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FOREWORD

The Instrument Society of America’s Second International Symposium
on Gas Chromatography was held at the Kellogg Center for Continuing
Education, Michigan State University, June 10 through 13, 1959. The
following collection of papers represents the proceedings of this meeting,.

This meeting followed the pattern that was found to be successful at the
first symposium, held at the same location in 1957. Papers were scheduled
for presentation in morning and evening sessions, with the afternoons left
open for recreation or free discussion of the papers or topices selected by the
participants. In this manner, everyone had an opportunity to present de-
tailed views in an uninhibited manner ‘“from his own soap box.” This
method, we believe, provides maximum opportunity for the interchange of
information and stimulation of ideas for future experimentation

We believe the basic reason for the existence of technical societies or
meeting groups is the stimulation of ideas through mutual contact, careful
documentation in the form of technical papers, and selective dissemination
of these papers and other pertinent technical information. The effective-
ness of a technical society lies not only in the competence and initiative of
its members, but also in the technical support of the advanced investigators
in their respective fields. We are in high hopes that the ISA organization,
and particularly the facilitics of the Analysis Instrumentation Division,
will continue to be recognized and utilized by all technical people interested
in instrumentation.

We wish to express our thanks to the contributors, session chairmen, and
many other people who have contributed to this effort. The assistance of
Mr. Thomas Collins, Dr. Tunis Dekker, and their staffs, of the Kellogg
Center, is deeply appreciated. We wish to express a great measure of our
thanks to Jean McDonald for her competent assistance to the General
Chairman in handling the numerous details, correspondence, and arrange-
ments necessary for the success of this meeting.

Henry J. NoEBELS, Beckman Instruments, Inc.

General Chairman,
Second International Symposium on Gas Chroma-
tography

Director,
Analysis Instrumentation Division

ix



FOREWORD

NaTHANIEL BRENNER, The Perkin-Elmer Corporation

Program Chairman,
Second International Symposium on Gas Chroma-

tography

Chairman,
Committee on Chromatography

Roserr F. WaLL, Monsanto Chemical Company

Associate Director,
Analysis Instrumentation Division

Tuaomas C. WHERRY, Phillips Petroleum Company

Vice President,
Technical Department



CONTENTS

List oF CONTRIBUTORS
ForEWORD

I. Effect of Flow Rate on Optimum Sample Size for Mimmum Values
of Retention Time and HETP
By R. M. BETaeA and T D. WHEELOCK
Experimental
Results
References

I1. Theoretical Considerations n Large Gas Chromatographic Columns
By MARceL J. & Goray
Introduction
Boundary Layer Liffect
Systematic Column Inhomogeneities
References.

TII. Chromatographic Sohd Support Studies
By W. J. Baker, L. H. Lek, and R. F. WaLn
Summary
List of Symbols
References

IV. A Sold Support for the Gas-Taquid Chromatography of \trongly
Basic Nitrogen Compounds
By .\. W. Dcora and G. U DINLEN
Tquipment and Materials
Experimental Procedures and Results
Discussion
References

V. The Role of Column Backflushing in Gas Chromatography
By R ViLravosos, R. O. Brack, and T. Jouns
Introduction
Definition of Terms
‘Theoretical
Fxperimental
Backflush Retention Time
Peak Width
Discussion
Summary
References
VI. A High-Vacuum Tonization Detector for Gas Chromatographic
Analysis
By E. A. HinkLg, H C. TuckEr, R. F. WaLL, and J F. Comss
Introduction
Summary
1

11
11
15
19

21
31
31
32

33

3
36



xil

VIL

VIII.

IX

CONTENTS
Theory and Design 55
Apparatus 58
Experimental Results 60
Discussion 62
Conclusions 63
References 63

A Radio Frequency Discharge Detector for Gas Chromatography 65
By ArTHUR KARMEN and RoBeRT L. BowMaN

Experimental 66
Sensitivity 68
Effeet of Temperature, Pressure, and Gas Flow Rate 71
Discussion 72
Sumimary 73
References 73
The Sensitivity of Detectors for Gas Chromatography 75
By Irvinag G. Youne
Introduction 75
Definttions of Sensitivity 76
Nowse Considerations 77
Senuitivity Expressions for Gas Chromatography 79
Comparson of Some Detectors 80
Faperimental Conditions 81
» Discussion 82
Summary 83
References 83

Compatible Readout System Design for Use with a Chromatographic
Instrument Employing Golay Columns and lomzation Detectors 85
By J. J Davis

. Performance Data on a New lonization Detector 91
By L. V. GuiLp, M [ Lroyp, and F. Aun
Carrier Gases Used 93
Calibration 97
Sensitivity 97
Response Time 97
Effect of Temperature, Pressure, and Flow 99
Analy tical Results 99
Conclusion 101
References 101
. Process Control Systems Embodying Gas Chromatography Ana-
lyzers 103

By GEorGE S. TURNER
Elements of a Process Chromatograph Adapted to Process Con-
trol 103
Application of Chromatograph Control Systems 106
Gieneral Remarks 108



XI1I.

XIII.

XIV.

XV.

XVI.

XVII.

XVIIL.

CONTENTS

An Improved Recording System for Gas Chromatography
By 0. K. DoorLen

Introduction

Instrumentation

Final Recorder Design

Summary

Conclusions

A Precision Integrator for Gas Chromatography
By WarreN L PeRrINE

Precision Required

Description of Integrator

Performance

Application

The Effects of Temperature, Pressure, and Type of Carrier Gas on

the Sensitivity of a Thermal Conductivity Detector
By N H. Ray
Experimental

Determinations of C; through C; Hydrocarbons in a Single Run by

a Four-Stage Gas Chromatography
By M. Girarp Brocu
Introduction
Experimental
Discussion
Summary
References

A High-Temperature Gas Chromatograph
By Dougras ALEXaNDER and RoGer F. Marsin
Introduction
Description
Problems
Summary

Separation and Identification of Oxygenated Hydrocarbons in Com-

bustion Products from Automotive Engines

By K. J. Huanes, R. W. Hurn, and F. G Epwarps
Introduction
Experimental Procedurcs and Results
Experimental Results
Summary
References

A Versatile Gas Chromatographic Instrument
By JonN A. PERRY
Description of the Instrument
Applications
Separation of Three Cg Isomeric Chlorides
Analytical Capability .

xiii
111

111
111
113
117
117

119

119
119

124

127
129

133

133
136
157
160
161

163
163
163
163
169

171
171
171

174
181

183

183
192

195



Xiv

XIX.

XXI.

XXIL

XXIIL

XXIV.

('ONTENTS

Summary 196
References 197
Automatic Fraction Collector for Gas Chromatography 199
By G. KRONMUELLER
Mechanical Construction 199
Control System . 199
Performance 204
Summary 206
Reference 206

. Selected Applications with a New Preparative Gas Chromatograph 207
By T. Jonns, M. R. BurneLL, and D. W. CaArLE
Introduction 207
Instrument Design 208
Applications 213
Column Performance 219
Conclusions 223
References 223
Quantitative Analysis of Complex Samples by Gas-Liquid Chroma-
tography and Mass Spectrometry 225
By M C Smmons and T. R. KELLEY 3
“Carbon Number” Analysis 225
* Component Analysis 228
Summary 236
References 236
Confirmatory Tests in Gas Chromatography 237
By I. DuBors and J. L MoNKMAN
Preliminary Sample Treatment 240
Apparatus 240
Ketones 240
Esters 241
Aromatic Hydrocarbons 243
Aliphatic Aleohols 244
Halogenated Hydrocarbons 244
Summary 246
References 246
The Development of an Idea .47

By .\. T. JAMES

Rapid Chromatographic Separation and Determination of Helium-
Neon-Hydrogen and Nitrogen-Krypton-Methane Mixtures and
Determmation of Argon in the Presence of Oxygen at Room Tem-

perature 255
By M. Krestf, K Tesalkfk, and J. JANAK
Experimental 255
Separation of Helium-Neon-Hydrogen Mixture 256
Determination of Argon Mixed with Oxyg(-n . 257

Preparation of the Catalyst 258



XXV.

XXVIL

XXVII

XXVIII.

XXIX

XXXI.

CONTENTS Xv

Separation of the Nitrogen-Krypton-Methane Mixture 259
References 261
Comparative Retention Values of Representative Sample ‘I'ypes on
Standard Gas Chromatography Columns 263
By Puinie R. SciorLy and NATHANIEL BRENNER
Tnstroduction 263
How to Use the Data 263
Summary 309
References 309
Trace Analysis for Impurities in Hydrocarbon Concentrates 311
By W. C. Jongs, Jr.
Chromatographic Columns 31
Detectors 314
Recorders 317
Sample Charging 317
Other Instrument Controls 318
References 319
Bibliography 320
Gas Chromatographic Separations of Close Boiling Isomers 323
By A. R. PATERsON
References 326
Separation of Some Mntures of Isomeric Orgame Compounds by
Gas Chromatography 327
By BurtoN C .\NDERSON
References 332
The Determination of Halogenated Hydrocarbons by Gas Chroma-
tography and Flame Photometry 333
By J. L. Mo~NkMaN and L. Dusors
Apparatus . 334
Method 335
Results 336
Conclusions 337
References 337
New Approaches to the Resolution of Olefins 339
By ALBERT ZnaTkrs and . R, Kaurman
Experimental 340
Apparatus 340
Results and Discussion 340
References 342
Chromatographic Determination of Water in [Tydrazine 343
By E. F. C. CaiN and M. R. STEVENS
Introduction 343
Equipment 343
Preparation of Columns 344
Materials BZ%3

Esperimental . 345



xvi CONTENTS

Discussion and Conclusion
References

XXXII. Determination of Dissolved Oxygen in Petroleum Liquids
By J P. Paguis

Introduction

Apparatus

Procedure

Discussion

Summary

References.

XXXIII. Ortho-Para-Hydrogen Analysis by Gas Chromatography
By E. Ers
Introduction
Apparatus
Experimental
Summary
References

XXXI1V. Linear Programmed Temperature Gas Chromatography

By A. J. Marmiy, C. E BeNNerT, and F. W. MARTINEZ, JR.

Introduction

Principles .

Resolution

Qualitative and Quantitative Interpretation
General and Speafic Applications
Apparatus

Summary

References

BisLioGRAPHY ON GAs CHROMATOGRAPHY. I1
AvrHor INDEX

Sumiecr INDEX

349
349

351

351
351
353

355
355

357
357

362
362



CHAPTER [

Effect of Flow Rate on Optimum Sample Size for Minimum
Values of Retention Time and HETP

R. M. Beraea anp T. D. WHEELOCK

Chemical Engineering Department, Iowa State University, Ames, lowa

While investigating several compounds as possible substrates for the
analysis of esters and alcohols, the researchers in the Chemical Engineer-
ing Department at Towa State College noticed (7) that at constant operat-
ing conditions, retention time and the hecight equivalent to a theoretical
plate (HETP) are affected by the size of the sample used for analysis. At
the carrier gas flow rate of 5.0 ml hehum per minute, definite minima were
obtained in the curves for retention time and HETP as functions of sample
size. These minima were observed for a six-component alcohol test mixture
and a four-component ester test mixture in dibutyl sebacate and dibutyl
phthalate columns of 4.6 mm internal diameter by approximately 130 cm
long.

The presence of these minima was thought to be caused by diffusion
cffects at the low flow rate used; consequently, a similar study was made
to determine the effect of varying the flow rate on the optimum sample
size for minimum values of retention time and HETP. Specifically, the
cxperimental work reported here was designed to show whether or not the
minima were present at all flow rates; and if they were present, to deter-
mine the effect of flow rate on their location. Because of the work involved,
this study was limited to the ester test mixture previously investigated:
ethyl formate, vinyl acetate, ethyl acetate, and isopropyl acetate. The
same dibutyl sebacate column was used as in the earlier research.

EXPERIMENTAL
Apparatus

The system used for analysis is shown graphically in Fig. 1. Details of
the column and accessories are shown in Fig. 2. The column consisted of a
length of 4.6-mm ID borosilicate glass tubing surrounded by a vapor
jacket made from a 135-cm long section of 5.1-em 1D glass tubing. Packed
length was 130.4 ¢cm. The column assembly was in the form of a condenser
and had a stopcock at the bottom to allow removal of condensate. The
column exit was connected to the thermal conductivity cell through a ball
joint with 1.5-mm bore capillary glass tubing. The sample injection tee

1
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F16 1 Flow diagram for partition chromatographie analysis A: hehum eylinder,
B helium valve, C two-stage cylinder regulator, D sample heater, E sample m-
jection tee; ¥ three-way stopeock; (G vapor jacket, H partition column; J rotame-
ter, K thermal conductivity eell; L. manometer, M make-up flask, N vapor con-
denser; P- reflux accumulator; Q- solvent hoiler

Kgy. Thin line—helium; heavy line—helum and sample, hatehed hine—vapor

was kept at approximately 170°C by the cone of a small radiant heater of
the common household variety. This ensured rapid and complete vaporiza-
tion of the sample.

A Model TR-TI-B Gow-Mac thermal conductivity cell, geometry 9193,
was used with a Model 9293-B Gow-Mac power supply control unit. The
bridge current was maintained at 175 ma. The thermal conductivity cell
was kept at 200°C with an integral heater and thermoswitch. Data were
recorded with a Bristol Model TPH-570 adjustable range-adjustable zero
Dynamaster potentiometer, with the range set at 0-10 mv. Chart speed was
30 in. per hour. The helium flow rates were maintained constant by a Brooks
“Sho Rate” 150 rotameter with an integrally mounted constant differential
pressure relay. The use of a two-stage cylinder regulator, with the addi-
tional stage at the rotameter, resulted in constant carrier gas flow rates as
the cylinder emptied.
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4 R. M. BETHEA AND T. D. WHEELOCK

Procedure

The packing, 35 parts by weight of dibutyl scbacate per 100 parts by
weight of —48+65 mesh Johns-Manville type (-22 firehrick, was pre-
pared by the method of Evans and Willard (3). Umifornmty of packing was
ensured by the use of an electric vibrator for filling the column A porous
plug of glass wool was mserted at both ends of the packed section to pre-
vent any solid material from bemmg carried mnto the detector or the loss of
any packing if the sample mjection assembly were blown off by a sudden
change m supply pressure. Refluxing methanol at 64 8°C. in the column
vapor jacket provided a constant operating temperature. For these tests,
the column mlet and outlet pressures were 613 5 and 13.5 mm mercury
above atmospheric, respectively, regardless of changes in flow rate

The apparatus was allowed to come to thermal equilibrium as indi-
cated on the recorder chart by a straight horizontal line for 10 minutes
Successively larger samples of the test mixture were then mmjected through
a rubber serum cap mto the column with a microsyringe. This procedure
was repeated for the following flow rates 27.5, 506, 618, and 76 5 ml
hellum per mmute, measured at room temperature and column outlet
pressure. Injection time was less than 2 seconds 1 all cases.

The determination of sample size was as follows. Having determied the
density of the test mixture with a pycnometer, several sizes of hypodermic
needles were calibrated by weighing 10 drops into a tared serum bottle
through a self-sealing rubber stopper. This was repeated three times for
each needle The deviation in weight for a 10-drop sample was less than
0 3 % for all needles. The volume of an average drop from each needle was
then calculated. The needle calibrations have been previously given (7).

REsuLTS

As was expected from the data presented by numerous other workers,
the primary effect of increasing the flow rate at a constant sample size 1s
to decrease materially the retention times of the sample components This
can be seen in Figs 3-6 in the 1- to 2-minute decrease in retention time for
any solute at constant sample size as the flow rate increases. It 15 mterest-
ing to note that the effect of flow rate on retention time becomes more
pronounced as the sample size is increased.

The result of independently varying sample size and flow rate, shown
Figs. 3-6, indicates that each flow rate in the range tested has a correspond-
ing optimum sample size for obtaining the shortest possible retention times.
The curves for 5.0 ml helium per minute have been reproduced here from
previous work (1) for purposes of comparison. The effect of increasing the
flow rate is to increase the optimum sample size. This is seen 1 the move-
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ment to the right, in Figs. 3-6, of the curve minima for cach test compo-
nent as the flow rate increases.

In the light of these data, and since similar minima have been obtained
with other systems (/) previously tested at 5.0 ml per minute, it is thought
that the presence of the minima in the retention time-sample size relation-
ship may be regarded as a general phenomenon, at least for oxygenated
aliphaties, over the range of carrier gas flow rates usually employed in gas-
liquid partition chromatography (GLPC) analysis,
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Upon studying the effect of varying the sample size on the HETP caleu-
lated in accordance with the method in Desty (2) at a constant flow rate,
minimum values of HETP were obtained in previous work done in this
laboratory. It is thought that the presence of these minima in the HETP-
sample size curves is due to tailing and slow diffusion rates at the low (5.0
ml per minute) helium rate used. The data obtained at that flow rate are
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KEey- O, Ethyl formate; A, vinyl acetate; @, cthyl acetate; X, isopropyl acetate
reproduced as Fig. 7. Optimum sample size at this flow rate is 6-10 gl
As can be scen in Iig. 8, the four esters exhibit minimum values of IIETP
at approximately this same range of sample sizes for a carrier rate of 27.5 ml
per minute. Upon increasing the carrier gas rate to 50.6 ml per minute, the
optimum sample size drops to5 ul (Iig. 9). The reason for the flattening out
of the curves at samples above 15 gl in size is not known. It is apparent
(Fig. 10) that similar minima are present at a carrier flow rate of 76.5 ml
per minute. However, the optimum sample increases to 8-12 ul in size. This
correlation for the runs at 61.8 ml per minute has not been presented because
of apparent scattering of data if the vertical scale is expanded sufficiently
to show separate data points.
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It will be noted, by comparing the curves for each sample component in
Figs. 7-10, that the column efficiency as measured by the HETP is ap-
proximately tripled by raising the flow rate from 5.0 to 27.5 ml per minute.
Increasing the flow rate beyond the latter point gives only meager in-
creases in efficiency. For purposes of illustrating this more clearly, a com-
parison is given in ¥ig. 11 of the effect of flow rate on HETP with increasing
sample size. Ethyl formate is used as being representative of the data ob-
tained. Individual data points are not shown as they appear in Figs. 7-10.
The trends shown here are typical of those shown by the other three sam-
ple components. This is in agreement with the observations of James and
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Martin (4) and Mellor (§), who found that column efficiency is no longer
increased by decreasing the flow rate to values below 18 and 25 ml per
minute, respectively, for packings of the size used in this work. It must be
pointed out that at very high flow rates, the minima in the IIETP-sample
size curves are not apparent unless the ordinates of the curves are greatly
expanded. At high flow rates, the curves of HETP vs. sample size are flat-
ter, probably because of the effect of faster diffusion in the vapor phase.
However, as there are pronounced minima at all flow rates, it is believed
that curves of this type will in general exhibit minima. The exaggerated
appearance of the minima at a carrier rate of 5.0 ml per minute is helieved
due to the combined effects of low flow rate and diffusion rate.

It is concluded that the retention times show definite optimum sample
sizes over the range of 5.0 to 76.5 ml carrier gas per minute; that, as the
carrier rate increases, the optimum sample size for minimum value of re-
tention time increases; that the HETP minima previously observed are
not due solely to the low flow rate used, but are a general phenomenon; and
that it is not feasible to use a carrier rate below approximately 25 ml per
minute for separations of this type, due to the great increase in HETP at
lower flow rates.

