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by Atmospheric Pressure Chemical Ionization (APCI) and Photoionization
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The simultaneous LC/MS analyses of hexachlorobenzene (HCB) and pentachlorophenol (PCP), two dioxin precursors
were studied by both atmospheric pressure chemical ionization (APCI) and atmospheric pressure photoionization mass
spectrometry (APPI/MS). The optimum LC/MS conditions of the simultaneous analysis were determined for these two
compounds with different polarity. Ionization by APPI was found to be more effective than by APCI, and is thus a better
ionization method for analysis of the two compounds. Using LC/APPI/MS we can achieve the simultaneous analysis of
HCB and PCP at ppb levels.
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Introduction
Most LC/MS analysis is recognized as being more suitable
toward polar molecules than non-polar molecules. Mass
spectrometric analysis by electrospray ionization (ESI) in
particular often fails to detect low-polarity molecules.1 On the
other hand, atmospheric pressure chemical ionization (APCI)
and atmospheric pressure photoionization (APPI) can ionize
less-polar molecules.2–5
Low-polarity chemicals, such as persistent organic pollutants
(POPs) are important subjects of environmental analysis.6–9
However, only a few analyses of these low-polarity environmental
pollutants by LC/APCI/MS or by LC/APPI/MS have been
reported.10 The simultaneous analysis of complex pesticide
chemicals by LC/MS has become both popular and useful.11,12
Therefore, to establish an effective LC/MS analysis of
low-polarity compounds is an important subject.
Persistent organic pollutants (POPs) were registered at the
Stockholm Convention on Persistent Organic Pollutants (POPs)
(2001) to reduce and eliminate them from products and facility
emissions; hexachlorobenzene (HCB) and pentachlorophenol
(PCP) were accredited as being one of the POPs. In addition,
pentachlorobenzene (PCBz) was also added in May 2009. HCB
and PCP are two major precursors of dioxin, and are important
subjects in environmental analysis.13 They are produced with
relatively high concentration, and are in proportion to the
amount of emergence of dioxin. Therefore, they are frequently
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used as important markers in the operation and management of
incinerators. Gas chromatography mass spectrometry (GC/MS)
has been used for the analysis of HCB.14–17 On the other hand,
since PCP is a high-polarity compound, derivatization is
required for GC/MS analysis;18–20 therefore, it is difficult to
perform their simultaneous analyses by GC/MS.
LC/MS quantitative analysis of PCP has been known,21 but no
HCB has been reported. Almost no quantitative LC/MS analysis
of POPs has been reported. One of the reasons that only a few
LC/APCI/MS or LC/APPI/MS studies are being carried out is
due to their low detection sensitivities. However, a highly
sensitive and simple method for the analysis of chlorothalonil
was reported using LC/APPI/MS.22 Decomposition products of
perfluorooctanesulfonic acid (PFOS) and their analogs were
determined using ESI/MS.23 It is thus important to search for
their better detection sensitivity of APCI and APPI toward low
polarity molecules. For chlorinated aromatic compounds, a full
description of substitution reactions under APCI processes has
been studied by Dzidic et al.24 They reported that the phenoxide
ions of [M–Cl+O]– in the negative APCI mass spectra are formed
from chlorinated aromatic compounds via an intermediate
complex of [O2·M]–, where M represents a molecule.
It has been shown that HCB forms m/z 265 of a [M–Cl+O]–
ion by both negative APCI24,25 and dopant-APPI,26 where toluene
was used as a dopant; however, their LC/MS were not developed.
In the present work we searched for an optimum condition on
HCB ionization in order to develop a simultaneous LC/MS
analysis of HCB and PCP, because the detected ions from HCB
and PCP had the same m/z values.
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Fig. 2 Relative ion intensities of [M–Cl+O]– for HCB, PCBz,
1,2,3,4-tetrachlorobenzene and 1,2,4,5-tetrachlorobenzene by
APCI/MS.

Fig. 1 APCI negative-ion mass spectrum of an HCB standard
methanol solution (10 μg/mL).

