Potential application of gas chromatog-
raphy—tandem mass spectrometry in
the measurement of coeluting isomers

ABSTRACT - Despite the unprecedented popular-
ity of separation chromatography, the measurement of
coeluting isomeric chemicals remains an extremely
difficult task. An analytical scheme capable of
measuring two coeluting isomers was developed using
a single chromatographic column and a gas chroma-
tography-tandem mass spectrometry (GC/MS/MS)
system. The protocol utilized two product (secondary)
ion fragments, generated from a common parent
molecular ion (primary) associated with the isomers,
for quantitation. The utility of the analytical scheme
was demonstrated with the measurements of several
pairs of coeluting polychlorinated biphenyl (PCB)
isomers in standard solutions and fish liver samples.
Best results were achieved if the abundance ratio of
the two product ion fragments was greater than unity
for one isomer and less than unity for the other isomer.
Analyses of seven fish liver samples collected from
nearshore San Diego indicated that the domain that
had been previously reported to comprise PCB 153
and PCB 168 actually contained PCB 153 only.
Although only a selected number of PCB congeners
were examined, the results indicate that the analytical
scheme has the potential to be used to determine the
concentrations of all chromatographically coeluted
isomers.

INTRODUCTION

Chromatography is probably the most widely used
separation tool in the physical sciences. Chromatog-
raphy alows the separation of a sample into a series
of chromatographic peaks, each representing a
component in the sample. The ability to separate two
components in a sample is defined as chromato-
graphic resolution that is generally dictated by two
parameters, column selectivity and column efficiency
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(Harvey 2000). Typicaly, chromatographic separa-
tion is provided by a column packed or coated with a
desirable stationary phase. When a sample is applied
to the column, the components undergo a number of
cycles of fractionation between the stationary phase
and a mobile phase, either aliquid or agas. Itis
apparent that chromatographic resolution may be
associated with a number of factors and can be
altered by adjusting these factors against the proper-
ties of the components under consideration.

It frequently occurs that two chemicals may not
be chromatographically separable under any chro-
matographic conditions or a group of components
may not be completely separated with asingle
chromatographic column. Since mass spectrometry
(MS) is capable of differentiating non-isomeric
codluting chemicals by their distinct fragmented ion
profiles, this type of coduting chemica is separable if
aMS detector is employed. It isthe isomeric
coeluting chemicals that have posed a significant
technical challenge to analytical chemists, because
the conventional M'S approach usudly is unable to
discriminate fragmented ion profiles from isomeric
molecules.

One example of this chalenge is the measure-
ment of polychlorinated biphenyls (PCBs) on a
congener-specific basis. Despite the tremendous
efforts that have been devoted to the development of
PCB congener-specific anaysis methods (Pellizzari et
al. 1985), no single chromatographic column has been
able to separate all 209 congenersin asingle run.
Although multi-column approaches have been devel-
oped to separate dl coeluting PCB congeners (Schulz
et al. 1989, Larsenet al. 1992, Frame 1997), the
techniques are technically difficult to implement and
apparently not feasible for many andytical |aborato-
ries. On the other hand, the large variability of
individua PCB congenersin toxicity and biodegrad-
ability necessitates the congener-specific measure-
ment of PCB concentrations in environmenta samples.
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We present herein an analytical scheme that
alows separate measurements of two coeluting
isomers with a Saturn 2000 ion trap gas chromatogra-
phy/mass spectrometry (GC/MS) system (Varian
Inc., Walnut Creek, CA). The analytica schemeis
based on the concept of a two-component model
(Zeng and Y u 1996), which does not require the
generation of different quantitation ions from the
coeluting isomers. Instead, the method utilizes the
ratio of two predominant product ions fragmented
from a common parent ion associated with the
coeluting isomers. Since any commercialy available
ion trap GC/M S system has the capability of generat-
ing product ions from the parent ion of interest, the
anaytica scheme can be easily implemented and is
highly affordable. The laboratories at the Southern
California Coastal Water Research Project
(SCCWRP) and the Wastewater Chemistry Labora
tory of the City of San Diego (designated as San
Diego hereafter) conducted independent experiments
to demondtrate the utility of the analytical scheme
with a subset of coeluting PCB isomers. This article
reports the results of method calibration and analyses
of spiked solutions performed at SCCWRP, and
analyses of fish liver samples conducted in San
Diego.

