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In this study, we synthesized two new stationary phases based on naphthalenecarboxamide isomers and
investigated the separation characteristics of 62 PCBs resulted from π-π interaction and steric repulsion. Two
stationary phases(1- and 2-naphthalenecarboxamide) were simply prepared by coupling reaction of acids(1-
and 2-naphthoic acid) and amionopropyl silica gel with EEDQ(2-Ethoxy-1-ethoxycarbonyl-1,2-dihydroquin-
oline) as coupling reagent. The fractionation of PCBs were performed using high performance liquid chro-
matography (HPLC) equipped with two new stationary phase columns and compared with commercially
available 2-(1-pyrenyl)ethyldimethylsilyated (PYE) and octadecyl (C18) stationary phase column. As a con-
sequence, we could identify PCBs which had been eluted in the HPLC fractions using gas chromatography/
mass spectrometer (GC/MS) and confirm that 2-naphthalenecarboxamide stationary phase was more efficient
to separated PCBs than 1-naphthalenecarboxamide stationary phase. The retention capacity was increased
according to the planarity of PCBs and especially 3,3’,4,4’,5-pentaCB (IUPAC No. 126) was eluted in the last
fraction. In the case of stationary phase, the retention of PCBs was as follows; PYE > 2-naphthalene-
carboxamide > 1-naphthalenecarboxamide > C18. This result means that the difference of π-electrons con-
jugation and isomeric molecular structure of stationary phases may determine the separation characteristics of
PCBs in HPLC fractionation.
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1. Introduction

Polychlorinated biphenyls (PCBs) is one of ubiquitous

environmental pollutants and interesting molecules

from the structural point of view. Internal rotation of

PCBs depends on the π-electrons conjugation and the
steric repulsion between the chlorines in ortho positions

of two phenyl rings.1) Non and mono-ortho substituted

PCBs (especially coplanar PCBs) may have planar

structure and considered as “dioxin-like” compounds

due to the toxic similarity of polychlorinated dibenzo-p-

dioxins (PCDDs) and polychlorinated dibenzofuranes

(PCDFs).2)

For the analysis of dioxin-like PCBs, various analyti-

cal methods have been developed in the area of gas

chromatography (GC) and liquid chromatography (LC).

The stationary phase has an important role to separate

target analytes from impurities in chromatographic

process, so effective stationary phases such as activated

carbon, alumina, 2-(1-pyrenyl)ethyldimethylsilyated

(PYE) have been used in the cleanup step of dioxin-like

PCBs analysis.3,4) However, although these stationary

phases have some advantages in separating dioxin-like

PCBs, they require large amount of harmful solvent

typically toluene, methylenechloride and/or longer

cleanup time for the elution of π-electron rich aromatic

compounds like PCDDs/PCDFs.5-7) 

The object of this study is to determine the separa-

†To whom correspondence should be addressed.

E-mail: komelong@korea.kr



Separation Characteristics of PCBs on Two Naphthalenecarboxamide Bonded Silica Stationary Phases 131

tion characteristics of PCBs on the two new naphtha-

lenecarboxamide stationary phases and apply to the

analytical method development on the basis of inter-

molecular interaction such as the π-π interaction and
steric repulsion.

2. Experimental

2.1 Reagents and standards

All solvents were pesticide residue analysis grade and

obtained from WAKO Pure Chemicals Corporation

(Osaka, Japan). For the preparation of stationary phases,

1-naphthoic acid, 2-naphthoic acid, EEDQ, butanoyl

chloride were purchased from Sigma-Aldrich(St. Louis,

MO, USA) and aminopropylsilica gel (Kromasil) from

AZO NOBEL AB(Eka Chemicals, Bohus, Sweden). The

mixture of 62 12C-PCBs(BP-MS) and 13C-2,4,4’-TriCB

(IUPAC No. 28) were purchased from Wellington

Laboratories (Ontario Canada).

