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Abstract

A description of the system and characteristics of an
element-specific multi-element helium discharge detector for
gas chromatography is given. This detector was further
investigated through helium gas purification, infrared
wavelength, and excitation temperature experiments. The
detector was also applied to the identification and quan-
titation of individual polychlorinated biphenyl congeners
through a newly-developed technique which correlates an
experimental relative retention index to a similar index
published by another laboratory.

xi
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Chapter I

Element-selective Detectors for Gas Chromatography

Interest in element-specific multi-element detectors
for gas chromatography (GC) has increased greatly over the
past two decades. Such a detector should ideally provide
subnanogram limits of detection, a wide linear response to
analytes, tolerance to the passage of microliter volumes of
eluting solvent, minimum dead volume from the GC column to
the detector to minimize band broadening, and simplicity of
operation and construction.?! Signals should inherently be
stable, reproducible, and either similar in response to all
analytes or predictable and selective in response to one or

2 A final desirable but often

more groups of analytes.
unfeasible attribute is that the detector be nondestructive
to the sample.

Certain terms need to be defined before a description
of a specific detector can be satisfactorily given. These
terms include sensitivity, noise, detectability, selec-
tivity, linearity, response factor, and background current.
Sensitivity is the slope of the instrument response with
respect to the amount of analyte present. Noise generally
refers to random, short term peak-to-peak signal pertur-

bation. Determination of noise levels is important in fin-

ding the minimum measurable quantity of analyte and the



lower 1limit of the 1linear range.3 Detectability, or the
limit of detection, is described by the minimum amount of
analyte which can be detected above the noise 1level. 1In
general, the smallest detectable signal above the noise
level has been accepted as a factor of two although a more
conservative and reasonable requirement is a factor of
three. Selectivity, or specificity, 1is the ability to
measure analytes or groups of analytes on the basis of some
distinguishing physical property (e.g. atomic emission or
electronegativity). Detector 1linearity is the range of
sample concentration over which the detector sensitivity

remains constant.3

The response factor for an analyte is the
instrumental response measured against the response to an
internal standard. Finally, background current or dark
current is the continuous output signal generated by an
ionization or emission detector during operation with no
sample passing through.3

In giving an overview of the types of detectors
available for GC, it is conveniént to categorize them and to
make generalizations about each group. There are, however, a
number of ways to divide the various types. For instance,
detectors can be divided into three groups solely on the
basis of selectivity.4 Some detectors are rather non-
selective such as the catharometer and flame ionization
detectors. Others, such as the electron capture detector are
selective for certain compound classes (e.g. electronegative

functional groups). Finally, detectors such as the flame

photometric detector, microwave induced plasma, and mass



spectrometer are both specific and widely applicable.4

There are a number of different element-selective
detectors: thermionic, microcoulometric, flame photometric,
direct current plasma, inductively coupled plasma, and
microwave induced plasma detectors. Each of these detectors
possesses certain of the desired characteristics to varying
degrees.

The thermionic detector (TD) is selective toward nit-
rogen and phosphorus-containing organic compounds. In the
detector assembly a hydrogen/air mixture flows past an
electrically heated rubidium silicate bead, forming a flame

2 This detec-

with temperatures somewhere between 600-800°C.
tor has been very useful in the analysis of phosphorus-
containing pesticides but is not widely applicable to a
variety of elements. Because all substances have a unique
thermal conductivity, calibrated response factors are neces-
sary for accurate quantitation.3

In a microcoulometric detector (MCD) the sample
interacts with an electrochemically produced species, and
the detector cell measures the amount of current needed to
reestablish electrochemical equilibrium. The relationship
between chromatographic peak area and the total number of
coulombs required is used for quantitative analysis. Species
containing sulfur, nitrogen, and the halogens can be select-
ively determined using this technique. Detection limits for
this detector are usually in the nanogram range. Careful

optimization is required for accurate quantitation. The

coulometric reactions determine the selectivity.5



Flame photometric detectors (FPD) produce and excite
atoms and molecular species in an H2/02 flame similar to
that of a flame ionization detector with the primary d4dif-
ference that subsequent emissions are monitored as excited
species return to ground state energies. Detection limits
are very good and are often in the subnanogram range. FPD
has been used extensively for selective determination of
phosphorus, sulfur, and to some extent, for tin and other
metals. The detector's response to phosphorus-containing
compounds is linear, but the presence of two sulfur atoms in
S2 makes the response to a compound with one S atom proport-
ional to the square of the compound concentration. This
square relationship can be a guide to determining how many
sulfur atoms are present, although slopes have been observed
ranging anywhere from one to two. Unfortunately, this detec-
tor is plagued by flame flicker and subject to flame
extinction from large solvent volumes and high carrier gas
velocities. In order to achieve maximum reproducibility,
flow rates must be carefully monitored and controlled.
Sometimes it is necessary to vent the solvent or even to
reignite the flame.>

The inductively coupled argon plasma (ICP) is regarded
as the method of choice for trace level multi-element anal-
ysis of a variety of metals and certain nonmetallic

6 Long residence times of analytes in the plasma

elements.
and high temperatures, generally on the order of 5000K,
usually result in detection 1limits at nanogram levels or

less. GC-ICP has been found useful in the determination of



boron, carbon, hydrogen, iodine, phosphorus, silicon, and
sulfur. Vacuum ultraviolet atomic emission can be used to
detect bromine, chlorine, fluorine, nitrogen, and oxygen. In
addition, the ICP's ability to measure relative ratios of
elemental components in a sample makes it useful for the

6,7 ICP detectors are

determination of empirical formulas.
rather expensive (50-100K) and may not be the most cost
effective choice, particularly in a routine 1laboratory
setting. There is a great deal of similarity between direct
current plasma detectors (DCP) and ICPs. In fact, they have
comparable multielement capabilities, precision and similar
sample size requirements.8 Both of these detectors are also
susceptible to plasma extinction if large volumes of solvent
are introduced.

The microwave induced plasma detector (MIP) has been
demonstrated to be selective for over 30 elements in GC

? Excitation of a flowing carrier gas (usually

applications.
argon or helium) through a high energy microwave tuned
cavity produces a high temperature plasma which effectively
leads to fragmentation of compounds and excitation of atomic
species. Detection 1limits are quite good, generally at
nanogram to picogram levels. Unfortunately, the MIP has a
number of serious disadvantages. Spectral interferences
arising from CN, Cys and CH are problematic. Large solvent
volumes may extinguish the plasma. Frosting of the discharge
tube or devitrification caused by intense heat reduces

sensitivity. In addition, a number of parameters (e.g. flow

rate, power, observation area) should necessarily be



optimized for each element, thus the MIP's multielement
capability is somewhat overshadowed by its inability to
switch rapidly from the detection of one element to

5 MIPs, at this point, are still limited primarily

another.
to research applications and are not commercially available.

The detectors discussed above have proven to be quite
useful in certain applications, but each one has drawbacks
or limitations which detract from widespread analytical
acceptance, especially with regard to multi-element detec-
tion. With these problems in mind, we have continued
development of a helium discharge detector which satisfies a
good many of our requirements for a suitable element-
selective, multi-element detector for GC. This detector has
already been demonstrated to have equal or superior limits
of detection to the MIP for a number of elements without the

aforementioned problems.1



Chapter II
Helium Discharge Detector
i. System Description

A schematic diagram of the helium discharge assembly is
shown in Figure 1. The electrodeless discharge is formed
inside a 3 mm o.d. by 1 mm i.d. quartz tube which extends
from just below the support plate to approximately 2 cm
above a cylindrical stainless steel electrode which is
connected to an AC high voltage supply. A second stainless
steel electrode at the tip of the tube provides an ion path
for the discharge. The region of the tube between the two
electrodes 1is where emissions are monitored and is
considered the secondary or analytical discharge region. The
remaining part of the discharge surrounded by the
cylindrical electrode is the primary discharge. The quartz
tube is mounted on a stainless steel heater block which
serves to maintain GC column temperatures at the interface
between the GC oven and the discharge tube to reduce the

0 The helium which sustains the

risk of band broadening.?
discharge enters through an inlet perpendicular to the
discharge tube in the heater block. Each Swagelok fitting
connected to the heater block has been arc welded to prevent
the entrainment of atmospheric gases into the helium

stream.1



Figure 1
Schematic diagram of Helium Discharge Assembly
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Approximately 10 cm of the GC capillary's polymeric
coating must be stripped off with hot sulfuric acid to
prevent the formation of polymeric deposits on the walls of
the quartz tube. The GC capillary column is fed through the
discharge tube until the end of the capillary is even with
the top of the primary discharge region. Placement of the
capillary column exit at this point 1is a very important

11 The analyte stream is not

feature of this detector.
introduced into the primary discharge and hence cannot
affect the various excitation processes that produce ener-
getic species of helium. This method of sample introduction
is in direct contrast with that employed in other detectors
such as the DCP, ICP, and MIP in which the solvent and
analytes are introduced directly into the area where the
plasma is generated, resulting in possible plasma

9,12,13 mhe secondary discharge is perturbed by

extinction.
the introduction of samples and may undergo some cjuenching
during the passage of solvent; however, this condition is
only temporary due to continuous replenishment from the
primary discharge region.

A schematic diagram of the entire GC-HDD system is
shown in Figure 2. Optical emissions occurring in the secon-
dary discharge are focussed through a calcium fluoride lens
onto the collimating mirror of a 0.5m Czerny-Turner type
monochromator. Dispersed radiation from the monochromator
could be detected either by a photomultiplier tube or a

silicon photodiode detector, depending on the spectral

region under study. The photomultiplier tube utilized gives



Schematic Diagram of GC-HDD
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a uniform response from 250 to 800 nm. On the other hand,
the silicon photodiode detector functions well from the
ultraviolet to near infrared regions (200-1100 nm) but is
not as sensitive in response as the PMT. Typical operating
conditions and parameters for the discharge, spectrometric,
and gas chromatographic systems are outlined in Table 1. The
discharge power supply has been frequency tuned to 176 KkHz

to minimize reflected power.
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Table 1

Overview of Operating Parameters

Helium Discharge Detector

Helium flow rate
Voltage
Frequency

Load Power

60 mL/min
6500 V (RMS)
176 KkHz

65 W

* Model HPG-2 (ENI Power Systems)

Spectrometric System

Monochromator
Bandpass (fwhn)
Photomultiplier tube
PMT voltage
Amplifier

Integrator

Gas Chromatographic System

GC

Injection mode
Carrier gas
Column

0.5m (Minuteman, Model 305M)

0.22 nm (100 micron slits)

R758 (Hamamatsu)

1060 V (Keithley Model 247)

Keithley Model 485
picoammeter

Shimadzu Model CR3A

Carlo Erba Model 4180

On-column

Helium

DB~-5, 30m x 0.25 i.d.
(J&W Scientific)



14

ii. Excitation Processes

Excitation processes in the discharge are not
completely understood at this point. For the most part it is
believed that as the current passes through the helium in
the quartz tube, helium atoms may be excited by energy
transfer from electrons with sufficient energy to produce
metastable helium species. These metastable species can
remain for a considerable time in the excited state
(lifetimes up to 0.1 sec at atmospheric pressurgLif unless
some collisional event causes the species to lose energy
prematurely. Collisions of the metastable species with
analyte molecules lead to fragmentation and excitation:15
Through the monitoring of atomic emissions at a particular
analytical wavelength, elements of interest may be detected.
From the standpoint of serving as an effective energy car-
rier in excitation mechanisms, helium has an advantage over
other gases in that its ionization potential is 24.46,eV.16
In addition, two of the metastable helium states have

