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8BETRACT

The Beckman Helium Discharge Detector has been found (o be
sensitive to the fixed gases oxygen, nitrogen, and hydrogen
at detection levels 18-12@ times more sensitive than possible
with a GowMac Thermal Conductivity Detector. Detection
levels of approximately 1.9 E—4 % v/v oxygen, 3.1 E—4& % v/v
nitrogen, and 3.8 E-3 #* v/v hydrogen are estimated. Responcse
of the Helium Discharge Detector was not linear, but is
useable for quantitation over limited rawnges of concentration
using suitably prepared working standards. Cleanliness of
the detector discharge electrodes arnd purity of the helium
carrier and discharge gas were found to be coritical to the
operation of the detector. Hipher sensitivities of the
Helium Discharge Detector may be possible by the design and

installation of a sensitive, solid-state electrometer.
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CHAPTER 1

INTRODUCTION

The analysis of fixed, or permanent, gases such as
hydrogen, methane, oxygen, nitrogen, carbon monoxide, argon,
and carbon dioxide has traditionally posed problems for the
analytical chemist. Gas chromatography remains the method of
choice due to its ability to separate a gaseous mixture into
its component parts: the difficulty arises in the choice of
suitable detection methods to gquantify the eluting fractions.

Recent advarnces have seen the development of highly
specialized, computer—assisted gas chromatographic systems
which incorporate infrared (GC-IR), mass spectrometric
{(GCMS), and ultraviolet (GC-UV) detectors. In the latter
case, Driscoll, Towns, and Fericll have Just reported the use
of a far—UV detector interfaced toc a gas chromatographl.

This system, operating at 120 rwm, is reported to be
universally sensitive to all gases except the noble gases,
with the response predictable from the absorption
coefficient, at low to sub—wnanogram levels. While such
systems have obvious applicability to the analysis of fixed
gases, they are, for the most part, beyond the reach of most
practical analytic laboratories which must rely on less
expensive technigues. It was the intent of this
investigation to evaluate the suitability of a relatively
inexpensive gas chromatographic detector, the Helium
Discharge Detector, for the analysis of fixed gases, and, in
particular, for the analysis of hydrogen.

The most common gas chromatographic detector employed in



analytical laboratories for the analvsis of fixed gases is
the Thermal Conductivity Detector (TED). The TED relies for
its sensitivity upon the differernce in thermal conductivity
between the eluting sample comporent and the carrier gas.
Helium is frequently chosen as the carrier gas as its thermal
conductivity is substantially greater than that of all other
gases except hydrogen. Thus, in a mixture of gases with
similar thermal conductivities, the response of the TCD toc an
individual gas component will be proportional to the weinht
fraction of the component in the mixture. If, however,
hydrogen is one of the component gases, the response with
helium as carrier gas will be significantly less sensitive
due to comparatively small difference in thermal
conductivities of these two gases. At high corncentrations of
analyte hydropgen, peak reversal resulting ivn M-shaped peaks
is common, and has been attributed® to a minimum in the
thermal conductivity curve for hydrogen—helium mixtures. The
concentration of hydrogen at which the reversal occcurs varies
with the particular thermal conductivity detector employed,
the carrier gas flow rate, and the filament temperature. It
is, of course, possible to substitute a different carrier
gas, such as nitrogen or argon, in order to facilitate a
greater thermal conductivity difference betweenrn arn eluting
hydrogen peak and the carrier; this, in turn, limits the
sensitivity of the detector to other fixed gases if they are
present in the sample. In practical terms, while the TCD is
sufficiently sensitive to quantitate most fixed pgases to a
level of about 10-50 ppma, its sensitivity to hydrogen is
limited to around 100-20@ ppm in the 5amp1e4’5, the actual

detection levels depernding upon the particular detector and



operating conditions employed. Despite the wide linear
dynamic range of the TCD, typically quoted® as 10% to 109,
and the comparative ease of operation, the application of the
TCD to the analysis of fixed gases is generally limited by
its inability to quantitate low to sub—ppm levels of such
analytes.

Several other detectors, most notably from the family of
ionization detectors, have been employed for the analysis of
fixed gases with varying degrees of success. The
Photoionization Detector (PID) finds application in the
analysis of organic compounds, having a sensitivity
comparable to that of the Flame Ionization Detector (FID) but
displaying somewhat less noise’. In its most recent form,
the PID is comprised of a discharge compartment, containing a
discharge gas such as argon or hydrogen, separated from the
detector compartment by an alkali or alkaline earth metal
fluoride window. The window is transparent to the passage of
high energy photons generated in the discharge zone.
Depending upon the composition of the window material, the
energy of transmitted photons is limited to a maximum ernergy
of approximately 11.9 eV. Substances eluted from the gc
column pass through the detector compartmernt arnd are ionized
by the high energy photon flux. The ions thus generated are
directed through an electric field and the resulting current
is monitored. As described, the PID shows no response to
fixed gases, nor to common impurities such as water, as these
substances have ionization potentials greater than 11.9 sV -
hence, the lower noise factor associated with this detector.
Earlier versions of this detector, however, were constructed

with no window separating the discharge and detector
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compartments. In this arrangement, the unattenuated photon
flux was targeted on the column effluernt and, via mechanisms
involving both photorn interaction and collisions with
metastable atoms with energies higher than 11.6 eV.B, the
analysis of fixed gases was possible. Despite the cbvicus
value of this detector, it saw limited use due to the
requirement that the discharge/detector compartment be
operated at pressures less than one atmosphere. Not only did
this present problems in comecting the detector to a go
column, but it also resulted in varying partial pressuwre of
the discharge gas and, hence, a variation in the ernergy
distribution of the emitted photonsZ.

A second ionization detector, the Cross Section Detector
(CSD), is alsc capable of detecting fixed gases. Radiation
from a beta emitter such as Strontium or Tritium is directed
through the gc eluant in a detector cell, producing a steady
current of ions and electrons which thern pass through an
electric field. The denser polyatomic gases tend to be more
strongly absorbing than the common carrier gases, hydrogen
and helium, thus generating an increase in current when
present. The major advantage of this detector lies in the
ability to calculate the expected response to any molecule
from the values of the molecular cross sections of the
individual atoms comprising the substancelm. The CS5D has not
enjoyed widespread usage, in part due to the restrictions
inherent in maintaining a radiocactive source, but primarily
due to its relatively low sensitivity.

In 1958, Lovelockl! described a radicactive Argon
Ionization Detector for the sensitive detection of organic

gases. Subsequent investigators, for example, Karmen and
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Bowmanl® and Evrard, Thevelin, and Jonssensla, produced a
modification of Lovelock?!s detector wherein the radicactive
source was replaced with a self-sustained direct current
discharge. The detector in question was a cylinder of brass,
acting as the cathode, arnd a cocaxially mounted platinum wire
anode. The detector was purged with the carrier gas, either
argon or helium, and the discharge was initiated by
polarization of the electrodes at 10002208 VDC. As
described, the detector was reported sensitive to the
permanent gases, nitrogen, oxygen, hydrogen, carbon monoxide,
carbon dioxide, and chlorine. There was, however,
conflicting evidence regarding the need for pure carrier gas,
ie. free of organic and inorganic contaminants,; with Karmen
and Bowman stressing the need for purified argon or helium.