THEORY

We consider two codluting PCB isomers (desig-
nated as PCB 1 and PCB 2 hereafter) that have a
common parent molecular ion. The parent ion can be
fragmented into two molecular ions, |, and 1,,, with
abundances of A, and A,. If the contributions from
PCB 1and PCB 2to A, are A, and A,,, respectively,
we have

A=A A, (1)

Similarly, if the contributions to A, from PCB 1 and
PCB 2are A, and A, ,, respectively, we obtain

A=At A, )

Apparently, A, and A, are measured from GC/
MS experiments. The concentrations of PCB 1 and
PCB 2 can be determined from abundances A, |, A,
A,,and A,, usng aninternd cdibration method. If
the relative response factors (RRFs) corresponding to
AL AL A andA, are RRF ,RRF ,, RRF, , and

1 127 21’
RRF,,, A, isthe abundance of the interna standard,

22!
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and C,_ isthe concentration of the internal standard,
the concentration of PCB 1, C, in asample can be
determined by

) — Ailci S (3)
RFEF llA S
or
Cl — AiZCis ( 4)
Hq:lZ AS

Similarly, the concentration of PCB 2, C,, can be
obtained by

Cis
C,= PG ©)
RRE 1A
or
Cis
C,= iz (6)
Hq:ZZ'A}S
Equations (3-6) can be converted into:
C,RRF A,
All — 1 C 11 (7)
C,RRF A,
A12 - c 12A )
A21 - C2RRF21A|S (9)
Cis
C,RRF,, A,
A22 — 2 C ZZA (10)

is

Combining Equations (1-2) with Equations (7-10)
leads to

— ClmzllAs

C

IS

C,RRF, A
C

IS

(11)

RRF RRF
A2=Cl C 12As + C:2 C 22As
Combining Equations (11) and (12) to solve for C
and C, yields

_ . 12)

1

C = ALRRFzz' AzRRle

) (13)
RRF RRF,, - RRF,RRF,,

and

C = AiRRFlz' AERRFH

, = (14)
RRF,RRF,, - R, RRF,,



In both Equations (13) and (14), C_,A_, A, and A,
are obtained from the analysis of the actual sample,
and RF ., RF ., RF,,, and RF,, can be determined
from the initia calibration experiments.

To ensure that the concentrations of PCB 1 and
PCB 2 are determined correctly using Equations (13)
and (14), the following constraint must be satisfied:

RRF121 I:QRF21 orﬁ 1&
RRF,, RRF, A, A,

Practicaly, A, /A, , should be substantially
different from A,,/A,, in order to obtain C, and C,
without ambiguity. A more stringent congtraint, as
described previoudy (Zeng and Yu 1996), isas
follows.

(15

O<i<1 andi>1ori>l and (16)
2 2 2

0< ﬁ<l
Aoy

As demonstrated below, the variability in measure-
ments tends to be large when the congtraint in
Equation (16) is not satisfied. 1t should be noted that
Equations (13) and (14) can be used to determine
concentrations of any two codluting isomers, athough
they were originaly derived for PCB isomers.

METHODS
Experimental Design

Severd sets of experiments were conducted to
demongtrate the utility of the analytical scheme. Firgt,
a screening test was run to identify potentially
coeluting PCB isomers. A series of standard solu-
tions containing 209 PCB congeners was prepared
with each containing distinctly separable congeners
(based on prior findings). Second, based on the
results of the screening test, a selected group of PCB
congeners was subject to further investigation. A list
of PCB isomer pairs deemed inseparable under the
chromatographic conditions used in the present study
was identified from this set of experiments. Third,
the selected PCB isomer pairs were prepared in two
groups at five concentration levels. The stability of
the ratio of two quantifying ions was examined over
the mass scanning range of each chromatographic
peak at each of the concentration levels. The RRF of
each congener was also obtained. Fourth, the
analytical scheme was validated with analyses of a
series of spiked solutions containing the selected PCB

congeners at varying concentrations. Measured
concentrations of the PCB congeners were obtained
with the newly acquired RRFs and Equations (13)
and (14) and compared with the spiking concentra-
tions. Findly, the anaytica scheme was applied to
the measurement of PCB 153 and PCB 168 in fish
liver samples.