Experimental
The APCI analysis was carried out with a LC/APCI/MS system
(TSQ triple quadrupole MS, ThermoQuest) operated in a
negative-ion mode. A capillary temperature of 200°
C, a
desolvation temperature of 150°
C, and a corona discharge
current of 5 μA were used. Fifty microliters of a sample were
introduced and the flow rate of a mobile phase was 0.3 mL/min.
LC separation was performed with an Inertsil ODS-P column
(2.1 × 150 mm, GL Science, Tokyo, Japan). The mobile phase
used was methanol.
An APPI analysis was performed by connecting a prototype
photoionization source with LC/MS (API2000, Applied
Biosystems) in a negative-ion mode. The ion spray voltage,
–1280 V; curtain gas flow, 10 psi; lamp gas flow, 2.0 L/min;
drift voltage, –30 V were used. A dopant of toluene was
introduced at 10 μL/min. LC separation was carried out by
L-column ODS (2.1 × 150 mm, Chemicals Evaluation and
Research Institute, Tokyo, Japan). The mobile phase used was
A (methanol) and B (1 mM ammonium acetate and 1 mL/L
acetatic acid in H2O) using a gradient program from 50% A to
90% A (0 – 5 min) and holding at 90% A (5 – 15 min). HCB
was obtained from GL Science (Tokyo, Japan) and
hexachlorobenzene(HCB)-13C6 was from Wako Pure Chemicals
(Osaka, Japan).
PCP, pentachlorobenzene (PCBz),
1,2,4,5-tetrachlorobenzene, and 1,2,3,4-tetrachlorobenzene were
purchased from Tokyo Kasei (Tokyo, Japan). Methanol of
HPLC grade was used (Wako Pure Chemicals). HCB-13C6 was
dissolved in 25 mg/mL, and 10 μL was introduced into 1 mL of
a HCB solution to use as an internal standard. The calibration
curve was formed from the areas of SIM ions divided by that
of HCB-13C6. The detection limit was obtained with the
concentration having S/N = 3.

Results and Discussion
APCI/MS
Figure 1 is the APCI negative-ion mass spectrum of an HCB
standard methanol solution (10 μg/mL). [M–Cl+O]– was the
only ion detected. The MS/MS of the base peak m/z 265
generates a single ion of Cl– at m/z 35. However, this product
ion was too weak to be used for MS/MS analysis. The isotope
HCB-13C6 also results in a [M–Cl+O]– ion at m/z 271. In the

case of PCP and PCBz, the ions [M–H]– and [M–Cl+O]– were
observed at m/z 265 and 231, respectively.
We studied the effect of the water content in a mobile phase
on the APCI ionization of HCB, and found that the ion intensity
started to decrease after the water content increased above 10%.
This might have been due to the formation of a radical anion
(O2–·) by corona discharge. The O2–· radical anion reacted with
water to form a stable cluster of (H2O)nO2–·, which interferes in
the substitution reaction of chlorine with oxygen.24,25 In order to
gain further evidence on the prediction of water cluster
formation, we used methanol/H2O (1:1) for the mobile phase
and CO2 for a sheath gas; we found that the intensity of
[M–Cl+O]– increased by approximately two fold. This increase
in the ion intensity might have been due to the reaction between
the (H2O)nO2–· cluster and CO2 to release O2–·. However, the ion
intensity is still too small, only about one half of that using
100% methanol as the mobile phase.
In order to examine the effect on a substitution reaction of
HCB, we studied the APCI spectra of PCBz, 1,2,3,4tetrachlorobenzene and 1,2,4,5-tetrachlorobenzene. The results
showed that both PCBz and 1,2,3,4-tetrachlorobenzene gave the
[M–Cl+O]– ion as was obtained with HCB; but no assignable
ions could be detected on 1,2,4,5-tetrachlorobenzene. The
different relative intensities of [M–Cl+O]– were obtained as
shown in Fig. 2.
Dzidic et al.24 measured penta, tetra, tri and dichlorobenzene,
and showed that the APCI ion intensities of substitution decrease
with a decreasing number of chlorine atoms. In the nucleophilic
reaction of aromatic compounds, it is known that more
electron-withdrawing chlorine substitutions will stabilize the
carbocation intermediate and increase the reactivity. In addition,
electron-withdrawing substituents at the ortho- or para-position
will have a higher reactivity to the attacking nucleophile.
The differences in the ion intensities that we observed in
1,2,3,4-tetrachlorobenzene and 1,2,4,5-tetrachlorobenzene could
be due to the above-mentioned substitution effects.
Using an isocratic elution with methanol as the mobile phase,
an APCI mass chromatogram was obtained, as shown in Fig. 3.
The detection limits were not acceptable to be 10 ng/mL for
HCB and PCP. In addition, PCP was poorly retained by the
column (1.54 min), which would be difficult to separate from
another matrix to achieve a successful analytical separation.
Dopant APPI/MS
Figure 4 shows the dopant APPI/MS spectrum of the HCB
standard solution (10 μg/mL) introduced from a syringe pump.
Similar to APCI/MS, the [M–Cl+O]– ion was detected. The
MS/MS of m/z 265 gave a single product ion of m/z 35 (Cl–).
The ion intensity was also too low to be applied as a practical
MS/MS analysis. HCB-13C6 gave the same [M–Cl+O]– ion at
m/z 271. PCP and PCBz gave a [M–H]– and [M–Cl+O]– ion at
m/z 265 and 231, respectively, by APPI ionization.
When toluene was not used as a dopant, we could not detect
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Fig. 3
each).