It is thought that advantage may be taken of the presence of the more
pronounced minima in the retention time-sample size relationship at lower
flow rates to sclect the sample size which will give the best separation of
such closely similar compounds as cis- and trans-isomers and ortho, meta,
and para isomers.
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CHArTER II

Theoretical Considerations in Large Gas Chromatographic Columns

MarceL J. E. Goray

The Perkan-Elmer Corporation, Norwalk, Clonnecticut

INTRODUCTION

It is generally accepted that the height equivalent to a theoretical plate
(HETP) of gas chromatographic columns increases with their diameter,
but so far reports have differed widely as to the magnitude of this inerease.
Thus, Carle and Johns (/) have reported a twentyfold HETP increase when
passing from 0.19-inch columns to 3-inch columns, while Evans and his
associates (2) have reported no apparent HETP inerease for up to 3-inch
columns.

It seems almost tautological that any incerease in HETP with column
size is due to some systematie variation across the column diameter, as
otherwise a large column could be considered as made up of a more or less
large number of small columns, these small columns being charaeterized
by a vanance m their mdividual characteristies which 1+ substantially
independent of their number.

Two kinds of systematie variations will be considered m this study. The
first will concern the small space near the column walls where the gas flow
is larger than in the rest of the column. The second variation will be an
assumed yvariation within the packing from one side of the column to the
other.

Bounvary Laver Errecr

There is near the smooth wall of a packed column a thin boundary layer,
of average thickness Y3ho , where hg designates the average particle diame-
ter, in which the average passages will be greater than in the rest of the
column, where the packing grains intermesh. This boundary layer will be
traversed by a carrier gas flow with a velocity » 4 v, , appreciably greater
than the velocity v in the rest of the column. We shall assume that there is
an intringic HETP, &, of the ecolumn interior, which is characteristic of the
particular component considered, and which is related to the velocity »
and to a minimum HETP, A, by the relation:

2D | ki
b=t 35 M
11
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where D designates the diffusion coefficient of the molecules of that com-
ponent.
The value of » for which b = R, is

Vopt = ,f—l)-' (2)
We shall write
"= av 3)

with the understanding that the factor a lies somewhere between 3 and 6,
corresponding to the circumstance that the passages’ constrictions near
the walls have areas 3 to 6 times larger than within the intermeshed
packing.

We shall write also

hon = bhy (4)

with the understanding that the fact of b varies from around 3 for exeellent
packed columns to 6 or more for poor columns.

Since the carrier gas velocity assumed within the boundary layer is
several 1imes the velocity within the column interior, the calculation of the
effect of this layer on sample diffusion ean bhe simplified by assuming that
the carrier gas in the column interior is at rest, so that the static diffusion
term 2D/v alone operates, and by examining the effect of the velocity v,
of the boundary layer on that static diffusion.

Within a gas mass at rest, the diffusion equation is, in eylindrical co-

ordinates
of  1af , &F of
e - =) =0 c) = !

I)(¢3.1,"‘i.1'(9r+6r2 ( +k)6t ®)
where f designates the gaseous concentration of a given component and
where & designates the ratio of the component mass in the fixed liquid or
solid phase over the component mass in the gascous phase. To this equa-
tion must be added the boundary condition at the interface next to the
moving layer, of thickness L4ho ,

D). - -us k@) A,

where ¢ designates a factor smaller than unity, since the packing factor is
smaller near the smooth wall. The average carrier gas veloeity in the entire
column is

hovy
(1 + E)ro + (1 + ck)ho
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and the change of independent variable

o het )
(1 4+ k)ro + (1 + ck)ho

will serve to establish an origin of coordinates moving with the average

carrier gas velocity. When this change of variable is carried out in Egs. (5)
and (6), we obtain

’)(axl ) RN R

r or

Xy = —

_ (1L + k)hov, of ®
(1 4 k)ro + (L + ck)ho 01
and
2@ arw ().
o by
(1 + E)ro + (1 4 ck)ho \Ox1/r=r,
Let,
J@,r0) = Je, ) + Af@, 1, 0) (10)
and
fo'"Afrdr=0 (1)

Apply now the operator (2/r¢?) [¢° rdr to Eq. (8) and introduce in Egs.
(8) and (9) the change of dependent variable defined by Eqs. (10) and (11).
We have

o | 20 foAf a _ (1 4 £)hony aJ .
D ore t 3 ('ér‘),=,., = U+ G = T n + (1L + chhos; (2

2D (a:rf)r_m —(L+ck) [af (égtf)m]

a+ k) hovy Bf .
~ T R L (13)

+ (-]

and

whenee, by subtraction
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2

Q:

l)

Qa

ot

" (1 + k)hoiy (aAf)
(1 + k)ro ¥ (T + ¢ck)ho \oxy Jrery

where the term in dAf/dt has been neglected against the similar term
af/at, which is much larger after diffusion has proceeded for some time,
as will be seen.

An approximate value for Af is now obtained as follows. Introduce first
in Eq. (8) the change of variables defined by Eqgs. (10) and (11), and neg-
lect again the terms in Af against sinular terms m f, to obtain

(af n L 9Af a*Af)
ox,® ror ar’

o
[(1 1B 4+ (14 k) R ] -

lf'
—a+n¥_ (14 Bhorn O o
at ~ (L4 k)ro+ (1 + ck)hodx,

Subtract Eq. (14) from Eq. (15), and negleet again the term in Af against
the similar term in f. Furthermore, neglect the term n 8f/at against the
term in 8f/d.x; . It will be seen shortly that this last step is specifically
permitfed, after diffuston has proceeded for some time, by the change of
independent variable defined by Eq (7) which makes the new origin travel
at the speed of the component packet, so that a quasi-static diffusion equa-
tion will be obtamed eventually. We have:

P (1 oAf c_?iA_j) _ (1 + k)hen  Of (16)
ror ar? (1 4+ E)ro + (1 + ck)ho o1

whence, recalling Kq. (11), and stipulating that no solution should bhe

mfinite at r = 0

= _l_ (1 4 E)ho r..' af
A =1p (L+ ko + (14 ck)hu( ’) ar, 7)
Substitution in Eq. (14) of this value for Af yields

(1 + k)2r09h02v12 ] azf-

[D T 8DUT+ k)ro + (1 + ck)hol? ] s

T of (18)
= [1+k+ (1 +ck)—°]ﬂ'
To at
quation (18) is the quasi-static diffusion equation referred to above.
When written m the form

&f _ af
by or? ot (19)
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its general solution for a component packet inserted at time ¢ = 0 is of the
form

"-"l

7 ¢t (20)

and it can be easily verified from this solution that the several simplifica-
tions adopted carlier were indeed justified after diffusion has proceeded for
some time.

Equation (18) indicates that the fast-moving boundary layer causes an
effective increase in the static diffusion term represented hy the second
term within the brackets. When ro 3> ho, the bracketed terms of the left-
hand side may be written

hu 11 =D+ a hmm”

8D F757)) 0

D+
and substitution of this quantity m the first term of the night-hand side of
Fq. (1) finally yields

o P h....,.t o
h-z;+(|+ ) Sn" (22)

It will be noted that the merease m h due to the boundary layer is essen-
tially mdependent of ry when 7y >> ho . It will be noted also that when «
and b are of the same order of magnitude, the effect of the boundary layer
is to give an optimum veloeity around 07 times the intrinsic optimum
velocity, while the HETP then obtamed 1s around 1.4 times the intrinsic
HETP, hpin . This circumstance suggests that some benefit might be re-
alized by using columns the inside walls of which have been roughened or
grooved in order to mhibit any rapidly moving boundary layer. This pre-
caution should be the more beneficial the smaller b 15, 1.¢, the better the
unmodified columns are.

SysreMaATIC COLUMN INHOMOGENEITIES

Consider now a large column, characterized by a lateral dimension d,
across which there 18 a systematic variation in the sense that while com-
ponent molecules travel a distance 2 on one side of the column, identical
molecules travel a distance (1 4+ €)x on the other side. Were 1t not for
sideways diffusion, the second moment of a component packet would in-
crease (uadratically with the packet’s travel, but because of sideways
diffusion it will be permitted to consider that the packet spreads linearly
only for the distance traveled in the time during which sideways diffusion
causes the molecules to diffuse the distance d. That travel distance is
d?/D and the order of magnitude of the incremental HETP due to that
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cffect, alone can be written

2
h=t¢ g‘ 4 (23)
The total HETP is then given by
D, hot |, €d
t - - i min' plibadhd
h+h 2v+8D+ D (24)

where the boundary layer cffect studied earlier has been neglected. Hence-
forth the third term of the right-hand side will be assumed much larger
than the second

€d > hnin (25)

When » is optimized in Eq. (18), we shall have, neglecting the second
term of the right-hand side,

B = 2V 2ed (26)

Assume now that, instead of allowing the component packet to suffer the
full incremental spread due to the additional HETP A, , mixing washers
are interposed across the column at intervals L, where

dv .

L < D (27)
These mixing washers may be imagined toconsist of twofunnelingassemblies
designed to collect the gas stream uniformly across the column eross section,
and assembled back-to-back with their necks connected by a coiled tubing
of a certain length L, and diameter d, . It is evident that for effective mixing
of the gas stream within the connecting tube the time of passage of the
molecules in that tube should be sufficient to permit any molecule to diffuse
across it. This time is of the order of

= dlz DI
L= D (28)
Within the mixing tube the gas has a velocity of the order:
d .
h = ;l—l—a v (29)

(neglecting the lowered cross section of the packed tube due to the packing
granules). The condition just stated for effective packing requires that the
length of the mixing tube be

d’v

) (30)

’41 = tﬂ)] =
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The minimum effective mixing tube length is thus scen to be independent
of the tube diameter, and to be of the order of magnitude of the length of
column over which molecules will diffuse sideways across the column.

Let U designate the volumetric sccond moment of a component packet
flowing in a tube of cross section S. We have

U= 8u (31)

where u designates the specific second moment of the packet, connected
with the HETP through the relation
du ’

HETP P (32)
The volumetric second moment has the property of being an invariant of
the component, packet when the gas stream follows paths of varying cross
sections and when pressure changes may be neglected. During its travel
through the mixing tube, the component packet suffers an incremental
second moment U, equal to*

d1 0
96D,

Substituting for v; and L, their values given by Egs. (29) and (30), and
dividing by the square of the cross-section area of the column (again neg-
lecting the occupancy of the packing grains) times the length L between
washers, we obtain the contribution h of the mixing tube to the effective
HETP of the column

Us = (Y4x d)’ (2 4+ 2L (33)

hz U 2 dl d;‘f)z
ir @YL ~ “dL ™ 96DL
When v is of the order of 4D/hm.n , and when hmin < d and dy < d, the first

term of the right-hand side is negligible, and we obtain for the over-all
effective HETP of the column

+ (34)

h**=h+h,+h,=2g+e’L+9§‘;'; (35)
when
L = Lop = ‘/d;_’vd) (36)
we obtain
wh =224 \‘/gf"D (37)

* Formula (31), for k = 0, of my article (3).
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and when v is optimized we obtain

hon min = 2 7—6 A (38)
Comparison of Eq. (36) with Kq. (24) mdicates that the column with mix-
ing washers will be more efficient than the plain column if:

& < V2vVged (39)

If it is stipulated that d; should be so sclected that the pneumatic re-
sistance of the mixing tube be equal to that of a column portion between
two mixing washers, a characteristic granular dimension ko should be first
defined, such that the resistance of the column will be the same as if it were
composed of several capillaries of diameter ko connected in parallel, while
their combined cross section is equal to that of the column.

With this convention about the average passage size of the column, the
stipulation that the column and mixing tube resistances be the same can be
written

L Ly

RS a4 (10)
wherefrom, after substituting for L, its value from Eq. (30)
4 _ d‘ ho2v
d = pI (1)
The new value for the effective HETP is now
D, , d'h,*
t=o¥ ARRLACLE .
h 2 ” + el + TR (42)
Optimization of L gives
hhua = 2 +1 (9 ‘d‘ho) . (43)

and optimization of » gives further
hl'mnmm = (Gﬁadxho)”3 (44)

Comparison with Eq. (25) indicates now that the use of mixing washers
will be heneficial if

ho <2 ‘/2 (45)

Since ho is known to be appreciably smaller than A, , it follows that
when the inequality of Eq. (25) is satisfied, Eq. (45) will be amply satisfied.
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It is concluded that mixing washers will be beneficial in large preparative
columns in which Eq. (25) is satisfied, i.e., in columns in which systematic
variations across the columns cause an appreciable HETP increase.

REFERENCES

1. D. W. Carle and 'T. Johns, “Design and Application of Preparative Scale Gas
Chromatography,”” ISA Analytical Symposium, Houston, Texas, May, 1958

2. D E. M. Evans et al , Preparative scale gas chromatography, Nature (1958).

3 M. J. E Golay, 1n “Gas Chromatography” (D. H. Desty, ed ), p. 1 Academic
I1ess, New York, 1958.






CuarteER II1

Chromatographic Solid Support Studies

W. J. Baker, E. H. Leg, anp R. F. WaLL
Monsanto Chemical Company, Texas City, Texas

The practical value of gaus chromatography has led to studies of various
factors affecting chromatographic action. The effect of the solvent has
been widely discussed as related to solubility parameters such as activity
coefficients and relative volatilities (7, 2). Effects of apparatus geometry
have recently received rather thorough treatment (3).

The purpose of this study was to examine the effect of various solid
support physical characteristics such as surface area, pore volume, pore
size distribution, and particle size on column efficiency. By correlating
efficiency with these physical characteristics, a description of a solid sup-
port giving optimum efficiency can be evolved. To avoid purely solvent
parameter changes, the column liquid substrate throughout the study was
diethylhexyl sebecate. All chromatograms were run with a Perkin-Elmer
model 154 gas chromatograph using a 1-cc sample volume at 25°C. The
column efficiency defined as the length of a theoretical plate, HETP,
was the ratio of the column length to number of theoretical plates. The
number of theoretical plates is calculated from experimental data by the
equation

N = (4z/y)? 1)

where « is the elution time and y is the band width.
The van Deemter equation (4),

Dy , 8 K ds?
‘Yn+_ ¢

T mar e @

HETP = 2xd, + 2
states HETP as a function of packing irregularity, particle diameter,
tortuosity, gaseous diffusivity, linear velocity, mass transfer and molecular
diffusivity within the liquid.

The first term on the right side of Eq. (2) is related to the eddy diffu-
gion, the second term to molecular diffusion, and the third term to mass
transfer.

The surface area, pore volume, absolute density, packed density, and
fractional void space of four solid support materials are listed in Table 1.
The surface areas were first determined by gas adsorption (B.E.T.) meth-

21
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TABLE I
PHYsICAL CHARACTERISTICS OF VARIOUS SoLID SUPPORTS
Surface Pore Absolute Packed Fractional
Type area, volume, density, density, void
m?/gm ce/gm gm/ce gm/ce space
J-M Chromosorb-R 18 11 2 26 0.40 0 447
J-M Chromosorb-W 12 278 220 0.20 0 56
J-M Celite C-29924 0.45 0 80 2 30 0 40 0 40
Beckman Teflon 0 64 0.40 — 0.73 —

ods. Comparison of such results with surface areas calculated from the pore
size distribution data (assuming cylindrical pores so that S = 4 volume/di-
ameter) prove the latter method of surfuce area determination to be ac-
curate in all cases in which the pore size distribution is accurately known.
The pore volumes and absolute densities in Table I were measured by
helium-mercury displacement techniques.

Johns-Manville red chromosorb was analyzed for Al, Fe, and Ca with
the following results: Al, 3.16 %; Fe, 0.83 %; Ca, 0.41 %. Red chromosorb
has considerable adsorptivity for polar materials, as HCL. The indicated
presence of aluminum, probably as oxide, may be the major reason for this.

In the usual method for preparing a gas-liquid partitioning column the
oil is dissolved in a volatile solvent and slurried with the solid support.
The solvent is subsequently evaporated, leaving the o1l deposited within
the pores of the solid support particles. In order to examine the oil pene-
tration of the air-filled fine pores three batches of column material were
prepared. The first was prepared in the normal manner at atmospheric
pressure as described above. The second batch was prepared by evacuating
the solid support before and during the addition of the oil-solvent solution.
The oil-solvent solution of the third batch was added to the evacuated
solid support, then the slurry was pressured to two atmospheres. Columns
prepared of these materials showed no detectable differences in chromato-
graphic action mdicating the oil was similarly located in all cases. Since
this oil wets the support the fine pores in these materials were presumably
filled with oil in all cases.

This was further proven in pore size distribution studies. The pore size
distributions of several chromatographic materials were determined by an
Aminco Wilson mercury porosimeter. Figure 1 shows the pore size distribu-
tion of red chromosorb with 0, 5, 10, 20, and 33 % by weight oil. The ma-
jority of the pores in oil-free chromosorb are between 0.4 and 2 u diameter.
As the oil was added it selectively filled the finest available pores. Within
the experimental accuracy of the measurements, the observed loss in pore
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Fic 1 Pore size distribution: red chromosorb, dry and with oil.

volume was equal to the volume of il added. This indicates that most of
the oil is located in the finest available pore structure of the particle with
a thin oil film over the remainder of the surface.

The pore size distribution of Johns-Manville Celite C-29924, porous
Teflon, and a special preparation of chromosorb is presented in Fig. 2. The
special chromosorb has the same type of pore structure as plain chromosorb
except the former has almost no pores of less than 1 u diameter. The Celite
C-29924 pores are mostly 10 to 50 u in diameter with practically no pores
less than 1.5 u. By preparing columns of these materials having equal vol-
umes of oil per umt volume of column, experimental evidence of the effect
of pore size is obtained.

Tigure 3 is a plot of HETP versus gm/ft of oil in the column for red
chromosorb, the special chromosorb, and Celite C-29924. Each curve ex-
hibits a mimmum HETP, indicating an optimum oil concentration with
this optimum occurring at lower concentrations as the fine pore structure
is reduced. The slopes of the curves on cither side of the minimum become
much steeper with a decrease in the fine pore structure. The o1l concen-
tration is, therefore, far more critical for solid supports having fewer fine
pores. It would be interesting to examine a solid support material having a
large quantity of poresin 0.1 x range, but a material of this description was
not available at the time of these studies.

As has been previously stated, HETP is calculated from experimental
data by the relationship
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4_

HETP = L
z\2
d

@)

Thus, HETP varies directly with 32 and 1/22. In order to obtain a clearer
understanding of the method in which HETP varies with oil concentration,
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y? and 1/22 are plotted against oil concentration on red chromosorb in Fig.
4. The 1/22 function is a rather flat descending curve almost linear to 20 %
oil and gradually curving to approach the ordinate asymptotically at higher
concentrations. The y? function shows a gradual rise to about 15 % oil, then
curves sharply upward. The HETP curve thus diminishes initially as the
oil concentration increases because the column is experiencing the greatest
change in elution time and the least band spreading. As the oil increases
above 15 % the effect of elution time change becomes almost negligible while
that of band spreading rapidly becomes more dominant.

Examination of the y? and 1/2? functions for the other materials shown
in Fig 3 reveals the 1/2? curves to be virtually identical to that of red
chromosorb, while the y? curves bend upward more sharply at lower oil
concentrations for those materials having less fine pore structure. Since the
1/22 curves are similar for all materials, the apparent activity coefficient of
the oil-sample system is unchanged. This indicates that, within the range of
pore sizes tested, there is no great change in thermodynamic properties of
the oil in the pores.

As is indicated by the behavior of the 3? curve, the presence of oil in
larger amounts than some given optimum causes considerable band spread-
ing. Solid supports with relatively less fine pore structures have a lower
optimum oil concentration and the band spreading above the optimum is
more severe than exhibited by solid supports with relatively more fine pore
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structures. Consideration of differences in the location and condition of the
oil should lead to some clue as to the rate-determining step of the chroma-
tograph process at high oil concentrations. The most obvious difference
between oil in fine pores and o1l in the large pores is the size of the individual
oil pools. The sample molecules must diffuse through the open pores, cross
the gas-liquid interface, diffuse into the o1l, return to and cross the liquid-
gas mterface, and diffuse out through the open pores.