Chemicals

Custom-made solutions of PCBs with 20 mg/mL
for each congener in hexane:isooctane (98:2) were
acquired from AccuStandard (New Heaven, CT).
Individual PCB standards in isooctane were also
obtained from AccuStandard with various concentra-
tions. Hexane and methylene chloride of pesticide
grade or equivaent were purchased from VWR
Internationa (West Chester, PA) and used as sup-
plied. Anhydrous sodium sulfate was purchased from
Fisher Scientific (Pittsburgh, PA) and purified by
heating at 550°C for at least 1 h in ashallow tray or
at 100°C overnight in an oven before use. Concen-
trated sulfuric acid (certified A.C.S.) was also
obtained from Fisher Scientific and used as supplied.
Mercury was recycled from mercury-containing
devices such as thermometers, filtered, and washed
with hexane before use.

Preparation of Standard Solutions

Standard solutions with various combinations of
PCB congeners at various concentrations were
prepared in hexane with appropriate glassware. Each
solution also contained internal standards (PCB 30
and 205) at 200 ng/mL each.

Collection and Extraction of Fish Samples

Several species of flat and rock fish were
collected in April 2000 from the coastal areas off San
Diego using a standard protocol (City of San Diego
2001a) and cooled with ice on board and during
transportation to the San Diego laboratory, where
individua fish species were dissected immediately.
Fish liver samples were kept at —20°C from the time
of dissection until extraction.

Fish liver was homogenized using a tissue homog-
enizer and approximately 0.3 g of each liver sample
was weighed into a 50 mL beaker and mixed with
sodium sulfate. The mixture was transferred to a
stainless stedl extraction cell (33 mL in size) contain-
ing 3 g of dumina powders. The sample was ex-
tracted using an automated accel erated solvent
extractor system (ASE 200; Dionex, Sunnyvale, CA)
a 100°C and 1500 ps with methylene chloride:hexane
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(1:1) mixture as a solvent. The extract was dried
with sodium sulfate and concentrated to 1 mL using a
TurboVap 500 concentrator (Zymark, Hopkinton,
MA). One to three drops of mercury were added to
the extract cell and the cell was subsequently agitated
on avortex mixer for at least 2 min. The extract cell
was centrifuged for at least 15 min to separate the
sample from the mercury layer. About 0.5to 1 mL of
concentrated sulfuric acid was added to the extract
cell and the cell was manually shaken for 5 min. The
extract was centrifuged for 30 min and the organic
layer was removed with a Pasteur pipette into a clear
2-mL vid for ingrumenta analysis.

Instrumental Analysis

Tandem mass spectra are generated by the ion
trap GC/MS system via four steps: (1) ion production
and matrix ion gection; (2) parent ion isolation; (3)
product ion formation by collison induced dissociation
(CID); and (4) product ion mass scanning (Varian
1995). The sdlective storage and dissociation of the
ions of interest may eliminate a large portion of
background interferences. Two CID methods are
available for use to generate product ions: resonant
and non-resonant excitation. The resonant excitation
method applies a high-frequency supplementa dipole
field to the end cap of theion trap. The frequency is
chosen so that a specific chemica bond or group is
dissociated. Therefore, the resultant mass fragment
profile produced by resonant excitation is very
sengitive to the structure of the molecule under
congderation. Parent ions from closely eluting
isomers with a smdl difference in molecular structure
can be fragmented into identical product ions, but the
mass spectra profiles could be vastly different.
Leonards et al. (1996) demonstrated that the product
ions of PCB 77 and PCB 126 could be generated
sequentialy with varying CID excitation voltages
using the resonant excitation mode. With al of these
considerations, the resonant excitation mode was
chosen in the present study.

Both laboratories used the Varian Saturn 2000
GClion trap-M S system equipped with a60 m x 0.32
mm i.d. (0.25 pm film thickness) DB-XLB column
(J&W Scientific, Folsom, CA). The oven tempera
ture program used by researchers at SCCWRP was
asfollows: initial temperature was set at 60°C (held
for 1 min), programmed to 180°C at arate of 15°C/
min, ramped to 280°C at 2°C/min, and further in-
creased to 310°C (no holding time) a C/min. The
injector temperature was initialy set at 60°C (held for
0.3 min), increased to 310°C at a rate of 200°C/min,
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and held for 25 min. The temperature program used
by the San Diego laboratory was dightly different but
achieved smilar chromatographic separation efficacy.