In 1963, Yamanel4 published an account of a detailed
investigation of the electrical operating characteristics of
a subsidiary discharge argon ionization detector. In this
study, the detector described above was modified by Yamane to
include two separate chambers, one the discharge chamber
containing the discharge electrodes over which flowed a
stream of helium, and the second, the sensing chamber which
was flushed with the discharge carrier gas and,
simuitaneocusly, with the argon column carrier gas. As shown
in Figure 1, the inlet of the column effluent acted as the
anode and the cathode was mounted in the cernter of the

sensing chamber.
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FIGURE 1.14

Subsidiary Discharge Argon Ionization Detector.
He: Discharge Gas; Ar: Carrier Gas;
C — Cathode; A — Anocde;
ig: Background A-C Current
{Electrometer Amplifier)
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The subsidiary discharge was excited in two ways

(Figures 2,3)

+
B
Y_ 1 4 Y+ .
— =300 50 1000 v
A
FIGURE 2.
Subsidiary Discharge Argon Ionization Detector.
Background current versus Anode Volts.
ip= 38uAR, He=Ar=60 ml/min.
D
+
Y- —908: —50 { '/___’J'/ Y+
0 800 VA
ig _
FIGURE 3.

Subsidiary Discharge Argon Ionization Detector.
Background current versus Ancde Volts.
Same as Figure 2, except VD= —-858 V (X-)

According to Yamane, the subsidiary discharge produces
He cations and electrons (by surface ionization) as well as
He excited states. These species are swept into the zone

containing A and C (the sensing chamber); there they create
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Ar cations and electrons as well as Ar excited states.

In Figure 2, a positive current was observed at Vo= @.
Ions are captured by C and the electron flow is indicated by
1 (Figure 1). When Vgp= +50 V, ip becomes a maximum. For
+58 V ( Vg ( 1800 V, ip decreases because more electrons than
ions have been drawn into the sensing chamber. For
Va ?» 1808 VvV, further ionization by collisions with electrons
occurs and ip begins to increase again. When VY becomes
negative, the positive current declines until Vp= -3008 V is
reached. For Vpy ( —-300 V, the current becomes negative and
the electron flow is indicated by @ (Figure 1). Yamane
suggests that the electrons captured by C for Vo ( —308 V are
photoelectrons.

In Figure 3, a negative current (electron flow 2, Figure
1) was observed at Vp= @. Electrons are now captured by C.
As Vo becomes more positive, the electrons are increasingly
captured by A and ip declines. Yamane suggests that for
Vo } +80@ V, the increase in positive current which occurs is
caused by photoionization. He alsoc sugpgests that the flat
region between ng +3@8 V and Vng +803 V is the desirable
operating region for the detector. For Vo ( -58 V (at which
the negative ip is a maximum), electron flow is said to be
inhibited {(by undisclosed processes) and ig declines again
but its sign is always negative (i.e. current flow is always
depicted by 2, Figure 1).

Yamane showed that with Vp= —87@ V (Figure 3), the value
of iB is maximized when RDE= g8 MO and Rp1= 2L, and is
minimized when Rp,= 20 ML and Rpa= 0. There is very
little effect on ig when Vp ) +588 V. Yamane also showed

that the characteristic curve shown in Figure 3 is changed
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very little when the AC distance is changed (C-fixed,
A-moveable), but is markedly changed when the discharge
electrode — AC distance is changed (AC-fixed, discharge
electrode is moveable). Finally, Yamane demonstrated that an
increase in He flow results in an increase in ig.

Yamane's work provides a valuable insight into the
characteristics of the subsidiary discharge ionization
detector; as will be discussed later, these characteristics
may provide a partial understanding of the workings of the
Helium Discharge Detector.

It was at about this period in time, 1964-1966, that
Beckman Instruments Inc. incorporated the first commercial
Helium Discharge Detector (HDD) in their GC—-4 series of gas
chromatographs. That the utility of this detector was not
widely recognized is illustrated by the distinect lack of
literature references to its use. There have, however, been
several publications dealing with the cperatiornal
characteristics of the radiocactive Helium Ionization Detector
(HID), fashioned in the design previocusly described by
Lovelockll., Hartmann and Dimickl® described the practical
application of the HID to the analysis of fixed gases.
Response to argon, oxygen ,carbon monoxide, and carbon
dioxide was demonstrated, with part per billion sensitivities

16,17 have discussed the effect on

reported. Lasa and Bros
the Helium Ionization Detector of both impurities in the
helium supply and the concentration of componernts eluted from
the columvi. The authors noted that above a certain
concentration of analyte, the normal near—Gaussian peak

changes to an M-shaped curve as the detector appeared to

become overloaded. Furthermore, if gaseous impurities were
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present in the helium supply, the analyte concentration, at
which this peak reversion was observed, was reduced.
Experience in the current investigation confirms the
observations of Lasa and Bros, as will be discussed later.

18,19,80 ,aport similar cbservations,

Other authors,
suggesting the use of ultrapure helium as the only suitable
course of action to ensure reproducible, and sensitive,
response.

The lack of user acceptance of Beckman'’s Helium
Discharge Detector may well have its origins in the operating
difficulties and type of response described by Lasa and Bros.
Nevertheless, the fact that the HID and the HDD differ only
in the mechanism of ionization suggests that the HDD may be

capable of response and sensitivities comparable to that of

the HID and, hence, is worthy of investigation.
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EXPERIMENTAL

2.1 INSTRUMENTATION.

A Beckman Instrument Inc. 6C—4 gas chromatograph equipped
with a Beckman Instrument Helium Discharge Detector was used.
A B-100€& VDC voltmeter and a @25 mA ammeter were added to
the circuitry of the detector to permit monitoring of its
aoperation. Power supply and electrometer for the Helium
Discharge Detector were as provided on—board by Beckmar.
Connected in series with, and preceeding the Helium Discharge
Detector, was a Gow—Mac Filament—-type Thermal Conductivity
Detector. The TCD was powered by a Gow—Mac Model 40001
Solid State DC Power Supply. The presence of the TCD
provided immediate comparison of the sensitivity of the two
detectors and, additionally, acted as a valuable diagnostic
tool. Output from both the HDD Electrometer and the TCD
Power Supply was directed to a Linear Dual Pen Recorder

operated at 1@ mV full scale.

2.2 HELIUM DISCHARGE DETECTOR.

The Helium Discharge Detector, as supplied by Beckman
Instruments, was assembled as shown in Figure 4. In
operation, an auxiliary supply of helium enters the top of
the sealed ceramic detector cell, flowing downward over the
detector electrodes. High energy species generated as a
result of the DC discharge occurring between the discharge
electrodes impinge upon a small sensing cell at the base of
the detector proper. Mounted in this sensing cell is a

polarizing electrode which is maintained, adjustably, at -—-158
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VDC with respect to the discharge anode, which itself is at
ground potential. Also entering the sensing cell is the gc
column effluent. It is thought that ionizable entities
eluting from the column interact with the high energy
species; the electrons produced as a consequence of these
interactions are collected at the collector electrode and the

resulting current is amplified and measured by the

electrometer.
DISCHARGE
ELECTRODES
DETECTOR
at «——HELTUM
UPPLY
COLLECTOR __ K\ S
ELECTRODE N
— 1 COLUMN
VENT <— ~ ~—— «—EFFLUENT
POLARIZING
ELECTRODE
FIGURE 4.