LC/APCI/MS ion chromatogram of HCB and PCP (50 ng/mL
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Fig. 5 LC/APPI/MS ion chromatograms of HCB and PCP
(100 ng/mL each).

Fig. 6 Calibration curves of simultaneous LC/APPI/MS analysis for
HCB and PCP (HCB-13C6 as the internal standard).
Fig. 4 Dopant APPI/MS spectrum of the HCB standard solution
(10 µg/mL).

any ion peak that correlates with HCB in the APPI spectra. We
also found that the ion intensity of [M–Cl+O]– did not decrease
by increasing the water content of the mobile phase, even up to
50%. Namely, a radical cation of dopant toluene is formed by
photo ionization, releasing an electron.26 This electron is
trapped by an oxygen molecule in the system to produce an
oxygen radical anion. The oxygen radical anion can easily
attract the toluene radical cation bound to HCB through a π–π
interaction between HCB and the toluene radical cation; thus,
the substitution is enhanced to produce [M–Cl+O]–. Because of
the above-mentioned interaction, the oxygen radical anion
become less likely to participate in cluster formation with water,
as indicated by no decrease in the intensity by water addition,
which resulted in an effective nucleophilic substitution with
HCB. Mass chromatograms of HCB and PCP are shown in
Fig. 5. Both PCP and HCB are well separated with sufficient
retention in the LC column. The calibration curve (Fig. 6) was
obtained in the 10 – 500 ng/mL range, and a good linearity
(r2 >0.99) was obtained. Therefore, LC/APPI/MS can provide
an effective simultaneous analysis of HCB and PCP at ppb
levels.
In conclusion, LC/APCI/MS and LC/APPI/MS analyses of
HCB and PCP were conducted. The APCI ion intensity of HCB
decreases with an increase in the water content of the LC mobile

phase; on the contrary, a decrease upon the water addition is not
significant in LC/APPI/MS. The difference is due to the
mechanism of HCB ionization in the two ionization methods.
In LC/APCI/MS, satisfactory chromatographic column retention
and separation of HCB and PCP can not be achieved, because
an additional water content in the mobile phase would cause a
large decrease in the ion intensity. On the other hand,
LC/APPI/MS can achieve sufficient retention and separation.
Therefore, it is concluded that dopant APPI is a more suitable
LC/MS method for the simultaneous analysis of HCB and PCP.
The APPI method reported here should be useful to apply for
the onside analysis of HCB and PCP at incinerators. Further
study on the ionization in the presence of different and complex
matrix or backgrounds may be required.
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