14

excitation energies of 19.73 and 20.53 eV. In contrast,

argon has an ionization potential of only 15.76 eV with

metastable states of 11.50 and 11.67 eV.14

Thus, the helium
discharge 1is a more appropriate choice for reactions
requiring higher excitation energies to populate particular

excited states.
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Chapter III

Spectral Characteristics and Multi-element Detection

In the ultraviolet region of the electromagnetic
spectrum there is considerable background emission observed
in the helium discharge. Between 190 and 450 nm emissions
are observed for a number of species including CO+, OH, NH,

and N;. In addition, CN and C, emissions can be observed

2
when carbon-containing species are introduced into the
discharge. Because these molecular species lead to enhanced
background emissions, selectivity ratios are calculated to
evaluate the utility of the analytical wavelengths for a
given element. In this case, the selectivity ratio is the
ratio of the amount of carbon necessary to give a signal
equivalent to a fixed amount of analyte. The selectivity
relative to carbon was observed to be poor for elements with
analytical wavelengths in the ultraviolet region.
Interfering emissions arise because of inherent impurities
in the helium gas stream. Such spectral interferences result
in observations of emissions at virtually any wavelength in
the ultraviolet region. Between 600 and 900 nm interferences
are primarily from atomic emissions (H, He, N, Ne, and O0)
which can readily be resolved from analyte emission signals.
Figures 3 and 4 show the type and extent of background

1

interferences from 200-900 nm~. Attempts to either correct
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Figure 4
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or circumvent these problems were made in the following

experiments.

i. Gas Purification

Experimental Procedure: Because impurities in the gas
stream are the major contributors to background emission,
attempts were made to purify the helium as much as possible.
Junctions of the gas line were sealed using graphite fer-
rules and Swagelok fittings to prevent entrainment of atmos-
pheric gases into the system. The gas transfer lines were
thoroughly heated to remove a film of moisture which was
suspected to exist on virtually all surfaces in the system.
A heated catalytic trap (Supelco Carrier Gas Purifier #2-
3800) was incorporated to remove water and oxygen. Addit-
ional traps (American Scientific #G5301-36 and G5301-4)
intended to remove oxygen, moisture, and trace hydrocarbon
impurities were also incorporated. Copper tubing (0.25"
o.d.) packed with molecular sieves and immersed in 1liquid
nitrogen was also investigated as a possible means of gas
purification. Emissions were monitored at common wavelengths
for hydrogen, oxygen, nitrogen, and helium after each method

of purification was given sufficient time to stabilize.

Results and Discussion: The wavelengths and relative
intensities of the monitored emissions are listed in Table 2
under headings which indicate the conditions employed. Table

2 also compares the intensity ratios for a number of element



Table 2

Relative Intensities Under Various Conditions

Element Run 12 Run 2b Run 3°€ Run 4d
He728 2180 3080 3360 3080
He-668 11100 15200 16200 16000
N868 1340 94 111 354
0.7.77 12100 2030 1010 3380
0845 4100 700 290 1020
H656 890 1610 585 770

Intensity Ratios Under Various Conditions
Wavelength pair Run 1 Run 2 Run 3 Run 4
He728 to N868 1.6 32.8 30.3 8.7
He728 to 0777 0.2 1.5 3.3 0.9
He728 to H656 2.5 1.9 5.7 4.0
O777 to H656 13.6 1.3 1.7 4.4
0845 to N868 3.1 7.4 2.6 2.9
He668 to He728 5.1 4.9 4.8 5.2

a

bLiquid nitrogen trap

cHeated catalytic trap (initial startup)
gHeated catalytic trap (overnight purge)

GC capillary column attached (w/catalytic trap)
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pairs under the conditions mentioned above.

The changes in the gas lines were successful in sig-
nificantly 1lowering the signals from impurities. Unfor-
tunately, some of the improvements were not as effective
upon inclusion of the GC capillary column, which invariably
increased the oxygen signal. Thus, while it is possible to
purify the helium to the point that impurity 1levels are
substantially lowered, the methods are of limited utility
due to gas flow from the GC. The intensity ratios reveal
that while the helium to impurity intensity levels change
dramatically, helium line ratios indicate that the helium
metastable composition of the discharge is not being sig-
nificantly altered by purification procedures. A marked
increase (50%) in the He line intensities was also observed

upon purification of the gas.

Conclusions: Research has proven that carefully con-
trolled 1levels of oxygen and nitrogen prevent carbon
deposits in the MIP assembly.17'18 Trace amounts of oxygen
and.nitrogen appear to scavenge carbon, especially during
the passage of solvent, and prevent the deposition of carbon
on the inner walls of the quartz tube. Although this occur-
rence has not been thoroughly investigated for the HDD, a
"natural" level of contamination may be preventing carbon
deposits from occurring on the quartz tube during elution of

the solvent in GC processes.
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ii. Alternative Analytical Wavelengths

Introduction: Because interfering emissions in the
ultraviolet region appear to be problematic, analytical
wavelengths in the near infrared region were investigated
for a number of elements to determine which wavelengths
might correspond to emissions which could prove useful as
analytical wavelengths and improve selectivity over non-

analyte emissions.

Experimental Procedure: Volatile compounds containing
elements of interest were placed in small glass vials and
pressurized to allow a constant flow of vapor to enter the
discharge through a capillary transfer line. The compounds
used for the corresponding element were tetrachloroethylene
(Cl), dibromomethane (Br), iodopropane (I), trimethyl phos-
phite (P), and carbon disulfide (S). Nitrogen present as an
impurity in the helium was also monitored. As the vapors
were swept through the discharge, atomic emission was
monitored until a constant signal was observed. Wavelengths
were subsequently scanned with the monochromator from 600 to
1100 nm. Signals were detected with a silicon photodiode
detector (Model 7183, Oriel Corporation). Pivonka et. al did
a similar study for the microwave induced helium plasma and

compiled lists of wavelengths for a variety of elements. 12
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Results: A typical scan for chlorine is shown in Figure
5 with the most intense chlorine emission wavelengths
labeled. The ten most intense wavelengths for chlorine,
bromine, iodine, nitrogen, phosphorus, and sulfur are listed
in Table 3 with their relative intensities. The intensities
given have been corrected for grating efficiency and detec-
tor response and have been normalized to the most intense

wavelength in each group.

Conclusion: This portion of our research revealed that
the analytical wavelengths being used for chlorine and
bromine (837.6 and 827.2 nm respectively) corresponded to
emissions which were only half as intense as those observed
at 912.1 nm for chlorine and 889.8 nm for bromine. In all
cases the most intense emissions in the HDD were the same as
those observed in the MIP study. Further research needs to
be conducted to test the analytical utility of these near
infrared wavelengths, especially for elements which have
been routinely detected in the ultraviolet region (C, P, S,
and I) but have been susceptible to poor selectivity. The
limiting factor in successfully conducting these experiments
has been access to a viable near infrared detector for the

HDD system.
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Chlorine Wavelength Scan

CI(I)
~ [ n ]
¢ B F
. .l :;llllll ILL
R B [ B TN S T I |
6c0 720 760 800
0 o O o T N o
-]
Att. x 20
('o —
o o
© o0
| L |l N 1LLt 1 lLL\ L
| . l ! ! | I N | ] I N l - 1
840 880 920 960

Wavelength (nm)

23



Table 3

Ten Most Intense Wavelengths for Elements

Scanned in the Near Infrared Region

CHLORINE

BROMINE IODINE
A(nm) REL. INT. A(nm) REL. INT. A(nm) REL. INT.
837.597 43.4 655.980 11.5 804 .374 1.0
842.827 1.9 734.851 10.6 889.850 1.1
857.527 2.4 827.244 54.6 905.833 64.4
858.599 12.5 834.370 8.3 911.391 3.2
894,801 32.5 847.745 13.1 933.505 2.0
912.112 100.0 863.866 31.0 965.306 43.7
919.167 17.3 882.526 35.2 973.173 100.0
939.381 8.7 889.762 100.0 980.089 1.7
958.477 15.7 917.816 21.0 1023.882 8.9
970.235 14.7 926.542 19.0 1046.654 23.6

24



Table 3 (continued)

Ten Most Intense Wavelengths for Elements

Scanned in the Near Infrared Region

NITROGEN PHOSPHORDS SULFUR

A (nm) REL. INT. A(rm) REL. INT. A(rm) REL. INT.
744,230 10.5 952.578 11.3 868.047 1.7
746.831 16.4 956.345 7.4 869.471 2.6
859.400 15.3 959.354 13.4 921.291 100.0
862.924 34.8 973.47 100.0 922.811 74.1
868.03 100.0 - 975.073 12.5 923.749 47.1
868.36 61.0 979.679. 29.3 941.346 1.3
868.64 27.1 1008.422 15.6 942.193 1.1
870.34 25.0 1045.590 23.4 964.994 1.1
871.18 28.3 1052.945 9.1 1045.679 9.5
871.90 20.6 1059.692 26.1 1045.946 5.4

25
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Chapter IV

Determination of Discharge Excitation Temperature

Introduction: In the evaluation of the discharge detec-
tor, a knowledge of the magnitude of the excitation tem-
perature can be informative with respect to comparisons to
other excitation sources and to the formulation of
excitation mechanisms. The discharge consists of helium gas
enclosed in a quartz tube in the presence of an electric
field which causes diffusion and migration of the species
present in the direction of the grounding electrode. This
moving gas stream is energized by the current passing
through it. Because of the ionized character of some of the
species, the vapor is often referred to as a plasma. Col-
lisions within the plasma result in the excitation and
relaxation of atoms, ions, and molecules. A portion of the
excited species may undergo non-radiative ‘processes but a
significant population 1is observed in the secondary
discharge.20

There are several temperature parameters which can be
examined. Electron temperature is dictated by the kinetic
energy of the electrons within the discharge. The gas tenm-
perature is defined by the kinetic energy of the neutral
atoms. Ionization temperature dictates the various

20

ionization equilibria. The fourth type of temperature, the
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one of concern in this research, is the excitation tem-
perature. The excitation temperature gives an estimate of
the populations of the different energy levels for a given

20 1¢ the discharge inside

species in the discharge medium.
the quartz tube is in thermal equilibrium with the inner
walls, then each particle type follows a Boltzmann
distribution:

n g

-=9-- = ——-9-exp(-Ey/kT) (1)

No 9o
where nq is the concentration in the excited state q, ng is

the concentration of ground state atoms, gq and g, are the

statistical weights of the corresponding levels, Eq is the

excitation energy of the state g, k 1is the Boltzmann

20 1he statis-

constant, and T is the absolute temperature.
tical weight is the probability of populating a given state
under the same conditions. The experimental section which
follows outlines the two methods wused to study the

excitation temperature of the discharge.