THE HELIUM DISCHRARGE DETECTOR

The precise nature of the high energy species generated as a
result of the discharge is uncertain, although it is

speculated that a metastable helium ion, He*, may be formed.
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2.3 COLUMNS AND COLUMN FPACKING.

The analytical column was a 2.13 m X 3.2 mm stainless steel
column packed with S5A Carbon Molecular Sieve (60-8B0 mesh)s
an identical column was provided as the reference column for

the TCD.

2.4 CARRIER GAS.

The carrier gas employed was Matheson certified 99.9799%
helium. Carrier gas connections to the analytical column

were via a Carle six—port gas sampling valve {(GSV).

2.5 CHROMATOGRAPHIC CONDITIONS.

Both the analytical and reference columns were operated at
room temperature with carrier gas flows of approximately 40
mL/min. The flow of auxiliary helium to the HDD
approximated 160 mL/min. The TCD was operated at a voltage
and filament current of 10 VDC and 225 mA, respectively.
Operating voltage and current for the HDD were typically 210
Ve and 15.5 mA, respectively, while the polarizing voltage
and bias wvoltage were held constant at 1000 VDC and O VDC,
respectively. Specific analytical conditions are documented

on each chromatogram.

2.6 GAS MANIFULATION RACK.

A mercury filled gas manipulation rack consisting of a 50 mL
measuring burette and a 1000 mL storage burette was
constructed for the preparation of standard gas dilutions.
The vacuum source was a Precision Scientific Vacuum pump
with pressure indication provided by a Hastings Thermocouple

Gauge. Prepared gas samples were transferred under
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atmospheric pressure to the analytical column via the Carle
gas sampling valve. Details of the gas manipulation rack and

the analysis system are depicted in Figure 5.

2.7 PREPARATION OF STANDARD GAS SAMPLES:

In preparing a standard gas sample for analysis, the analyte
gas was first measured into the evacuated measuring burette,
displacing the mercury contained therein. After adjustment
of the measuring burette to atmospheric pressure hy
manipulation of the mercury level, transfer of a known vaolume
of the analyte gas to the storage burette was undertakern,
again by a mercury displacement operation. The measuring
purette and cormmecting tubing up to the storage burette were
then evacuated once again. Measured quantities of diluent
helium gas were transferred, via the measuring burette, to
the storage burette by an identical operation, the number of
such cycles required reflecting the desired concentration of
analyte gas.

Serial dilutions of a prepared standard analyte gas sample,
if required, were made by transferring a volume of the gas
sample from the storage burette, after adjustment of the
storage burette to atmospheric pressure by manipulation of
the mercury level, into the evacuated measuring burette.
After evacuation of the storage burette, a measured volume of
the gas held in the measuring burette, adjusted to
atmospheric pressure, was transferred back to the storage
burette. Dilution of this aliquot then proceded as above.
This cyclic process was repeated until the desired standard

concentration had been prepared.
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2.8 INJECTION OF STANDARD GAS SAMPLES:

After preparation of the desired calibration gas mixture, the
sample contained in the storage burette was adjusted to
atmospheric pressure by manipulation of the mercury level.
Injection of the sample ontoc the gas chromatographic column
was made via the Carle G5V, using mercury displacement of the
gas in the storage burette to transfer the gas sample through
the cormecting tubing to the sample loop of the GSV. A
brief, but definite, purge of the sample loop to the
atmospheric vent was included to ensure that all plumbing
downstream of the gas sample valve contained the gas sample
under analysis, thereby minimizing back diffusion of ambient

air into the gas sample valve.

2.9 GUANTITATION OF ANALYTICAL DATA:

Outputs from both the HDD and TCD detectors was directed to a
iL.inear Dual Pen recorder. As indicated earliery, both the HDD
and the TCD are prone to generating M—-shaped peaks under
certain conditions, primarily when high corncentrations of
analyte are being analysed. This phencomenon leads to
distinct problems when attempting to quantitate the observed
signal from these detectors, as the traditiormal methods of
triangulation are not applicable. Visual inspection of the
tracings in which M—-shaped peaks were obtained revealed that
these peaks were triangular. The area of these peaks was
determined by measuring the total length of pen displacement
{(t) from the baseline during elution of a component.

Division of the length (t) by 2 provides the length (1) of
each of two sides of an (assumed) isosceles triangle;

measurement of the length of travel along the baseline during



peak elution provides the third side (b) of the triangle.

The area of the triangle is then given by the Heron formula:

Area = SERT [ s*(s-h)*((s-1)%) 1 seans €1)
where s = 1/2¥%{(perimeter length of triangle)
= (t+b)/2
b = base length of triangle
1 = side length of triangle

t/2

i

For consistency, the area of all chromatographic peaks was

determined by this technique.



CHRPTER 3

RESULTS AND DISCUSSION

As a result of this investipation, it can be stated with
some certainty that the two most important variables
affecting the performance of the HDD are detector cleanliness
and carrier gas purity. The initial analyses conducted with
the HDD were not reproducible. In fact, the initiation of
the discharge became irncreasingly difficulty, to the point at
which even a boost voltage from a hand held Tesla coil could
not initiate the electrical discharge. The problem was
traced to a deposit or layer, of an unknown natuwre, on the
discharge electrodes which could be removed by a rigorous
cleaning procedure. Examination of the electrodes at up to
4@ X magnification did not show any cbvious build up. The
Beckman GC—4 gas chromatopgraph was located in an active,
commeyrcial, analytical laboratory and, as such, was in
frequent use. The majority of gas chromatographic analyses
conducted in this laboratory required the use of the TC
detector which, as described earlier, was connected in series
with the HDD. Instead of making extensive plumbing
modifications to isolate the HDD from the TCD and move the
latter to the analytical column required for a particular
analysis, the required column was comected to the influent
end of the TCD. While satisfactory for the immediate reed,
this operation apparently resulted in either condensation of
eluting compornents or deposition of liquid phase in the HDD.
Baking the HDD for extended periods in the gc oven was not

successful in removing the condensed materials, and it became
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necessary to subject the HDD to routine ultrasonic cleaning
in a mixture of hexane and methyleng chloride to ensure
electrode cleanliness prior to each use of the detector. The
strict need for clieanliness of this detector cannct be
overstressed and future versions of this detector must
address this problem. It is suggested that the material
condensing on the detector electrodes represented not only
residues from injected materials, but alsc bleed from the
liquid phase coating the particular analytical columns
employed. For analytical purposes, only solid supports such
as the Porapakég)or carbon molecular sieves proved useable
with the HDD as they exhibit essentially no bleed. A partial
remedy to the contamination problem was found by ensuring
that a purge of helium was flushed continuously through the
HDD during the occasions whern the gas chromatograph was being
used for routine, commercial analyses. While this action
reduced the severity of the fouling, it did not eliminate the
need for ultrasonic cleaning of the electrodes prior to use.