RESULTS AND DISCUSSION
I dentification of Coeluting PCB Isomers

Several sets of retention time data for 209 PCB
congeners are available in the literature. Mullin et al.
(1984) used a50 m" 0.2 mm i.d. SE-54 column to
acquire retention times for 209 PCB congenersin a
140-minute run. J&W Scientific (1996) published
retention times of 209 PCB congeners on three DB-
XLB columns. Cochran and Reese (1997) obtained
relative retention times of 209 PCB congeners on one
DB-XLB column and one experimental XLB column.
The criteriafor resolved peaks might depend on the
column type, temperature program, instrument
conditions, and desired accuracy of the peak assign-
ment. We considered two peaks as resolvable if the
retention time difference was greater than 0.2
minutes under the chromatographic conditions
employed in the present study. Since non-isomeric
congeners can be adequately separated by the
conventiona GC/M S method, they are regarded as
separable even if they coelute chromatographicaly.

Although we did not set out to measure al
coeluting PCB isomers, initia efforts were made to
identify al possible coeluting isomers and sdlect the
appropriate ones for further investigation. Thirty-two
domains (each containing at least one pair of
coeluting PCB isomers) were identified based on the
retention times of 209 PCB congeners published by
J&W Scientific (1996), comprising 80 PCB conge-
nersin total. The retention times of these PCB
congeners were obtained initialy using the full scan
mode. A close analysis of the chromatograms for
these congeners revealed that only 18 domains
containing atotal of 41 PCB congeners were deemed
inseparable.

These congeners were prepared in two solutions
(each containing one of the cod uting isomers) and
analyzed again using the resonant CID method based
on the automated method devel opment mode after
fine-tuning the GC/MS system. It was found that
three pairs of PCB isomers (Table 1) remained
coeluted and satisfied the constraint contained in
Equation (16). They were used for further investiga:
tions. An additiona three pairs of coeluting PCB
isomers (Table 1) not complying with Equation (16)
but complying with Equation (15) were also selected
for comparison.



Table 1. Retention times and characteristic ion fragments for 6 pairs of PCB isomers selected for

investigations.?

Group 1 Structure RT (min) Group 2 Structure RT (min)  Parention Productlon
®

42 2,2,3,4 30.60 59 2,3,3,6 30.56 292 257 222

153 2,2,4,4'.5,5 42.25 168 2,3,4,4,5,6 42.25 360 325 290

182 2,2',3,4,4',5,6' 45.25 175 2,2,3,3,4,5,6 45.23 396 361 326
B)

10 2,6 19.52 4 2,2 19.48 222 187 152

143 2,2',3,4,5,6' 40.13 139 2,2,3,4,4,6 40.10 360 325 290

203 2,2,3,4,4,5,5,6 53.30 196 2,2',3,3,4,4,5,6' 53.15 430 395 360

aCoeluting isomers were prepared in separate solutions to obtain retention times.

Fragmentation Patter ns of Coeluting PCB
Isomers

To generate different fragment patterns from
coeluting isomers, the MS/M S parameters were
optimized within the specified mass scanning win-
dows. Besides CID amplitude, CID time and ioniza
tion storage level were also adjusted manually. Other
CID-related parameters, including (but not limited to)
emission current, target tota ion current (TIC),
prescan ionization time, gection amplitude, isolation
window, low edge offset, high edge offset, high edge
amplitude, isolation time, waveform type, modulation
range, modulation rate, number of frequencies,
excitation time, CID frequency adjustment, and CID
bandwidth, were adjusted automaticaly by the
software package supplied with the Saturn 2000 GC/
MS system (Varian 1995). The automated method
development mode was used to vary the values of
individual parameters to obtain the fragmentation
pattern of interest. More than one ion fragment
associated with the optimized parameters were
simultaneoudly scanned using the multiple reaction
monitoring (MRM) approach. A series of MRM
methods, covering al the mass scanning windows,
were integrated into a specific GC/MSM S methaod.