Slope method: An estimate of the excitation temperature
can be made by observing the spectral-line intensities of a
number of transitions for a given species. Assuming that the
excited state populations of a given species at the various
energy levels follow a Boltzmann distribution, an expression
may be written for the intensity of emission for a tran-

sition from upper state a to lower state b as
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in which d represents the depth of the source ( usually in
cm), A is the transition probability, v is the frequency of
the transition, h is Planck's constant, and Z 1is the sum

over states or the partition function, i.e.,

z2= YI g exp(-E/kT). (3

Upon rearranging and taking logarithms, it follows that

I d n E
In ——=2B___ - 1 oo h + 1n -—— - —=2-,  (4)
gaAabvab 4T Z kT

By using relative intensities and a relative transition

probability, the above expression can be simplified to

I n E
in ——-2b___ in === - ==2., (5)
gaA abVab 2 kT

If the simplified expression is applied to a collection of
spectral 1lines arising from either atomic, ionic, or
molecular emissions for a given species, a linear relation-
ship can readily be obtained.?2° A plot of 1n
(I'ab/gaA'abvab) versus E, results in a line with a slope
which can be used to calculate the excitation temperature,
as long as self-absorption is assumed to be negligible. The
values of n and 2 are constants and unnecessary for the
calculation. In our temperature experiments, plots of 1n
(gA/\I) versus the energy of the upper state were obtained.
The only consequence of this choice is the orientation of
the line, which in this case yields a slope of 1/kT. Table 4

lists the wavelengths used and their corresponding tran-
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sitions, upper state energies (cm'l), transition probabil-
ities, upper state statistical weights, and relative inten-
sities. Figure 6 is the Grotrian diagram for helium, which
shows the origin of many of the prominent He transitions
used in this study. The intensities used in these cal-
culations were adjusted both for grating efficiency and for

silicon photodiode detector response.

Two-line method: A second method of temperature deter-

mination is known as the two-line intensity method. The
ratio of the intensities from two emissions can be expressed

using equation 2, which upon rearrangement gives

lines in question. Upon taking the log of equation_ 6 and
rearranging, the following expression is obtained for cal-
culating the temperature from the intensities of two emis-
sions at anelengths a and b.
(0.434) (E_-E, ) /k
T = cmmmmmmmmmmemnll ol a_ R - . (7
log(ga),/(9h)y, - log(r /A,) - log(I /I,)

There are certain factors which must be taken into
consideration in choosing wavelengths to use in the cal-
culation. The relationship between (4T/T) and (dI/I), the

relative errors associated with the temperature measurement

and intensity ratios (Ia/Ib) respectively, can be written



Table 4

Helium Wavelength Information for Slope Method

WAVELENGTH TRANSTTION p(ah | amoh 5, RELATIVE"
(om) INTESSITY
383.87 3°p - 2% 185565 0.0948 9 &5
1
396.47 3°p - 215 191493 0.0719 3 0.4
k]
402.62 57D - 2°p 193917 0.116 1s 0.7
847.15 . ado - 2% 191445 0.265 1s 6.0
471.32 &35 - 2% 190298 0.0955 3 1.0
492.19 191647 0.198 s 1.0
1
S01.57 3p-2s | 1seno 0.134 3 4.6
. i3 .
$87.57 3°p - 2% 186102 0.705 15 91
1
667.82 37D - 2lp 186105 0.634 s 20
706.52 s - 2% 18323 0.279 3 100
728.14 als . 2% 184855 0.183 1 52

*A: 70 W; 60 ml/min He flow




Figure 6

Grotrian Diagram for Helium
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T (E,-Ep)/k 1

which suggests that there should be a large difference in

20 Also, enhanced

the excitation potentials of the two lines.
precision may be achieved by using a pair of lines whose
wavelengths differ very 1little, eliminating the necessity
for changes in instrument response. Finally, the ratio
(gA)a/(gA)b should be large so that extreme values for the
intensity ratio, I,/1;, will not be produced. The two lines
being considered should also come from the same species,
i.e. atomic or ionic.

The wavelength data in Table 5 were used to calculate
temperatures with the two-line method. Various wavelength
pairs were chosen with the aforementioned requirements in
mind, and temperatures from three wavelength ©pairs:
4921.9/5015.7, 6678.2/7065.2, and 7065.2/7281.4 (in
angstroms) were calculated and compared. Next, temperatures
were determined for the first two wavelength pairs after a

number of observations to check the reproducibility of the

methods.
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Table 5

Helium Wavelength Information for the
Two-line Intensity Method

Wavelenagth(A) Supper a(x10%s™1) Intensity* E(cm™}) v(ev)

4921.9 5 0.198 60.0 191447 23.74
5015.7 3 0.1338 12.0 186210 23.09
6678.2 5 0.6339 95.0 186105 23.07
7065.2 3 0.2786 180.0 183237 22.72
7281.4 1l 0.1829 96.0 184865 22.92

*Intensities corrected for grating efficiency
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Results: In the slope method, plots of 1n (gA/AI)
versus E , were obtained at a fixed flow rate of 60 ml/min of
helium at input powers of 30, 40, 50, 60, and 70 W. If all
eleven wavelengths were used in the calculations, a cluster
of three points consistently fell above the plotted 1line.
Figure 7 shows a representative graph for such data obtained
at 70 W. When these three points were arbitrarily discarded,
the correlation coefficients for the lines improved markedly
as demonstrated by Figure 8. Removal of the points also
affected the numericai value of the temperature, but because
this temperature-determination method should be regarded as
accurate to within no more than about +200K, the excitation
temperature during operation at standard conditions is
probably somewhere between 2500 and 2700K. All subsequent
temperature measurements were made with the eight-point
slope. Table 6 presents the results of this phase of the
experiment, and Figure 9 shows graphically the dependence of
temperature on power. It should be noted that at low powers,
approximately 30 W and lower, the discharge is difficult to
maintain and gives off an extremely faint glow compared to
its appearance under normal operating conditions. Next, the
power was held fixed at 70 W, and the flow rates 50, 80,
110, and 140 ml/min were used. As Table 7 demonstrates,
there does not appear to be any significant flow rate de-
pendence for the excitation temperature. It was also noted
that the temperature was fairly uniform throughout the
viewing region of the discharge from measuring cross sec-

tions of the tube from the top of the primary discharge to
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Table 6

Power Effect” on Excitation Temperature (K)

Eleven-point 5 Correlation
Power (W) Temperature Slope x 10 Coefficient
30 2572 55.926 0.932
40 2632 54.674 0.938
50 2679 53.715 0.967
60 2728 52.738 0.965
70 2767 51.997 0.968
Eight-point 5 Correlation
Power (W) Temperature Slope x 10 Coefficient
30 2324 61.904 0.996
40 2328 61.811 0.995
50 2430 59.196 0.997
60 2496 57.655 0.996
70 2517 57.130 0.996

* Flow rate = 60 ml/min



Table 7

Flow Rate Effect” on Excitation Temperature (K)

Flow Rate
(ml/min)

50
80
110
140

*Power = 70

Eight-Point
Temperature

2505
2549
2510
2543

Slope x 105

57.431
55.474
57.315
56.581

Correlation

Coefficient

0.997
0.989
0.996
0.994

38



N n N
— N (oY) H

Temperature (x10K)

rn
o

Figure 9

Power Dependence of Temperature

39

' ! ’ I ' I ' !

Flow rate : 60 mL/min




40

the grounding electrode.

Unfortunately, the two-line method appeared +to be
ﬁnsatisfactory compared to the slope method. The results of
this phase of the experiment provided no conclusive infor-
mation about the temperature whatsoever, and the
experiment's total 1lack of reproducibility, with tenm-
peratures ranging from approximately 860 to 1430K, is even

more damaging evidence of the method's failure.

Conclusion: Based -on the stringent requirements for
wavelength selection outlined earlier, the poor results
obtained by the two-line method may be attributed to the
difficulty of finding suitable wavelength pairs to give an
accurate reliable result. For this reason we concluded that
the slope method was indeed the method of choice for the
determination of the excitation temperature of helium in the
HDD.

Workman et. al studied the excitation temperature of a
microwave-induced helium plasma formed inside a laminar flow
torch by using the method of plotting iog (IXx/gA) versus
Eu'21 The results of the MIP experiments differed from the
HDD results in a number of ways. In their results tem-
peratures ranging from 5700-6700K were obtained at various
power and flow rate combinations. In addition their deter-
minations were made at five different positions across the
plasma's equator. According to their findings, intensity

measurements were found to be significantiy flow rate de-

pendent. Many of the helium 1lines incorporated in their
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study were used in our research. It is interesting to note
that while the HDD has considerably lower excitation tem-
peratures than the helium MIP, the limits of detection are
comparable or better for a number of elements, possibly
indicating that the excitation mechanisms involved in the

two plasmas are not the same.
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Chapter V
Analysis of Polychlorinated Biphenyls

Introduction: Of particular interest and concern to
environmental analytical chemists today is the study of
polychlorinated biphenyls (PCBs). Polychlorinated biphenyls
are produced commercially by chlorinating biphenyl with
anhydrous chlorine in the presence of a catalyst such as
ferric chloride or iron filings to yield a variety of PCB
mixtures. These mixtures are marketed under commercial trade
names such as Phenoclor, Clophen, and Aroclor. Each mixture
in the Aroclor series has a four-digit numerical desig-
nation, the first two numbers of which denote the molecular
type. The number 12 represents chlorinated biphenyls; 54
indicates terphenyls. There are also biphenyl/terphenyl
blends designated by 25 and 44 (75% and 60% biphenyl

22 Trace amounts of chlorinated terphenyl may

respectively).
also be present in mixtures which are intended to be
primarily composed of chlorinated biphenyls. The second pair
of numbers in the designation gives the weight percent of
chlorine in the mixture. As an example, Aroclor 1221 is a
combination of polychlorinated biphenyls which is 21%
chleorine by weight. Various mixtures of PCBs can be obtained
with 21%, 32%, 42%, 48%, and so on. The viscosity of the

sample increases directly with an increase in the chlorine



43

content so that mixtures may exist as liquids, reéins, and
even solids.

There are ten substitution sites on the biphenyl ring,
as shown below, giving rise to 209 possible congeners,

ranging from monochlorobiphenyls to decachlorobiphenyl. Each
5’ 6’ 2 3
4 4
3y 2 6 5

congener has been assigned a number according to a systenm
devised by Ballschmiter and Zell (Appendix A), thus the
option exists for listing the congeners numerically (1-209)
rather than by the more complicated and cumbersome
substitution patterns.

PCBs, until recently, were widely used in industry
because of their excellent physical properties including
good thermal stability, strong resistance to acids, bases,
and corrosive chemicals, general inertness, and insolubility

in water;23

In general, the Aroclors are very high boiling,
with boiling points ranging from 278°C for 1221 to 415°C for
1268. Because of their electrical properties PCBs were
widely used by the electrical industry in capacitors and
transformers as coolant insulation fluids. The
electrochemical properties of the PCBs have not been
thoroughly investigated, however, since the stability of the
molecules makes the determination of oxidation/reduction

23

potentials difficult. oOother applications have included use
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as plasticizers, heat transfer fluids, solvent extenders,
lubricants, and flame retardents.

Annual production of PCBs in the Western world was
estimated to have peaked at 100 million pounds in the 1late

1960s. 22

Their inherent and extreme resistance to deg-
radation has thus led to the persistent presence of PCBs in
the ecosystem as environmental contaminants. Although
commercial production of PCBs has been greatly curtailed,
these reductions do not offset the detrimental effects which
improper disposal techniques and spills have had on the
environment in recent years. PCBs have been detected at
significant levels in such a variety of matrices that they
are now regarded, along with DDE [1,1-dichloro-2,2-(bis p-
chlorophenyl)-ethane], as the most prevalent chlorinated

d.22

aromatic pollutants in the worl PCBs have even been

detected in humans, particularly in the adipose tissuez4,
and the hazardous nature and mutagenic properties of some of
the congeners are only beginning to surface.25’26’27

The difficult task of quantitating PCBs as environm-
ental contaminants is compounded by matrices in which the
PCBs are present such as soil, o0il, water, fish tissue,
blood etc . . . which also present challenges with respect
to sample cleanup and isolation of the PCBs. A number of
methods have been developed over the years for the deter-
mination and quantitation of PCBs. Quantitative methods can
be divided into non-selective and <congener-selective

categories.