Alleviation of electrode fouling difficulties revealed a
second, more subtle problem, however. It was observed that
substantial background current changes, manifested as
baseline shifts, were apparent in the HDD response, almost on
a weekly basis. At that time, the Beckman GC-4 gas
chromatograph, together with several other instruments in
frequent use, was supplied from a single cylinder of *pure?
helium. Due again to the throughput of the commercial
laboratory, the helium cylinder was subject to fregquent
changes. Armed with the suspicion of carrier gas purity
requirements suggested by several authorsla’lﬁ'17'18’19'33,

samples were collected from several spent cylinders of helium
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and subjected to mass spectral analysis. The resulis
confirmed that the bottled helium contained variable
quantities of trace contaminants such as nitrogen, oxygen,
and even argon. The presence in the carrier gas of such
impurities, all of which have lower ionization potentials
than helium, was apparently causing the variable background
currents observed. It is suspected that the contamination of
the cylinders is due not to the purity of the helium being
bottled, but rather to the misuse of cylinders by previous
users and to the lack of good quality control procedures by
the vendors. To remedy the situation, a supply of certified
ultra high purity helium was cormected to the HDD analysis
system on a dedicated basisj once installed, the background
current was observed to be substantially more stable and
reproducible.

After the establishment and confirmation of short and
long term reproducibility, the system was employed to produce
response data for three fixed pgases, oxygen, nitrogen, and
hydrogen. The analyses were undertaken by preparing serial
dilutions of known concentrations for each gas urnder
consideration, and analysing each by irnjection onto a SR
carbor molecular sieve column. Ambient air was used as the
source of oxygen and nitrogen. Tables 1 — & detail the

experimental results.



HELIUM DISCHARGBGE DETECTOR RESPFONSE

0OXYGEN

OXYGEN TOTAL CORRECTED L.0G AVERAGE
RUN # Y LOG FEAK AREA ATTEN SIGNAL SIGNAL SIGNAL  LOG SIGNAL
72 Z.09E+01 265. 0 S0 1324827.2 1324453, 3 6. 1220
73 2.@aBE+@1 1. 322 7. 2 5002 1361203.5 1360829. 6 €. 1328 &.1279
74 2.@PE+2 115.5 S S77396.4  S577016.5 S.7612
75 2. 8E+00 A, 322 114.7 S0 573639.7 573265.8 5. 7584 5.7598
76 =.09E-@1 171.5 lagwe  171497.1 171123.1 5. 28333
77 E2.08E-21 -2, 6812 172.@ lagg  171997.1 171623.1 S. 2346 5. 2339
78 2.@Pe-az 4. S 19993.7 19619.8 4. 2927
79  2.09E-22 —~1.680 42.5 S 2144, 1 cra7a. 2 4.3198 4. 3061
8 Z.2%E-03 12.7 S@ 636.9 ez, 9 . 4158
81 2.@239E-03 ~-Z.680 13.1 S@ 655. 6 =Z81.7 2. 4498 Z. 4348
8 "4} 7.5 5@ 373.9 2. @
3 2 7.5 S5 373.9 .2

TARLE 1.



HELIUM DISCHARGE DETECTOR RESPFONSE

NITROGEN

NITROGEN TOTAL CORRECTED LOG AVERAGE

RUN # % LOG FEAK AREA ATTEN SIGNAL SIGNAL SIGNAL LOG SIGNAL

72 7.81E+21 762.9 S 3814508.3 3813330. 3 6. 5813

73 7.81E+21 1.8933 785.7 SQa 3928272.5 3987034, 5 6. 5941 6. 5877

74 7.81E+Q2 386. 2 S 193@2997.2 1929819. 1 6. 2855

75 7.81E+0@0  @.893 388.1 S 1940373, 4 1939195. 4 6. 2876 6. 2866

76 7.81E-21 378. 12 laga  377966.1 376788.1 S. 9761

77 7.8BlE-21 -@.147 373.1 liaga  379@091.2 377313.2 5.5774 S5.5767

78 7.81E-02 77.9 S 38948.7 37770.7 4,577

79 7.8l1E-02 —-1.1@7 a8z.9 S 41451.8 40273. 8 4. 6052 4.5911

8 7.81E-23 44,6 S cEaE8. 2 1250, 2 3. 0213

81 7.81E-03 —-&.127 45, 2 S SEE%. 7 ila81.7 3. 0341 3. 0277

ax @ 23. 6 oo 1178. @2 2.2

83 @& =3, S5 1178.@ .

TABRLE 2.

-

8=



HE LI UM DISCHARGE DETECTOR RESPFONSE

HY DROGEN

HYDROGEN FERAK TOTAL CORRECTED % REL L.0OG AVERAGE
RUN # 7 L.0G ARER ATTEN STGNAL SIGNAL  8TD DEV SIGNAL LIOG SIGNAL
91 1.20E+02 125.1 S 625306, 2 625306. 2 5. 7961
92  1.RE+2: 131.1 Huaan 655306.5  635306.5 5.8164
93  l.anE+Rz 2.0 134.1 S0 670306.6 67A3VE. 6 =. 88 5. 8263 5. 8129
94 1.@Q0E+Q1 E4.1 SRR IZesd. 6 ISleSE. 6 S. 5060
9% 1l.20E+21 ] Saua 368497.8  362497.8 5. 5593
96 1. 02E+Al a1.2 Saa 406248.1 406248, 1 5. 6288
97  1.QRE+2L 1. Q@ 84,9 SRR 424373.2  424373.2 10,64 S5. 6277 5. 5735
98 1. BE-+R22 2.7 S@an 1a3749.5  1@3749.5 S. 0160
99 1. 2E+2R =1l.1 S@aoa 1256e24.5 105624.5 S. =238
1a 1. QR2E+2@ Q. a0d 1.1 SaR 125624.5  125624.5 . B4 5. 0238 S.2z12
121 1.020QE-@1 S2.5 S7 2649, 7 26249, 7 4.4131
iz 1.200E-21 —1. 002 92. 9 S0 Ze43. 7 26249, 7 4.4191 4.4191
1235 1. Q2E-2Z 1.5 =5 37.3 37.5 1.5737
124 1.00E-2z —~2. g 1.5 =5 375 37.5 1.8737 1.85737

TAEBELE 3.



THERMAL CONDUCTIVITY DETECTOR RESPFONSE

0OXY G EN

OXYGEN TOTAL CORRECTED LOG AVERAGE
RUN # % LOG FEAK AREA ATTEN SIGNAL SIGNAL SIGNAL LOG SIGNAL
&2 2.09E+021 172.7 a 13822 138&. 2 3. 1423
73 Z.@9E+21 1. 3282 173,12 8 1384. @ 1384. @ 3.1411 3. 1408
74  Z2.09E+QD 26 & 8 Sld. i 21,2 e 3321
75 E2.09E+Q2 2. 320 26. & a8 1. c1.@ . 32 2. 3221
76 S.@09E-@1 8z.5 1 8.5 8.5 1.9163
77 Z.0%E-21 -2.680 8.5 1 8.5 = 1.9163 1.9163
78 Z.@9E-22 e b 1 Py Za b . 373
793 Z.09E-02 —-1.680 2. 4 1 ey Ze b . 3732 Q. 3732
8z Z.0%E-23 NA 1 NA
81 2.09E-23 -2.680 NA 1 NEA
ez ] NA i NA
83 @ NA 1 NA

TAERBLE 4.

T



RUN #

76
77
78
79
1=17/]
81

83

THERMAL CONDUCTIWVITY DETECTOR

NITROGEN
% LOG
7.81E+01
7.81E+21 1.853
7.81E+0@
7.81E+0@ 2. 833
7.81E-01
7.81E-21 -@&. 187
7.81E-22
7.81E~a2 —-1.127
7.81E-23
7.81E-23
2
74

FEAK AREA

462.5
460,12
81.93

81.9

161.1
157. 4
13. 4

12.9

NA

NA

NA

NA

NI TROGEN

TOTAL

ATTEN S5IGNAL
2693.7
3673.7
655.
655. &
161.1
157. 4
13.4
12.9
NA

NA

NA

NA

o e e = e DO D

TAERLE B5S.