It was found that the CID amplitude was the
most important factor that dictated the abundance
ratios of product ions from coeluting PCB isomers.
In the case of PCB 153 and PCB 168, as the CID
excitation amplitude increased, the abundance ratio of
m/z 290 to m'z 325 for PCB 168 increased faster than
that for PCB 153. When the excitation amplitude
was greater than 1.5 V, the abundance ratio for PCB
168 became greater than unity while that for PCB

153 remained smaller than unity (Figure 1) (Chou
2000). Thisexample illustrates that careful adjust-
ment of the CID excitation amplitude could generate
two product ions from PCB isomersin compliance
with the constraint in Equation (16).

Stability of Abundance Ratios

Abundance ratio isacriticd variablein the
current approach to separation of coeluting PCB
isomers. Since peak areas are normally used for
guantitation, the accuracy of the measured concentra-
tions of two coduting isomers is highly dependent
upon the stability of abundance ratios over a chro-
matographic peak. A set of experiments was con-
ducted to assess the stability of abundance ratios at
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Figure 1. Variation of abundance ratios of
m/z 290 to m/z 325 for PCB 168 and PCB 153
with CID amplitude.
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each of the peak scans, and the results are described
below.

The three pairs of PCB isomers (Table 1) in
compliance with Equation (16) were prepared in two
solutions (each containing one of the coeluting
isomers) with concentrations of 4, 10, 20, 50, 100, and
200 ng/mL and analyzed using the resonant CID
method. Responses from the 4 and 10 ng/mL solu-
tions were fairly weak and were not used for further
evauation. Abundance

determine the concentrations of two coeluting isomers
using Equations (13) and (14).

We summarized al the peak abundances from the
same experiments (Table 2) for each ion fragment
and each concentration level and conducted linear
regressions over the five concentration levels (includ-
ing zero concentration). Mogt of the regressions
carried a coefficient of variation of 0.99 or 1.00
(except for one regression with r? = 0.97 and another

regression with r> = 0.98). This

ratios of two product
ions from each parent
ion (Table 1) were
calculated at each scan
point. Anaverage
abundance ratio was
calculated from dl the
Scan points congtituting
apeak.

It is obvious that the
abundance ratios for the
three pairs of coeluting

PICTURE

indicated that either product ion
from each isomer could be used
for quantitation purposesif a
regular GC/MS method is em-
ployed.

Validation Experiments. Analy-
ses of Spiked Solutions

To use Equations (13) and
(14) to estimate the concentrations
of two coeluting PCB isomers, four
RRFs related to the two product

isomers were quite
stable (Table 2). The
average abundance ratio for each congener varied
within asmall range at each concentration level, as
indicated by the small relative standard deviation
(RSD) values ranging from 8.3 to 25.3% (calculated
from Table 2). Only 2 out of 24 measured RSDs
exceeded 20% (20.3% and 25.3%). Therefore,
highly stable abundance ratios of two product ions
could be obtained by the ion trap M S technique. In
addition, the average abundance ratios obtained for
various congener concentration levels essentialy
overlapped. The smdl variability in the abundance
ratios with respect to the scan points and concentra-
tion range justified the use of the abundance ratios to

ion fragments need to be deter-
mined. By definition, these RRFs
are obtained from peak abundances of the product ion
fragments from the coeluting isomers and the related
interna standard using Equations (3), (4), (5), and (6).
The analyses of the four solutions presented in Table
2 were used to obtain RRFs. As described above, the
abundance ratios for the three pairs of coeluting PCB
isomers satisfying Equation (16) were quite stable
over the scans of an entire peak for any of the
coeluting PCB isomers. This ensured the religbility of
the peak areas used to calculate RRFs. These RRFs
would be used to calculate the concentrations of the
coeluting isomersin spiked and field samples.

Table 2. Average abundance ratios from the scans of an applicable peak at various calibra-

tion concentrations.?