Among the non-selective techniques are derivatization
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and pattern recognition. Two extremes have been demonstrated
for the derivatization technique. Cooke et.al described the
on-column catalytic reduction of PCBs to biphenyl before
determination by GC <coupled with mass spectrometry
(GC-MS).28 This method reportedly allows detection of
polychlorinated species at nanogram levels. A second method,
the perchlorination technique, is based on the conversion of
all PCB congeners present to decachlorobiphenyl. One disad-
vantage of this technique is that biphenyl is also
chlorinated, giving rise to artificially high quantitation
values.22/30/31 yojther of these techniques yields any
information on PCB composition or Aroclor identity.

Pattern recognition, on the other hand, is based on the
premise that a gas chromatogram is a fingerprint of the PCB
sample. Dunn and coworkers used chromatograms of Aroclors
1242, 1248, 1254, 1260 as models to categorize chromatograms
of "real" samples on the basis of similarities between their

32 Such an approach is an oversimplification

peak profiles.
and, in many cases, is not applicable to accurate quan-
titation because the PCBs originate from partially decom-
posed Aroclors, mixtures of Aroclors, or non-Aroclor
sources. 33

Congener-selective methods have primarily utilized the
GC/ECD And GC/MS combinations. The most widely used and most
sensitive technique involves separation through high
resolution capillary gas chromatography and subsequent
electron capture detection. The primary disadvantage of the

ECD for quantitative purposes is that the signals generated
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are not directly proportional to the mole quantities
present. Chlorine substitution patterns significantly affect
the magnitude of the signal observed using electron capture

detection.34

Cairns and Siegmund illustrated the problem of
disproportionate responses by comparing ECD signals for a
series of homologs. The differences in signals for a group
of dichlorobiphenyl isomers were especially noteworthy. One
figure showed peak heights for 1-ng samples of five dif-
ferent dichlorobiphenyls chromatographed under the same
conditions. Comparison of the peak heights gave a ratio of
1:1:4:4:2 for the five isomers.3? 1In order to quantitate
PCBs by GC-ECD the system must be calibrated either for all
209 congeners, using relative response factors to an
internal standard, or for some significant subset (i.e. 80
congeners) from which conclusions about the remaining

34 1n either case the groundwork for

compounds must be drawn.
the procedure is tedious, costly, time consuming, and lar-
gely instrument specific. Even after all this work is
carried out there is still the possibility that response
factors may change for a given instrument over time, resul-
ting in a need for re-calibration to ensure optimum
accuracy.

PCB mass spectra are distinctive because of the peak
clusters typical of chlorine-containing compounds. If PCBs
are present in sufficient quantity to yield a complete
spectra, unknowns may be identified upon comparison with

.spectra obtained from standards.>3?/3% while natural isotopic

abundance ratios do not vary, instruments and interferences
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may. For this reason ratios compared to standards are

37 GC-MS may be

sometimes more reliable than isotope ratios.
used for a quantitative peak-to-peak comparison of a PCB
sample to Aroclor reference standards. While the dispropor-
tionate responses observed with ECD are not a problem in MS,
detection with GC-MS is weight dependent; therefore, molar
sensitivity tends to decrease with increased molecular
weight.34

The helium discharge detector has been shown to be
highly viable for selective quantitation of individual PCB
isomers.3® 1ts application to the analysis of solutions

containing PCBs was the focus of the next phase of this

research.
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i. Overview of Published HDD Results for
PCB Determinations
Previous work in our 1laboratory (Appendix B) has
demonstrated that the HDD could be applied to a more direct
approach for quantitating individual PCB congeners. Congener
peak areas were converted to concentrations with the fol-

lowing equations:

From the internal standard peak area:

Peak area
Cl unit area = et e e e ———————
Concentration ( mg/ml)

From the congener peak area:

_ (PCB Area) (g PCB/mol PCB)*
Concentration (ug/ml) =  —————eec—————-- . mmmme———————————
(Cl unit area) (g C1 /mol PCB)

* Congener identity or number of chlorines must be known

Solutions containing known concentrations of twenty-nine
congeners were tested using tetrachlorobenzene (TCB) and
hexachlorobenzene (HCB) as internal quantitative standards.
Table 8 contains the results of this experiment. An average

error of + 3.2% was obtained for the congeners studied.



PCB Congener Concentrations Determined by HDD
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Concentration
(#ng/ml)
Known Found
7.32 7.14
5.96 5.59
4,55 4.56
1.74 1.77
6.02 5.97
6.82 6.88
1.23 1.32
4.44 4.49
5.25 4.98
0.98 1.00
3.62 3.56
1.12 1.11
6.43 6.67
3.80 3.75
6.36 6.11
5.38 5.09
2.96 2.97
2.13 2.04
0.912 0.933
4.03 3.72
4.80 4.79
5.91 5.90
1.98 1.90
5.58 5.35
5.00 4.72
3.62 3.82
4.34 4.58
3.98 3.68
1.00 1.02
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3Error

—2.44
-6.17
0.22
1.54
-0.84
0.92
7.45
1.20
5.20
2.00
-1.64
-1.16
3.69
-1.35
-3.88
-5.31
0.65
-4.38
2,33
-7.73
-0.28
-0.14
-3.87
-4.16
-5.64
5.51
5.68
-7.55
2.00
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The total area generated in Aroclor chromatograms could
also be correlated to the area of the internal standards to
give the weight percent of chlorine present without any
prior knowledge of the identity of the individual congeners.
These results were compared to a potentiometric procedure39
developed in our laboratory for the determination of halogen
content in organic compounds. (Appendix C) The Aroclors'
chlorine percentages agreed well with the nominal percent-
ages as shown in Table 9.

The primary advantage of the HDD for PCB quantitation
is the fact that chromatographic peak areas are directly
proportional to the relative moles of chlorine present.4°
Consequently, relative response factors can be eliminated.
Furthermore, only chlorine-containing compounds will be

detected, further simplifying the potentially complex

chromatography associated with real samples.
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Table 9

Chlorine Composition Determined for Aroclors38/40

Titrationa GC-=-HDD a
Aroclor $ Cl expt. %C1 expt. %Cl
1221 21 21.5(0.4) 21.7(0.4)
1232 32 31.9(0.6) 32.0(0.3)
1242 42 42.6(0.2) 42.3(0.5)
1248 48 47.6(0.4) 48.1(0.2)
1254 54 53.8(0.4) 53.4(0.4)

@Mean from three determinations (+ average deviation)
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ii. Identification and Quantitation of
Individual PCB Congeners

The primary disadvantage of quantitating the individual
congeners by this method, as shown in the aforementioned
formulas, is that the congener identity must be known. At
the very least, the number of chlorine atoms on the biphenyl
ring must be known so that the mole amount of chlorine
determined for a given peak, through comparison with the
internal standard, can be converted to moles of PCB
congener.

The most common method of identification by GC is the
use of a relative retention index where the PCB retention
times are converted to a relative scale dictated by internal
retention standards. Such a procedure, in this case, would
be very tedious and expensive if all 209 congeners were
evaluated. Nevertheless, Mullin et. al completed the syn-
thesis of all 209 congeners and compiled a relative reten-
tion index (Appendix D) based on the PCB retention time in

relation to octachloronaphthalene (OCN).41

They were able to
separate 187 PCBs using a 50m narrow-bore, SE-54 fused
silica capillary column, leaving eleven pairs incompletely
resolved. The following discussion demonstrates how Mullin's
relative retention data base could be correlated to our
experimental conditions for the separation, identification,

and quantitation of individual PCB congeners in Aroclor

samples.
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Experimental Procedure: Solutions containing a subset
of thirty-six congeners, covering the entire range of
chlorination, were spiked with TCB and OCN as retention
markers. Relative retention times were calculated from the

ratio

PCB time - TCB time

OCN time - TCB time

TCB elutes well before any of the PCB congeners, and OCN
elutes after all of the congeners except octachlorobiphenyl
206 and decachlorobiphenyl. Chromatograms were obtained

1_280°C(15min).

using a temperature program of 65°c-6°cmin”
Averages were calculated for relative retention times of

duplicate runs.
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Results and Discussion : Reproducibility of the reten-

tion index was very good with an average deviation of 0.0005
retention units and no deviations greater than 0.003 units.
Table 10 shows the congeners studied along with experimental
and literature relative retentions.

The thirty-six congeners used can easily be identified,
but the results themselves give no information about the
remaining 173 PCBs. A plot of the literature values as a
function of the experimental data is shown in Figure 10. The
correlation appears linear over a portion of the curve,
however, significant deviations from linearity were observed
in both the upper and lower ends of the graph, giving it the
appearance of an elongated S. The fact that the plot
contained virtually no random scattering of points suggested
that some mathematical expression could be formulated to
approximate the curve and allow interpolation of
experimental/literature values. Thus, the function could be
used to calculate a predicted literature value from which
the experimental data would reveal the identity of the

unknown congener.



Table 10

PCBs and Relative Retention Times

BZ# Experiment Literature
1 0.1386 0.1544
3 0.1996 0.1975
10 0.2316 0.2243
7 0.2671 0.2566
30 0.3299 0.3165
18 0.3480 0.3378
15 0.3514 0.3387
24 0.3646 0.3508
54 0.3930 0.3800
26 0.3995 0.3911
31 0.4085 0.4024
50 0.4095 0.4007
33 0.4236 0.4163
21 0.4238 0.4135
52 0.4551 0.4557
49 0.4612 0.4610
65 0.4722 0.4671
40 0.5096 0.5102
61 0.5303 0.5331
70 0.5321 0.5408
66 0.5376 0.5447
88 0.5431 0.5486
60 0.5596 0.5676
101 0.5676 0.5816
97 0.5949 0.6100
116 0.6024 0.6132
136 0.6098 0.6257
77 0.6125 0.6295
143 0.6546 0.6789
153 0.6660 0.7036
105 0.6765 0.7049
183 0.7273 0.7720
171 0.7621 0.8089
202 0.7652 0.8089
207 0.8991 0.9423
209 1.0496 1.0496
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Figure 10

Correlation of Experimental and Literature

Relative Retention Indices
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First attempts at finding a function involved using a
linear least squares analysis. Predicted values were excep-
tionally poor at the ends of the graph. The deviations at
each end also affected predictions in the linear region and
gave poor results.

A Hewlett-Packard regression analysis routine was then
utilized which builds a polynomial regression model of the
form

2 n

y(x) = a, + a;x + a x + . . .+ a x

where n is less than or equal to six and coefficients are
computed using the Cholesky method which factors the sum of

42 Experimental values

squares and cross-products matrix.
were used as the independent wvariable and literature values
as the dependent variable to obtain coefficients for a
fourth degree polynomial. This method worked fairly well in
the central portion of the graph, however, unacceptable
differences were still found at the ends.

A third method which appeared to have a strong poten-
tial for successfully identifying a useful function for the
curve was a simplex optimization method. This simplex method
is a sequential optimization technique +that involves
repeated observations of a system response to selected
variables, selection of new values for the variables, fol-
lowed by further observation, and so on.43 For a two
variable problem the procedure can be described as one of
tracking on a response surface whose three axes correspond

to variable 1, variable 2, and the response. This method of

tracking is called the simplex, a geometric figure with one
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‘more vertex than the number of variables. Figure 11 shows a

typical simplex in two dimensions.43

Figure 11. Simplex on Response Surface?3
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A new simplex may be constructed next to an existing
one by rejecting one of the three original vertices and
creating a new vertex to replace it. Thus the simplex moves
about the factor space and samples response values as it
progresses. Because the simplex must move toward a better
region of the factor space, in a step-wise manner individual
vertices corresponding to the most undesirable responses are
rejected and replaced with their mirror images through
reflection across the face formed by the remaining two
vertices. The simplex continues tracking about in this
fashion until the best coefficients are obtained for the

function being studied.