The rate of gaseous diffusion of the sample molecules through the open
pores of the solid support particles possibly could, if rate-controlling, causc
considerable band spreading. The effect of o1l on the rate of diffusion of
several gases through the pores of red chromosorb was measured at several
oil coneentrations. Each chromosorb particle was of regular geometric form
having a uniform cross-sectional area. The particles were molded in a plastic
cylinder with the main axis of each aligned with the main axis of the cyl-
inder. The chromosorb was exposed at either face of the ¢ylinder, providing
a gas flow path through the chromosorb with no gas shppage down the
sides of the particles possible. The diffusion rates of various gases through
these chromosorb-oil samples were measured as deseribed by Weisz and
Prater (5). The measured diffusion rate in em?/sec of hydrogen is plotted
agast oil concentration in Iug. 5. The diffusion rates of several hydro-
carbons at various o1l concentrations are given m Table II; the starred
values being both experimentally determined and calculated by the rela-

COMCCNTRATION OF OIL (WT PER CENT)
o o 5 & & 8 % 8 8
T Y T T T T T T T

w
T

500 1000 1500 2000
cM/sec?

Fia 5 Diffusion rate of H; through red chromosorb.
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TABLE II
DirrusioN RaTes (em?/sec)
0il
concen-
trution, C;IIn CaHs ]JI; C(I’Im CsHu CoHu
weight
%
0 446 437 388 379* 341 313
5 220 216* 191* 187* 169 154
10 120 118* 105 102* 92 84
30 44 2 43 385 37 6* 34 31

* lixperimentally determined and calculated by the relationship D = kM-1/2,
where k is a proportionality constant, M 1s the molecular weight, and found to agree
within £+3%,

tionship D = kM-, where k is a proportionality constant, A/ is the mo-
lecular weight (6), and found to agree within 3 %.

As can be seen 1n Iig. 5, the gas diffusion rate decreases rapidly with
addition of oil in the low concentration range, but changes become relatively
insignificant at oil coneentrations above 15 %. This 15 as anticipated if the
cffect of o1l on diffusion rate through the pores is simply the effect of seal-
ing off pores. However, HETP is observed to change considerably with ad-
dition of oil in the 15-30% region. It is concluded that the gas diffusion
rate does not control or even contribute significantly to the mnereased band
spreading observed with inereased oil.

Smee the band spreading is not controlled by gaseous diffusion i the
pores, it is apparently controlled by mass transfer between the oil and gas
phases, including transfer across the interface and diffusion of the solute
within the hquid. Larger pools of o1l, resulting from larger pores, would be
deeper, henee would require longer transit times for the solute molecules
within the hiquid. Diffusion of the gas within the liquid probably contributes
to the control of the band spreading. The larger pools, being deeper, would
be expeeted to have a smaller surface to volume ratio. Beeause of this the
average transfer across the interface rate per volume of o1l would be slower
for material having large diameter pores than for those having small di-
ameter pores. The transfer across the interface is very likely to be the prin-
cipal rate-controlling step. The present evidence does not prove this but
does tend to support. this conclusion.

A study of the effect of support particle size on chromatographic action
was made using columns prepared from closely sized red chromosorh par-
ticles. The particle ranges employed were 35-40, 40—15, 50-60, 100 -120,
and 140-200 mesh corresponding to an average particle size of 460, 385,
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274, 143, and 81 u, respectively. Each material was prepared with 20 % by
weight oil. Each 6-ft column was carefully packed and the measured pack-
ing densities showed a deviation of +2 % over all columns prepared. One-ce
samples of 5% n-CiHy, and 5% n-C3H,; in hydrogen were run with cach
column at hydrogen carrier flows of 25, 100, and 200 cc/min and the re-
sulting HETP’s calculated.

Figure 6 is the plot of HETP versus particle size for n-C{Hy . The
n-CsH,, curves were similar but lay shightly lower as expected. The curves
showed a minimum at particle sizes around 275 u. It was noted that when
the HETP values for both compounds were normalized for differences in
gas diffusion rates, their 25-cc/min carrier flow curves coincide. The nor-
malized HETP curves for both components for higher flows coincide for all
particle sizes less than 275 u but diverge at larger particle sizes.

The variations in 1/22 and y? with particle size at the 200-c¢/min flow
are shown in Fig. 7. The 1/x? curve initially shows a fairly gentle positive
slope with increased particle sizes, bends at around 275 u and gives a slight
negative slope with larger particles. This would give rise to a variation of
apparent activity coefficients of the oil-solute system with particle size.
The 3 curve passes through a minimum at around 275 u and appears to
curve upward sharply at both larger and smaller particle sizes. As the par-
ticle size approaches zero the y? value would appear to be approaching
infinity. Clearly the band spreading would become much worse for very
large or very small particles.

Figure 8 is a plot of the HETP against the average time required for a
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point to pass the particle. The average time to pass a particle is given by
the relationship ¢ = dia/u, where dia is the average particle diameter and
u is the linear velocity. The linear velocity can be calculated by the rela-
tionship

u = FLT/V.V,

The average column flow rate F, is the effluent carrier flow rate corrected
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for column pressure drop effects. V. is the empty column volume, Vp is the
fractional void space. The tortuosity factor T may be evaluated by assum-
ing an average flow path at 45° angle to the longitudinal axis of the col-
umn. This would give an average path length greater than the column
length by a factor of /2. Thus T is taken to equal 1.4.

As ean be seen in Fig. 8, the relatively flat curve for the 25-ce/min flow
does not extend into the region where a noticeable increase in ITETP would
be expected. Unfortunately, columns of still smaller average particle sizes
were not available for this study. It remains to be seen if the IIETP value
for 25-cc/min flow would increase appreciably at smaller particle sizes.
The curves for higher flows exhibit minmma which become sharper and more
toward the left as the flow is increased.

If the diffusional and mass transfer terms are neglected the van Deemter
equation relates HHETP and particle size as

HETP = 2\ dp

where A is the packing irregularity factor and dp is the particle diameter.
Keulemans and Kawantes (4) calculated A to vary from 1 for the largest
particles te 8 for the smallest particles of this study. This gives a caleulated
minimum at approxiunately 300 g particle diameter rather than the 275
observed. It should be noted that this caleulation gives IIETP values the
magnitude of 005 em 1f all other terms of the van Deemter equation are
assumed to be zero. The observed values were approximately one order of
magnitude greater than this. Since the remaming terms of the van Deemter
equation are independent of particle size, the observed minimum is not
completely accounted for.

The results of Fig. 6 do not appear to conflict appreciably with those re-
ported by Purnell (6) but are in rather good agreement over the experi-
mental range covered by both sets of experiments. The present study ex-
tends to smaller particles and higher flows and it 1s 1n these regions that
the greatest changes are observed. A definite need for a closer study of the
effect of particle size is indicated by the present results.

Although there appears to be a need for considerable further mvestiga-
tion of the role of solid supports mn chromatographic action, a tentative
general description of optimum solid supports can be made at this time.
Since sizing is important to column efficiency a solid support of hard ma-
terisl which will not undergo excessive attrition with normal handling is
desirable. Chemical and sorption effects of the solid support on the sample
components must be at a minimum for gas-liquid chromatographic uses.

The pore size appears to be the most important solid support physical
property affecting the performance of a chromatographic column. While the
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optimum pore size is undetermined at this time, a solid support having a
pore structure of fairly uniform pore diameter in the range of 1 micron or
less, possibly much less, is indicated. The volume of the fine pore structure
need only be large enough to contain significant quantities of oil to aveid
crowding of the oil into any large pores present.

The size of the solid support particle is clearly important to the column
efficiency. It is generally agreed that close sizing of the particles is desirable.
There remains, however, some disagreement as to the optimum particle
size. The evidence of the present study ndicate the optimum size to be
275 -300 g, particularly 1f carrier flows of the order of 100 ce/min or higher
are employed. Presumably 1t would be desirable to have regular shaped
particles to minimize packing irregularity effects.

Solid support materials which more nearly fit the above deseription may
now be available or possibly can be made available. Tt is to be hoped that
such materials will come to the attention of those working in the art.

SuMMARY

This study relates physical properties such as pore volume, pore size
distribution, surface area and particle diameter with column cfficiency of a
gas chromatograph. The location and condition of the liquid phase on the
solid support is discussed. A preliminary deseription of the physieal proper-
ties of an optimal solid support has been given.
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LisT or SymBoLs
D Diffusion rate of gas through porous matenal, em?/sec
Dias Molecular diffusivity in gas
Dy Molecular diffusivity in hquid

dy Statwstical average hqud film thickness.
dy Particle diameter

F, Average gas flow rate through column
HETP Height cquivalent to a theoretical plate
k' Equivalent to extraction coeflicient

L Length of column

M Molecular weight

T Tortuosity, ' = 1 t

u Linear gas velocity

Ve Fractional void space of column

Vo Empty column volume

z Elution time
y Band width time

Y Tortuosity factor.

1N Measure of packing irregularities
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Cuartir IV

A Solid Support for the Gas-Liquid Chromatography of
Strongly Basic Nitrogen Compounds

A. W. Decora anp G. U. DINNEEN

Laramie Petroleum Research Center, U. S. Bureau of Mines,
Laramie, Wyoming

A solid support has been developed for the gas-liquid chromatography
of nitrogen compounds of pK, range 6-11. The support was obtained by
depositing 10 gm of potassium hydroxide on 100 gm of the solid support
recently developed by the authors for the analysis of pyridines (7). The
modified support gave symmetric peaks for 13 nitrogen compounds in the
pK, range studied when nonpolar liquid substrates were used. This support
allows the use of nonpolar liquid substrates for the analysis of basic com-
pounds.

The solid support recently developed for the analysis of pyridines was a
porous inorganic solid prepared from a commercial detergent. The solid
support, while excellent for analysis of pyridines, could not be used for
nitrogen compounds more basic than pyridines due to the asymmetric
peaks obtained.

EqQuipMENT AND MATERIALS
Apparatus

The gas-liquid chromatographic apparatus was assembled in this labora-
tory and consisted of a thermistor-type detector and chromatographic col-
umn in a thermostatically controlled, stirred air bath. The temperature was
maintained at 100 == 0.5°C. Helum, regulated to a flow rate of 60.0 & 0.1
ml/min, was used as the carrier gas.

The chromatographic columns were prepared by filling 2.5 meters of
14-inch aluminum tubing with the packing. Glass wool was placed in each
end of the column which was then coiled and fitted to the detector in the
stirred air bath.

Solid Support

A commercial detergent (Tide) was crushed on a 40-mesh screen with a
pestle, using a gentle motion. The material passing the screen was resieved
and the 40- to 60-mesh fraction was heated at 140°C and 100-200 mm Hg
pressure for 20 hours. This material was again sieved and the 40- to 60-mesh

33



34 A. W. DECORA AND G. U, DINNEEN

TABLE I
MaTeriALs Usep A8 Liquip SUBSTRATES
Nonpolar Polar
Apiezon-L Monohydroxyethyltrihydroxypropyl-
Mineral oil ethylenediamine
Squalane Tetraethylene glycol

Silicone oil, D C 703

fraction was extracted with petrolecum ether m a Soxhlet extractor. The
porous residue from the thimble was heated at 110°C for 1 hour in an ex-
plosion-proof oven to remove the petroleum ether. Ten grams of potassium
hydroxide was then deposited on 100 gm of the porous solid by pouring the
solid into a methanolic solution of potassium hydroxide. The solid was
heated in an explosion-proof oven as before to remove the methanol. The
resulting solid was employed as the support for the liquid substrates.

Liquid Substrates

The liquid substrates used are hsted m Table L. Four of these are repre-
sentative’of the commonly used nonpolar substrates. Monohydroxyethyl-
trihydroxypropylethylenediamime and tetracthylene glycol were included
as representatives of the polar class of substrates.

Preparation of Packings
The hydroxide-treated solid was used as a support for the hquid sub-
strates. The substrate was dissolved 1 a quantity of petroleum ether or
acetone to give a ratio of 20 gm of substrate per 100 gm of sohd. The solid
was added to the solution and most of the solvent was removed by evapora-
tion, while the mixture was gently stirred. The packing was heated at 110°C
for 1 hour for final removal of solvent, 1t was sicved and the 40- to 60-mesh
fraction was used to pack cach column. The packing prepared in this way

was granular and free-flowing and appeared dry.

Test Compounds

The compounds, listed according to boiling point in Table 11, were used
to test each packing. The nitrogen compounds are from several classes of
basic compounds in a pK, range of approximately 6-11. The two hydro-
carbons were used as reference compounds.

ExperiMENTAL PROCEDURES AND REsurts

The compounds listed in Table II were run over packings prepared by
using the substrates in Table I and the 10 % potassium hydroxide support.
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TABLE 11
TesT COMPOUNDS

Approximate .
Compound bp, °C pPK.

S U, —_ -

Basic Nitrogen Compounds

n-Propylamine 49 10.53¢
n-Butylamine 78 10 59«
1-Methylpyrrohdine 82 10 46¢
Pyrrolidine 89 11 274
n-Pentylamine 104 10 6
Piperidine 106 11 22¢
2-Methylpiperidine 118 11 20
2,6-Dimethylpiperidine 126 11.2¢
2-Methylpyridine 129 5 95¢
1-Ethylpiperidine 131 10 1®
n-Hexylamine 133 10 6*
2,6-Dimethylpyridine 144 6 72¢
2-Kthylpyndine 149 6 0°
Hydrocarbons
n-Heptane 98 —
Kthylbenzene 136 --

@ From Hall (2)
b Estimated.
¢ From lkegawa et al (3)

The compounds were run both individually and in mixtures. Figures 1 and 2
show chromatograms obtained when an 8-component mixture was run over
two nonpolar liquid substrates. The degree of symmetry of the peuks was
used as a measure of the extent of interaction of the solid support and sam-
ple vapors The symmetrics of the peaks for the basic mtrogen compounds
were as good as those for the reference hydrocarbons, indicating that there
was negligible mteraction between the basic compounds and the solid sup-
port. The peaks obtaned for all of the test compounds when run over
squalane, mineral oil, Apiezon-L, and Dow Corning 703 silicone o1l had
symmetries equivalent to those shown in Fig. 1.

The nonpolar substrates have differences in selectivity that are useful in
performing certain separations. These differences for two of the substrates
are shown in Figs. 1 and 2.

The two polar liquid substrates were not as useful as the nonpolar sub-
strates. Some classes of the basic compounds apparently interacted with the
polar substrates. The strongest interaction was obtained when a mixture
of the n-alkylamines was run over the monohydroxyethyltrihydroxypropyl-
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F1e. 2. Chromatogram of 8-component test mixture on squalane, using the modi-
fied solid support.

ethylenediamine packing. In this case, the peaks obtained were broad and
unresolved.

"The results of this work show that the potassium hydroxide-treated sup-
port together with a nonpolar liquid substrate is uscful in the gas-liquid
chromatography of basic nitrogen compounds. This combination gives good
selectivity and peak symmetry.

Discussion

The development of the modified solid support described in this work ex-
ploited the properties of a spray-dried commercial detergent to obtain a
support for the analysis of strongly basie nitrogen compounds. This solid
had a suitable surface area to support the desired quantity of liquid sub-
strate and was inert, that is, it did not absorb sample vapors. In the com-
mercial detergent, surfactants such as alkylbenzene sulfonates and alkyl
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¥ia. 3 Chromatograms of 2-methylpiperidine and 2-ethylpyridine on squalane,
using the untreated solid support.

sulfates are intimately mixed in an inorganic matrix, which contains so-
dium sulfate, sodium triphosphate, sodium pyrophosphate, and sodium
silicates. Heating the detergent removed water and converted insoluble
surfactants to a petroleum ether-soluble form. Extraction of the heat-
treated detergent with petroleum ether then removed 97 to 99% of the
original surfactants. The remaining inorganic matrix was a porous, sponge-
like solid and had a surface area large enough to contain a ratio of 50 gm
of liquid to 100 gm of solid and still appear dry and remain free-flowing,.
This porous sohd did not absorb pyridines, as shown by the lower chro-
matogram in Fig. 3, and was used in the separation of these compounds
with good results (7). However, this material could not be used for nitro-
gen compounds more basic than pyridines as asymmetric peaks were ob-
tained. This 1s shown by the upper chromatogram in Fig. 3.

The asymmetric peaks obtained with strongly basic nitrogen compounds
may be due to chemsorption of these compounds by the solid support.
Acidic residues, such as sodium bisulfate, which has been postulated (4) to
result from the thermal decomposition of alkyl sulfates, might be the cause
of this interaction. In an effort to overcome this chemisorption, 2.5, 5, and
10 gm of potassium hydroxide were deposited on each 100 gm of the solid
support. As the support using 10 gm of potassium hydroxide gave symmetric
peaks, the solid support used in this work was prepared to contain this
(uantity.

A solid support that would be generally useful in gas-liquid chromatog-
raphy might be prepared from a spray-dried, simple mixture of a neutral
inorganic salt, perhaps potassium chloride, and an easily removable organic
compound.
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CHAPTER V

The Role of Column Backflushing in Gas Chromatography

R. ViLravosos, R. O. Bracg, anp T. Jonns

Beckman Instruments, Inc., Fullerton, California

INTRODUCTION

Conventional analysis by gas chromatography involves injection of a
sample at the head of a column and the eventual elution of its components
at the column exit. Since direction of carrier gas flow and other column
parameters remains unchanged, total analysis time is a function of the
components involved.

Departure from this conventional pattern sometimes has distinet advan-
tages. In this technique, flow of carrier gas is reversed, causing sample
components remaming mn the column to be swept back and eluted at the
column inlet. Total analysis time is primanly a function of flow reversal.
This technique is sometimes referred to as “backflushing ” Its application
to the analysis of hight ends m petroleum products has been reported in the
literature. (1, 2, 3)

Reduction of time per analysis was the primary advantage gamed in the
references cited here. Generally, backflushing is started when components
of individual mterest have been eluted from the column. Thus, heavier
components having objectionably long retention times are removed from
the column in about twice the time for the analysis of the light ends.

It should be noted that backflushing 1s a useful tool for what might be
termed “column housecleaning.” Experimenters working with new columns
on samples of dubious origin would ofien welcome knowledge that a column
is free of heavy trace components. This becomes more significant with
increasing sensitivity.

Backflushed material may, in some instances, appear as a single sym-
metrical peak. This suggests that peak height or area could be measured
and additional quantitative information could be obtamned. However, ap-
plication of the technique to analytical and/or control problems should not
be undertaken without full awareness of the limitations imposed by column
parameters and detector characteristics. Some factors which affect quan-
titative accuracy are: (a) differences in backflush retention times of individ-
ual components; (b) differences in relative peak width or shape; and (c)
differcnces in detector response to individual components.

39
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DEFINITION OF TERMS

Foreflush Mode. The normal operation of a chromatographic column,
that is, the direction of carrier flow that exists at the time the sample is
introduced into the column.

Backflush Mode. The operation of the column with the carrier flow re-
versed with respect to the foreflush mode.

Backflush Time (7). The time elapsed betwcen the introduction of the
sample and the reversal of the carrier flow.

Return Time (t,). The time elapsed between the reversal of carrier flow
and the emergence of a peak.

Foreflush Retention Time (.). The >bserved retention time of a peak with
the column in foreflush only.

Backflush Retention Time (t; + t,). The observed retention time of a
backflushed peak, i.e., the total residence time in the column.