20 ppb 50 ppb 100 ppb 200 ppb
lon Ratio PCB AVE SD AVE SD AVE SD AVE SD
2221257 42  0.65 0.10(14) 0.67 0.06(15)  0.65 0.07(17) 0.62  0.07 (18)
59  3.04 0.51(15) 3.74 059(17)  4.19 0.37(20) 4.16  0.48 (21)
290/327 153 056  0.14 (13) 053 0.11(17) 0.59 0.07(19) 0.62  0.09 (20)
168 1.29 0.23 (13) 1.50 0.25(19) 1.82 0.34 (20) 2.08 0.38 (22)
292/327 182 1.27 0.24(12) 1.47  0.16 (16) 1.50 0.17(20) 1.41  0.16 (21)
175 0.83  0.13(15) 0.96 0.11(17) 0.99 0.14(19) 0.92  0.13(23)

@ AVE = average; SD = standard deviation. The number in parentheses is the number of scans for the

chromatographic peaks.
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Table 3. Measured recoveries (%) of coeluting PCB congeners

from various spiked samples.

the congtraint in Equation (16)
were grictly satisfied.

Spiking Concentration (ng/mL)?

Analyses of Fish Liver

PCB  20/20  40/40 100/100 40/100 100/40 AVE® STDEV’ Samples

*) Upon vaidation, the anayti-

42 109.6 121 1218 1235 1265 1205 6.4 cal scheme was applied to the

59 845 109.4 1060 1052 1116  103.3 10.8 anaysis of the fish liver
samples. The focus of the

153 1349 130.2 1199 1323 1314  129.7 5.8 analysis was to determine the

168 65.2 84.7 92.8 91.2 61.2 79.0 14.8 concentrations of PCB 153 and
PCB 168 that coeluted under the

182 71.4 81.6 64.5 60.2 98.5 75.2 15.3 chromatographic conditions
ners were part of the 41-PCB

(B) congener list for aregional

10 98.6 1142 1309 1109 1328 1175 14.4 environmental survey on the

4 97.1 1226 1215 1146 1350 1182 13.9 Southern California Bight

coordinated by SCCWRP and

143 2389 2766 2721 553.6 1968 307.6 1412 participated in by more than 40

139 250  -425  -446 581  -72.9  -486 18.0 organizations in 1998 (Noblet et

203 6.0 4.6 33.9 44.3 60.1 29.8 24.2 ?l)lnzggg. IADEné)nfStsh(;?j IEC(::BB

196 226.1 2330 1938 1362 270.6 2119 50.4 168%verest’he only coeluting
isomers and were therefore

aThe spiking concentrations (n/m) are labeled as follows: n is the concen-
tration of the first isomer and m the concentration of the second isomer.

The recoveries of six pairs of coeluting PCB
congeners in five spiked solutions were calculated
from Equations (13) and (14) and the known spiking
concentrations (Table 3). In general, the three pairs
of co-eluting isomers (42/59, 153/168, and 182/175) in
compliance with Equation (16) exhibited better
recoveries than the other three pairs (4/10, 143/139,
and 196/203) not satisfying Equation (16). This
emphasi zes the importance of the constraint con-
tained in Equation (16) in achieving a unique math-
ematical solution to the two-component model (Zeng
and Yu 1996). Among the three pairsin compliance
with Equation (16), the measured recoveries were
fairly consistent, as indicated by the small values of
standard deviation (<15%). The recoveries were
best with PCB 42 and PCB 59 and appeared dispro-
portional to the RRFs (not shown). For the three
pairs not in compliance with Equation (16), only 10/4
showed reasonable recoveries and standard devia-
tions. The recoveries of the other two pairs were
highly unacceptable (the recoveries of PCB 139 were
even negative at all the spiking concentrations).
Therefore, the use of an analytical scheme to mea-
sure coeluting isomers would gain the best results if

critical for assessing the ecologi-
ca implications of PCB con-
tamination in the Southern
CdiforniaBight. Thisanayte list has aso been
adopted by the City of San Diego in its ocean moni-
toring program for the measurement of PCB conge-
ners in fish samples, but PCB 153 and PCB 168 have
been reported as one entity in the annua monitoring
report (City of San Diego 2001b).

Seven fish liver samples were processed and
analyzed by the San Diego laboratory. The concen-
trations of PCB 153 and PCB 168 were determined
using pesak areas from two product ions (n/z = 290
and 325) and Equations (13) and (14). Since the San
Diego laboratory used the external caibration method,
response factors instead of relative response factors
were used in Equations (13) and (14). It can be
shown that the concentrations of PCB 168 in the fish
liver extracts were essentialy zero (Table 4). The
chromatographic domain believed to comprise PCB
153 and PCB 168 actualy contained PCB 153 only.
This result might imply a different toxicity indication
from the routine PCB analysisin general, since PCB
153 was believed to possess a dightly higher toxicity
impact than PCB 168 (McFarland and Clarke 1989).
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Table 4. Concentrations of PCB 153 and PCB
168 in fish liver extracts.