59

The graph, previously shown in Figure 10, bears some
resemblance to both hyperbolic tangent and inverse tangent

43 (Appendix E),

functions. A Fortran simplex program by Jurs
was processed on an AT&T 3B2 microcomputer for coefficient
determinations in the simplex optimization. Estimated coef-
ficients for the target functions were substituted into the
program as starting points. For example, in the case of the

inverse tangent, the function
y — a = c¢c [ arctan (x-b) ]

was employed in which the parameters being optimized were a
and b, the offset values, and ¢ the amplitude. The expres-
sions resulting from optimization again provided good
agreement except at the ends of the graph. An alternative
method was attempted in which the data set was divided into
two segments at about 0.6 relative retention units along the
experimental axis where a point of inflection occurred.
Coefficients for a third degree polynomial were approximated
for each segment of the graph. The polynomial equations
obtained, in which y is the predicted literature value and x

is the experimental relative retention index, were as fol-

lows:

Experimental Relative Retention Index < 0.6:

y = 0.08809 + 0.2691x + 1.618x% - 1.004x°>

Experimental Relative Retention Index > 0.6:

y = 0.2710 - 0.6117x + 2.905%x% - 1.549x°
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Table 11 1lists the PCBs studied, the 1literature values,
corresponding polynomial predictions, and residuals. Figure
12 shows a plot of these residuals as a function of the
experimental relative retention index. Predicted relative
retention values agreed well with literature values for most
of the congeners studied. an average residual error of +
0.0023 units, or an average relative error of + 0.44% was
obtained. Considering that the average residual error is
less than the index differences for most of the PCB
congeners (see Appendix D), we felt that the curve-fitting
equation developed was adequate for fairly reliable iden-

tification of PCB congeners in complex samples.



Table 11

Comparison of Literature Relative
Retentions and Polynomial Predictions

Literature Prediction Residual % Error
0.1544 0.1541 -0.0003 0.19
0.1975 0.1985 0.0010 0.51
0.2243 0.2251 0.0008 0.36
0.2566 0.2566 0.0000 0.00
0.3165 0.3171 0.0006 0.19
0.3378 0.3359 -0.0019 0.56
0.3387 0.3397 0.0010 0.30
0.3508 0.3532 0.0024 0.58
0.3800 0.3836 0.0036 0.95
0.3911 0.3902 -0.0009 0.23
0.4007 0.4018 -0.0011 0.27
0.4024 0.3999 -0.0025 0.62
0.4135 0.4168 0.0033 0.80
0.4163 0.4170 0.0007 0.17
0.4557 0.4511 -0.0046 1.01
0.4610 0.4581 -0.0029 0.63
0.4671 0.4709 0.0038 0.81
0.5102 0.5137 0.0035 0.69
0.5331 0.5366 0.0035 0.66
0.5408 0.5389 -0.0019 0.35
0.5447 0.5450 0.0003 0.06
0.5486 0.5513 0.0027 0.49
0.5676 0.5704 0.0028 0.49
0.5816 0.5791 -0.0025 0.43
0.6100 0.6098 -0.0002 0.03
0.6132 0.6188 0.0056 0.91
0.6257 0.6279 0.0022 0.35
0.6295 0.6305 0.0010 0.16
0.6789 0.6814 0.0025 0.37
0.7036 0.7028 -0.0008 0.11
0.7049 0.7070 0.0021 0.30
0.7720 0.7735 0.0015 0.19
0.8089 0.8120 0.0031 0.38
0.8089 0.8106 0.0017 0.21
0.9423 0.9436 0.0013 0.14
1.0496 1.0380 -0.0116 1.11



Residual Error

Figure 12

Plot of Residual Error versus Experimental
Relative Retention Indices
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iii. Aroclor Analysis

Experimental Procedure: Solutions containing a series
of Aroclors (Alltech Associates) were prepared in hexane at
concentrations of 25.0 ng/ml and spiked with HCB and TCB,
each at a concentration of 1.00 ng/ml. OCN was also added as
an internal standard for the retention index. The solutions
for Aroclors 1221, 1232, 1242, 1248, and 1254 were
chromatographed using the same temperature program employed

1-280°C(15min)]. Congeners were

previously [65°c-6°Cmin”
tentatively identified by a polynomial f£fit to Mullin's

retention index as previously described.

Results and Discussion: Identification of <the PCBs
present in each Aroclor made it possible to determine the
amounts and weight percents of each congener present. The
results of this study are given in Tables 12-16. Figure 13
shows representative chromatograms and the characteristic
shifts of the peak clusters. In each chromatogram a majority
of the peaks were identified by the polynomial fit to
Mullin's data for each Aroclor. Only a few peaks gave poly-
nomial predictions which did not match literature values. In
these cases unknown compounds were considered to be
impurities. Results of calculations of the total chlorine
weight percentage for each sample agreed with the nominal
Aroclor percentages, indicating that quantitation could be
undertaken successfully. A + 0.003 index-unit window was

used on the polynomial prediction relative retention times
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for matching to literature values. In some cases several
congeners were considered in the identification for one peak
due to very similar retention indexes. In most cases the
congeners were in the same homolog group, thus variances in
percent compositions were not applicable. In a few cases the
multiple peak identities gave congeners in different homolog
classes, which gave slight variations in the overall weight
percent composition of the Aroclors. Numbers given in paren-
theses were not used in homolog weight percent calculations
and were eliminated primarily because literature data did

not confirm their presence.



Figure 13

Comparison of Aroclor Chromatograms
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Table 12

Analysis of Aroclor 1221

Average Average Average Comparable
Retention Relative Polynomial Literature Average
Peak Time(min) Retention Prediction Values BZ# Weight%

1 18.225 0.1386 0.1538 0.1544 1 34.5

2 19.753 0.1935 0.1934 0.1937 2 3.3

3 19.913 0.1990 0.1980 0.1975 3 17.3

4 20.798 0.2310 0.2242 0.2243 10 6.2
0.2245 4

5 21.793 0.2666 0.2564 0.2566 7 2.8
0.2570 9

6 22.210 0.2816 0.2697 0.2709 6 3.1

7 22.450 0.2902 0.2779 0.2783 8 10.6
0.2785 5

8 23.965 0.3446 0.3319 0.3319 13 1.1

9 24.175 0.3521 0.3396 0.3387 18 4.0
0.3398 15

10 24.813 0.3750 0.3636 0.3636 32 0.9

11 25.820 0.4112 0.4025 0.4024 31 1.9
0.4031 28

12 26.198 0.4247 0.4173 0.4170 20 0.9

13 26.470 0.4345 0.4281 0.4267 22 0.4

14 27.095 0.4569 0.4531 0.4510 69 0.4

15 27.840 .0.4537 0.4831 0.4832 44 0.3

16 28.288 0.4997 0.5013 0.4999 64 0.3

17 29.238 0.5369 0.5401 0.5407 70 0.3
0.5408 76

18 29.378 0.5388 0.5457 0.5447 66 0.4
0.5464 80

0.5464 95
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Table 13
Analysis of Aroclor 1232

Average Average Average Comparable
Retentlion Relative Polynomial Literature Average
Peak Time(min) Retention Prediction Values BZ# Weight$%

1 18.260 0.1384 0.1537 0.1544 1 17.9

2 19.803 0.1938 0.1937 0.1937 2 1.7

3 19.965 0.1996 0.1983 0.1975 3 10.3

4 20.840 0.2310 0.2242 0.2243 10 4.9
0.2245 4

5 21.843 0.2670 0.2562 0.2566 7 1.9
0.2570 9

6 22.250 0.2817 0.2698 0.2709 6 2.3

7 22.493 0.2904 0.2781 0.2783 8 9.5
0.2785 5

8 23.288 0.3189 0.3059 0.3045 19 0.4

9 24.013 0.3449 0.3322 0.3315 13 0.8

10 24.155 0.3508 0.3383 0.3378 18 (8.8)
0.3387 15 11.5

11 24.538 0.3638 0.3518 0.3521 27 0.3

12 24.855 0.3751 0.3637 0.3636 32 3.0

13 25.538 0.3997 0.3900 0.3911 26 0.6

14 25.865 0.4114 0.4027 0.4024 31 7.3
0.4031 28
0.4035 21

15 26.253 0.4253 0.4180 0.4170 20 3.5
0.4187 53 (3.0)

16 26.520 0.4349 0.4286 0.4267 22 1.7

17 26.705 0.4415 0.4359 0.4334 45 (0.5)
0.4375 36 0.6

18 26.985 0.4516 0.4471 0.4450 46 0.2
0.4488 39 (0.2)

19 27.130 0.4568 0.4530 0.4510 69 1.9

0.4554 73
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Table 13
Analysis of Aroclor 1232 (continued)

Average Average Average Comparable
Retention Relative Polynomial Literature Average
Peak Time(min) Retention Prediction Values BZ# Weight$%

20 27.298 0.4628 0.4596 0.4593 38 1.8

21 27.433 0.4677 0.4651 0.4651 48 1.0

22 27.880 0.4837 0.4832 0.4832 44 1.9

23 28.005 0.4882 0.4883 0.4870 42 1.7

24 28.323 0.4996 0.5012 0.4999 64 1.8

25 28.623 0.5104 0.5134 0.5142 103 0.4

26 29.145 0.5291 0.5347 0.5341 74 0.7

27 29.280 0.5340 0.5403 0.5407 70 1.9
0.5408 76

28 29.413 0.5387 0.5456 0.5464 80 1.8
0.5464 95

29 30.000 0.5598 0.5697 0.5676 56 1.5
0.5676 60

30 30.213 0.5675 0.5774 0.5779 89 0.6

31 30.413 0.5747 0.5865 0.5862 113 0.2

32 30.990 0.5954 0.6100 0.6100 97 0.1
0.6105 86

33 31.163 0.6016 0.6171 0.6171 115 0.2
0.6175 87

34 31.518 0.6143 0.6324 0.6314 110 0.3
0.6349 154 (0.3)

35 32.370 0.6449 0.6692 0.6693 118 0.3

36 33.290 0.6779 0.7088 0.7078 127 0.1
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Table 14
Analysis of Aroclor 1242

Average Average Average Comparable
Retention Relative Polynomial Literature Average
Peak Time(min) Retention Prediction Values BZ# Weight$%

1 18.265 0.1384 0.1537 0.1544 1 0.6

2 20.853 0.2313 0.2245 0.2243 10 3.5
0.2245 4

3 21.848 0.2671 0.2562 0.2566 7 0.8

4 22.260 0.2819 0.2700 0.2709 6 1.4

5 22.498 0.2904 0.2781 0.2783 8 7.1

6 23,285 0.3187 0.3057 0.3045 19 0.8

7 24.000 0.3444 0.3317 0.3315 13 0.2

8 24.165 0.3508 0.3383 0.3378 18 12.8
0.3387 15 (16.6)

9 24.540 0.3637 0.3517 0.3508 24 0.5
0.3521 27

10 24.868 0.3755 0.3642 0.3636 32 5.2

11 25.518 0.3989 0.3892 0.3911 26 1.2

12 25.613 0.4023 0.3928 0.3937 25 0.7

13 25.865 0.4114 0.4027 0.4024 31 13.1
0.4031 28

14 26.263 0.4256 0.4183 0.4170 20 6.4
0.4187 53 (5.4)