CORRECTED
SIGNAL

3699.7
3679.7
655. &
655. &
161.1
157. 4
13. 4
12.9

REG&GFPR

LOG
SIGNAL

1.1276
1.1124

0ONSE

AVERAGE
LOG SIGNAL

=

1o



RUN #

91

93
4
35
96
97
58
99
1@
121
1z
123
124

HYDROGEN
Y LOG
1. ARE+RE
1. @RE+RE
1. RE+2E 2. 003
1. 20E+21]
1. 2DE+W1
1. QRE+D1
l.@RE+Z1 1.@00
1. QRQE+2R
1. Q2E+QR
1. 22E+2 4. Q2@
1. 20E-21
1.2E-21 —1.@0Q
1. a@aE~2z
loRE-Qz —2. Q28

FERAK
AREA

&2. 6
6R.5
v
15.2
15.@
15.1
15.
1.
1.
1

na e

NA
NA
NA
NA

THERMAL CONDUCTIVITY

ATTEN

T B T I = VI oV I 1)

HYDROGEN

TOTAL CORRECTED
SIGNAL SIGNAL

e
= o = o 1 Fu
- [

!—*H)—"LHU!.LHLHSJHH
nTNe-~ 83 S8

Z222Z
DD DD

TAEBLE

[RPR =

o e = B3O T

H!'—-*:-*LUS.H.LHUSHH
o er-=8co 88N

DETECTOR

% REL

RESFONSE

L.OG

STD DEV SIGNAL

. 3

1.1761
1.1797
1.1797
2. 1757
. 1757
@Q.1757

AVERAGE
LOG SIGNAL

&.a819

1.1773
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LOGARITHM DETECTOR RESPONSE
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Chromatographic data indicated the presence of a slight
air leak in the analysis system; the amount of this leakage
was quantitated and appropriate corvrections made in the
concentration of each oxygen and nitrogen sample. As
indicated earlier, estimation of the area of the HDD and TCD
signals was performed by a geometric interpretation to manape
the M—-shaped peaks generated, on occasion, by both detectors.
To facilitate data display, logarithms of both the detector
response and analyte concentration were calculated and are
shown in Figures 6, 7, and 8. The actual chromatographic
tracings are included in Appendix A.

Considering first the TCD measurements, typical
near—Gaussian response for oxygen, nitrogen, and hydrogen was
observed over the range of concentrations studied with the
exception of the injections of 128 % hydrogen. In these
instances, runs 91, 92, and 93 in Appendix A, an M-shaped
peak response was obtained. This phenomenon, as discussed
earlier, is attributed to a mivnimum ivi the thermal
conductivity curve which occurs in a mixture of about 13 %
hydrogen — 87 % helium. Inspection of the curves shown in
Figures 6, 7, and 8 indicates that the TCD response is
essentially linear for the three gases analysed over the
range of concentrations studied. Specifically, a TCD
response was measured over the corncentration ranges
21 — B.821 X oxygen, 78 — 0.878 % nitrogen, and 100 — 1.0 %
hydrogen. RAs a precaution against filament damage with
oxygen in the system, the TCD was operated at much less than
maximum curvent, namely 150 mA. While increasing the
ocperating current to, say, 202 mA may well have extended the

analysis range, the potential risk to the detector was rot
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Justified. By linear regression and extrapolation of the
response data of Tables 4, 5, and 6, it is possible to
estimate the detection limit for each gas analysed with the

Gow—Mac Thermal Conductivity Detector as shown in Table 7.

THERMAL CONDUCTIVITY DETECTOR RESPONSE
LINEAR REGRESSION ANALYSIS

for v = mx + b

GAS m b CORR. STD. ERROR DETECTION
COEFF. OF ESTIMATE LIMIT

Oz @a. 8709 2. 3949 2. 9684 @. 4776 8. 7E-3%

No 0. 7958 2. 1134 a. 9928 2. 2008 9. 3E-3%

Ho @a. 9531 2.1921 a. 9996 0. 8463 1.3 *
TABLE 7.

For the analyses of oxygen and nitrogen with the TCD,
only duplicate analyses were performed; however, in the case
of hydrogen, the analyses were performed in triplicate.
Examination of Table & indicates that the peak area response
is quite reproducible with a relative standard deviation of
less than 8.5 %. Inspection of Tables 4 and 5 suggests that,
although insufficient data exists to permit quantitation, a
similar reproducibility was achieved.

The HDD was, in general, more sensitive than the TCD for
the analyses at hand. M-shaped peaks were encountered, but
only at the higher concentrations of analyte gas, namely
21 - 2.1 % oxygen, 78 — 7.8 % nitrogen, and 1080 % hydrogen.
Below these concentrations, normal near—-Gaussian peaks were

obtained. Inspection of the Figures 6, 7, and 8 reveals
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that, unlike the response of the TCD, the response curves of
the HDD are not linear. Detector respornse was measured for
concentrations of 21 - @.0021 % oxygen, 78 — @.0878 %
nitrogen, and 10@ — 8.@1 % hydrogen. The plotted curves of
HDD response shown in Figures 6 through 8 can be fitted to a
simple quadratic function and estimates of the detection
limit of each pas analysed with the Beckman Helium Discharge

Detector can be made as shown in Table 8.

HELIUM DISCHARGE DETECTOR RESPONSE
CURVILINEAR REGRESSION ANALYSIS

for y = ax® + bx + c

GAS a b c STD. ERROR DETECTION
OF ESTIMATE LIMIT
0O —8.2435 @a. 5529 S. 7479 Q. 2485 1.9E—-4%4
N, -—0.2000 a. 8387 S. 7060 Q. 8694 3. 1IE—-4%
Hy —0.3162 1.0472 4.9435 0. 1312 3. @E—3%
TABLE 8.

As with the TCD analyses, only duplicate analyses of
oxygen and nitrogen were undertaken with the HDD. Again
however, several of the hydrogen analyses were performed in
triplicate. Examination of the data of Table 3 indicates
that the reproducibility of the HDD response is considerably
more varied, with the relative standard deviation ranging
from @.84 — 18.64 %. 0Oddly, the most non—reproducible result
is not the most sensitive measurement, but rather an
intermediate result. The reason for this behaviour is

uncertain but may originate in the electronics of the HDD.
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As noted earlier, the corresponding peak responses measured
with the TCD were quite reproducible, suggesting the problem
does not lie with the analysis train. The peak responses
tabulated in Tables 1 and 2, while not quantitated, suggest
acceptable reproducibility.

Comparison of the data of Tables 1 through 8 indicates
that, for oxygen and nitrogen, the Beckman Helium Discharge
Detector is 10 times more sensitive than the Gow—Mac Thermal
Conductivity Detector. Of more immediate significance,
however, is the observation that the HDD is 182 times more
sensitive toc hydrogen than is the TCD. In addition, the
potential exists to realize even greater sensitivity from the
HDD by the use of of a solid-state electrometer. Increased
sensitivity was not possible with the analysis system
utilized in this study due to the substantial roise
background inherent in the vacuum tube electrometer employed
for this work.