2.2 Preparation of Naphthalenecarboxamide sil-

ica stationary phases

Two stationary phases, 1-NAP(N-propyl-1-naphtha-

lenecarboxamide ethoxysilylated silica gel) and 2-

NAP (N-propyl-2-naphthalenecarboxamide ethoxysily-

lated silica gel), were prepared by coupling which 1- or

2-naphthoic acid 0.8 g (4.67 mmol)  was dissolved into

methylenechloride (100 mL), then 2.0 g (8.09 mmol) of

EEDQ was added by stirring for 1 hour at room

temperature. The resulting solution was dropped slowly

to 4.0 g of aminopropylsilica gel (Kromasil 5 µm, 100 Å)

in methylenechloride (100 mL) with stirring for 1 hour

at room temperature and then reacted for 24 hours.

The silica gel was separated by filtration, washed

successively with methanol, ethanol, acetone,

methylenechloride, toluene and n-hexane and then

dried under vacuum. Based on the elemental analysis of

1-NAP (C, 10.37%; H, 1.37%; N, 1.66%) and 2-NAP (C,

12.02%; H, 1.43%; N, 1.57%), the surface concentration

of the naphthalenecarboxamide group of 1-NAP and 2-

NAP were calculated to be 1.16 µmol/m2 and 1.59 µmol/

m2 respectively.

2.3 HPLC fractionation condition

The fractionation of PCBs was performed using an

Waters 2690 Alliance System equipped with Waters 996

Table 1. Mean recoveries (as %) of the PCBs between stationary phases

Stationary phase
non-ortho

PCBs

mono-ortho

PCBs

di-ortho

PCBs

tri-ortho

PCBs

tetra-ortho

PCBs

PYE 73.9~99.4 43.1~79.7 47.3~89.9 43.8~87.5 43.7~69.8

1-NAP 72.9~101.7 29.7~88.9 59.7~89.3 57.6~93.8 55.1~87.4

2-NAP 81.1~106.8 35.0~96.2 60.4~91.5 59.5~89.5 58.4~84.0

C18 51.5~86.0 63.4~87.1 65.4~87.0 68.1~89.0 63.6~86.8

Table 2. Specification of HPLC columns

Column Specification Remarks

PYE

Cosmosil 5-PYE

2-(1-pyrenyl) ethyldimethylsilylated silicagel

250 mm×4.6 mm i.d., particle size 5 µm
Nacalai Tesque, Promochem

commercially

available

C18

Xterra RP18 

250 mm×4.6 mm i.d., particle size 5 µm
Waters

commercially

available

1-NAP
N-propyl-1-naphthalenecarboxamide silicagel

250 mm×4.6 mm i.d., particle size 5 µm laboratory made

2-NAP
N-propyl-2-naphthalenecarboxamide silicagel

250 mm×4.6 mm i.d., particle size 5 µm laboratory made
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photodiode array detector (PDA) on the four HPLC

columns: commercially available Cosmosil 5-PYE (2-(1-

pyrenyl)ethyldimethylsilylated silica gel, Nacalai Tesque,

Kyoto, Japan), Xterra RP18 (octadecyl silica gel, Waters

Corporation, Milford, MA, USA), laboratory made 1-

NAP and 2-NAP to compare separation characteristics

(Table 2). The mobile phase was n-hexane and the flow

rate was 0.5 mL/min. Injection volume of the mixture of

PCBs was 20 µL and each fraction of 0.5 mL (1 minute)

was collected. The fractionation experiment was re-

peated three times to confirm the precision.

2.4 GC/MS analysis

The PCBs of each fraction were determined using an

Agilent 6890 series GC system interfaced with Agilent

5973 Network MSD. A J&W Scientific DB-5 (60 m

fused silica capillary column, 0.25 mm i.d. and 0.1 µm
film thickness) was used with helium as the carrier gas

at a flow rate of 1.0 mL/min. Injection port was main-

tained at 280°C and 1 µL sample was injected in

splitless mode. Column temperature was held at 100°C

for initial 2.0 min, and then programmed at 30 °C/min to

170°C, ramped at 5 °C/min to 300°C and held for 5 min.

3. Results and Discussion

3.1 Separation characteristics

Two new naphthalenecarboxamide stationary phases

have been designed to change the separation charac-

teristics of PYE with an amide group as polar moiety

and a naphthyl group as π-electron system instead of

pyren group. Since two stationary phases are consti-

tutional isomers, it will be interesting to compare the

retention behavior of PCBs caused by subtle difference

of molecular structure. In this study chromatographic

behavior of PCBs on the four HPLC columns was

investigated to consider the separation characteristics

resulted from inter molecular interaction such as π-π
interaction and steric repulsion between the selectors

bonded on silica gel stationary phases and the analyte

PCBs.