THEORETICAL

It had becn noted in preliminary work that if the boiling range of back-
flushed components was relatively narrow they were eluted as a single peak.
If the range was quite broad, however, they would have the appearance of
several partially resolved peaks. It had been further noted that even in
narrow range samples the backflush retention time was unique for each
component. The backflush retention time can be related to the foreflush
retention time through a consideration of the existing velocity gradient.
In a column of length I with inlet and outlet pressure P, and P, , respec-
tively, the distance X from the inlet (or the fractional distance ) at which
a pressure P, exists, is given by:

_ X (Psz/Poz) - (Ps,/Po,)
=T BPH =1 )

which, when rearranged, gives P, , the pressure at « relative to the outlet

pressure.
P, P'z P.’ 1/2
”’=E=[T’?+"’(l—ﬁ")] @

The velocity (u.) of the carrier gas at z is related to the outlet velocity
(u0)

Uo

Pz )
Assuming that at all p, the velocity of a component (u,) is related to the
velocity of the carrier gas by a constant factor e, (which is a function of
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the specific retention volume)

Ue = OlUs (4)
then
U, = 2 (5)
D=z
and
_ o
Us = P P\ (6)
EEEE)
rz P2
The time required for a component to travel from any point 2, to any other
point z; is given by the integral
z3
{ = f dz 1)
z U

substituting Eq. (6)

vl z, Pz l’.2 1/2
=t R e(i-5)] e ®

and integrating

2 1 1 1)2 I)‘2 3/2) rg
Sanrwamaile e 0-B)] L @

If the integral is evaluated for &y = 0 and x; = 1, the foreflush retention
time of the component is obtained.

_2.1 1-—(PY/P)
T a1 — (P/P2)
If, however, the carrier gas flow is instantaneously reversed when the com-

ponent peak has traversed only a fraction (f) of the column, the backflush
time (¢) is obtained by evaluating for z; = 0 and r; = f.

v Samr=ams et (R -5 o

If we assume that the component peak is not displaced by reversal of carrier
gas flow, then the return time (¢,), (that is, the additional time required for
the component peak to return to the column inlet) is obtained by evaluating
Eq. (9) forz; =1—fandz, = 1,

e R G

(10)
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the term outside of the brackets in Egs. (11) and (12) can be eliminated by
rearranging Kq. (10)

21 1 t, .
Zaa, 1 — (PP 1= (P3PS (13)

and substituting in Eqgs. (11) and (12)

e A G s

o= = dgrl [ -0 0

Rearranging Eq. (14)
t] _ P’S P'a 2/3 _ P'z
_ [i.(‘ 7»3) tril o (16)
f = 1 — (P‘z/[)oz)
And substituting in Iig (15)
: r? Pé 4, (P} 2/4\ 3/2
L [{HT’E‘[W"é (17,,‘3“l ' an
b= PP =1

1t is more illustrative if ¢,/t; [that is, (t,/1)/(t;/t)] 15 plotied against
t;/t. for various values of P,/P,, as in Fig. 1.

EXPERIMENTAL

Backflushing was accomplished in the laboratory unit by means of a
manually operated dual eolumn valve, and in the industrial model with two
standard pneumatic dual column valves. These were actuated simultane-
ously by an air signal from an clectrically controlled solenoid valve. Liquid
samples were introduced dircctly into the heated inlet of the laboratory
unit. Vaporization was assumed to be instantancous. A sample size of
approximately 0.001 ml was used for pure components. Foreflush retention
fimes were obtained by running a mixture containing all the components,
the sample size in those cases being increased to 0.01 ml. Gaseous samples
only were used with the mndustrial instrument. All columns were packed
in tubing of 14-inch outer diameter.

The ratio of inlet to outlet pressures was controlled primarily by adjust-
ing the inlet pressure. Outlet pressures above atmospheric were attained by
means of a variable restriction downstream of the detector.
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Fra 1 Relative return times of backflushed components

BackrLusH ReTENTION TiME

Equation (17) indicates that the 1etention time of backflushed compo-
nents is related to their foreflush retention times and the ratio of the mlet
to outlet pressures, and is independent. of the absolute magmtude of these
pressures. The experimental values of 1,/t; for a series of ('¢-Cy paraffing
are shown in Iig. 2. For each of these two sets of runs, ¢; was constant while
{; was characteristic for each compound. The results of backflushing a
single compound at different times after injection are shown m Fig. 3;
this was equivalent to varying ¢, while holding {; constant.

The sohd Iimes m Figs. 2 and 3 represent the theoretical at the experimen-
tal values of P,/P,. In each case the backflush retention times are some-
what greater than predicted, and, in the case of Ihg. 3, this disagreement
becomes more severe with increasing volatility of the compound. The cause
of this may be the pressure disturbances ereated within the column by the
presence of the component as described by Van de Craats (4). To minimize
this effect, it would be desirable to determine ¢, at extrapolated zero sample
size. In any event, the above manner of plotting the results tends to mag-
nify small errors as the absolute values of t. and ¢, become smaller. The
data presented in Fig. 2 can also be plotied in the more usual form of log
retention time vs. boiling point. Companson with a similar plot of the
foreflush retention times serves to illustrate the observed backflushed
retention times. In Fig. 4, both backflush retention times (that is, ¢, 4+ ;)
and foreflush retention times, corrected for dead time, have been plotted
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011 on 42-60 mesh C-22; helium carrier gas, temperature. 77°C.
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in this manner. The solid lines represent the best fit for the theoretical
backflush retention times as caleulated on the basis of the observed fore-
flush retention times.

PrAk WibTH

When the column was operated with the outlet at atmospheric pressure,
the width of the peaks as measured at half-height secemed to be influenced
primarily by their total residence time in the column. Backflushing the Cs
through C; n-paraffins at various times after being introduced into the
column resulted in peak widths about the same as a foreflush peak of the
same retention time, as shown in Fig. 5. The observed width is somewhat
greater than would be expected on that basis for those runs in which the
time at which backflushing was begun after the component was only a
short, distance into the column (that is, {;/t. equal to about 0.2). This is
indicated by the experimental points at the left in each series. The plot
also indicates a trend for increasing width with increasing molecular weight
at a given backflush retention time.
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cone oil on 42-60 mesh C-22; helium carrier gas; temperature: 77°C
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Backflushing a series of paraffins at a given time ¢, results in a more
pronounced broadening of the heavier compounds at the clevated column
pressure, as shown in Kig. 6, even though the spread in relative backflush
clution times is less than that at atmospheric column outlet pressure. The
absolute magnitudes of the retention times at the higher outlet pressure
were about twice that at the lower pressure.

Discussion

Where the measurement of the backflushed components is made on the
basis of peak height, the assumption is made that the height of the com-
bined peak is equal to the sum of the individual peaks. This is, of course,
true only if the retention times of the individual peaks are identical, a
condition which can exist only when P,/ P, is equal to unity. If two identical
peaks are separated by approximately 0.17 times their width at half-height,
the error introduced by the assumption is only 2%. The error increases to
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5% and 10 % as the difference in retention times is increased to 0.27 and 0 39
widths, respectively. To achieve a desired level of accuracy, it is necessary
only that the retention times be grouped within a specified interval of time.

With cahbration procedures utilizing mixtures of known composition,
the requirements are probably less exacting, particularly where the distri-
bution of the heavy components does not depart radically from that of the
calibration blend over the expected range of composition. It is necessary
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that these factors be taken into account in order to determine the grouping
which will be required for a given application. For the purposes of this
discussion, the effect of ealibration on accuracy will not be considered.

One can conclude from Iig. 1 that the difference in retention times of

backflushed components can be mimmized by operating the column at a
ratio of inlet to outlet pressures as close to umty as practicable. To this
end, it would be desirable to minimize the length of the column and to use
low carrier gas flow rates. From the standpoint of the effect of the carrier
gas viscosity on the pressure drop, it would be advantageous to use hydro-
gen at as low a temperature as possible.

Siee for the majority of applications the column parameters are to a
great extent determined by the analysis which is required in the foreflush
mode, the means of achieving the desired grouping may be limited as to
choice. If all that is required of a column is that it separate the lighter
boiling components from those to be backflushed, it may be possible to
achieve the required grouping simply by using a short column at a low
carrier gas flow. The analysis of a sample of technical grade propylene for
total C4 content by this means is shown in Fig. 7.

The backflush retention times were determined individually only for iso-
butane and cis-butene-2 using separate 1% samples in hydrogen. These
represent the extremes in retention times for the common C; paraffins and
olefins. A comparison of the observed and theoretical backflush retention
times for these two isomers 1s given in Table 1.

‘What is more significant than the slight diserepancy between the theoret-
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Fic 7 Backflush analysis of total C¢’s in propylene. Instrument: Beckman 120-A
Industrial Gas Chromatograph; column- 5 ft; packing: 309 silicone oil on 42-60 mesh
C-22; hydrogen carrier gas: 38 ml/min; temperature: 50°C, P, = 13 psig: P,/P, =
1 09; attenuation as indicated

ical and observed retention times is the good agreement between the differ-
ences in retention times of the two components, since it is this difference
that is of real concern. When a sample containing 1% of each of the two
components was backflushed under identical conditions, the observed back-
flush peak height was 98 % of the sum of the calculated individual peak
heights. This is the order of error which would be expected on the basis of
the observed peak widths (0.20 min) and difference in backflush retention
times.

In those applications requiring more complete separation of the foreflush
components, it is necessary to use columns longer than that described
above. It is then impractical to obtain the required P,/P, ratio simply by
maintaining a low inlet pressure because of the unnecessarily long retention
times concomitant with the resulting low flow rates. In those instances, it
may be advantageous to operate the column at an elevated outlet pressure,
as was described previously, particularly if the backflushed components do
not differ greatly in boiling point or molecular weight.
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TABLE I
Backrrusn RETENTION TiMEs or C/'s

Backflush retention time, min

Component — — e
Observed Theoretical
Isobutane 2.64 2.682
cis-Butene-2 2 61 2.657
Difference 0.03 0 025

Norte. Instrument : Beckman 120-A Industrial Gas Chromatograph; column: 5 ft ;
packing: 30% silicone oil on 42-60 mesh C-22; hydrogen carrier gus: 38 c¢/min; tem-
perature: 50°C; backflush time ({;) = 1.35 min; P, = 15.8 psia; P, = 14 5 psia;
P,/P, = 1.09.

Fia. 8 Valve arrangement for backflushing through regrouping column. Left:
Beckman GC-2 Gas Chromatograph Right. Beckman 120-A Industrial Gias Chro-
matograph C1: main column, C2 regrouping column; R variable restrictor.

In those cases wherein the required grouping is not practical using the
above techniques, the use of an auxihary, or “regrouping” column may be
necessary. The arrangement is such that the backflush components, upon
emerging from the main column, are diverted into the regrouping ¢olumn
and undergo the normal separation process. The valving arrangement used
in the laboratory and industrial instruments is schematically illustrated in
Fig. 8. Since the order of backflush elution is the reverse of that in foreflush,
(with the heavier components emerging first) the length of the regrouping
column can be so selected that it just exactly compensates for the separation
between any two peaks in the backflushed group. It should be noted that
the relative differences in backflush retention times are such that it is
impossible to precisely regroup more than two components.

The backflush retention times of the C¢—Cs paraffins with and without
the regrouping column are compared in Table II.
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TABLE II
BackrLUSH RETENTION TiMES OF Cg¢Cs PARAFFINS

Backflush retention time, min

Component Without regroup- With regrouping
ing column column
2,2-Dimethylbutane (22 DMB) 10 28 10.63
2,3-Dimethylbutane (23 DMB) 9.95 10.37
3-Methylpentane (3 MP) 9.78 10.25
n-Hexane 9.62 10.15
2,4-Dimethylpentane (24 DMP) 9.36 10.08
2,3-Dimethylpentane (23 DMP) 9.13 10.00
n-Heptane 9.00 10.05
n-Octane 8.71 10.63
Range 1.57 0.63

Norte: Instrument: Beckman GC-2 Gas Chromatograph; main column: 12 ft;
regrouping column: 9 inches; packing: 30% silicone o1l on 42-60 mesh C-22; helium
carrier gas. 55 ml/min; temperature: 77°C; I, = 25 2 psia; P, = 14 § psia; P,/P, =
1.67.

In this instance, the length of the regrouping column was chosen to
exactly regroup 2,2-dimethylbutane (22 DMB) and n-octane. Any other
pair of components could have been regrouped exactly by using different
lengths. The length required can be closely calculated from the foreflush
retention volumes, although some adjustment may be required after one
or two preliminary runs, as was the case in our cxperimental work.

Figure 9 shows the analysis of a paraffinic sample consisting primanly
of C¢’s and containing a few per cent of material heavier than C,. The
regrouping column in the illustrated case was designed for the backflush
measurement of isopentane, n-pentane, and 22 DMB. The observed back-
flush retention times for these components are given in Table ITI.

The width at half-height of the backflush components was on the order
of 0.4 minutes, the 22 DMB peak being somewhat wider than either of the
pentanes.

It should be emphasized, at this point, that in peak height measurements
the “effective” detector response is a function not only of the detector
response as described by Messner, Rosie, and Argabright (5), but also of
the relative width of the peak. Among isomers of a given carbon number,
the differences in detector response as well as in backflushed peak widths
are small compared to the differences among carbon numbers. It is obvious
that the sources of error are increased by grouping compounds of different
carbon number. In any analytical procedure embodying such a measure-
ment, the “effective’” detector response must be considered before the
limits of accuracy can be established.
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1SO-PENTANE 4%
22-DMETHYL BUTANE 1%

N-PENTANE 2%
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Fia 9 Use of regrouping column in backflush analysis of Ci+. Instrument:
Beckman 120-A Industrial Gas Chromatograph; main column: 8 ft; regrouping col-
umn: 11 inch; packing: 309, silicone oil on 42-60 mesh C-22; hydrogen carrier gas:
54 ml/min; temperature. 50°C; P, = 3.0 psig; P,/P, = 1 21; attenuation as indicated.
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TABLE TII
BackrrLusn RETENTION TiMES oF HEAVIER THAN C; MATERIAL

Backflush retention time,

Component min
Isopentane 6.66
n-Pentane 6.64
22 DMB 6.71

Range 007

Notg: Instrument : Beckman 120-A Industrial Gas Chromatograph; main column:
8 ft; regrouping column: 11 inches; packing. 30% silicone oil on 42-60 mesh C-22;
hydrogen carrier gas: 54 cc/min; backflush time (¢) = 3 O min; P, = 3.0 psig; P,/P, =
1.21.

The maximum difference in backflush retention time which can be tol-
erated for a given level of accuracy can be increased by the use of substrates
which give wider peaks. The analysis of two natural gas samples, with a
backflush measurement of Cy’s and heavicr, over a heavily modified silica
gel is shown in Fig. 10. The width at half-height of the individual back-
flushed components is tabulated in Table IV. The difference in retention
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TABLE IV
Havr-HeigHaT WIDTHS AND DETECTOR RESPONSES OF BACKFLUSHED COMPONENTS

Component Backflush reten-  Width at half-  Relative width  Relative detec-
po tion time, min  height, min  at half-height tor response

Isobutane 8 92 1.85 1.05 0 96
n-Butane 8.85 1.76 100 100
Isopentane 8.73 2.28 1.29 —
n-Pentane 8.72 2 14 1.29 124
22 DMB 8.7 3.22 1.83 1.37
23 DMB 8.67 321 1.82 1.37
3 MP 8 67 3.10 1.76 140
n-Hexane 8 63 2 80 159 145
24 DMP 8 67 4.00 227 1.52
23 DMP 8 50 4.27 2.43 159
n-Heptane 8.57 4.00 227 1.68
n-Octane 8.55 5.19 2.93 188
Range 0.37

Note: Instrument: Beckman GC-2 Gas Chromatograph; column: 4 ft, packing-
20% polyethylene glycol on 35-60 mesh silica gel; hydrogen carrier gas: 40 ml/min;
temperature 77°C; sumplesize. 0 001 ml liquid, 0 20 ml gas, backflush time (¢;) = 4.50
min; P, = 185 psig

times between isobutane and n-octane is on the order of only 0.2 times the
width of the narrowest peak.

A rather fortunate characteristic of this column material is that the
increase in peak width compensates for the increase in detector response.
The relative responses, as given by Messner et al., have been normalized to
n-butane and are tabulated in Table IV for comparison.

SuMMARY

The differences in retention times of backflushed components can be
explained on the basis of the pressure gradients which exist in a chromato-
graphic column, and are expressly related to the ratio of inlet to outlet
pressures, the foreflush retention times of the components, and the time at
which backflushing is begun. These differences in backflush retention times
will introduce additional error into analytical procedures which embody
measurements based on peak height, rather than area. Several means of
minimizing these differences by manipulation of operating parameters are
possible. In general, the conditions which favor closer grouping of compo-
nents are: (1) short columns; (2) low resistance to flow; (3) low carrier
flow rates; (4) ratio of inlet to outlet pressure near unity; and (5) wide
peaks.

By implication, it would then be advantageous to use hydrogen as the
carrier gas, low temperatures, and elevated outlet pressures. Furthermore,
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the inert support should have large particle diameter. The choice is in most
cases dictated, or at best restricted, by the required analysis in the fore-
flush mode.

A more generally applicable technique embodies the use of an auxiliary
column downstream of the main column in the backflush mode to regroup
the components. While this technique appears to be able to bring only two
components into coincidence, the remainder are closely grouped. Regroup-
ing components of different molecular weight introduces other errors related
to differences in detector response and peak width; hence, where the highest
accuracy is required, it may be practical to group only isomers of a given
carbon number (and, hence, a narrow boiling range); a situation in which
this latter technique might prove superior.

The use of columns which provide relatively wide peaks can, in some
instances, eliminate the necessity for precise regrouping. A column of this
type used in this work has the further advantage of compensating to some
degree for the differences in detector response, thus making the measure-
ment of mixed molecular weights more practical.

Some observations regarding the width of backflushed peaks were made
incidental to the main work. Peak width was found to be primarily de-
pendent on the ahsolute retention time of the peak, but appeared to be
influenced by the molecular weight as well. This latter effect was more
pronounced at the clevated column outlet pressures.
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Cuarter VI

A High-Vacuum lonization Detector for Gas Chromatographic
Analysis

E. A. Hinkig, H. C. Tucker, R. . WarLy, ano J. F. Coms
Monsanto Chemical Company, Texas City, Texas, and St. Louis, Missours

INTRODUCTION

A high-vacuum ionization gage detector was reported by Ryce and
Bryce (9) in 1957. In this paper the authors elaborated on the design and
sensitivity of the detector, but did not supply data on detector performance
under actual analysis conditions. The present work was undertaken pri-
marily to evaluate a high vacuum ionization gage detector under actual
analysis conditions and sccondarily to improve the detector sensitivity and
response characteristics by modifying certain design and operational as-
pecets reported by Ryce and Bryce.

SuMMARY

An all metal, high-vacuum ionization gage detector suitable for analyt-
ical gas chromatography has been designed and constructed in this labora-
tory. The apparatus can be used in conjunction with conventional or capil-
lary columns to detect sample components at the part per million or
percentage concentration level. Although lower detection limits can be
obtained, the detector is operated so that 0.25 ppm of a C,~C, hydrocarbon
(10~1-10~"% mole) can be detected in a 5.0-cc sample charge. Larger (10—
25 cc at 760 mm) sample charges have heen used successfully with the
detector.

