9 
In addition, it is very useful in the analysis of various 
environmental samples, such as industrial and life sewage, 
without any pretreatment processing. In regard to HPLC 
analysis for PAH, the reversed-phase (RP) HPLC mode with 
an ODS (octadecylsilane; C18) column is commonly used.10,11 
A C60 bonded stationary phase12 and a micellar liquid chro-
matographic method13 were used for PAH analysis by means 
of the RP-HPLC mode. An amino silica was commonly used 
stationary phase for PAH analysis by a normal phase (NP) 
HPLC mode, but separation on the column was not positive.14 
A poly(4-vinylpyridine) grafted silica was recently used as a 
stationary phase for PAH analysis by NP-HPLC mode and 
exhibited the best resolution in comparison to previous 
stationary phases by NP-HPLC.14

PAHs contain π-electron rich aromatic hydrocarbon rings. 

Various kinds of π-acidic chiral stationary phases were 
developed in order to resolve the chiral compounds containing 
π-electron rich aromatic hydrocarbon rings.15-18 In this study, 
the resolution of seven PAH mixtures were performed by a 
normal phase HPLC instead of a popularly used reverse phase 
mode. The π-electron rich seven PAHs used in this study were 
benzene, naphthalene, anthracene, phenanthrene, pyrene, 
benzo(a)pyrene, and benzo(e)pyrene. The structures are 
illustrated in Figure 1. Two domestic π-acidic chiral stationary 
phases, (R)-phenylglycinol derived stationary phase (SP 1) 
and (S)-tert-leucinol derived one (SP 2), were used as the 
normal phase HPLC columns. The structures of two stationary 
phases are exhibited in Figure 2. 

The results were compared with those from a poly(4-vinyl-
pyridine) grafted silica gel column, which exhibited the best 
resolution regarding the PAH mixture.14 In addition, the 
(S)-tert-leucinol derived chiral stationary phase used in this 
study was packed into a capillary in order to achieve the 
separation of the PAH mixtures by a capillary HPLC. 

Separation of the seven PAHs, including benzene (benzene, 
naphthalene, anthracene, phenanthrene, pyrene, benzo(a)- 
pyrene, benzo(e)pyrene) was performed in order to determine 
their separation patterns on the π-acidic (R)-phenylglycinol 
and (S)-tert-leucinol derived chiral stationary phases. The 
results are shown in Figure 3. 

As shown in Figure 3, seven peaks are clearly separated on 
SP-1, but only five peaks (including an impurity peak) were 
recorded on SP-2. In comparing the retention times of each 
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Figure 3. Separation of seven PAHs on SP-1(a) and SP-2(b). Eluent; 
10% IPA/hexane, flow rate; 1.5 mL/min, UV 254 nm.

Table 1. Retention (k) and selectivity factors (α) for seven PAHs on 
SP 1 and SP 2

PAHs
SP 1 SP 2

k α*a k α*a

Benzene 0.15 3.01 0.17 2.18
Naphthalene 0.46 1.96 0.37 1.68
Anthracene 0.90 1.16 0.62 1.00
Phenanthrene 1.04 1.99 0.62 1.58
Pyrene 2.07 1.46 0.98 1.33
Benzo[e]pyrene 3.02 1.20 1.30 1.08b

Benzo[a]pyrene 3.62 1.40b

aSelectivity factors of two adjacent peaks for this compound and next raw
compound. bThis values are different with the Figure 3. (In Figure 3, two
peaks of benzo[a]pyrene and benzo[e]pyrene are overlapped.) It was 
obtained from more than seven times replica experiments.

Table 2. Retention (k) and selectivity factors (α) for selected PAHs on
SP 1, SP 2, and VP22

PAHs SP 1 SP 2 VP22
a

k αb k αb K αb

Benzene 0.15 3.01 0.17 2.18 0.17 2.06
Naphthalene 0.46 1.96 0.37 1.68 0.35 2.17
Anthracene 0.90 0.62 0.76
Benzo[e]pyrene 3.02 1.20 1.30 1.08c 3.68 1.17
Benzo[a]pyrene 3.62 1.40c 3.14

aVP22 is name of a poly(4-vinylpyridine) grafted silica gel. All data were 
taken from reference 14. bSelectivity factors of two adjacent peaks for 
this compound and next raw compound. cThese values are different with 
the Figure 3. See footnote of Table 1. 