As previously reported, pyrene bonded PYE station-

ary phase has been used for the separation of PCBs,

PCDDs/PCDFs and other aromatic compounds.8,9) It

was also considered that naphthyl group of 2-NAP was

oriented out of silica surface (parallel to alkyl chain of

silica gel) while 1-NAP was perpendicular as shown in

Fig. 1. In the process of separation, when PCB molecule

approaches to naphthalenecarboxamide stationary

phase, it is predicted that the steric repulsion between

PCB molecule and alkyl chain of 2-NAP will be decre-

ased comparing to 1-NAP. In C18 column alkyl chain-

bonded silica stationary phase has no π-electron, it is
impossible to do π-π interaction with PCBs, so the
retention behavior of PCBs can be comprehended by

hydrophobic interaction of octadecyl group.10)

 On the three stationary phases except C18, 62 PCBs

were separated using n-hexane as a mobile phase

according to their planarity caused by π-electrons con-
jugation. The separation results showed that non-ortho

substituted PCBs such as IUPAC No. 77, 81, 126, 169

were retained longer than others. Considering steric

and electronic effect of two phenyl ring, as shown in Fig.

2 and Fig. 3, non and mono-ortho substituted PCBs with

tetra or more chlorines have coplanar conforma-

tion and relatively π-acidic property due to electro-
negativity of chlorines and enable to stronger interac-

tion with π-basic stationary phases.
The retention of non and mono-ortho substituted

PCBs were increased in the following order: PYE > 2-

NAP > 1-NAP > C18. This type of elution pattern indi-

cates that π-basic stationary phases can retain π-acidic

Fig. 1. Chemical structure of stationary phases.
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PCBs to a significant extent by attractive π-π interac-
tion, especially for non and mono-ortho substituted

coplanar. In the case of C18 column, all the PCBs were

eluted in one fraction (3.5~4.0 mL) and there was no

selectivity. According to these results it is assumed that

π-π interaction plays an important role in separation of

PCBs and the selectivity is increased in proportion to π-
electrons conjugation of stationary phase.

In the fractionation experiment, the total recoveries

of PCBs were in the range 43.1~99.4% on the PYE,

29.7~101.7% on the1-NAP, 35.0~106.8% on the 2-

NAP and 51.5~89.0% on the C18, respectively (Fig. 1).

The reported recoveries were the average value of the

three repeated fractionation results.

3.2 Non and mono-ortho substituted PCBs

Among the 62 PCBs there are seven non-ortho

substituted PCBs (IUPAC No. 3, 15, 37, 77, 81, 126,

169) which have no chlorine at ortho position and fifteen

mono-ortho substituted PCBs (IUPAC No. 1, 8, 22, 28,

33, 70, 74, 105, 114, 118, 123, 156, 157, 167, 189) which

have one chlorine at ortho position of phenyl ring. Non-

or mono-ortho substituted PCBs have coplanar con-

formation and π-electrons of two phenyl groups are
conjugated. It was observed that the retention was

increased in proportion to substituted chlorines of

PCBs on the PYE, 1-NAP and 2-NAP. The results are

as follows: on the PYE, PCBs have been eluted in

fraction 2 (3.5~4.0 mL, IUPAC No. 1, 3, 8), fraction 3

(4.0~4.5 mL, IUPAC No. 22, 28, 33), fraction 4

(4.5~5.0 mL, IUPAC No. 15, 70, 74), fraction 5

(5.0~5.5 mL, IUPAC No. 118, 123, 167), fraction 6

(5.5~6.0 mL, IUPAC No. 37, 105, 114), fraction 8

(6.5~7.0 mL, IUPAC No. 156, 157, fraction 9 (7.0~7.5

mL, IUPAC No. 77, 81, 189), fraction 10 (7.5~13.0 mL,

IUPAC No. 126, 169).

On the 1-NAP phase, PCBs have been eluted in

fraction 2 (3.5~4.0 mL, IUPAC No. 1, 3, 8, 15, 28, 74),

fraction 3 (4.0~4.5 mL, IUPAC No. 22, 33, 37, 70, 81,

114, 118, 123,15 189), fraction 4 (4.5~5.0 m, IUPAC

No. 77, 105, 126, 157, 169), fraction 5 (5.0~5.5 mL,

IUPAC No. 167).