THEORY AND DESIGN

As has already been noted by Ryce and Bryce (9) many of the detectors
in use today possess an inherent sensitivity limit in that they must sense
a very small change caused by the material which is eluted in some physical
or electrical property of the total gas stream. In short, these detectors must
measure & small difference between two large quantities. Differential de-
tectors such as the glow discharge (4, 8) gas density balance (5), and ther-
mal conductivity cell are examples of this type.

If, however, the detector can be made to respond only to the eluted
material and not to carrier gas, a hundred- or thousandfold increase in

AA
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sensitivity can be realized (9). Detectors of this type include the g-ray
ionization (6) and the high-vacuum ionization gages (9).

A high-vacuum ionization gage is potentially a very sensitive and ver-
satile detector. In such a detector the ionizing energy of the thermally
emitted electrons can be adjusted to a value which causes ionization of all
or part. of the eluted materials without ionizing the carrier gas. If care is
taken to operate the detector at pressures corresponding to molecular flow,
there is the possibility of obtaining linear response from sample components
which vary from the parts per million to the 100 % concentration level.

Ielium has the highest known first ionization potential (24.46 ev) (9)
and, consequently, it is with helium carrier gas that the maximum sensi-
tivity of the high-vacuum ionization detector can be realized. In the appa-
ratus described by Ryce and Bryce the energy of the ionizing electrons
could not be raised above 18.0 ev without ionizing helium. The authors
attributed this fact to the Maxwellian energy spread of the electrons
leaving the filament. Admittedly the electrons leave the filament with a
Maxwellian energy distribution, but less than 1% have energies greater
than one electron volt (7). The potential drop across the filament, not the
Maxwellian energy spread, supplied the added 6.5 ev required for 1oniza-
tion of helium. The RCA 1949 ionization gage used by Ryce and Bryce
employs a tungsten filament operated at 5.0 volts AC, equivalent to a
peak potential of 7.0 volts. This added to the 18-volt aceelerating voltage,
for a total of 25 volts, is sufficient to ionize helium.

The potential drop across the filament can be reduced by increasing
filament diameter and/or shortening the filament length. The energy spread
of the ionizing electrons can be reduced if a collimating aperture limits the
number of emitted electrons which enter the ionizing region. This energy
spread can be further reduced if the filament is heated with direct rather
than alternating current. Electrons accelerated from a DC-operated fila-
ment do not contain those high and low energy electrons which arise from
the changing amplitude and polarity of applied voltage in AC-operated
filaments. We have incorporated a short, DC-operated filament and a
collimating aperture in the design of our apparatus and have heen able to
increase the ionizing energy of the clectrons to 23.5 ev without ionizing
helium. The collimating aperture (1164 X 364 inch) reduced the energy
spread of emitted electrons from approximately 1.55 to 0.43 volts.

Ryce and Bryce evaluated the sensitivity of their detector at a pressure
of 700 u and operated the detector over a pressure range of 20-1500 u. The
mean free path of nitrogen at a pressure of 700 u is approximately 0.02
em. It would be physically impossible to fabricate an apparatus in which
secondary processes did not occur at a pressure of 700 u. If the detector is
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expected to respond lincarly to widely varying sample concentrations, it is
essential to minimize the occurrence of secondary processes. This can be
accomplished by operating the detector at pressures which correspond to
molecular flow. To this end, the detector described was operated at pres-
sures of 2 u or less (the mean free path of nitrogen at a pressure of 1 u is
approximately 15 em). At these pressures it was found that the detector
would respond linearly to a hydrocarbon to at least the 10,000 ppm concen-
tration range, based on actual hydrocarbon eoncentration in the sample
volume (5.0 cc at 760 mm Hg) which was charged to the chromatographic
column. With proper signal atienuation there is no reason to believe that
the detector will not respond linearly to sample concentrations over the
0.0025-95.04 % concentration range. This aspect of detector performance
is now being investigated.

The signal-to-noise ratio and reproducibility of the high-vacuum ioniza-
tion gage detector is adversely affected by very small fluctuations in fila-
ment emission, electron energy, and pressure. The summed stabilities of
these parameters determine the over-all stability and hence the sensitivity
and detection limit of the detector. In the present apparatus, for example,
the baselme noise is 14 chart division (1.0 mv) which corresponds to an
over-all detector stability of 1 part m 1000 or 0.1% regulation. Conse-
quently, filament emission, electron aceelerating voltage and detector pres-
sure must each be regulated to better than 0.1 %. It was found, however,
that the detector output signal was ten times more sensitive to a change
in electron accelerating voltage than an equal change in filament emission.
It follows then that the electron accelerating voltage must be regulated to
better than 0.01 %. A change of 5 X 1077 mm Hg in pressure outside the
ionizing region of the detector was equivalent to 0.1 % regulation of pres-
sure, It was found that the total detector background was equivalent to a
sample charge containing 150 ppm of a Co-C, hydrocarbon. Closer examina-
tion revealed that 120 ppm of this background came from ecarrier gas
impurities while 30 ppm came from back streaming of diffusion pump
vapors.

The potential difference (ca. 25 volts) between the filament and the
electron accelerating grid is small enough to permit the formation of a
space charge (1) near the filament unless the electron accelerating grid is
placed very near the filament. If a space charge does develop near the fila-
ment, the emission regulator will not function properly and will often allow
the filament to burn out. The filament and electron accelerating grid of the
detector described in this paper are separated by a distance of 1 mm. It
was found that space charge effects appeared if this distance was increased
to more than 5 mm.
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APPARATUS

A schematic diagram of the apparatus is shown in Fig. 1. The detector
housing was a flanged, cylindrical copper tube with an ID of 334 inches
and a length of 13 inches. Located in the housing were two corrugated
copper baffles and the detector electrode assembly. Vacuum tight joints on
each end of the housing were made by means of “0O” rings and flanges.
Attached to the top flange of the detector housing were thermocouple and
ionization vacuum gages, a metering valve and a male octal socket. Flanged
directly to the bottom of the detector housing was an oil diffusion pump.

The detector electrode assembly finally developed is shown in Fig. 2.
With the exception of the filament leads the entire assembly was fabricated
from Nichrome V material; filament leads were 0.040-inch nickel-coated
copper. The filament was a 1 cm length of 0.0069-inch rhenium wire. The
ionizing region of the detector was enclosed by a 1 X 1 X 5 cm rectangular
box; the electron accelerating clectrode formed three sides and the ends of
this box while the collector electrode formed the top of the box. Thin
strips of mica were used to insulate the collector electrode from the clectron
accelerating electrode. Effluent gas from the column entered the ionizing
region through a 3 X 8 X 75 mm channel and escaped into the detector
housing by passing through very small slits in the rectangular box. In this
manner it was possible to maintain a differential pumping rate across the
onizing region into the detector housing. It was found that a differential

0]

D)

Fie 1. Schematic diagram of apparatus. (1) Thermocouple gage; (2) Model 507
ionization gage; (3) Ideal No. 54-2-12 needle valve; (4) ionization gage housing; (5)
MCF-60 oil pump; (6) VMF-20 oil pump; (7) Welch 1402-B pump.
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Fia. 2. Electrode assembly.

pumping rate across the ionizing region was a major aid in obtaining a high
signal to noise ratio from the detector.

A type 501 (National Research Corporation) thermocouple gage was
used 1o indicate detector pressures down to 5 u; a type 507 (National Re-
search Corporation) ionization gage was used to indicate detector pressures
between 5 x and 1 X 10~¢ mm Hg. The detector was considered vacuum
tight when it could be evacuated to a pressure of 2 X 10-¢ mm Hg or less,
Detector pressures reported here are those measured by the ionization gage
in the detector housing. Pressures in the ionizing region were calculated to
5 10 10 times that indicated by the ionization gage.

A stainless steel metering valve (Ideal-Aerosmith, Inc. No. 54-2-12) was
used to control the rate of sample admission and therefore the pressure in
the detector. In order to ensure rapid detector response to eluted materials
the body of this valve was drilled so that the column effluent continually
swept through it. The exit end of the chromatographic eolumn was at-
tached direetly to the body of the metering valve.

The detector vacuum system included MCF-60 and VMI'-20 (Consoli-
dated Vacuum Corporation) oil diffusion pumps in series and a large capac-
ity mechanical pump (Welch Duo-Seal 1402-B). The VMF-20 oil diffusion
pump was inserted ahead of the mechanical pump in order to increase the
efficiency of the MCF-60 oil diffusion pump. This additional oil diffusion
pump greatly improved the over-all stability and pumping speed of the
vacuum system for helium. Cold traps in the vacuum system were avoided
by the use of corrugated copper baffles, These baffles were located in the
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detector housing direetly above the throat of the MCI-60 diffusion pump.
Each baffle was 2 mches thick and fitted snugly against the deteetor housing
walls by spring action. These baffles did not limit the speed of the vacuum
system as used and were quite effective in reducmg the amount of diffusion
pump vapors in the ionizing region of the detector.,

A block diagram of the detector eleetronies 1s shown in Iig. 3. The
electrometer amplifier and emission regulator were conventional in design
and operation. A 100-meg grid resistor was used i the electrometer ampli-
fier. The heating current for the filament was supplied to the emission
regulator by a well-filtered DC power supply (Eleetro Produets Labora-
tories model D-612T). The amplified detector signal could be attenuated in
steps which corresponded to 10, 50, 200, 1000, 4000, and 20,000 mv full-
scale deflection of a 10-mv strip chart recorder (Leeds and Northrup
Speedomax ().

EXPERIMENTAL REsSULTS

A 15t X 14 inch column packed with 30 % di-n-decyl phthalate on Chro-
mosorb W was used to obtain all results reported m this communication
The column was operated at ambient temperature with a hehium flow rate
of 70 ce/min. Helium carrier gas was used directly from the eylinder with-
out further purification. A Perkin-Elmer gas valve with a 5.0-c¢ sample
loop was used for sample introduction,

Using the detector sensitivity parameter S introduced by Dimbat, Porter
and Stross (2), Ryce and Bryce repott a value of S = 312 (10) ml mv/mg
for a thermistor type detector and a value of S = 30,500 (9) ml mv/mg for
a high-vacuum iomzation gage detector. The value of 8 obtained for ethene,
propene, and n-butane with the detector deseribed in this communication
was 6,300,000 ml mv/mg, 4,450,000 ml mv/mg, and 5, 250,000 ml mv/mg,
respectively. These sensitivitics were obtained with the following detector
conditions: filament emission = 600 pa, iomzing energy = 23.5 ev, collector
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voltage = —28 volts with respect to the ionizing region and gage pres-
sure = 1.0 p. The detection limit of the apparatus under these conditions
was 14 chart division (1.0 mv) which corresponded to 0.25 ppm of a C~C,
hydrocarbon. The detection limit corresponds to 8.2 X 10~ mole of
ethylene in a 5.0-ml sample volume and assumes that the entire sample
charge passes through the detector. Actually, much less than 1% of the
sample charge passes through the detector. It should be pointed out that
the sensitivities listed above are not the ultimate that could be obtained;
higher sensitivities can be obtained by increasing sample volume or detec-
tor pressure. Additional sensitivity could also be achieved by reducing
substrate vapor pressure and carrier gas impuritics.

Figure 4 shows the variation of detector response to several hydrocarbons
as a funetion of electron ionizing energy. The nonlinearity of these plots is
characteristic of polyatomic ionization efficiency curves. The detector re-
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Fie. 4. Detector response vs. accelerating voltage. ©, methane; A, n-butane
[, propene; sample volume: 50 cc; filament emission: 980 ua; detector pressure:
10 X 107 mm Hg.
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Fia 5. Detector response to hydrocarbon vapors. ©, n-butane; A, methane;
sample volume: 5.0 cc; accelerating voltage: 22.0 ev; filament emission: 980 pa; de-
tector pressure: 10 X 10~* mm Hg.

* Mole concentration in sample charge
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sponse to various hydrocarbons as a function of concentration is shown in
Fig. 5. As expected, this plot is linear. A study of detector response to
various compounds above the 1% concentration level is in progress.

The chromatogram of a sample containing ethene (35 ppm), propene
(50 ppm), and n-butane (50 ppm) is shown in Fig. 6. It was found that
unsymmetrical elution curves and slow detector response were generally
the result of dead volume in the metering valve.

Discussion

At an early stage in the development of the present detector, a beam-
forming device was investigated in the hope of increasing detector sensi-
tivity, This device was designed to form a circular, 0.005-inch beam of
molecules in the ionizing region of a detector similar to a conventional
ionization gage. The resultant increase (10-15%) in sensitivity did not
warrant its inclusion in the design of the detector. Another scheme for
improving sensitivity was the application of a weak magnetic field to col-
limate or increase the number of electrons in the ionizing region of the
detector. The approximately 25 % inerease in sensitivity realized was not
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F1a 6. Chromatogram of synthetic mixture Electron energy: 221 cv; detector
pressure: 125 X 107 mm Hg; filament emission: 980 pa, sample volume: 50 cc,

helium carrier.
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considered worth the added complexity. The use of differential pumping
across the ionizing region was much more effective in increasing sensitivity
and signal-to-noise ratio than the combined effect of a magnetic field and
molecular beam.

Both rhenium and tungsten filaments were evaluated for detector use.
At operating pressures of 1 u or higher, the rhenium filament was much
superior to the tungsten with respect to surface oxidation and carbonization.
The rhenium filament, however, did show a greater tendency to warp than
the tungsten. Results to date indicate that greater detector stability and
reproducibility can be obtained with a rhenium filament.

Several systems were evaluated for metering column effluent into the
detector. These systems included porous plugs, capillary tubing, a VEECO
type VL variable leak, a HOKE type 2RB285 ncedle valve, and an IDEAL
type 54-2-12 metering valve. Adequate control of detector pressure could
be maintained with either the IDEAL or HOKE metering valves. The
IDEAL metering valve, because of its smaller internal volume, was used
in preference to the HOKE valve.

SONCLUSIONS

An extremely sensitive and versatile gas chromatographie detector sys-
tem has been constructed in this laboratory. Both capillary and conven-
tional chromatographic columns can be used with the detector. The detector
requires the order of 0.5 cc atm/min of sample. The detector can be used
for the analysis of sample components in the percentage or part per million
concentration range and does not give nonlmear response or “saturate”
when 1.0-10.0-cc sample volumes are used. The detector is virtually inde-
pendent of column {emperature or carrier gas flow rate and can be used to
detect any material which can be vaporized in the carrier gas stream.
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Cuaprer VII

A Radio Frequency Discharge Detector for Gas Chromatography

ArTHUR KARMEN AND RoOBERT L. BowMAN

Laboratory of Technical Development, Naitonal Heart Institute, U. S. Public
Health Service, Bethesda, Maryland

The design of a more sensitive detector for gas chromatography was
undertaken in the hope that the use of smaller sumples would result in an
increase in the resolving power of chromatographic columns. Among possible
detection methods, those which depended on a change in the clectrical
properties of the carrier gas scemed to promise greatest sensitivity, and
several of these methods were investigated.

In the detector described by Harley and Pretorius (/) a change in con-
ductivity of an electric discharge excited by direct current at low gas pres-
sure indicated the passage of an organic vapor through the discharge. In
our experiments, we noted considerable instability of this discharge, ap-
parently caused by sputtering from the cathode surface, and by the deposi-
tion of carbonaceous material on the cathode surface following passage of
an organic vapor. Direct current discharges cxcited in helium at atmospheric
pressure between pointed electrodes were subject to similar causes of in-
stability. The electrode configuration found to give greatest stability for
this latter mode of operation was the somewhat impractical combination of
a metal anode and a concentrated sulfuric acid cathode. The sulfurie acid,
apparently because of its reactivity with impinging fragments of organic
vapors, was less subject to surface change by carbon deposition.

In the direct current electric discharge detector, instability was atiributed
to the important part played by the electrode material and the electrode
surface in maintaining the discharge. The feasibility of maintaining a stable
discharge at radio frequencies has heen demonstrated by Lion (2) in the
construction of a sensitive mechanic electric transducer. It was felt that
the use of radio frequency (RF) voltages to excite the discharge would over-
come the instability because of the lesser part played by the electrode ma-
terial and surface.

By the use of radio frequency voltages, it was found possible to excite a
stable glow discharge in flowing helium at atmospheric pressure. The sensi-
tivity of this discharge to changes in the composition of the gas has per-
mitted the construction of a gas chromatography detector of high sensi-
tivity.
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EXPERIMENTAL

The use of radio frequency discharges permits variety in the geometry of
the detector cell as well as in the method of monitoring analyses. The
method of operation to be described is one that was designed for use with
packed chromatographic columns chosen for its simplicity of operation.

The electrode configuration found most convenient has been a wire,
0.020 in. OD, 1 in. long, mounted along the axis of a cylinder from 1§ to
3{¢ in. in diameter. RF power was supplied from a crystal oscillator and
power amplifier, (RCA tube 6146), supplied with a constant high voltage
from a regulated power supply. Because of the desirability of maintaining
the detector at temperatures higher than that of the column to prevent con-
densation of the vapor within the detector, the power is conducted to the
central wire by a coaxial cable followed by a Tesla-type, tuned, step-up RF
transformer. The transformer and attached central wire are matched to the
transmitter by a conventional pi-section antenna matching network. Yor
more complete temperature isolation of the detector cell, the Tesla trans-
former was located in the temperature-controlled bath with the detector
cell.

The materials used for the central wire have included stainless steel,
tungsten, and platinum, with little difference in behavior noted. Cylinders
have been made of either brass or stainless steel for ease in construction.

Using this geometry, a discharge excited in flowing commercial helium is
self-starting at low RI" voltages. The discharge surrounds and is limited to
the vicinity of the central wire, and appears to be uniformly distributed in
intensity along its length. With progressive increase in RF power supplied
to the wire the discharge first uniformly increases in diameter and intensity
and then breaks down into an erratic, localized are of higher intensity.
The RF power is adjusted to the range producing uniform glow. The
amount of power that can be supplied to the discharge without producing
an arc increases with increase of the frequency of the voltage used. We
have tested frequencies ranging from 5 to 40 Me. At higher frequencies,
the increasing significance of the stray capacitance of the connections to
the electrodes makes the construction of clectrodes more critical. Twenty-
seven megacycles was chosen as a compromise optimum frequency.

The addition of gases other than helium to the glowing helium discharge
causes a diminution in the diameter of the glow, a change in its color de-
pendent upon the kind of vapor added, and a host of changes in its electrical
characteristics. The occurrence of a glow discharge “loads” the R¥ circuit,
causing a decrease in the RF voltage across the tuned transformer. There
is an increase in the RF voltage when the discharge is reduced in intensity,
probably as a result of decreasing the “loading” of the circuit. There is a
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shift in the resonant frequency of the circuit of which the detector cell is
part, best observable with RF sources lacking frequency control, presum-
ably explainable, at least partly, by the change in capacitance of the dis-
charge tube secondary to the change in size of the glow. There is a decrcase
in the direct current electrical conductivity between the wire and the
cylinder wall, also possibly secondary to the change in size of the glow.

The excitation of a glow discharge in a nonuniform alternating current
field results in dircet current potential gradient across the field. The recti-
fying action of the helium discharge provides a most convenient parameter
to monitor the discharge, and thus to indicate the passage of vapors through
the detector. Under usual operating conditions, the central wire is approxi-
mately 50-60 volts negative with respect to the cylinder, and acts as a
source of from 50 to 100 ua of dircet current with an internal resistance of
from 0.5 to 1 meg. The internal resistance of the cell is a function of the
cylinder diameter. In the range of power and glow diameter used, the in-
ternal resistance increases markedly when the eylinder diameter exceeds 14
inch. The direet current is measurable between the central wire and the
cylinder wall in the presence of higher radio frequency currents through
the snme conductors by means of simple electrical filters. The voltage drop
across a small resistance conneeting the central wire and the cylinder wall
can be applied directly to a millivolt recorder without preamplification.