As indicated earlier in this discussion, the Helium
Discharge Detector generated M-shaped peaks in the presence
of high concentrations of analyte gas. The phernomena
occurring within the detector which result in the gerneration
of an M—-shaped peak are of interest in understanding the
mechanism by which the HDD operates. It is speculated that a
mechanism similar to that proposed by Yamarel? to explain the
electronic characteristics of the Helium Ionization Detector
may describe the processes occurring within the Helium
Discharge Detector. Gaseous components exiting the
chromatographic column are ionized in the sensing chamber by
high enerpgy species (helium ions, metastable helium atoms,

and electrons) generated in the region of the helium
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discharge electrodes. The generation of an increased current
flow, as measured at the collector electrode, is indicative
of the increasing concentration of these ionized species
corresponding to the increased concentration of the gasecus
effluent in the sensing chamber. At two points (undefined)
during the elution of the gaseocus component from the
chromatograph, the measured current reverses in polarity.
Yamane has suggested that the change in current observed with
the Helium Ionization Detector may result from
photoionization processes occurring within the sensing
chamber. It is thought that similar processes may be at work
in the HDD. While it is not possible to validate this
hypothesis at present, a future study might involve the
construction of a working detector cell from quartz, thereby
allowing the processes occurring within the detector to be

studied spectroscopically.
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CHAPTER 4

CONCL USIONS

The results of this study indicate that the Beckman
Helium Discharge Detector is a suitable device for the
analysis of the fixed gases oxygen, nitrogen and hydrogen at
levels 10-10@ times more sensitive than possible with the
Gow—-Mac Thermal Conductivity Detector. Detection levels of
1.9 E-4 * oxygen, 3.1 E—4 % nitrogen, and 3.8 E-3 % hydrogen
are estimated for the HDD. The applicability of this
detector to the analysis of fixed gases, and in particular,
hydrogen, suggests that the Helium Discharge Detector could
represent a relatively inexpensive alternative to the use of
sophisticated analytical devices by practical analytic
laboratories.

Considerable difficulty was initially encountered in the
course of the investigation due to the relative instability
of the HDD. The necessity of absolute electrode cleanliness
and carrier gas purity have been established as physical
prerequisites for reproducible operation of the detector.
Contamination of the detector electrodes, traced to column
bleed from packed columns inadvertantly cormected toc the HDD,
was found to be removable only by ultrasonic cleaning. Trace
impurities such as oxygen, nitrogen, and argon in bottled
helium were found to cause variable background current in the
HDD. The only convenient sclution to this problem was the
use of certified purity helium.

The appearance of M-shaped peaks at high levels of

analyte do not appear toc cause any problems in quantitation
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of the fixed gases studied when the peaks are integrated by
the geometric technique employed; however, the progress of
this and future studies would be greatly assisted through the
incorporation of electronic integration devices to facilitate

the integration of the chromatograms.
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APPENDIX A

CHROMATOGRAPHIC DATA




BECKMAN GC-4 GAS CHROMATOGRARH

Column: 7° 1 1/8" Stainiess
Steel packed with 54 Carbon
Holecular Sieve {(40-BO)mesh

Carrier Bas:
Column v 40 plimin
Bischarge » 160 al/amin

Column Temperature Ambient

Helium Discharge Detector:
Voltage 2 VI
furrent : 13.3 mh
Fplarizing Voltage: 1000 VIC
Bias Yoltage : & VIC
Attenuation i % 5000

Thermal Conductivity Detsctor:

Yoltage : 14 VIL
Current v 123 sh
Attenuation H
Fecorder, i ce/min
10 ¥ F534
RUM # 72
051 209460 ppm
Moz 780B40 ppm

HDD

T2 D
Ca N,
i r
e
Q. 7 Na



BECKMAN BC-4 GAS CHROMATOGRAPH

Column: 7° % 1/B" Stainless
Steel packed with 3R Carbon
Holerular Sieve {40-B0imesh

farrier Gas:

Column . 40 ml/min
Tischarge : 160 al/ain

Column Tesperature Ambient

Helium Discharge Detector:

Voltage ¢ 210 it
Current : 13.5 nh
Folarizing Yoltage: 1000 VIC
Bias VYoltage : ¢ VIC
Attenuation ¢ ¥ 5000

Thermal Conductivity Detector:

Voltage : i ¥l

Current HE VR

fttenuation H S
Recorder: 1 ca/min

10 m¥ F5A

BUN # 73

209460 ppm
780840 ppm

3

=

TCD
SENENY- 1T Nz

T
i
|
‘;
1

——




BECKMAN BC-4 GAS CHROMATOGRAPH

5w
-
s
[ =¥
PO
L
- B
=
(=g
o)
Eed

Tharmal Conductivity Detector:
Voltage
Current
fttenuation

Recorder:

i ca/pin
10 aY FRA

# 74

&=

et
nn mH

209445 ppm
78084 ppm

S

S

™93
I
i)
|

O2 Na
HDD



BECKMAN BC-4 GAS CHROWATOGRAPH

Colusn: 77 ¥ 1/8% 5t
Steel packed with

Carrier Bas:
Column 40 mlfain
Discharge ;160 al/nmin

Lolumn Tesperature

Yoltage
Current

Helium Discharge Detector

fmbient

Polarizing Voltage: 1000 VIC

Bias Voltage :
Attenuation ]

Yoliage .
Current |
Gtfenuation M 4

{

(-1 20944 ppm
No: 7BOB4 ppm




BECKNAN BC-4 BAS CHROMATOGRAPH

Column: 7° ¥ 1/8° Stainless
Steel packed with 34 Carbon
Holecular Sieve (A0-BO)mesh

Carrier Bas:
Coluan » 30 ml/min
Discharge v 160 ml/min

Column Temperature Ambient

Helium Discharge Detector:
Valtage HS L 1N
Current : 15.5 mf
Folarizing Voltage: 10040 VDO
Bias VYoltage : 4 ViC
Attenuation 11000

Thermal Conductivity Detector:

Yoltage HES L {1
Current HEE VR ]
fttenuation S |
Recorder: i ca/min
19 sV FSA
EUN # 74

O~: 2095 ppm
MNo: 7808 ppm

N



BECKMAN BC-4 GAS CHROMATOBRAPH

[ I =
i

i {/B" Stainless
cked with 38 Carbon
r Sieve {40-B0)mesh

Column: 7°
Steel pa
Holecula

Carrier Bas:

Colugn : 40 alimin
Bischargs v 150 gl/min

Column Temperature : Ambient

Heliug Discharge Detector:

Voltage HS T I
Current : 13.5 af
Polarizing Yoltage: 1000 VDO
Bias Voltage : ¢ VI
Attenuation Y 100g

Thermal Conductivity Detector:

Voltage : i¢ VIC

Current : n ph

Atienuation [ S|
Recorder: I ca/min

19 @V FBA

RUM # 77

= 2095 ppm
Mo 7808 ppm

‘TeD

©2
Wy
"\\h‘g uﬂ‘qw_'\,‘é

HDD




HECKMAN BC-4 GAS CHRONATOGRAPH

Colupn: 7° ¥ 178" Stainless
Steel packed with 3R Carbon
Holecular Sieve {40-BOimesh

Carrier Bas:
Column ¢ 40 ml/min
Discharge v 150 al/ein

Coluan Temperature :  Ambient

Helium Discharge Detector:
Yoltags HS {1
Current : 13.7 mA
Polarizing Voltage: 1000 VB
Bias Voltage : 4 VB
Attenuation H 1