Figure 4. Separation of PAHs on SP-2 by capillary HPLC. Eluent; 
10% IPA/hexane, flow rate; 10 µL/min, UV 254 nm. Capillary length
10 cm, 0.25 mm ID. (1. Benzene, 2. Naphthalene, 3. Anthracene + 
phenanthrene, 4. Pyrene, 5. Benzo[e]pyrene and Benzo[a]pyrene, 6.
impurity).

compound, the elution orders were confirmed as follows: 
benzene, naphthalene, anthracene, phenanthrene, pyrene, 
benzo(e)pyrene, and benzo(a)pyrene on SP-1, and benzene, 
naphthalene, anthracene + phenanthrene, pyrene, benzo(e)- 
pyrene + benzo(a)pyrene on SP-2. Retention factors (k) and 
selectivity factors (α) of seven PAHs were calculated based on 
the chromatograms as illustrated in Figure 3 and shown in 
Table 1.

In a recent report, a poly(4-vinylpyridine) grafted silica gel 
column showed the best resolution among polystyrene-grafted 
silica, aminopropyl bonded silica, an ODS column, and a 
normal silica column in regards to the resolution of PAH 
mixtures. Therefore, the results of this study were compared 
with data obtained from the poly(4-vinylpyridine) grafted 
silica gel column (Table 2). As shown in Table 2, SP 1 
exhibited the best resolution between benzene and naph-
thalene, and was similar to the poly(4-vinylpyridine) grafted 
silica gel column in regards to the resolution between 
naphthalene and anthracene, as well as between benzo(e)- 
pyrene and benzo(a)- pyrene. Therefore, SP 1 can be effectively 
used in PAH analysis. The reason for the successful resolution 
of the PAH mixtures on π-acidic stationary phases could not 
clearly be verified at this time. However, according to 
previous results,15,16 it is assumed that the resolution was 
deeply influenced by π-π interaction between the π-electron 
rich aromatic hydrocarbon rings in PAHs and the π-electron 
deficient 3,5-dinitro group in the π-acidic stationary phase. 

On the other hand, the SP-2 was packed into a capillary for 
resolving the PAH mixture by using an environmentally 

protective analysis method, known as capillary HPLC.19 Even 
though they showed low resolution pattern, the separation 
(Figure 4) was similar to the conventional HPLC (Figure 3b). 
Therefore, if the packing condition was to be improved,20 the 
theoretical number and separation could be improved.
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In conclusion, important environmental pollutants, PAH 
mixtures were effectively separated in the normal phase 
HPLC mode by using some Pirkle type chiral columns 
without any difficulties. This is considered to be an important 
application of the Pirkle type π-acidic chiral stationary phases 
(CSPs). Therefore, if numerous resolution results have been 
achieved with many PAH samples and various Pirkle-type 
CSPs, an effective new stationary phase, which can easily 
resolve highly complex PAH mixtures under normal phase 
conditions, can be developed. 

Experimental Section

The HPLC system was consisted with a JASCO (Tokyo, 
Japan) PU-2080 Plus Intelligent HPLC Pump, a Rheodyne 
(Cotati, CA, USA) Model 7125 injector with a 20 µL sample 
loop, and a JASCO UV-2075 Plus Intelligent UV/Vis 
Detector. A Model INJ-P4-100 Valco Micro Injector (sample 
volume: 100 nL) and Knauer Wellchrom Variable UV-VIS 
Detector K-2501 (Model No. A4180, cell volume: 35 nL) 
were used as injector and detector of the capillary HPLC 
system. All chromatographic data were obtained by using 
10% 2-propanol in hexane as a mobile phase at a flow rate of 
1.5 mL/min (10 µL/min for capillary column). The column 
void volume was checked by injecting 1,3,5-tri-tert-butyl-
benzene, an unretained solute obtained from the Aldrich 
Chemical Co. All reagents and test chiral samples used in this 
study were obtained from the Aldrich Chemical Co. Solvents 
for HPLC analysis were purchased from the Merck Chemical 
Co. All testing PAHs were obtained from the Aldrich 
Chemical Co. and randomly selected in this laboratory. The 
mixed samples were prepared by dissolving approximately 5 
mg or 5 µL of each compound into 10.0 mL of dichloro-
methane. The injection volume was 3 µL (1 µL for capillary 
HPLC). The stationary phases used in this study were the 
same as used in previous work. 15 

A Model PU-2080 Plus Intelligent pump (JASCO, Tokyo, 
Japan) was used for slurry packing of the capillary column 
(0.25 mm ID, 10 cm length). A capillary column washer was 
purchased from the Alltech Korea (Seoul, Korea). Preparation 
of the capillary column was completed by following 

procedures outlined in the previous study.19
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