Passage of an organic vapor through the discharge causes a decrease in
the direct current from the discharge tube. The direct current drops to zero
as the discharge is extinguished by larger concentrations of vapor. The
discharge starts spontaneously as the concentration of vapor decreases and
the direct current returns to the original level after the peak passes.

To make the signals appear as positive deflections, the current is bal-
anced by the current from a dry cell of approximately equal voltage passing
through a variable resistance. Passage of a vapor through the cell is thus
indicated by an unbalanced current of the dry cell. Under usual operating
conditions, 500 ohms connects the central wire and the cylinder wall. The
voltage across this resistance is divided to provide convenient sclection of
sensitivity range.

The fractional decrease in the direct current is directly proportional to
the concentration of the organic vapor in the helium. Close agreement has
been found between the analyses of samples of mixtures done with this
detector and the analyses of the same samples done with thermal conduc-
tivity detectors (Table I).

The linearity of response with respect to concentration, judged by the
shape of the curves, extends to the upper concentration level where the
direct current is reduced to approximately 25 % of the baseline value.
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TABLE 1
COMPARATIVE ANALYSES IN PERCENTAGE COMPOSITION OF THE SAME MIXTURE OF
MeTrYL EsTERs Using THE RF DETECTOR AND THE HOoT WIRE THERMAL
ConpucTiviTY DETECTOR

Methyl ester

Detector - —— —
Cho Ci2 Cue Chs Cu Cis’
RF 0.85 10.0 71 30 24 27
TC 1.0 10.7 7.2 28 24 30
SENSITIVITY

The sensitivity of the detector has been studied by the injection of known
small quantities of materials, and by connecting the detector cell in tandem
with thermal conductivity cells so that simultaneous records could be ob-
tained from the output of both detectors operating on the same samples
and concentrations of organic materials.

Small samples of mixtures of methyl esters of fatty acids were analyzed
by a 6-ft, 14-in. diameter column packed with Celite coated with a polyester
of succihic acid and diethylene glycol operated at 200°C. The current
through a commercial hot wire katharometer was set at 300 ma, and the
records were obtained with minimal attenuation of the signal. In order to
obtain curves from both detectors, the RF detector was operated in a
sensitivity range where full-scale recorder deflection represented a decrease
in 25 % of the total direct current. Since, in general, the detector operates
with no noise when a decrease of 5% of the direct current is represented as
full-scale deflection, this analysis was considered to have been run at 14
total sensitivity. The results of this analysis are shown in Fig. 1, and from
this record and the companion records obtained, the sensitivity ratio was
estimated to be approximately 50:1, indicating approximate actual sensi-
tivity ratio of 250:1.

In order to estimate the sensitivity of the detector by the analysis of
precisely known small quantities of materials, a sample introduction method
was developed for the injection of samples in the microgram range (3).
Samples were collected in small glass capillaries, diameter 0.05 mm, the
small capillary sealed into a slightly larger glass capillary, and the length
of the liquid column measured with a measuring microscope, from which
the sample volume could be determined. A series of devices were developed
for delivery of these capillaries to the heated column inlet without inter-
rupting the flow of carrier gas, and for crushing the capillary at that point,
thus injecting the sample. Using 6-ft packed columns, it is possible 1o do
an analysis of a mixture of methyl esters of fatty acids using 1 ug of total
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Fi16. 2 Analysis of a mixture of methyl esters, designated by a number of carbon
atoms of the fatty acid Total sample size 3 X 1076 grams

sample. The results of an analysis done on 3 ug are shown in Ing. 2. The
early peaks represent less than 10-% gm of materials, or approximately
10~ moles. Using a “signal-to-noise ratio of 2:1” to define the lower limit.
of detectability, this record would indicate a lower limit of 10~22 moles for
analyses of this type.

The lower limit of sample detectability is dependent on the efficiency of
the column. The sensitivity of the detector as caleulated from the methyl
laurate (Ci2) curve on the figure is the ability to deteect 3 molecules of
methyl laurate per 10° molecules of helium at twice the noise level.

Although the method of expressing sensitivity as a ratio of number of
molecules of vapor to number of molecules of carrier gas is appealing, ex-
periments to determine the response to various organic vapors of different
molecular weights indicate that the detector gives a response proportional
to the weight of the materials, rather than a response depending on the
number of molecules. The compounds tested included higher fatty acid
vapors, ethanol, methanol, benzene, methyl butyrate, bromo benzene. The
sensitivity in terms of molecular concentration ratio would therefore have
to be modified downward when lower molecular weight compounds are
considered.

The sensitivity of the detector as described has been found sufficient for
use as a detector for capillary columns in which considerably less than 1
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ug samples of mixtures of fatty acid esters may be analyzed. In preliminary
work done at the time of this writing, the operation of a detector cell of 0.5
cc volume was modified so that the effluent from the capillary column was
diluted by an accessory gas flow of 50 ml per minute prior to entering the
detector cell. Using this arrangement 0.1 ug samples of mixtures have been
analyzed in time periods greater than 1 hour, and sensitivity to less than
1072 moles is demonstrable. The construction of detector cells of smaller
volume is expected to result in another order of magnitude of sensitivity
increase by reducing the volume of diluting accessory flow necessary.

Errect oF TEMPERATURE, PRESSURE, AND Gas Frow Rarte

The RF voltage necessary to maintain a discharge of given intensity
decreases with increase in detector cell temperature. At a given voltage
the direct current from the discharge increases with temperature with a
several fold increase as the temperature is raised from room temperature
to 200°C. Increase of pressure within the discharge tube results in a decrease
in the direct current output. Increase in the flow rate of helium through
the discharge results in a decrease in the direct current output. The effect
of flow rate, therefore, may be thought to result from a decrease in tem-
perature of the wire and an increase in gas pressure in the cell. This effect
of flow rate is also attributable to the removal of reactive gases from the
discharge, as evidenced by an increase in eclectrical conductivity down-
stream of the discharge with increase in flow rate.

The response of the detector to changes m temperature has made it
advisable to avoid types of temperature control for the detector in which
cycling of temperature occurs. In actual operation, the effect of increasing
temperature on the volatility of the stationary phase more than counter-
balances the direct temperature effect and causes a decrease in direct cur-
rent to occur when the temperature is increased.

FFor convenience in recording, the DC output of the detector has been
balanced by the use of a dry cell. One can balance the effect of temperature
variation in the detector bath by the use of a second or reference detector
cell, but since the effect of temperature on volatility of the liquid phase is
greater, this would entail use of a reference column as well. A result of the
use of a constant balancing system is that changes in the operating condi-
tions of the column that occur during an analysis are displayed on the
record. This may result in records sometimes less aesthetically pleasing
than those obtainable using methods of detection in which an increase in
ion current following passage of an organic vapor is measured. In these
other detection methods, the baseline is ideally near zero current and
changes in operating conditions introduce variability in sensitivity rather
than change in the baseline. We have considered operation of this detector
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in a similar manner, in which an increase in electrical conductivity down-
stream from the discharge would indicate the passage of an organic vapor,
but have concluded that any improvement thus obtained would be more
apparent than real, because of the sacrifice of the ability to recognize sig-
nificant changes in sensitivity should these occur.

Recovery of methyl esters following passage through the discharge has
not been possible using methods of collection satisfactory for the collection
of esters when the discharge is turned off. More than 90 % of small samples
passing through the discharge are apparently destroyed. The sensitivity of
the detector and its low volume requirement make the use of a fractional
bypassing arrangement feasible when collection of samples is desired.

Helium, despite its high ionization potential, sustains a glow discharge
at low voltage. Addition of organic vapor, even in small concentration,
causes the discharge to diminish in intensity. A similar discharge can be
made to oceur in neon with a minimal increase in RF voltage. To excite a
discharge in argon, however, requires an initial pulse of higher voltage to
start the discharge, which is then maintainable using voltages minimally
larger than the voltage used with helium. When an organic vapor is mixed
with the argon, the voltage necessary to excite a discharge decreases and
the argon mixture behaves like helium. Following initiation of a discharge
in argon, addition of low concentrations of organic vapor causes an increase
in intensity of the discharge while progressively higher concentrations
cause the discharge to be diminished and then extinguished.

The electrical conductivity of the gas downstream from the helium dis-
charge depends on the flow rate of gas through the discharge. The electrical
conductivity of the gas away from the highly conductive plasma increases
moderately when an organic vapor passes through the discharge, despite a
simultancous diminution in the intensity of the discharge. The electrical
conductivity of the gas downstream from an argon discharge is an order of
magnitude less than that of the helium discharge, but the increase in con-
ductivity with addition of vapor is more marked downstream from the
argon discharge.

It has also been observed that the electrical conductivity downstream
from the discharge is increased when organic vapor is added to the gas
downstream from the discharge. The possibility of utilizing this property
in the design of a detector for capillary columns is being investigated.

DiscussioNn

In Lovelock’s (4) description of his radioactive ionization chamber de-
tector for gas chromatography, he expressed the belief that the relatively
high conductivity he observed with helium was caused by impurities in the
helium that could be ionized by the metastable states of helium. He at-
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tributed the lesser conductivity of argon under the same conditions to the
lower energy of metastable argon, which possess insufficient energy to ionize
the impurities present.

Some of the experimental results with the RF detector are explainable
by an extension of this hypothesis. Initiation of a glow discharge in helium
may oceur at relatively low voltage because of the presence of impurities
ionizable by the energetic, excited states of helium. Initiation of the glow
discharge in argon may be more difficult because of the lower energy of the
argon excited states relative to the impurities present, but occur easily
when an impurity of low ionization potential is intentionally added.

Helium and ncon ions have been found to be more efficient in liberating
electrons from the surface of the cathode than the other rare gases (5).
The higher energy of metastable helium atoms may also make them more
efficient in dislodging electrons from the electrode surfaces than excited
argon. This property may also contribute to the difference in behavior of
the two gases. The significance of ionization of the gas in initiating the dis-
charge may be questionable, especially in light of the observation that the
addition of small amounts of organic vapor to the helium discharge par-
tially quenches the discharge and at the same time apparently results in an
increase in the number of ions present.

In explaining the mechanism of action of this detector, we have had to
be content with deseriptive explanations rather than a unique theoretical
explanation. Further evaluation of the mechanism awaits more knowledge
of the composition of the flowing plasma, such as may be obtained by spec-
troscopic and mass spectrometer analyses.

SuMMARY

It has been found possible to excite a stable glow discharge in helium at
atmospheric pressure by the use of radio frequency voltages. The exquisite
sensitivity of this discharge to changes in gas composition has made pos-
sible the design of a versatile detector for gas chromatography suitable for
use with packed as well as capillary columns. Since a large fraction of the
organic vapor molecules enters into the reaction in the discharge, a rela-
tively large signal is produced for a given concentration of vapor, permitting
use of standard millivolt recorders without preamplification.
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CrapTER VIII
The Sensitivity of Detectors for Gas Chromatography

Irving G. Young*

Leeds & Northrup Co., Philadelphia, Pennsylvania

INTRODUCTION

The desirability of reporting detector performance in some standard way
has been emphasized (4, 5) with little progress to date toward the goal of
a generally accepted and widely understood usage. The sensitivity of a
detector used in gas chromatography is usually estimated by obtaining a
chromatogram with a known sample. Calculations are then made on the
recorded peak using a formula such as recommended by Johnson and Stross
(8) and first proposed by Dimbat et al. (6).

There are two problems connected with this procedure which it is the
purpose of this paper to discuss. The first is the nature of the sensitivity
expression that is most useful for purposes of deseription and comparison.
The second problem is to define experimental conditions which will validate
comparisons between different detectors and comparison of the same de-
tector between different laboratories. The first problem assumes importance
because of the need for a standard expression to replace a number of differ-
ent expressions used in the literature. The second problem is of importance
since work in this laboratory indicates that sensitivity numbers can vary
widely for the same detector, depending upon such experimental factors as
flow rate, dwell time, and dilution of the component uscd to measure the
sensitivity.

The present paper examines the meaning of the term “‘sensitivity” and
extends the ideas of the above-mentioned authors by making explicit the
relationship between sensitivity and limit of detection. Furthermore, using
the definitions proposed in this paper, data are given on the sensitivity and
Iimit of detection of a number of detectors described in the literature. Tt is
proposed that the limit of detection be used to describe the sensitivity
behavior of a detector, since this quantity includes the important factor of
noise level of the detector system, while the sensitivity does not. Moreover,
the limit of detection corresponds more closely to the actual physical situ-
ation in which a detector is used in gas chromatography than does the
sensitivity.

* Present address: International Resistance Co., Philadelphia, Pennsylvania.
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With respect to experimental conditions used in measuring detector
sensitivity, it is proposed that these be carefully defined.

While this paper deals with gas chromatography detectors, it is believed
that the ideas presented will be useful in other areas of instrumental analy-
sis, where concepts of sensitivity and limit of detection are important.

DEFINITIONS OF SENSITIVITY

Consider a situation, such as in gas chromatography, in which the re-
sponse of a detector is zero when the quantity to be measured is zero. The
sensitivity, S, of a detector is the ratio of the change in response, R, to the
corresponding change in the quantity measured, Q. This may be written as
follows:

S = AR/AQ 1)

The sensitivity may thus be measured at different levels of Q, and if the
response characteristic is not linear, S will vary with the level of Q.

The limit of detection, Qo, of a detector, is the least amount of the
quantity measured which can be detected with a specified degree of cer-
tainty. The uncertainty in the detector system is usually termed noise,
i.e., it is-the response of the instrumental system to random fluctuations in
operating conditions, and will be symbolized, B, . To detect the quantity
to be measured with certainty, the response or signal must be greater than
the noise, else the response will be indistinguishable from the noise. A
number of workers ( 3, 11, 16, 17) have used a factor of twice the noise
level to establish the limit of detection with certainty. This figure will be
incorporated in the definition of Qo . Therefore, the limit of detection, Qo ,
is that value of the measured quantity which corresponds to twice the
noise, R, . Substituting these corresponding values into Eq. (1), we obtain:

8 = AR/AQ = 2R,/Qo @)
Therefore:
S X Qo = 2R, &)

Figure 1 has been drawn to illustrate the meaning and relationship of
these concepts. S is 4 slope; Qo is the & coordinate of a point on the in-
strument response curve which can be specified when the y coordinate is
specified. Qo is arbitrarily specified at twice the noise level; if the slope is
known, then @, may be calculated. Conversely, if Qo and the noise level
are specified, S may be calculated.

It may be useful at this point to outline briefly the experimental de-
termination of the quantities given in Eq. (3). The determination of S fol-
lows from its definition given in Eq. (1), i.e., the change in response is
measured for a given change in the quantity measured. @ is difficult to
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Fra. 1 Instrument response vs quantity measured (relationship between sensi-
tivity and limit of detection)

measure directly and is better calculated through Eq. (3). For this purpose
R, , the noise, must be estimated, and is usually done by taking peak-to-
peak values of the noise record. Peak-to-peak estimation involves the
drawing of parallel lines through the maximum and minimum points of
excursion of the record when no sample is being measured. The measured
distance between the lines is then converted to millivolts or microvolts.

The relationships given above are strictly true only if R is a linear func-
tion of Q. For large variations of @ this is rarely the case. For small varia-
tions of @, the relationship may be considered as very nearly linear and the
above relationships may be employed as useful approximations.

Noise CONSIDERATIONS

The response of the instrumental system to random fluctuations in op-
crating conditions is considered noise. Such variations in response may be
described by a distribution such as observed in the normal curve of error
or Gaussian function. If this type of distribution applies, there is a non-
zero probability that any arbitrarily chosen peak-to-peak noise value will
be exceeded. Thus, there is always some uncertainty in estimating a noise
value by the peak-to-peak procedure mentioned above. Hence, there will
be some uncertainty in Qo .
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TABLE I
PEAK-T0-PEAK VALUES CORRESPUNDING T0 VARIOUS Risks
Probability of ex. SroosPiltY of €% grpcqion of peaks
ceeding peak-to- Xk 'le pea included in peak-to- Peak-to-peak value
ak value peaX Vaue on one peak value

pe side of trace

1 in 1000 1 in 2000 0.999 2 X 3.291 X rms

1in 100 1 in 200 0 990 2 X 2.576 X rms

5 in 100 5 in 200 0.950 2 X 1.960 X rms

Using a somewhat involved and laborious analysis it is possible to cal-
culate a peak-to-peak noise value the uncertainty of which is as small as
one chooses. Williams et al. (18) have given the procedure for analyzing a
noise record, and their paper should be consulted for details. These authors
show how to determine the root mean square (rms) value of a noise trace.
The rms of a noise record has a definite, non-arbitrary value. With the rms
value and a table of the probability integral the analyst can choose peak-
to-peak voltage values with as small an uncertainty as he chooses.

Data illustrating this idea have been assembled in Table I, which was
drawn up with the aid of the extended tables of the probability integral
prepared by the Federul Works Agency (7). As Table I shows, the un-
certainty or risk in choosing a peak-to-peak value may be expressed m a
number of ways: the probability of exceeding u peak-to-peak value, the
probability of exceeding a peak-to-peak value on one side of the trace, or
the fraction of the total number of peaks included in the peak-to-peak value.
The peak-to-peak values are expressed as multiples of the rms value. If it
is decided that the peak-to-peak value shall include 99.9 % of all the peaks,
then the peak-to-peak value is 2 X 3.291 rms. Thus Eq. (3) may be written:

S X Qo =2(2 X 3.291 X rms) = 13.164 rms 4)

The difference between Eqgs. (3) and (4) is that in Kq. (3) one does not
know the uncertainty in R, ; in Eq. (4) the uncertainty in R, is 1 in 1000.
If it is known that R, includes 99.9% of the peaks, then the following
identity holds:

SX Qo =2X Ry = 13.164 rms 5)

One may, of course, choose any other uncertainty that one wishes.

It is of interest to calculate the probability that a peak twice the noise
value will be obtained. This has been done in Table 1I. It can be seen from
this table that even if a very poor estimate of the peak-to-peak noise has
been made, i.e., one including only 95% of the peaks, the probabihty of
a noise peak twice as high as the peak-to-peak value is very small, and
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TABLE II
ProBaBILITY OF PEAES TwicE A8 HIGH As PEAK-TO-PEAK VALUES
Fraction of peaks Probability of exceeding
included in peak-to- twice the peak-to-peak value  Relative value of @,
peak value on one side of the trace
0.999 Less than 1 in 101% 1.278
0.990 Less than 2 in 101 1.000
0.950 Less than 3 in 10° 0.762

converscly it is almost certain that a peak this high is signal. Thus, the
use of factor 2 in Eqs. (2) and (3) has ample justification. Equation (3)
shows that the value of @, will vary with the noise chosen. The third
column in Table II has been added to show how the relative value of
Qo changes, depending on the fraction of the peaks included in the noise
value. It can be seen that there is a variation of only 25% around the
99 % level. Thus, the experimental procedure for estimating peak-to-peak
values described previously leads to only minor variations in the Qo value
even if R, is poorly chosen.

The above discussion may be summarized as follows: The peak-to-peak
method of estimating noise is very simple experimentally but is attended
with some uncertainty, which carries over into an uncertainty in Qo . The
rms method of estimating noise is quite laborious but can give peak-to-
peak values with as small an uncertainty as one chooses. Thus, the means
for estimating Qo with small uncertainty is available. However, the ordinary
method of estimating noise, gives Qo values whose variation is quite ac-
ceptable for purposes of describing detector performance and comparing
detectors. If the analyst knows from experience or observation that his
peak-to-peak noise value include 99.9% of the noise peaks, then the or-
dinary procedure will give Qo values with very small variation.