Thermal Conductivity Detector:

Yoltage : i VI
furrent I VR
attenuation H S |
Recorder: { ca/min
10 aY F5A
EUN # 78
O-: 209 ppm
Nz 781 ppm

HDD

Na



BECKMAN BC-4 B85 CHROMATOGRAPH

k'

Column: 77 % 1/8" Stainless
Stesl packed with 38 Carbon
Holecular Sieve {40-Bllgesh

Carrier Bas:
Coluan ;40 gl/min

Bischarge v 1A0 ml/min

Column Tesperature Ambient

Helium Discharge Detector!
Yoltage ¢ 219 NBD
Current : 13.5 sf
Folarizing Voltage: 1060 VI
Bias Voltage : ¢ VIC
Attenuation HE S 1]

Tharmal Conductivity Detaector:

Yoltage : 16 VIC
Current S Vi T
Attepuation i
Rerorder: i cwimin
19 &V F34
RUN # 72
Oz 20% ppm
i B 781 ppm

TCD
O N2
; \/




BECKHAN GC-4 BGAS CHROHATOGRAPH

Column: 7° ¥ 178" Stainless
Stee! packed with 3f Carbon
Holecular Sieve (40-B0imesh

Carrier Bas:
Column v 40 ml/min
Discharge v 160 ml/min

Column Temperature Ambient

Helium Discharge Detector:

Yoliage HES U
Current : 13,5 =
Polarizing VYoltage: 1000 VDE
Bias Voltage : 0 VDL
fttenuation HE G

Thermal Conductivity Detector:

Yoltage H i VIC

furrent v I3 @k

Attenuation H
Recorder: i ca/min

10 oV F5A

RUM # BO

21 ppm
78 pom

[
e wE

= 0

Te¢D

3
HDD

T



BECKWAN BL-4 GAS CHROMATDGRAPH

Column: 77 ¥ 1/8% Stainlecs
Bteel packed witn o Carbon
Molecular Sievs {B0-B0)mesh

Carrier orsd

Coluon i A0 pl/min
Bischargs v 160 ml/min

Column Temperature fmbiant

Helium Discharge Detsctor:

Yoltage o Z0 VB
Current : 15.5 mh
Polarizing Voltage: 1400 VDL
Bias Yoltage : HIN 1IN
Attenuation HE S

Thermal Conductivity Detector:

Yoliage : g vik

Current S Vs S

ftenuation A
Recorder: i cafmin

10 ¥ F58

RUN # 81

= 21 ppm
M2 78 ppm

TCD

Og_ NZ
H"DD



BECKWAN BC-4 GAS CHROHATOGRAPH

Colupn: 7° % 178" Btainless
Steel packed with 34 Carbon
Holecular Sieve (50-Blimesh

Carrier Bas:
Colusn v 40 ml/gin
Discharge o 160 slimin

Coluan Temperature ! Ambient

Heliug Discharge Detector:
g 210 VLD
ie

voltage H

Lurrent : 13.5 mf
Falarizing Yoltage: 1000 VDD
Biaz Voltage : ¢ VDL
Attenuation HE <

Thermal Conductivity Detector:

Yoltage : 10 VLD

furrent 135 #h

attenuation L |
Recorder: i cafmin

1o aY FSA

EUN # B2
O-: O ppm
N~ O ppm

A-11.

TCD



BECERAN BC-4 BGAS CHROMATOGRAPH

Column: 7° ¥ 1/8" Gtainless
Steel packed with 58 Carbon
" es

Holecular Sieve {(&0-80)mesh
Larrier Bas:

Column o A0 agl/min

Bischargs v 160 ml/ain

Column Teaperature Ambient

Helium Discharge Detector:

Ypltage HEI U
Current : {3.5 nf
Folarizing Voltage: 1000 VIC
Bias VYoltage H 0 ybo
Attenuation HE S
Thermal Conductivity Detector:
Yoltaoe H i ¥DC
Lurrept H VI 1
Attepuation A
recorder: i ca/ain

1
1wV F5A

RUN # B3

g
(N

O ppm
O ppm

TCD

6:33_ th«
HDD



BECKHAN 5C-4 BAS CHRUWATOGRAPRH

Column: 7° ¥ 1/8" Stainless
Steel packed with 5A Carbon
Holecular Sisve {40-8Qimech

Carrier Gas:
Column v 40 pl/amin
Gischarge ;140 al/min

Column Temperature Ambient

Helium Bischarge Detector:

Yoltage HS L
Current : {3.5 nh
Polarizing Voltage: 1000 VIC
Bias Voliage : ¢ Yt
Attenuation 1 5000

Thermal Conductivify Detector:

Yoltage : 14 VIC
Current HE VR 1
fittenuation D
Recorder: i cafmin
{0 aV F54
EUM # 21

Hoo 1000000 ppm

TCD
; Hz («FY Nz
H o
i
L — o,
Ha
HDD

N2

a—-13.



A—14.

BECKHAN BC-4 BGAS CHRONMATOGRAPH

Column: 7° ¥ 1/8" Stainless
Steel packed with 58 Carbon
Molecular Sieve {50-B0)mesh

Carrier BGas:
Coluan ¢ 40 ml/min
Discharge v 160 ml/min

Column Temperature Ambient

Helium Discharge Detector:

Yoltage HEI LU i
Current : 155 8A ™ TCD
Folarizing Yoltage: 1000 VIC ' oy Na
Biaz Voltage : 4 VIt 1T T
Attenuation DY 5000 Fﬂ} |
Thermzl Conductivity Detector:
Yoltage : i VIO
Current S VA
Attenuation HE S
Recorder: | te/min
16 mY F5A
- O N2
HZ
HDD
RUMN # 22

Hoi 1000000 ppm



BECKWAN BC-4 BAS ChRONATGERAPH

i ainless
ked with 58 Carbon
sieve {40-B0)gech

Carrier BGas:

Coluan v A0 plimin
Bischarge P 160 apl/sin

Column Temperature Ambient

Helium Discharge DBetector:

Yoltage » 210 VD

Current : 15.5 #f

Polarizing VYoltage: 1000 VI Hy
Bias Vpitage : G viC - 4
Attenuation : % 5000 ' E

Thermal Conductivity Detector:

Voltage : i VIC

Current HE VI

Attenuation HE S
Fecorder: 7 ca/min

10 &V F54

RUN # 23

Hoo 1000000 ppm

TCD
O2 N2

— —

Mg Ox
HDD




BECKMAR GC-4 GAS CHRONMATOGRAFH

Column: 7° ¥ 1/B" Stainless
Steel packed with 3A Carbon
Holecular Sieve {60-B0)mesh

Carrier Gas:
Coluan i 40 ml/ain
Discharge o 160 sl/min

Column Temperature @ Ambient

Helium Discharge Detector:
Yoltage ¢ 20 VIt
Current : 15.5 mf
Folarizing Voltage: 1000 VDL
Bias Yoltage : & VI
Attenuation % 5060

Thermal Conductivity Detector:

Voltage 10 VIC
Current HE Ve R 1
Attenuation S S |
Recorder: i cafmin
10 mV FEA
RUN # 24

Hoz 100000 ppm

TCD
Hz O, N

THieE T iNg
HDD

f—-156.