15 26.523 0.4350 0.4287 0.4267 22 3.0

16 26.710 0.4417 0.4361 0.4375 36 1.2

17 27.015 0.4527 0.4483 0.4488 39 0.4

18 27.148 0.4574 0.4536 0.4510 69 3.7
0.4554 73
0.4557 52

19 27.313 0.4634 0.4603 0.4593 38 (3.5)
0.4610 49 3.0

20 27.443 0.4680 0.4655 0.4651 48 2.3
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Table 14

Analysis of Aroclor 1242 (continued)

Average Average Average Comparable
Retention Relative Polynomial Literature Average
Peak Time(min) Retention Prediction Values BZ# Weight%
21 27.900 0.4844 0.4840 0.4832 44 3.6
22 28.025 0.4889 0.4891 0.4870 42 3.1
23 28.333 0.5000 0.5016 0.4999 64 3.7
24 28.640 0.5110 0.5142 0.5142 103 0.7
25 29.005 0.5241 0.5292 0.5290 63 0.1
26 29.168 0.5300 0.5357 0.5341 74 1.8
27 29.285 0.5342 0.5405 0.5407 70 3.8
0.5408 76
28 29.430 0.5394 0.5465 0.5464 80 4.3
0.5464 95
29 29.675 0.5482 0.5565 0.5562 55 0.3
30 30.025 0.5608 0.5708 0.5676 60 3.2
31 30.233 0.5682 0.5792 0.5779 89 1.4
0.5814 90
32 30.428 0.5752 0.5871 0.5862 113 0.6
0.5880 99
33 30.990 0.5954 0.6099 0.6100 97 0.5
0.6105 86
34 31.163 0.6016 0.6171 0.6171 115 0.5
_ 0.6175 87
35 31.320 0.6073 0.6240 0.6243 148 0.3
36 31.508 0.6140 0.6320 0.6314 110 1.2
37 31.913 0.6286 0.6496 0.6499 151 0.3
38 32.380 0.6454 0.6698 0.6693 118 0.8
0.6707 139 (0.7)
0.6707 140
39 33.330 0.6784 0.7094 0.7078 127 0.6
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Table 15
Analysis of Aroclor 1248

Average Average Average Comparable
Retention Relative Polynomial Literature Average
Peak Time(min) Retention Prediction Values BZ# Weight%
1 20.915 0.2277 0.2214 0.2243 10 0.3
0.2245 4
2 22.571 0.2865 0.2745 0.2709 6 0.8
0.2783 8
3 24.219 0.3447 0.3320 0.3315 13 7.4
4 24.952 0.3706 0.3590 0.3625 16 2.1
5 25.952 0.4059 0.3967 0.3937 25 8.5
6 26.362 0.4207 0.4130 0.4135 21 3.8
7 26.530 0.4270 0.4199 0.4187 53 0.2
8 26.616 0.4293 0.4225 0.4242 51 1.4
9 26.820 0.4367 0.4304 0.4334 45 1.2
10 27.095 0.4463 0.4411 0.4450 46 0.4
11 27.247 0.4516 0.4471 0.4450 46 7.1
0.4488 39 (8.4)
12 27.413 0.4575 0.4537 0.4510 69 5.3
0.4554 73
0.4557 52
13 27.554 0.4625 0.4593 0.4593 38 2.7
0.4587 43
14 28.006 0.4784 0.4773 0.4757 104 5.8
15 28.136 0.4830 0.4824 0.4832 44 2.5
16 28.444 0.4941 0.4950 0.4984 72 5.5
0.4989 71
0.4990 41
17 28.753 0.5048 0.5071 0.5057 96 1.0
18 29.289 0.5237 0.5286 0.5290 63 2.7
19 29,397 0.5276 0.5329 0.5331 61 7.2
0.5331 94 (6.5)
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Table 15
Analysis of Aroclor 1248 (continued)

Average Average Average Comparable
Retention Relative Polynomial Literature Average
Peak Time(min) Retention Prediction Values BZ# Weight%

20 29.530 0.5323 0.5383 0.5407 70 8.3
0.5408 76

21 29.807 0.5420 0.5494 0.5486 88 0.8

22 30.163 0.5546 0.5637 0.5666 155 4.2

23 30.373 0.5620 0.5722 0.5742 92 3.8
0.5744 84

24 30.563 0.5687 0.5798 0.5779 89 1.5
0.5814 20
0.5816 101

25 30.934 0.5818 0.5946 0.5968 119 0.2
0.5969 150 (0.1)

26 31.140 0.5891 0.6029 0.6024 78 1.4
0.6029 83

27 31.302 0.5948 0.6093 0.6100 97 1.3

28 31.347 0.5953 0.6099 0.6105 86 0.9

29 31.467 0.6006 0.6159 0.6149 81 0.7
0.6149 145
0.6150 117

30 31.503 0.6008 0.6162 0.6171 115 0.5
0.6175 87

31 31.653 0.6072 0.6239 0.6243 148 2.9

32 32.373 0.6315 0.6531 0.6563 135 0.1
0.6563 144

33 32.547 0.6388 0.6619 0.6608 147 2.2
0.6626 108

34 33.304 0.6655 0.6940 0.6955 146 0.2

35 33.467 0.6713 0.7009 0.7016 184 1.5

36 34.265 0.6994 0.7342 0.7329 137 0.4



BW NP

N,

Average

27.262
27.429

28.020
28.460

29.289
29.430
29.576

29.818
30.183
30.384
30.580
30.966
31.157

31.330
31.492

31.646
32.081

32.262
32.371

Table 16

Analysis of Aroclor 1254

Average
Retention Relative

Peak Time(min) Retention Prediction

0.4527
0.4588

0.4786
0.4953

0.5246
0.5295
0.5347

0.5433
0.5562
0.5633
0.5702
0.5839
0.5907

0.5968
0.6025

0.6091
0.6233

0.6298
0.6336

Average

0.4484
0.4551

0.4774
0.4962

0.5295
0.5352
0.5411

0.5508
0.5655
0.5736
0.5815
0.5970
0.6046

0.6115
0.6182

0.6261
0.6432

0.6511
0.6556

Comparable
Polynomial Literature

Values

0.4488
0.4554
0.4557
0.4757
0.4984
0.4989
0.4990
0.5290
0.5341
0.5407
0.5408
0.5415
0.5518
0.5666
0.5742
0.5744
0.5814
0.5816
0.5968
0.5969
0.6029
0.6062
0.6105
0.6175
0.6183
0.6256
0.6257
0.6453
0.6499
0.6563
0.6563

73

Average
BZ# Weight$%
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73
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Table 16
Analysis of Aroclor 1254 (continued)

Average Average Average Comparable
Retention Relative Polynomial Literature Average
Peak Time(min) Retention Prediction Values BZ# Weight%
20 32.554 0.6401 0.6635 0.6628 107 12.1
21 32.917 0.6529 0.6788 0.6789 143 0.5
0.6781 134
22 33.120 0.6601 0.6875 0.6871 122 0.8
0.6871 133 (0.8)
23 33.340 0.6679 0.6968 0.6968 161 4.5
24 33.471 0.6725 0.7023 0.7016 184 (5.0)

0.7035 132 5.3
0.7036 153
? -—

25 33.763 0.6828 0.7146 2 -
26 33.809 0.6845 0.7166 ? - -
27 34.012 0.6916 0.7250 ? - -
28 34.071 0.6944 0.7283 0.7284 130 0.7
29 34.302 0.7019 0.7372 0.7396 160 8.1
0.7396 163
30 35.247 0.7353 0.7760 0.7761 128 1.8
31 35.675 0.7505 0.7934 0.7965 174 0.3
0.7968 181
32 36.037 0.7632 0.8076 0.8089 171 0.8
0.8089 202 (0.8)
33 36.593 0.7830 0.8295 0.8293 197 0.4
34 36.639 0.7846 0.8312 ? -- -
35 37.732 0.8233 0.8720 0.8740 170 0.5

0.8740 190
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Table 17 gives a comparison of the experimental homolog
weight percent distributions for five of the Aroclors to an

23 The

average distribution reported in the 1literature.
average number of chlorine atoms per molecule, the chlorine
weight percents, and the approximate molecular weight of the
different Aroclors are also given. Experimental values are
in parentheses. The agreement between experimental and
average values in virtually all cases was good to excellent,
indicating that the identification and quantitation methods
used were appropriate.

Differences in experimental and average 1literature
values are readily accounted for by the variations
associated with PCB mixtures. Although peak patterns for a
given Aroclor are generally very similar from one batch to
another, the composition of the mixture can vary markedly
from lot to lot, as well as from brand to brand, with res-

33,44 For

pect to the amount of individual congeners present.
this reason PCB data in the chemical 1literature may be
regarded as quite useful qualitatively but only as somewhat
helpful quantitatively.45 An example of this point is
demonstrated in Table 18 which gives a comparison of
literature data for analyses of Aroclor 1242 from three
different literature sources, as well as data from our own

laboratory.44’46'47
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Table 17

Average Molecular Composition (Weight%)a
of Selected Aroclors

#C1 1221 1232 1242 1248 1254
0 10 b
1 50 (55.1) 26 (29.8) 1 (0.6)
2 35 (27.8) 29 (30.9) 13 (12.9) 1 (8.5)
3 4 (4.0) 24 (19.0) 45 (45.4) 21 (22.7) 1 (3.1)
4 1 (1.6) 15 (14.5) 31 (32.9) 49 (39.0) 15 (15.3)
5 (1.8) 10 (6.2) 27 (18.0) 53 (52.0)
6 (0.6) 2 (7.8) 26 (24.2)
7 (1.5) 4 (1.7)
8 (0.4)
Average # Cl/molecule:
1.15 2 3 4 5
(1.2) (2.0) (3.1) (3.9) (5.0)
Approximate Weight %Cl:
21 32-33 40-42 48 52-54
(22.0) (31.7) (42.6) (48.8) (54.5)
Approximate Molecular Weight:
193.7 223.0 257.5 291.9 326.4
(195.3) (224.9) (256.3) (286.5) (326.6)

Reference 23 (Experimental values given in parentheses)

a
bgs tentatively identified as biphenyl



Table 18

Comparison of Literature Analysis Results

Average Molecular Composition of Aroclor 1242

Biphenyl Experiment

Homolog Mole %
Monochloro 1.4
Dichloro 15.5
Trichloro 47.3
Tetrachloro 30.2
Pentachloro 5.1
Hexachloro 0.5

gReference 23

Reference 46
Reference 47

Literature Values

Mole %b

0.9
17.2
51.7
24.7

5.2

0.2

Mole %

0.8
23.0
39.9
32.9

3.4

a

Mole %c

103
19.2
44.5
24.5

7.5

2.9

77
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Finally, some consideration should be given to certain
aromatic impurities which may be present within the PCB
mixtures. The potential contaminants include polychlorinated
terphenyls (PCTs), polychlorinated quaterphenyls (PCQs),
polychlorinated naphthalenes (PCNs), and polychlorinated
dibenzofurans (PCDFs).. Erickson suggests that PCDFs present
at microgram per gram levels may be responsible for some of
the toxicological properties attributed to the commercial

23 Again, the 1literature available can be of

PCB mixtures.
limited wutility on this point because the presence and
levels of contaminants often vary widely from batch to
batch.23 such impurities as the PCDFs appear to be more of a
problem in the more highly chlorinated mixtures, i.e. 1248
and higher. In a gas chromatographic analysis, an impurity,
present in a detectable quantity, could conceivably have a
retention time which might cause it to be mistaken for a
PCB. The impurity would probably have to be present at least
at the part per thousand level.