SENsSITIVITY EXPRESSIONS FOR GAS CHROMATOGRAPHY

The definitions given above for S and @, are consistent with similar def-
initions given in American Standards Definitions of Electrical Terms (1).
To translate these general definitions to the case of gas chromatography
detectors, we nced only specify the units of R and Q. For R, the unit chosen
is millivolts, and for @, the unit chosen is concentration, in units of milli-
moles per milliliter (mM/ml). The noise level will also be indicated in milli-
volts and its symbol, as above, will be R, .

A sensitivity expression has been proposed for gas chromatography by
Dimbat et al. (6). They use the same symbol, S, and their definition follows:

S=(4XCXC:XC)/W (6)
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where S = the sensitivity, mv ml/mg;

A = the peak area, sq cm;

C, = the recorder sensitivity, mv/cm of chart;

C, = the reciprocal of the chart speed, min/cm;

C; = the flow rate at the column exit, corrected to measuring cell

conditions, ml/min;

W = the weight of the component introduced into the column, mg.
This definition is consistent with S as defined in Eq. (1), as can easily be
seen if the units of S are written mv/mg/ml. The purpose of writing the
definition as in Eq. (6) is twofold: to use the ordinary gas chromatography
record to obtain a sensitivity figure; to eliminate from the sensitivity figure
the effect of experimental variables such as flow rate or chart speed. Equa-
tion (6) may be more simply written as follows:

S=PXF/W (7)
where P is the peak area in mv min; F is the flow rate in ml/min; and other
symbols have the same meaning as before.

A sensitivity expression similar to Qo has also been proposed for gas
chromatography by Keulemans (4). His expression differs from @, only in
that the unit for limit of detection is micrograms per milliliter. It would
appear to be more useful and meaningful for comparison purposes to use
moles or millimoles as the quantity of component, and retain as the unit of
volume the milliliter. Introducing, in this way, the need for molecular
weight values creates no difficulty because detector calibrations are done
with known compounds. In addition, weights or volumes of liquid samples
as well as volumes of gaseous samples can easily be converted to moles or
millimoles, thus facilitating comparison of detector behavior toward sam-
ples in different states.

The use of millimoles to express amount of component rather than milli-
grams would be justified, furthermore, for thermal conductivity detectors,
since the thermal conductivities of common organic vapors are quite sim-
ilar. For ionization detectors, the ionization potentials of most organic
compounds are quite similar (72, 15). On this basis, the sensitivity expres-
sions defined in Egs. (6) and (7) would be written as follows:

S=@AXCXC:XCy)/M = (P XF)/M 8)
where M is the amount of component in millimoles. If Qo is calculated from
S, as given in Eq. (8), using the appropriate noise figure and Kq. (3), Qo
will have the units mM/ml as proposed above.

COMPARISON OF SoME DETECTORS

The values in Table IIT have been assembled to illustrate the usefulness
of the above concepts for the purpose of comparison. These values were
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calculated from data available in the literature and elsewhere. Where sensi-
tivity figures were available on the basis of Eq. (6), the sensitivity was
recalculated using the molecular weight of the component, if given; if the
component was not indicated a molecular weight of 80 was arbitrarily used
to convert from milligrams to millimoles. The values in the column headed
pQo were calculated using the relationship:

PQo = log 1/Qo )

EXPERIMENTAL CONDITIONS

Data such as in Table III can be properly compared only if the experi-
mental conditions under which the measurements were made are defined.
Work done in this laboratory indicates that it is possible for the sensitivity
to vary by a factor as great as 10, depending on the manner of injection,
the dilution of the sample in the carrier gas, the retention time of the sam-
ple, and perhaps other factors which remain to be explored.

One of two procedures may be adopted to standardize conditions for
comparison purposes. The first involves the preparation of a standard col-
umn, packed with a standard liquid on a standard solid support, and the
use of this column in a chromatographic apparatus whose conditions of
operation arc carefully defined: carrier gas flow rate, temperature, manner
of sample injection, and size of sample. If now a standard sample material
is decided upon, all the conditions for a valid comparison of detectors are
defined. It is of interest to observe that Ray (Z4) and Boer (2) have pro-
posed standard samples, although proposals to standardize other conditions
for sensitivity determinations have not as yet been made. The procedure
using a packed column has the drawback that it isdifficult, if not impossible,
to duplicate columns cxactly with respect to important characteristics such
as particle size of support, liquid-solid ratio, and packing density.

In the second procedure, which is recommended, the chromatographic
process is dispensed with and an empty tube of standard length and diam-
eter is used to connect the point of sample injection with the detector cell.
The advantage of this procedure lies in the fact that it can be precisely
reproduced from time to time and from laboratory to laboratory. It is
recommended, therefore, that the following experimental variables be de-
fined in measuring detector sensitivity: carrier flow rate, temperature,
manner of sample injection, sample size, kind of sample, length and diameter
of connection between injection point and detector.

Detectors have been described which use a particular carrier gas (9, 15).
For this reason it is not proposed to define the nature of the carrier gas but
only its flow rate. The carrier gas is thus considered to be part of the de-
tector system. Similarly, the amplifier, if any, and recorder are also to be
considered part of the detector system.
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TABLE III
SENSITIVITY AND LiMiT OF DETECTION OF SoME DETECTORS
Refer-
Detector S R, Qo Qo ences
1. L&N therm. cond. cell 40,000 0.001 5 X 1078 7.3 10
2. Hot wire therm. cond. 40,000 001 5 X 1077 6.3 [
cell
3. Thermistor 25,000 001 8 X 1077 6.1 4
4 Ionization gage 2.5 X 100 0.02 1.6 X 108 78 15
5. Flame ionization 7.4 X 10 0.07 1.9 X 1072 11.7 12
6. Electric discharge 2 X 100 20 2 X 10— 8.7 13
7. Beta ionization 55,000 0.0125 5 X 1077 6.3 2
Discussion

Standard experimental conditions such as proposed above were not used
by the authors whose data are given in Table III. However, for the sake of
bringing out some points of interest it is assumed that the experimental
conditions were comparable.

Reference to Table III shows that, aside from the experimental condi-
tions, the sensitivities of two detectors can properly be compared only when
the noise levels are the same. When the noise level is not taken into account
S may give an erroneous impression as to the capability of the detector.
For example, Detector 6 appears to be more sensitive than Detector 1 by
a factor of 5 X 10° when comparing S. When comparing Qo , Detector 6 is
more sensitive than 1 by a factor of only 25. This difference is seen to be
directly related to the different noise levels. Similarly, Detectors 1 and 2
appear to have the same sensitivity when S is used, but Detector 1 is bet-
ter than 2 by a factor of 10 when the Qo values are compared. Again, the
difference is related to the noise levels. It is proposed, therefore, that in
comparing the performance of different detectors that the limit of detec-
tion, Qo , be used since the noise figure is implicit in this parameter, whercas
it is not implicit in S.

Qo has another very important consideration in its favor. It corresponds
very closely to the realities that exist in a gas chromatographic analysis.
The detector is required to respond to the change that occurs from zero
concentration of component in the carrier gas to the first appearance of the
component. The detector then follows the increase in concentration to some
maximum, but still quite small concentration, and then indicates when the
concentration is again zero. @ is the quantity that comes closest to de-
scribing the performance of the detector in this situation. S describes an
unrealistic situation; rarely, if ever, is it required that a detector respond
with 40,000 mv to a change of 1 mM/ml or with 1000 mv to a change of 1
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mg/ml (4). Qo describes a physical situation which is of greater interest to
the analyst using gas chromatography.

The use of exponential numbers can be avoided by using the proposed
quantity pQo , as defined in Eq. (9). The p concept here is similar to that
of pH which expresses hydrogen ion concentration. The pQ, values in the
fifth column of Table III give a more easily grasped comparison than do
the Qo values. Furthermore, the pQ, expression has the advantage of hav-
ing larger numerical values associated with desired performance of the de-
tector, while smaller values are associated with poorer performance.

SuMMARY

The conditions required for valid measurement and comparison of de-
tector sensitivities in gas chromatography have been discussed. It is pro-
posed that the experimental conditions to obtain the raw data be defined
580 a8 to validate comparisons of different detectors and of the same detector
by different laboratories. The limit of detection is proposed as the param-
eter which is most useful in describing the sensitivity behavior of a detector
and most useful for comparison purposes.
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CuarTER IX

Compatible Readout System Design for Use with a
Chromatographic Instrument Employing Golay
Columns and lonization Detectors

J. J. Davis
The Perkin-Elmer Corporation, Norwalk, Connecticut

Chromatography instruments currently in use normally employ a thermal
conductivity detector and packed columns. A complete chromatographic
system built upon such an instrument may, in addition to the instrument,
comprise a potentiometer recorder plus one or more auxiliary devices (in-
tegrator, range changer, etec.). For such a system, or for any other system,
it is apparent that of prime consideration is the ability of any readout de-
vice to display or operate faithfully upon all of the information contained
at the output of the chromatographic instrument.

It is upon this general premise that the choice of the various readout in-
struments is made. In the contemporary chromatographic system using a
thermal conductivity detector-packed column instrument, a number of
commercially available recorders, integrators, and range-changing acces-
sories adhere to this premise. Figure 1 shows a typical run from such a sys-
tem. Recorders with a full-scale balance time of one sccond and integrators
with a response time of the same order of magnitude as the recorder and
with a full-scale count rate of a thousand or so counts per minute are
adequate for present use.

The configuration of the system is such that the instrument output drives
the potentiometer recorder directly, while integrators, range changers, and
other elements are mechanically coupled to and actuated by the recorder.

This configuration is shown schematically in Fig. 2. In the figure, solid
lines indicate an electrical linkage, and dotted lines a mechanical coupling.
In this system, the integrator requires from the recorder a rotating shaft
coupled to the recorder pen possessing adequate reserve power to operate
the transmitting unit. This transmitting unit includes a potentiometer
which serves as the input to the integrator plus a switch, also operated from
the recorder shaft, which may serve to actuate auxiliary mechanisms in the
integrator.

The range change unit similarly demands sufficient driving power from
the recorder to operate its mechanism. It is, therefore, self-evident that in
the present system, the strain clearly falls on the recorder.
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F1a. 1. Hydrocarbon run: packed column.

The potentiometer recorder is a highly accurate instrument, ruggedly
constructed, and with sufficient reserve driving power to accommodate
various mechanically linked accessories.

Its sole drawback in many applications is response time, which is limited
to a maximum of about 0.25 seconds.

Recently, chromatography instruments have appeared which employ
high-speed elements in their design; namely, ionization-type detectors and
Golay (capillary) columns. These newer instruments, offering the advantage
of higher speed data presentation, present a challenge to the operator who
desires to utilize their full capabilities.

Acquisition of a high-speed instrument necessitates careful consideration
of readout devices to be used in conjunction with the high speed chroma-

RANGE CHANGE
UNIT

|- -

R

F1a. 2. Electro-mechanical readout system.
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Fia. 3. Hydrocarbon run: Golay column.

tography unit. Rapidly eluted peaks, exhibited in Fig. 3, require fast re-
sponse equipment to present useful quantitative data.

Beginning, then, with a chromatographic unit with ionization detector
and Golay columns, and realizing the instrument’s inherent capabilities,
each element of the readout and display system must be evaluated on the
basis of:

1. Its capabilities as an isolated element.

2. Its location in association with the other system elements.

The various types of ionization detectors in use in chromatographic in-
struments require a preamplifier to provide a signal of reasonable magnitude
to drive a recorder or other display elements. The preamplifier is usually
a DC electrometer type and for our purposes should be drift-free, linear
within 1%, and have a response time in the 100 msec range.

The recorder for the proposed system should have a response time of at
least one-tenth of a second. This requirement precludes the use of a po-
tentiometer-type recorder and leads us to consider the galvanometer-type.
The galvanometer recorder employs a meter movement-type coil in which
the deflecting needle becomes & writing pen. The mass of moving parts is
kept to a minimum and, consequently, speeds significantly higher than a
potentiometer-type are attainable. These units contain delicate mecha-
nisms so that mechanical attachment of transmitting potentiometers, limit
switches, and the like is unthinkable. This facet of the high-speed recorder
dictates a new system configuration in which no mechanical linkage to the
recorder is permitted. Further, if we are to have the accessories as in the
former system, an all-electronic data readout system is the obvious re-
course. In this proposed system, the recorder is relieved of all responsibili-
ties save that for which it is intended—the graphical presentation of the
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preamplifier output signal. Simultaneously, all other readout devices and
accessories are actuated by this same signal. The preamplifier has now be-
come the pivot point of the readout system. We may now amend the pre-
amplifier’s specifications with the additional requirement that it must also
provide adequate and appropriate driving power for the accessories chosen.

The accessory equipment would include an electronic or electromechan-
ical integrator accepting a voltage input. An integrator is necessary for
accurate quantitative analysis of the output from the high-speed chroma-
tographic instrument. The electronic- or electromechanical-type is required
due to its high counting rate. Rapidly eluted peaks require a significant
number of counts to be logged for each peak for precise quantitative study.

However, count rate per se is not meaningful unless the readability of
the integrator is stated. Obviously, an integrator which can be read to an
accuracy of one count and possessing a full-scale count rate of 5000 counts
per minute is every bit as good as one whose count rate is 10,000 per minute
and can only be read with confidence to two counts. But, if two instruments
employ the same or similar display methods (counter, pips, ete.) the one
with the higher counting rate is to be preferred.

The foregoing discussion presumes that the dynamic range (linear range
of operation) of both integrators is comparable. If a discrepancy exists in
this realm, analysis of individual instrument merit hecomes more difficult
and requires careful evaluation.

All electronic integrators using electronic-type counting and display
tubes possess the advantages of extreme speed and high count rate.

It is questionable whether use of these ultraspeed instruments is justi-
fied in chromatography at present. Presentation and logging of data from
these instruments require sophisticated and complicated auxiliary equip-
ment to do full justice to their capabilities.

Velocity servo-type integrators are capable of faster response than a
similar position servo mechanism (potentiometer recorder), although both
may use the same rotating components. In a velocity servo, as opposed to
a position servo, the rate of correction of an error is measured by the accel-
eration or deceleration rather than by the speed of the mechanical system.
While the mechanical inertia of a system prevents any rapid change of
speed, it does not prevent rapid changes of acceleration. Consequently,
velocity servo-type integrators gencrally will fulfill the present requirements.

Further, an RC integrator at the input of the velocity servo mechanism
can cffectively store transient phenomena of short duration and enables
the integrator proper to correct for transient, high-speed signals.

To summarize, dynamic range of the integrator should be large and re-
sponse time should be comparable to the galvanometer recorder (0.1 sec-
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onds). Operationally then, the integrator should meet the above stated
specifications.

An additional requirement, although not operational but of equal im-
portance, is that of automatic data presentation. Proper logging of an
integrator output by manual operations at high speed is difficult it not
impossible. The rapidly cluted series of peaks from a high-speed chroma-
tography unit dictate some form of automatic data-recording device. This
device, acting upon the integrator’s information, would display the integral
of a peak permanently and at precisely the correct instant. The switch
which performs this function of sensing the proper instant and displaying
the integrator output would be operated from the preamplifier signal.

Assuming a digital counter-type display, two such counters could be ar-
ranged in the following manner. Counter A, after a band has been cluted,
would have its number automatically printed upon a tape and immediately
thereafter automatically reset to zero, thus logging 1 number associated
with each peak. Counter B, with only a manual reset feature, would ac-
cumulate the total number of counts for the entire run. Its final figure would
then also be transferred to the tape. Simple division would be required to
obtained the useful information. The operator would thus be presented
with a permanent record of the integral of each eluted peak during the run.

Accessories such as range-changing devices and other convenience ele-
ments may be incorporated in the readout system if desired. Such a device
would automatically attenuate large signals by a preselected factor and
would be of use in trace analysis. This unit like all others must possess
rapid response characteristics. It would also be actuated by the electrical
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F16. 4. Electronic readout system.
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signal from the preamplifier. Figure 4 diagrams this system in schematic
form.

It has been shown how basic design changes in chromatographic in-
struments necessitate careful choice of readout components and how en-
tire system philosophy may be affected by these changes. Advances in the
chromatographic field, particularly in the area of high-speed performance,
will demand more sophisticated data systems capable of presenting data in
convenient form with a maximum of speed and accuracy.



CHAPTER X

Performance Data on a New lonization Detector

L. V. GuiLp, M. I. Lroyp, AND F. AuL
Burrell Corporation, Pittsburgh, Pennsylvania

In gas chromatography, a great deal of interest currently is being focused
on detection methods. Developments of detectors with higher sensitivity
have made high resolution separations more practical. Trace analysis can
also take advantage of higher sensitivity providing, of course, the detector
is able adequately to monitor the high concentration components.

There are numerous suggested methods of accomplishing gas chromatog-
raphy detection in the literature. Several of these methods are rather well
developed and are presently in use in laboratories throughout the world.
Of these, thermal conductivity is perhaps the best known. It is quite reli-
able, has moderate sensitivity, and is, in fact, regarded almost as standard.
Despite its limitations, thermal conductivity is adequate to handle a large
proportion of the samples subjected to routine analytical work. It, there-
fore, undoubtedly will continue to be a valuable tool.

In general, detectors may be divided into two categories: those which
respond to a property of the carricr, and depend on a change in that prop-
erty when the sample mixes with the carrier; and those which respond to a
specific property of the component, and are independent of the carrier.
Thermal conductivity falls in the first category. One of those falling in the
second is ionization. 1t is a fortunate circumstance that the ionization po-
tentials of most organic compounds fall below those of the commonly used
carriers. Ionizing the sample component and measuring the resulting ion
current is a convenient and sensitive means of detection.

Table I shows the ionization potential for various materials and the ex-
citation potential for argon.

The usual elements of an ionization detector consist of a source of energy
producing free electrons, which then may ionize the sample, or excite the
carrier to a metastable state which, in turn, ionizes the sample; a potential
field to move the ions; and a measuring circuit to convert the ion current
into a recorder signal. Several systems have been created on this basis, dif-
fering mainly in the source of the energy used to produce ionization. Deal
et al. (1), describes such a detector based on beta emission of strontium-90
and using nitrogen as the carrier. Lovelock (2) utilizes a similar system,
except that argon is used as the carrier gas and advantage is taken of the
metastable state of argon to yield increased sensitivity. The flame ionizer

91



92 L. V. GUILD, M. I. LLOYD, AND F. AUL

of McWilliams (3) gets its energy from the oxidation process. The electrodes
in the flame monitor the ion current in the conventional fashion. Karmen’s
(4) radio frequency detector appears to operate upon a somewhat different
basic arrangement, With it, ionization is carried to a point where back-
ground current of considerable proportion is established, and the sample
component reduces this level. Excellent results have been reported for this
detector. Ryce and Bryce (5) deseribe an ionization gage type detector with
the energy supplied by electron emission from a filament. Electrons are
accelerated to ionizing energy by a positive potential, and the ionization
current, caused by the positive ions, is measured. It is operated at reduced
pressure.

The detector described in this paper is based on the same principle as
the detector of Ryce and Bryce. This type appeared attractive for its high
sensitivity with relative freedom from temperature and flow effects and
complete absence of radiological hazard. In addition, any compound could
be handled.

Figure 1 shows a block diagram of the analytical arrangement of the new
ionization detector being presented.