On the 2-NAP phase, PCBs have been eluted in

fraction 2 (3.5~4.0 mL, IUPAC No. 1, 3), fraction 3

(4.0~4.5 mL, IUPAC No. 8, 15, 22, 28, 33, 70, 74, 114,

118, 123), fraction 4 (4.5~5.0 mL, IUPAC No. 37, 81,

156, fraction 5 (5.0~5.5 mL, IUPAC No. 77, 105, 126,

157, 167, 189), fraction 6 (5.5~6.0 mL, IUPAC No. 169).

As shown in Fig. 4~Fig. 9, on the 1-NAP and 2-NAP

the elution results of non and mono-ortho substituted

PCBs was similar to the results of PYE which demon-

strated the selectivity for non and mono-ortho substitut-

ed PCBs. Coplanar PCB 2,3’,4,4’,5,5’-hexaCB (IUPAC

No. 167) always has been eluted in fraction 5 (5.0~5.5

mL) except C18 and has the same π-π interaction on the
PYE, 1-NAP and 2-NAP stationary phases. On the 1-

NAP, 2,3’,4,4’,5,5’-hexaCB( IUPAC No. 167) is retained

longer than any other PCBs even the elution of 3,3’,4,

4’,5-pentaCB (IUPAC No. 126). However, on the PYE,

3,3’,4,4’,5-pentaCB (IUPAC No. 126) and 3,3’,4,4’,5,5’-

hexaCB (IUPAC No. 169) were eluted in the final frac-

tion 10 (7.5~13.0 mL) and on the 2-NAP 3,3’,4,4’,5,5’-

hexaCB (IUPAC No. 169) was eluted in the final fraction

6 (5.5~6.0 mL).

Fig. 2. Chemical structure of non-ortho substituted PCBs
(IUPAC No. 77, 81, 126 and 169).

Fig. 3. Chemical structure of mono-ortho substituted
PCBs (IUPAC No. 167 and 189). 
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Especially in the aspect of toxicity, the TEF (toxic

equivalent factor) values of 3,3’,4,4’,5-pentaCB (IUPAC

No. 126) and 3,3’,4,4’,5,5’-hexaCB (IUPAC No. 169)

have been estimated 0.1 and 0.01 respectively, which

are higher than other PCBs. So it is very critical to

determine the concentration of PCB 126 and PCB 169,

because the results play an important role to estimate

the toxic equivalent (TEQ) of coplanar PCBs.11)

4. Conclusions

Two naphthalenecarboxamide stationary phases, 1-

NAP and 2-NAP have been simply synthesized by one

step coupling reaction using EEDQ as coupling reagent

and applied to the separation of PCBs using HPLC. The

separation characteristics of PCBs are similar to com-

mercially available PYE but comparing to PYE, naph-

thalenecarboxamide stationary phases have a hydro-

Fig. 4. The fractionation result of non-ortho substituted
PCBs on the PYE stationary phase (mean re-
coveries as %).

Fig. 5. The fractionation result of mono-ortho substituted
PCBs on the PYE stationary phase (mean re-
coveries as %).

Fig. 6. The fractionation result of non-ortho substituted
PCBs on the 1-NAP stationary phase (mean re-
coveries as %).

Fig. 7. The fractionation result of mono-ortho substituted
PCBs on the 1-NAP stationary phase (mean re-
coveries as %).



Separation Characteristics of PCBs on Two Naphthalenecarboxamide Bonded Silica Stationary Phases 135

philic carbonyl group and the results of PCBs fractiona-

tion have showed the difference between 1-NAP and 2-

NAP caused by π-π interaction and steric repulsion of
constitutional isomers.

In addition dioxin-like coplanar PCBs such as IUPAC

No. 77, 81, 126, 169, 189 were separated efficiently

from others in short time without harmful solvent such

as toluene, dichloromethane etc. In future it needs to

perform the theoretical calculation of molecular interac-

tion to acquire more information for the separation

mechanism of PCBs on the naphthalenecarboxamide

stationary phases and on the basis of this research it is

expected to develop more efficient stationary phase for

GC or LC.
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