Sample PeakArea Concentration (ppb)?

m/z 325 m/z290 PCB153 PCB168
1 118825 99566 80 -1.0
2 21394 18126 17 -0.2
3 17030 14855 13 0.1
4 29663 24129 23 11
5 33396 29550 25 0.6
6 23656 20154 18 -0.2
7 27611 24058 21 0.2

aCalculated using the peak areas and Equations (13)
and (14). Response factors required by Equations (13)
and (14) were obtained prior to the analyses of the fish
liver extracts.

LITERATURE CITED

Chou, C.C. 2000. Resolving coeluting isomersin gas
chromatographic analysis by tandem mass spectrometry.
Paper presented at the Millennium Tandem Mass Spec-
trometry Workshop, Chateau Lake Louise, Alberta, Canada.

City of San Diego. 2001a. Annual receiving waters monitor-
ing report 2000. San Diego, CA.

City of San Diego. 2001b. Point Loma Ocean Outfall Annual
Monitoring Report January-December 2000. San Diego,
CA.

Cochran, JW. and S.L. Reese. 1997. Optimized PCB
separations using GC/M S with unique, low-bleed station-
ary phase columns. Paper presented at the American
Society for Mass Spectrometry National Meeting. Palm
Springs, CA.

Frame, G.M. 1997. A collaborative study of 209 PCB
congeners and 6 Aroclors on 20 different HRGC columns.
Fresenius Journal of Analytical Chemistry 357: 714-722.

Harvey, D. 2000. Modern Analytical Chemistry. The
McGraw-Hill Companies, Inc. Columbus, OH.

J&W Scientific. 1996. GC Environmental Application Note
#E10. J&W Scientific Inc. Folsom, CA.

Larsen, B., S. Bjwadt and R. Tilio. 1992. Congener specific
analysis of 140 chlorobiphenylsin technical mixtureson
five narrow-bore GC columns. International Journal of
Environmental Analytical Chemistry 47: 47-68.

398 Gas chromatography

Leonards, P.E.G., U.A.T. Brinkman and W.P. Cofino. 1996.
The use of gas chromatography with ion-trap MS/MS
detection for the determination of planar PCBsin biotaand
sediment. Chemosphere 32: 2381-2387.

McFarland, V.A. and J.U. Clarke. 1989. Environmental
occurrence, abundance, and potential toxicity of polychlo-
rinated biphenyl congeners: Considerations for aconge-
ner-specific analysis. Environmental Health and Perspec-
tives 81: 225-239.

Mullin, M.D., C.M. Pochini, S. McCrindle, M. Romkes, S.H.
Safeand L. M. Safe. 1984. High-resolution PCB analysis:
Synthesis and chromatographic properties of all 209 PCB
congeners. Environmental Science and Technology 18:
468-476.

Noblet, JA., E.Y. Zeng, RW. Gosstt, C.R. Phillips, R.J.
Ozretich and R. Baird. 2002. Southern California Bight 1998
Regiona Monitoring Program: V1. Sediment chemistry.
Southern California Coastal Water Research Project.
Westminster, CA.

Pellizzari, E.D., M.A. Moseley and S.D. Cooper. 1985.
Recent advancesin the analysis of polychlorinated
biphenylsin environmental and biological media. Journal
of Chromatography 334: 277-314.

Schulz, D.E., G. Petrick and J.C. Duinker. 1989. Complete
characterization of polychlorinated biphenyl congenersin
commercia Aroclor and Clophen mixtures by multidimen-
sional gas chromatography-electron capture detection.
Environmental Science and Technology 23: 852-859.

Varian. 1995. Saturn 2000 GC/MS: Advanced M Stech-
niques. Varian Associates, Inc. Walnut Creek, CA.

Zeng, E.Y. and C.C. Yu. 1996. Measurements of linear
alkylbenzenes by GC/M S with interference from
tetrapropylene-based alkylbenzenes: Calculation of
quantitation errors using a two-component model. Envi-
ronmental Science and Technology 30: 322-328.