An analysis of 1242 by Albro revealed that five PCDFs
were present at ng/g levels and that PCNs might be present,
but the amounts were so small that detection was difficult
and quantitation was nearly impossible.46 Based on these
results, it seems reasonable to assume that the impurity
levels are not high enough to interfere significantly with
identification. Some peaks, however, whose relative reten-
tion indices do not match any of those in the literature

could possibly be impurities of the types mentioned here.

While the Aroclors' propensity for quantitative
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variation must be taken into account, a congener comparison
is still informative. Table 19 is a compilation of the PCBs
identified in Aroclor 1242 along with calculated mole per-
cents. Also listed are results from a similar study

conducted by Albro.46

Overall agreement was good with regard
to the major constituents, although a number of congeners
appeared exclusively in either study. Again, this occurrence
may be attributed to the variations in composition from 1lot

to lot for a given Aroclor.



Comparison of Aroclor 1242 Analysis to Literature

Expt.
BZ4 Mole%
1 0.95
2
3
10,4 4.47
9
7 1.06
6 1.83
8 8.92
14
12
13 0.25
15
19 0.89
18 14.01
17
16
27 0.59
32 5.65
26 1.27
31 14.36
28 '
25 0.74
20
22 3.33
36 1.27
33
35
37
39 0.44
69 3.58
73 LI )

Albro
Mole%

0.68
0004
0.22
4.12
0.31
1.04
1.24
8.97
0.35
0.09
0.12
0.99
0.97
9.36
2.92
3.25
0.54
2.15
0.55
4.53
13.30
1.68
3.64
2.64

2.83
0.66
1.62
1.03

Unresolved peaks:

Table 19

Expt.
Mole%

2.24
2.87
3.43
3.03

3.52

0.61
0.10

1.7

3.63
1t

4.15
1t
0.28
1.22

115
108

h77 -

Albro
Mole%

0.17
0.70
0.97
4.08
2.18
0.44
0.31
1.33
3.28
1.06

1.67
0.15

0.60
1.65

1.11
trace

0.52
0.28
0.34
0.33
0.81
0.24

and 28
and 73
and 76
and 95
and 99
and 87
and 107

2.02 -

158

80

46
Expt. Albro
Mole% Mole%
0.21
0.92
0.13
0.53

0.47 0.39
trace
0.38
0.46
0.40
0.09
0.25
0.12

[ 2 B BN I 0.55

0.40

0.42

Tt s

0.27

0.23

1.01

0.21

0.06

rrree e

0.67

0.52 0.05

0.07
0.27
0.31
0.36
0.03
0.07
0.08
0.02
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Conclusions: The HDD has performed very well in the
analysis of individual PCB congeners in a vafiety of Aroc-
lors by element selective detection of atomic chlorine
emissions at ppb levels. Because the area/unit mass Cl ratio
does not depend on the PCB substitution pattern, there is no
need for precalibration or response factor adjustment. The
total chlorine percentage can be determined for any PCB mix
without a knowledge of the congeners contained in it.

Individual congener identification and quantitation
provides much more complete information than pattern recog-
nition and derivatization. As more is learned about the
toxicological properties of the various congeners, specific
knowledge about the types and quantities of PCBs will be
increasingly valuable, especially in situations where an
assessment of the extent of contamination is required.

The ability to correlate experimental data to published
data has proven to be time saving and cost effective in this
research. As 1long as the correlation can be adequately
described by some mathematical formulation, there appears to
be no reason interpolation cannot be used to identify
unknown PCBs. The method may possibly be applied to other
groups of compounds if reliable 1literature data is
available. Caution should be exercised in the selection of a
literature data base, however, because possible errors
associated with 1literature will undoubtedly affect the

performance of the technique.
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Chapter VI

Summary and Suggestions for Further Research

The helium discharge has been described as a relatively
simple and very reliable element-specific multi-element
detector for GC. Signals are detected through the generation
of atomic emissions as analyte molecules dissociate in the
plasma. Construction and maintenance of the GC-HDD system is
fairly simple. Important advantages of the HDD include low
helium consumption, excellent reproducibility, and the
elimination of solvent-induced plasma extinction.3® Limits
of detection are at picogram levels for a variety of
elements, and the response to element concentrations is
linear over three or four orders of magnitude.

While there are any number of areas where the HDD might
be applied, certain specific opportunities for experiments
are suggested by this research. As mentioned previously, the
infrared wavelength study could be pursued to determine
limits of detection and selectivities in that region.
Secondly, the PCB analysis could be further investigated and
confirmed by analyzing and gquantitating standard samples

such as the transformer and motor oils from the National

Bureau of Standards. Once standards have been successfully
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tested, the HDD could be used to examine real samples such"
as fish tissue, sediment, blood etc. . . . Finally, the data
correlation technique, which provides a mathematical means
of extending the experimental data base, could be used with
two sets of experimental data from the same 1laboratory,
particularly in cases where appropriate and reliable
literature references are not available. Relative retention
indices obtained using different columns, different tem-
perature programs, or a combination of the two could confirm

the reliability of compound identification.
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Appendix B

Direct Quantitation of PCB Congeners Using 2 Helium
Discharge Detector and Internal Standard Techniques

PETER J. McATEER. TOM B. RYERSON, MARK D. ARGENTINE,
MARGARET L. WARE, and GARY W. RICE®
Departnent of Chamizry, College of Willian end Mery, Wilianciurg, Virginia 13185

Individual PCB conganars have been i 2t ppun levaln, with sn
sverage wrer of =32%, with the wm of 2 heibwm discharge detacter
(HDD) for cemens-eeiective deractins of G emission. Chlerimasd in
armai dards of knewa 3

of C1 present. Ne detacter precaiibraries er resyouse facee formuincion
‘were required, since the 4 puane i baped seicly en the meles
oCQp The same mechodaiegy wes uilizad to decerming the %
Q in Arocier samypies without prier idencifieacion of the PC3 congesers
present.

Index Headi n L . cc. . -
o . - 1, 1 . PCB & .
mstons.

INTRODUCTION

The widespread discribution of polychlorinated bi-
phenyls (PCB) in the environment and food chain eco-
system has been weil documented over the past twenty

12 The number of posaible congeners (209) and the
complexity of PCB mixtures commonly observed have
resulted in a oumber of methods for quancifying the twtal
PCB content in a sampie. These methods have inciuded
derivatizations.™ pattern recognition rourines in gas
chromatography,*” and mass speczomerry.® Several PCB
congeners have been found to poasess greater mutagenic
properties relacive to other congeners.™* Thus. selective
congener quantitation may be more pertinent for as-
sessing the _potentml ecologicai impact of specific PC3
contaminations.

Seiscrive quantitation of individual PCB congeners
bas been studied in detail The mast wideiy used and
sensitive techniques involve separation of the congeners
by gss chromatography (GC), using an siectron caprare
decactor (ECD)."*- The primary disadvantage for quan-
titacive purposes i3 that signais generated by each PCB
congener are not directly proportionai to the mole amount
of eluent present. Substitution patrtarns on the bi v
rings have a marked eifect on the observed signals.!* The
response from a known amount of each congener must
then be related to one or ore internal standards to
develop response factors for quantitacing solutions of
unknown composition. In such cases, one aiso must rely
on the long-term detector stability to maintain these
values, as weil as an whetcher other ECDs of different
construction -can vyahdly use such response factors for
sccurate quantitative measurements.

We recently reported on the development of a heiium
discharge detector (HDD) as an element-selective, mul-

Raceived 21 Septamber 1987: revision received 23 Novemboer 1987.
* Author to whom correspondance 1bouid be sent.
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tislement detactor for GC.™ The detector funetions by
mesns of producing stomie exsission from the respective
dlements dissociated fivm eompounds throngh collision-
8l energy transfer processes with Hs metnstabls species
produced from the discharge.

sliphartic
relative moles of halogen present ™ Thuos, one could di-
rectly quantitate 2 munber of compounds wsing an -
ternal scandard contxining the same element st 2 known
concentration, without relying on relative response fac-
tos.

We now repore o the sppiicability of the HDD as a
device which possemses 8 eiisble and attractive aiter-
pers and mixoures.

EXPERIMENTAL

PCB Reference Selatiens. Seventeen PCB congeners
of knowa concentrations in hexxne were provided by the
Virginia Institute of Marine Science, College of William
and Mary. An additional twelve congeners (Anaiabs) were
weigned and diluted o bexane to yield concentrations
on the order of 1 to 8 sg/mi. Internal references were

puriiied throogh two successive subfimations. Standard
solutions contsiming 1000 pgfmi, of each internal stan-
dard were prepared in besmoe (HCB required initial dis-
solution in dicnloroethane priar to dihution with hexane.
~10% V/V). The TCB and BCB were added to the PCB
solutions at concenctrations of 4 sg/mi. each.

Stock solutions of Arocior sumpies (Alltech) were pre-
pered in hexane st a concentration of 1000 gg/mi.. Di-
Jueed solutions cooteining the Arociors and internai sean-
dards were prepared st concentrations of 50 xg/ml and
2 sgfml. respectiveiy.

Apparams. The design and operation of the HDD ud-
fzed ip these ipvestgaGons bave been previousiy de-
scribed ™ All major msarmnent components were changed
in the present study; bowever, the oversil configuration
was similar in demgn to thag of the previous system.
Detaiis of the operatiossl characteristics of the HDD.
spectrometric system. aad GC parameters used for the

present investigation are summarized in Table L
RESULTS AND DISCUSSION

The helium discharge detector provides a simple and
refisnle mesns of eiement-selective detection for GC by

APPUED SPECTROSCOPY
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TABLE L Oparating cosditions e de CCHDD sysmn, TANIA NS anguur s desarspinnd by the EDDwih
(Al Haliums Zischares domen op— o tch
&‘l‘h“ :;L‘,J"mm Concustration
Load powee: asw (NI Power Syscasma) Puten
(B) Spectrometyic symam :
Monochromator: 05 2 (MEmmmmm, Model 305M) &¢
Bandpess (FWHM): Q22 ron (100 am eiita) 275
Analytical wevelentix: Sl8em 234
Phomennitipiier tabe R758 (Harxamamm) 238
PMT voitags: 1060 V (Kaichivy Mordad 247) ry
Amplifier: l’-dlbyhhu@m T34
Intagrazor: Shimadr Moosi C23A g‘;’
© GC sysum AT
2N )
o Cario Erbe Meaa 410 byt
Injection mode %-.@lm(u.[.w 2788
Carrine g . 2346
Cohunre DB-5% 0m = A3 id (22w

Temp. program:

2D 25PC (15 miny
Detactor intarface tempx  300C

generating atomic emission through the dissociation of
analyte molecules present in thzdi;chxgy_mm
is reiadvely simple to construct and maintain, He gas
consumption is low (60 mL/minj, and day-to-day repro-
dndbﬂityismﬂem.:\sigmﬁcammofmﬂnb
is that GC efluents are inoroduced above the region witere
the primary He discharge is produced; thus the discharge
region where solvents and ansiyte msiscuies are intro-
duced is continually repienished by long-fived energetic
He species from the primary discharge

Absolute limits of detecton observed for individual
PCB congeners ranged from 10 pg for decachiorobi-
phenyl to 35 pg for the monockloropipaenyls. based an
a signal-to-background scatter ratio of three. The signal
response to Cl concentration was linear over spproxi-
mateiy four orders of magnitude. Seiectiviry over signals
generated by nonanalyte species at the C1 anajvtical
waveiength was lppmximnt-e-iy 350:L

The abiiity to quantitate individuaj PCB congeners,
n:ingTCBandHCButheinumalmndud;.hgim
in Table [I. The aumber of chlorinatad sites and sub-
sdmdonsituwuvuiedumuchap@bhmm
satire range of PCB congeners w validace the general
appiicability of the method. An average reiative ares per
unit Cl concentration was used from the TCB and HCB
peak areas to minimize possible integration arrors. The
average error observed for experimentai concentradions
was =3.2% from the known vaiues at coneen.
trations ranging from 1 to 7.5 ppm (1-75 ug/ml).