BECKHAN GC-4 GAS CHROMATOGRAPH

Column: 7° ¥ 1/8" Stainless
Steel packed with 58 Carbon
Molecular Sieve {(40-B0)mesh

Larrier Bas:
Column i 40 ml/min
Discharge + 160 glimin

Colupn Temperature Ambient

Helium Discharge Detector:

Yoltage 2 VED
Current : 15.3 8f

Polarizing Voltage: 1000 VIC
Bias VYoltage : ¢ VL
Attenuation % 00

Thermal Conductivity Detector:

Voliage ; 19 ¥VIC

Current v 175 af

attenuation HE S
Recorder: ! cafmin

i av F5A

RUM # F5

Ho: 100000 ppm

TCD

Ha
™\

Oa

N2



BECKWAN GC-4 GAS CHRONATOGRAFH

Column: 7° ¥ 1/8" Stainless
Steel packed with 54 Carbon
Holecular Sisve {40-80)mesh

Carrier Bas:
Column v 40 pl/min
Discharge » 160 al/min

Column Temperature Ambient

Heliug Discharge Detector:

Yoliage I L
Current : 153.5 af
Polarizing Voltage: 1000 VIC
Bias Voltage : 4 VID
Attenuation 1 5000

Thersal Conductivity Detector:

Yoltage : 16 VIC

Lurrent VI

Attenuation HEE B
Recorder: | ca/min

10 Y F5A

BUN # Z&

HE: 100000 ppm

Tebd

Hz Oa

I

10



BECKMAM BC-4 535 CHROWATOGRAPH

Column: 7° ¥ 178" Stainless
Steel packed with 58 Carbon
Molecular Sieve {50-8B0)mesh

Carrier Has:
Colusn + 40 mlfmin
Bischarge o 140 al/min

Column Temperature Ambient

Helium Discharge Detector:
Voltage v 2ig VIC
Current : 13.5 nf
Folarizing vVoltage: 1000 VIO
Bias Voltage : 4 VIC
Attenuation % 5000

Thermal Conductivity Detector:

Yoltage : 1 VID

Current v 125 mA

fttenuation S A |
Fecorder. i ce/min

id ¥ F5A

RUN # Z7

He: 100000 ppm

-

TCd

W, 0.

ﬁ-—\;mf’/‘

l\)z



HECKMAN BC-4 BAS CHROMATOGRAFH

Column: 7° X 1/8" Gtainless
Steel packed with 5A Carbon
Holecular Sieve {&0-B0)mesh

Carrier BGas:
Coluan : 40 ml/min
bischarge : 140 ml/ain

Column Temperature @ Ambient

Helium Discharge Detector:
Yaltage ¢ 210 VIC
Lurrent : 13.5 mb
Folarizing Yoltage: 1060 VIC
Bias Yoliage : i VIC
Attenuation % 5000

Thermal Conductivity Detector:

Yoltage : 10 Vi

Current H VR T

Attenuation HE
Recorder: 1 ca/min

10wV F5R

RUN # 98

Hol 10000 ppm

HDD



HECKHAN BC-4 GAS CHROMATOGRAPH

Column: 7° ¥ 1/B" Stainless
Steel packed with 3A Carbon
Holecular Sieve (50-BOlmesh

farrigr Bas:
Colusn : 40 glimin
Discharge v 160 ml/min

Lolumn Temperature Ambient

Helium Discharge Detector:

Yoltage : 210 VID
Current : .0 mh
Polarizing Voltage: 1900 VDO
Bias VYoltage : 4 VIC
attenuation N S

Thermal Conductivity Detector:

Yoltage : 14 VDL

Current HE VB T

attenuation I A |
Recorder: { ca/min

10 mV FB8

RUM # 79

Ho: 10000 ppm

TC)
Ha

HDD

A-Z1.



BECKHAM BC-4 BAS CHROWATOGRAPH

Column: 7° 1 /8" Stainless
Steel packed with 38 Carbon
Holecular Sieve {(A0-B0)mesh

farrier BGas:
Column i 40 pl/ain
Discharge o 180 gl/min
g

Column Temperature Ampbient

Helium Discharge Detector:

Voliage 1 210 VDD
Current : 15.5 afi
Polarizing VYoltage: 1000 VDO
Bias Valtage : ¢ Vil
Attenuation D S i1

Thermal Conductivity Detector:

Yaltage : 10 Vit
Current IR VR

ftteruation S
Recorder: 1 ca/min
10 a¥ F548

RUN # 100

Ho: 10000 ppm

D

—
N




BECKMAN BC-4 BAS CHROMATOGBRAPH

Column: 77 ¥ 1/B" Stainless
Steel packed with 5A Carbon
Molecular Sieve {&0-B()mesh

Carrier Gas:
Column v &0 gl/min
Bischarge v 160 al/min

Column Temperature Ambient

Helium Discharge Detector:
Yoltage I LR
Current : 13.5 mh
Polarizing Yoltage: 1000 VIC
Bias Voltage : g VIC
Attenuation : % 500

Thermal Conductivity Detector:

Voltage : 10 vt
Current v 125 mA
Attenuation I S
Recorder: { ca/min
10 ®Y FBA
RUN # 101

TCD




HECKNWAN GC-4 GAS CHROWATOGRAPH

Colemn: 7° ¥ 1/8" Btainpless
Steel packed with 3R Carbon
folecular Sieve (560-80)mesh

Carrier Bas:
Colusn ¢ 40 sl/min
Discharge v 160 pl/ain

Column Temperature @ Ambient

Helium Discharge Detector:

Yoltage HES LI 1
Current ; 13.53 mh
Folarizing Voltage: 1000 VIC
Bias Ypltage : § Vbl
Attenuation + 1 500

Thersal Conductivity Detector:

Yoltage : it VIt
Lurrent v 1725 a8

fttenuation A |
Recorder; { calmin
10 &Y FB4

RUN # 1032

o 1000 ppm

TCD

HDD

aA-24.



A-25.

BECKMAN BC-4 GAS CHROMATOGRAPH

Colupn: 7° ¥ 1/8" Stainless
Steel packed with 3R Carbon
Holecular Sieve {(40-B0)mesh

Carrier BGas:
Column ¢ 30 aml/amin
Discharge » 160 pl/min

Column Temperature Ambient

Helium Discharge Detector:

Yoltage v 210 WDE

Current : 13.5 mh

Folarizing Voltage: 1000 VIC

Bias Voltage : 0 VYOC

Attenuation H s TCD

o on L. . _?____/V-‘—-—"\——-

Thermal Conductivity Detector:

Yoltage : 10 VIC

Current HEE VR 1

Attenuation HED S
Recorder: 1 ca/ain

10 a¥ F5A
M
il [P
MDD
RUM # 163

=2 100 ppm



BECKMAN BC-4 GAS CHROMATOGRAPH

Columan: 77 ¥ 1/8" Stainless
Steel packed with 3A Carbon
Holecular Sieve {h0-B0)mesh

Carrier Gas:
Colusn v 40 mlimin
Bischarge ¢ 160 l/pin

Coluan Temperature | Ambient

Helium Discharge Detector:
Yoltage FS S 1
Current : 15.5
Polarizing Voltage: 1000 VI
Bias Voltage : 0 VDo
Attenuation HE S

Thermal Conductivity Detector:

Yoltage : {0 VB
Currant HEES VR 1
Attenuation I S
Recorder: i cafmin
10 aV FS54
RUN # 104

Hoz 100 ppm

TeD

a—24.