The unit area determined from the imown C1 concen-
tracion of the internal standards couid he directly cor-
reiated to each congener concentration, since the emis-
sion signal observed for each compound was solety
dependent on the number of Cl atoms present. This as-
sumption is well founded with respect o the low errars
geaerally observed with the use of the chiorinated in-
ternal standards. Most of the resultant error observed
may be associated with how accurately the standard so-
lutions couid be prepared (considering thac only 5-10
mg of each congener was available), as weil as the integ-
rity of the parameters selected for the integrator in es-
tablisning tha peak areas.

WESBUEBEsuzunansrauesuunnun..|f
»
»
»
»

22.34.4.5.8
LT.AT.ALASLE +20

'mm =g oemwacistnry deveisped by Balleciunitter and Zell (Rei.

HI AT S H )
P HHA A R
itestsiiibeisbiabsinhsinaly

One disadvantege of the technique is that, in ander to
perform a conversion from the Cl weight to PCB con-
geoer weights, ape must know the aumber of ¢ azoms
present on the biphesyl ring however, adequate reso-
lution snd sccurats retention time identification of each
We forther coniirmed the sppiicability of the tech-
nique by determining the CI percentaye in standard Aro-

.clor sumples; the resuits are presented in Table L The

% Q determined 'iﬂldh.mthDD?uak'o

pesk ares obtained from the PCB congeners in the Aro-
sres per unit Q concentration obtained from the TCB
aod HCB internal standards o assess the Cl/Arodor

TABLE UL  Peverss chisvins & d in Arocler
% Q1 fonawd by~
Potescometne
Avocier % Q tiraow GC-HDD
= a asioa Jian
=2 k- s 2010
ze <2 asan 23105
s - 415048 4@lien
=4 £ 804 100
 Mams of thpiicate deteraznstiens ¢ z2versge devacions.
*Rei I8
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{~15.6 min for TCB and ~24.4 min for HCB under the
present experimental conditions).

Comparizons to chramatograms obtained with the use
of a Bams ionization detector mdicazag that there was
no discernible loss af resolution or peak quafity through
the heated intarface between the cinmn and HDD. One

greater than a 5% full-scale increase in the baseiine was
observed. This observation is in direct concrast to resuits
from conventional nonselective GC dstactors, in whica
the background signal can significantly increass aver the
course of a chromatogram. especaily at low actanuations
and high column temperatures. Suca prohlams can resuit
in integration errors for peak area determinations ar in
the peed for greater signal attsruation to compensate
for excessive background shiftx.
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Appendix C

Potentiometric Determination of Halogen Content In Organic Compounds Using

Dispersed Sodium Reducton

Margaret L. Ware, Mark D. Arpratine, and Gary W. Rice®

Department of Chemiatry, Coileye of William and Mary, Williamainrg, Virginia 23185
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Appendix E
Fortran Program: Simplex Optimization

PROGRAM SIMPLX
C...
C... SIMPLEX MINIMIZATION OF A FUNCTION
C...
CHARACTER*1 ANS
DIMENSION C(10),E(10),P(10,10),R(10),X(10)
DIMENSION DATA(100,10)
C...
C... ENTER INITIAL INFORMATION
C.C.
MAXCNT=500
ERRMIN=1.0E-03
NOUT=6
NINP=5
NSIM=1

WRITE (NOUT,1)
1 FORMAT (' THIS IS PROGRAM SIMPLX',/)
WRITE (NOUT,3) NOBS
3 FORMAT (' ENTER NUMBER OF OBSERVATIONS')
READ (NINP,*) NOBS
WRITE (NOUT,4) NV
4 FORMAT (' ENTER NUMBER OF VARIABLES (X+Y)!')
READ (NINP,*) NV
WRITE (NOUT,5)
5 FORMAT (' ENTER X1,X2,...,XP AND Y')
DO 6 I=1,NOBS
6 READ (NINP,*) (DATA(I, J) J=1,NV)
IF (NOBS.GT.NV) GO TO
WRITE (NOUT,9)
9 FORMAT (' NO. OF OBS. MUST BE GT NO. OF VARS.')
STOP
11 WRITE (NOUT, 12)
12 FORMAT (' ENTER NUMBER OF PARAMETERS')
READ (NINP,*) NP
NP1= NP + 1
WRITE (NOUT,13)
13 FORMAT (' ENTER INITIAL ESTIMATES OF PARAMETERS')
READ (NINP,*) (X(I),I=1,NP)
E (1) =ERROR (X, DATA, NV, NOBS, KOUNT)
WRITE (NOUT,15) E(1)
15 FORMAT (' STARTING ERROR FUNCTION VALUE',G12.4)
WRITE (NOUT,17)
17 FORMAT (' WANT DEBUG LEVEL OUTPUT? (Y OR N?)')
READ (NINP,18) ANS
18 FORMAT (Al)
IDB = 0
IF (ANS.EQ.'Y') IDB = 1
c...
C... INITIALIZE THE SIMPLEX
C...
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KOUNT = 0
DO 22 J=1,NP
22 P(1,J)=X(J)
DO 28 I=2,NP1
DO 26 J=1,NP
26 P(I,J)=X(J)
P(I,I-1)=1.1*X(I-1)
IF (ABS(X(I-1)).LT.1.0E-12) P(I,I-1)=0.0001
28 CONTINUE

C...
C... FIND PLOW AND PHIGH/ BEST=PLOS/ WORST=PHIGH
c'..
31 ILO=1
IHI=1

DO 34 I=1,NP1
DO 32 J=1,NP
32 X(J)=P(I,J)
E(I)=ERROR (X, DATA,NV,NOBS, KOUNT)
IF (E(I).LT.E(ILO)) ILO=I
IF (E(I).GT.E(IHI)) IHI=I
34 CONTINUE
WRITE (NOUT,36)
36 FORMAT (/,' INITIAL SIMPLEX')
DO 40 K=1,NP1
WRITE (NOUT,39) K,E(K), (P(X,J),J=1,NP)
39 FORMAT (3X,' VERTEX',I2,' ERROR AND PARAMETERS:',5F8.3)
40 CONTINUE

c...
C... FIND PNHI THE NEXT HIGHEST NEXT=PNHI
c... ’

41 NHI=ILO

DO 43 I=1,NP1
IF (E(I).GE.E(NHI).AND.I.NE.IHI) NHI=T
43 CONTINUE
C...
C... COMPUTE THE CENTROID
C...
DO 46 J=1,NP
C(J)=-P(IHI,J)
DO 44 I=1,NP1
C(J)=C(J)+P(I,J)
44 CONTINUE
C(J)=C(J) /NP
46 CONTINUE
51 CONTINUE

c...
C... PRINT CURRENT BEST VERTEX
c...
WRITE (NOUT,53)KOUNT,NSIM
53 FORMAT ('AFTER',I3,'ERROR EVALUATIONS AND',I3,'SIMPLEXES')
WRITE (NOUT,54) (P(ILO,J),J=1,NP)
54 FORMAT (' PARAMETER ESTIMATES:',65G12.4)
WRITE (NOUT,55) E(ILO)
55 FORMAT (' ERROR FUNCTION:',G12.4)
cll‘

C... STOPPING CRITERION



56
57

61
62

C...

C...

C...
91

93

c..o
CO..
Co.o

99

C...

C...

C...
104

IF (KOUNT.GT.MAXCNT) STOP

IF (ABS(E(ILO)-E(IHI))/E(ILO).LT.ERRMIN) GO TO 56
GO TO 61

WRITE (NOUT,S57)

FORMAT (/,'==> ERROR CRITERION SATISFIED')

WRITE (NOUT,S54) (P(ILO,J),J=1,NP)

STOP

REFLECTION

DO 62 J=1,NP
R(J)=1.9985*C(J)~0.9985*P(IHI,J)

CONTINUE

ER=ERROR (R, DATA, NV, NOBS, KOUNT)

IF (IDB.GT.0) WRITE (NOUT,65) ER, (R(J),J=1,NP)

FORMAT (' REFLECTION VERTEX',3F10.5)

REFLECT AGAIN IF SUCCESSFUL

IF (ER.LT.E(ILO)) GO TO 91
IF (ER.GE.E(IHI)) GO TO 122

REPLACE WORST VERTEX WITH NEW ONE

DO 80 J=1,NP
P(IHI,J)=R(J)

CONTINUE

NSIM=NSIM+1

E(IHI)=ER

IF (ER.GT.E(NHI)) GO TO 51

IHI=NHI

GO TO 41

EXPAND THE SIMPLEX

ILO=IHI

IHI=NHI

DO 93 J=1,NP
X(J)=1.95%R(J)-0.95*C(J)

CONTINUE

EX=ERROR (X, DATA, NV, NOBS , KOUNT)

IF (EX.LT.ER) GO TO 104

R BETTER THAN X

DO 99 J=1,NP
P(ILO,J)=R(J)

CONTINUE

NSIM=NSIM+1

E (ILO)=ER

GO TO 110

X IS BETTER THAN R
DO 105 J=1,NP

93
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P(ILO,J)=X(J)
105 CONTINUE
IF(IDB.GT.0) WRITE (NOUT,106) EX, (X(J),J=1,NP)
106 FORMAT (' EXPANSION VERTEX',3F10.5)
NSIM=NSIM+1

E (ILO)=EX
110 CONTINUE
GO TO 41
c...
C... CONTRACT THE SIMPLEX
C...

122 DO 123 J=1,NP
R(J)=0.5015*C(J)+0.4985*P (IHI,J)
123 CONTINUE
ER=ERROR (R, DATA, NV, NOBS , KOUNT)
IF (IDB.GT.O0) WRITE (NOUT,124) ER, (R(J),J=1,NP)
124 FORMAT (' CONTRACTION VERTEX',3F10.5)
IF (ER.LT.E(ILO)) GO TO 91
IF (ER.LT.E(IHI)) GO TO 79
c..'
C... SCALE
c...
WRITE (NOUT,135)
135 FORMAT (' ENTER SCALE (<0 EXPANDS, >0 SHRINKS, 0=STOP):')
READ (NINP,*) SCAL
IF (SCAL.EQ.0.0) GO TO 999
137 DO 138 I=1,NP1l
DO 138 J=1,NP
P(I,J)=P(I,J)+SCAL*(P(ILO,J)-P(I,J))
138 CONTINUE
GO TO 31
999 STOP
END

FUNCTION ERROR (X,DATA,NV,NOBS,KOUNT)
C... COMPUTES THE ERROR FUNCTION FOR THE DATA SET

c... SMALLER VALUE IS BETTER
DIMENSION X(10),DATA(100,10)
ERROR=0. 0

DO 10 I=1,NOBS
YOBS=DATA (I,NV)
C... CHANGE THE NEXT STATEMENT TO CHANGE THE FUNCTION BEING FIT
YCALC=X(1) *(1.0-EXP(-X(2)*DATA(I,1)))
e YCALC=X(1) + X(2)*DATA(I,1) + X(3)*DATA(I,1)**2
C 1 -~ X(4)*DATA(I,1)**3 + X(5)*DATA(I,1)**4
RESI=YOBS-YCALC
ERROR=ERROR+RESI*RESI
10 CONTINUE
KOUNT=KOUNT+1
RETURN
END
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