A conventional carrier and either packed or capillary columns are used.
At the outlet of the column, the effluent stream is divided by a take-off
control which sends a portion to the ionizer and the balance to the atmos-
phere. The area labeled “Ionizer Electrical Controls” contains the circuitry
necessary for supplying the various voltages required for the filament and
collector. Electrons necessary for ionization are supplied by a filament and

T0
ATMOS.
IONIZER
TGl L— 70 VAC. PUMP
IMPEDANCE
CONVERTER RECORDER
COLUMN
|
= IONTZER ELECTRICAL
CONTROLS

CARRIER GAS

Fia. 1. Diagram of analytical arrangement of ionization detector.
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are accelerated by a positive charge. The positive ions formed are collected
by means of a negative potential. Ionizing cnergy is maintained below the
energy necessary for ionization of the carrier itself. When the effluent, stream
enters the detector carrying a sample component, ions are produced, which
are attracted toward the negatively charged electrode, thus setting up an
ion current. A voltage is developed by this current across a signal resistor,
and is fed to an impedance converter which changes the high impedance
signal to the low impedance needed to operate a standard potentiometric
recorder.

In the instrument design, much emphasis has been placed on producing
a simple, practical device. An ionization tube specially designed for gas
chromatography provides stability and long life. An ordinary vacuum pump
is all that is required for operation.

CARRIER Gasges Usup

Helium, argon, hydrogen, nitrogen, and carbon dioxide were all tried as
carriers. All can be used, but each has characteristics which make the par-
ticular choice depend upon the application. Ielium and argon have the
greatest sensitivity and appear to be best.

With helium, a direet ionization of the sample occurs with clectron ener-
gies below the ionization potential of helium. Advantages are high sensi-
tivity and lincarity of response over wide concentration ranges. No sample
component has been found which could not be handled by the use of helium
as the carrier. With it, all of the materials outlined in Table I can be deter-
mined. The maximum ionizing energy that can be used is about 18 volts
before the background becomes excessively high. This also was pointed out
by Ryce and Bryce. Iigher energies probably can be used with resulting
increase in sensitivity, when helium with a higher purity is available.

Argon can also be used as the carrier. The principle advantage of argon
is an increase in sensitivity over helium. The use of argon results in an en-
hancement in sensitivity due to the formation of an excited state produced
at an energy just above the excitation potential for the argon. Using the
same energy for argon and helium, an increase in sensitivity of approxi-
mately 100 is observed. However, since helium can be used at a much higher
ionizing energy, the actual increase is a factor of about 2 to 5. As more pure
helium is available, it is believed that helium eventually will have the
greater sensitivity.

There are two disadvantages in the use of argon. First, the compounds
above cthylene in Table I cither are not obtained or arc obtained with
greatly reduced sensitivity. Second, argon is linear over a narrower concen-
tration range. The argon is sufficiently linear for all capillary column work
and only becomes nonlinear in the larger sample ranges. Both argon and
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TABLE 1
IoN1ZATION POTENTIAL FOR VARIOUS MATERIALS AND EXCITATION POTENTIAL
FOR ARGON
Material Tonization potential

Helium 24.6
Argon 15.7
Hydrogen 156
Nitrogen 15.5
Carbon dioxide 14 4
Methane 14.4
Carbon monoxide 141
Ethane 128
Water 12.6
Oxygen 12.5
Acetylene 12.3
Cyclopropane 11.8
Ethylene 115
Argon (metastable) 11.5
Paraffins (Cs~Cyo) 10 5-11 2
Cycloparaffins (C—Cs) 105110
Alcohols (C,-Cs) 10.1-11.0
Aldehydes 10 0-11 0
Ketones 9799
Olefins (Cs~Cs) 8498
Aromatics 8395
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helium have been used successfully as carrier gases, with helium having
the wider application.

Regarding the use of carbon dioxide, hydrogen, and nitrogen with ioniza-
tion potentials of 14.4, 15.6, and 15.5 ev, respectively, all can be used at

g
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F1a 3. Effect of variation of ion tube pressure for helium,
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ionizing energies below these levels. However, there appears to be no ad-
vantage over helium and there is a considerable reduction in sensitivity.

CALIBRATION

This new ionization detector has been found to give a linear response
over wide concentration ranges.

Figure 2 shows a typical calibration curve from a packed column for
n-butane, using helium as the carrier. A gas phase sample was used for
calibration because of the high accuracy of measurement and convenience
in preparation.

SENSITIVITY

Sensitivity in terms of the Dimbat, Porter, and Stross (6) equation gives
an S value of 10%, This really represents the potential sensitivity, rather
than the actual, because the noise level of ionization detection is inherently
higher than that of thermal conductivity. Sensitivity at least 1000 times
that for thermal conductivity was obtained and this figure can be greatly
improved as better ways for noise elimination are found.

Sensitivity 1s adequate for capillary columns as well as microsamples in
packed columns.

Resronse TiMe

Since the effective detector volume at 100 u pressure is approximately
only 7 pl, response time is extremely fast and satisfactory for all applica-
tions.
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F1e. 6. Analysis of fatty acid esters on a packed column.
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ErrecT OF TEMPERATURE, PRESSURE, AND FLOoW

The detector pressure is not critical as long as it is held within reasonable
limits. Operation usually is in the region of 1{o to 1 mm.

Figure 3 shows the effect for helium of variation of ion tube pressure over
a range of {¢ to 1 mm.

The device is insensitive to changes in temperature, as indicated by Ryce
and Bryce.

Base lines are unaffected by changes in carrier flow. Since the flow does
determine the sample-to-carrier ratio entering the detector, the flow should
be maintained constant during the analysis period.

ANALYTICAL REsunts

A number of typical determinations are shown.

Figure 4 shows the analysis of fixed gases on a molecular sieve (curve
on left) and siliea gel (on right) for the determination of hydrogen, oxygen,
nitrogen, methane, carbon monoxide, argon, carbon dioxide, ethane, eth-
ylene, and acetylene.

It is interesting to note that the hydrogen is obtained with high sensi-
tivity and as a positive peak, so that the problem of determining hydrogen
is not present as it is in thermal conductivity measurements. Sample sizes
of the order of 0.05 ml gas were used.
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Fia. 8. Capillary column analysis of a synthetic aromatic-paraffin mixture.
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Figure 5 shows the analysis of a synthetic mixture and commercial butane
on a packed column of 3-mm inside diameter.

Figure 6 is the analysis of fatty acid esters, also on a packed column.

When using helium, advantage can be taken of the differences in the
ionization potentials to effect certain desired analytical results. As an
example, Fig. 7(A) is the analysis of a8 natural gas mixture. In this analysis,
the ionizing encrgy was set below that for methane, but sufficiently high
to ionize all components with lower jonization potentials. Using this tech-
nique, the small concentrations of C; , Cs, and C; were easily picked out. A
modification of this technique is shown in the same figure (B) for the analysis
of methyl and ethyl alcohol in water. Water concentration was above 90 %.
The ionizing energy was set to obtain the alcohols, and then reduced after
the alcohols to block out the water. The attenuated water peak that would
have been obtained at a higher energy is shown by the dotted line.

An jonizing energy between alcohol and water could have been used.
Due to the small difference in potentials (HsO at 12.6 and methyl aleohol
at 11.0) it would not be possible completely to block out the water, but
it would have been determined with much reduced semsitivity. Where
greater differences oceur, as in the natural gas (CH,, 14.5 and butane,
10.97), the technique is more effective in blocking out the major component.

The detector proved very satisfactory for capillary columns
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Fi1a 9. Analysis of methyl esters of fatty acids on a capillary column.
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Figure 8 is a typical capillary column analysis of a synthetic aromatic-
paraffin mixture and shows the separation of the xylene isomers.

Figure 9 is an analysis of methyl esters of fatty acids on a capillary
column.

CoNCULSION

A simple, new ionization detector has been developed. Electrons for
ionization are supplied by emission, providing high sensitivity, simplicity,
and linear response for gas chromatographic analysis of moderate and small
size samples. The detector is relatively insensitive to small changes in
temperaturc and pressure. ¥Flow may be interrupted for sampling, but
must be held constant during the analysis. The detector is suitable for use
with capillary columns or packed columns. Helium and argon are the
preferred carricr gases. The maximum sensitivity is obtained with argon
as the carrier, but it has the disadvantage that fixed gases and low molec-
ular weight hydrocarbons cither are not obtained or are obtained with poor
sensitivity. No sample component has been found that could not be ana-
lyzed with helium as the carrier. Ready control of the ionizing energy pro-
vides the flexibility for many special techniques.
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CHAPTER XI

Process Control Systems Embodying Gas
Chromatography Analyzers

GEORGE S. TURNER

Beckman Instruments, Inc., Fullerton, California

The features necessary in a process-type gas chromatography, and the
possibility of employing the chromatograph in a process control system,
were discussed at the International Symposium on Gas Chromatography*
in August of 1957 by Mr. B. O. Ayers of Phillips Petroleum Company. At
that time, commercial process analyzers were in their infancy, although
several instrument manufacturers were offering them, and many others
were keenly aware of their potential. In the intervening two years the
number of process gas chromatographs has risen rapidly. At the present
time several hundred of these instruments are installed, or are being in-
stalled, in process industries.

In general, the performance of these analyzers has been good. The ex-
perience and technical competence of instrument manufacturers and users
have combined to allow maximum performance with o minimum of main-
tenance. A natural result of this satisfuctory performance is the extension
of the gas chromatographic technique to automatic control of process oper-
ation. At the present time there are in the field many units which have been
designed for process control.

Figure 1 is a block diagram of the chromatographic control system. The
attenuated output from the analyzer is fed to a transducer, which converts
the small clectrical signal to a pneumatic or electrical output of the desired
amplitude. Because of the intermittent presentation of chromatographic
data, some method of storing information must be incorporated. Once the
intermittent signal has been converted into a continuous signal (pneumatic
or electrical) it can be used in a control system in any conventional manner.
The preferred manner seems to be to use the signal to adjust the set point
of some other control, such as temperature or flow controller, in what is
known as a cascade control system.

ELeMENTS OF A ProcEss CHROMATOGRAPH
ApArPTED TO PROCESS CONTROL

HEssentially, the elements which have been added to the conventional

analyzer to adapt it to process control are: (1) a transducer and (2) a means

* See B O. Ayers, 1n “Gas Chromatography’’ (V. J. Coates, H. J Noebels, and,
1. S. Fagerson, eds ), pp. 249-266. Academic Press, New York, 1958.
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Fis 1. Block diagram of chromatographic control system.

i~ ] BT

LATCH
[ ] soLenoin

BALANCE
GEAR >

¥ia 2 Schematic peak picker.

of reading out and storing the information represented by the transducer
output.

The transducing element is a conventional electrical-to-pneumatic or
electrical-to-electrical type. Since the chromatographic peaks, and hence
the transducer output, are transitory, it is necessary to introduce an arrest-
ing device. Figure 2 illustrates a simple mechanical device which can per-
form the function of “peak picking.” The purpose of the peak picker is to
“freeze” the transducer output for the length of time required to transmit
the information to a storage element. When the solenoid is energized, the
clutch on the actuating arm follows the perimeter of a notched wheel, which
is usually attached directly to the indicator dial of the transducing element.
The wheel and clutch are designed so that when the indicator reaches a
peak maximum and the direction of rotation tends to reverse, the clutch
engages in a notch and prevents movement. The wheel can be held in this
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Fiec 3. Schematic synchronizer

position as long as required. As the torque of the balancing motor is applied
to the actuating arm, the arm moves slightly and closes a microswitch.

Figure 3 15 a schematic diagram showing one manner in which the peak
picker can perform 1ts functions. The switches 8,8, are associated with
the timer motor which programs the operation of the chromatograph. They
are actuated in turn as the sample components of interest emerge from the
chromatograph. Each of these switches is in series with a corresponding
solenoid valve which (in the pneumatic system) controls the flow of air to
air-operated valves. These air-operated valves control the flow of air from
the transducer to the appropriate storage vessel. (In the electrical storage
system these switches are in the leads to the storage condensers.) These
switches do not actuate the solenoid valves, but simply sclect the valve
which will be actuated when the peak picker switch is closed.

S0, is the solenoid which engages the peak-picking mechanism. It is
actuated by the relay Ri, which is energized through the switches S-S, .
One of these switches closes as each measured component emerges from the
chromatograph. When the peak is reached, the microswitch S; closes, the
appropriate solenoid valve is actuated, and the storage vessel charges or
discharges as dicated by the transducer output. The capacitor C holds
relay R, closed for a short period after each of the switches 8,—S, opens, to
allow the pneumatic valves on the storage vessels to close. The relay then
releases and the actuating arm is disengaged. Thus, as each component of
interest emerges from the chromatograph the appropriate storage vessel is
selected, charged, and isolated.
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F1e. 4. Recorder presentation of continuous signal from gas chromatograph

In the electrical system the element corresponding to the pneumatic
storage vessel is a capacitor. A high-grade, polystyrene-insulated capacitor,
in the grid circuit of an electrometer tube, will retain its charge virtually
unchanged for periods of time much longer than the period between chro-
matographic analyses. Two relatively large capacitors are used. While the
potential on the first is being employed in the control system, the second
capacitor is discharged, mn preparation for recharging on the next cycle of
the chromatograph. A third capacitor, small relative to the first two, main-
tains the output during the switching between the two large capacitors.

In this manner the intermittent output of the chromatograph is trans-
formed into continuous pneumatic or electrical signals of proportionate
size. These penumatic signals may be recorded (in the form of a stepwise
function, as in Fig. 4), and used directly in process control.

APPLICATION OF CHROMATOGRAPH CONTROL SYSTEMS

The list of applications for which control systems have been engineered
is becoming quite sizable. The fractionation units of alkylation plants and
refineries are demanding a variety of systems; for example, control of the
ethane or propylene content of absorber off gas, and, in general, of the key
components in column distillations. Systems have been provided for de-
methanizer, de-ethanizer, depropanizer, and debutanizer columns, in some
cases controlling on the basis of “heavy” components in the overhead and
in others on “light” components in the bottom stream. Ethylene plants
have been provided with control systems for several different applications.

One control system of more than ordinary interest from the point of
view of application engineering, is a sulfur recovery plant installation. In
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the process of sulfur recovery, the H,S (which accounts for a very large
part of the sulfur present), is partially oxidized and catalytically converted
to free sulfur according to the following equations:

H.S + 340: — H:0 + 80,

2H,S + 80, m’ 38 + 2H.0

In order to optimize the recovery of sulfur, it is important to control the
ratio of oxygen to hydrogen sulfide in the first step of the process. It is de-
sirable that 14 of the H,S in the feed be converted to SO., so that the
H.S/S0, ratio in the second step will be stoichiometrically correct. In
practice it is convenicnt to measure the unreacted IS and SO; in the proc-
ess tail gas, and control the addition of air on the basis of the Hz8/S0,
ratio.

In addition to the unreacted HzS and SO:, the tail gas contains large
quantitics of water vapor, and some entrained sulfur. Several per cent of
C0,, and small amounts of hydrocarbons through propane, are also nor-
mally present. It is necessary that the sulfur be removed before the sample
reaches the analyzer. The water content must not be reduced, since ap-
preciable quantities of SO. would be lost with it. Moreover, the presence
of water prevents further reaction in the sample system. The sampling
point is at approximately atmospherie pressure. This combination of condi-
tions makes the sample handling problem a difficult one.

The problem has been satisfactorily solved in the following manner: A
steam jet exhaustor is used to draw the sample through a sulfur removal
system, which is essentially a “cooler” maintained at 212°F, and thence to
the analyzer. Sample lines, components of the sample handling system, and
the analyzer itself are maintained at elevated temperatures. The system 1s
designed to have a minimum of resistance to flow, in order that the pressure
in the analyzer shall be close to that at the sample point. If the sample
point. pressure is subject to variations, a pressure regulator is included to
maintain a constant pressure in the analyzer.

It is necessary in setting up the analysis to present the HS and 80, peaks
in positions where there is no interference from any of the other components
present. The dual column arrangement affords a very satisfactory solution
to the problem of handling the large amount of water present and at the
same time minimizing the time required for the analysis. In this arrange-
ment, the low boiling components are allowed to proceed through the first
column into a second column where they are stored. Continued flow of
carrier gas through the first column only removes the water from that col-
umn i a short time. The necessary separation of HzS8/SO. from the other
components is then performed in the second column.
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Fiec 5 (A) A short No. 1 column separates H;O from the lower boiling compo-
nents (B) Dual column operation gives rapid elution of H.O from the first column;
then H,S and SO, are separated from air and CO; in the second column

The first column is a short length (about 2 ft) of Carbowax 400 on 60-80
mesh Celite. The second column is 16 ft long, and contains di-isodecyl-
phthalate on C-22 firebrick (42-60 mesh). Figure 5(A) shows how the water
is separated from the other components in the first column. Figure 5(B)
shows how the dual column operation is programed to discard the water
peak and present the HsS and SO; in positions where there are no interfer-
ing components.

The outputs corresponding to the concentrations of HsS and SO; are fed
into a ratio relay which produces a signal proportional to their ratio. This
is the signal which is used to adjust the flow of air to the process, and thus
maintain the Hs8/S0, ratio at the desired figure.

GENERAL REMARKS

In control system, performance requirements placed on the chromato-
graph are exacting. It is imperative that the system operate on a trouble-
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free basis for long periods of time. This severely restricts the number of
suitable partitioning liquids, since the vapor pressure of the liquid must be
so low that the elution time of sample components will not change over a
period of several months, In addition, if the process has a short time lag,
it is necessary to minimize the period between analysis in order to obtain
maximum benefits from the control system. The necessity of providing
analyses in the parts-per-million range in certain applications, such as those
found in the cthylene plant, puts further pressure on the mstruments
engineer.

All of those performance requirements are being met with a least moder-
ate success. It would be misleading, however, to imply that the chromato-
graph control system is cither simple or entirely trouble-free. Most, if not
all, of the present installations are in large plants, and under direct super-
vision by well-trained engineering or instruments personnel. Regular main-
tenance and testing of the system is required. Installation and start-up are
engineered by the manufacturer, and continuing contact with each installa-
tion is maintained by the manufacturer’s field engineers. All of these ser-
vices are necessary to obtain maximum performance from the system.
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An Improved Recording System for Gas Chromatography

0. K. DooLEN

Instrument Development Division, Gulf Research & Development Company,
Pittsburgh, Pennsylvania

INTRODUCTION

The increasing importance of gas chromatography as an analytical tool
has caused considerable effort to be directed toward simplification of data
gathering and reduction. Several features contributing to this aim have been
incorporated into a recording system designed and built at the Gulf Re-
search & Development Company’s laboratories.

A mechanical integrator, responsive to the function being recorded, and
whose output is coupled to a second pen, charts directly the time integral
of the thermal conduetivity cell output. A pen-drive, incorporating a re-
versing screw, allows the function pen to traverse the chart five times in
covering the full range of the recorder, thus greatly increasing the amount
of usable data. A similar pen-drive continuously follows the integrator out-
put, permitting the total value of any integral to be recorded. Many of the
maintenance problems commonly encountered in the use of conventional
potentiometric recorders have been avoided by operation of the entire sys-
tem on 60-cycle, 115-volt AC. Eliminated from the recorder by this ex-
pedient are: the recorder working battery and standard cell, the standardiz-
ing system, and the input chopper and its associated circuitry. A further
gain is achieved by the substitution of a voltage-regulating transformer
for the previously required source of regulated DC used as excitation for
the thermal conductivity cell.

INSTRUMENTATION
General

Several factors influenced the design of the recording system about to be
described. Two time consuming operations were chosen for intensive study:
(1) the conventional methods of measuring and calculating peak areas, and
(2) the constant operator surveillance necessary to attenuate properly the
large peaks, and yet maintain sufficient system sensitivity to record small
events. Freedom from certain routine maintenance procedures, and un-
predictable battery failure also weighed heavily in the choice of the present
design.

111
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Preltminary Recorder Designs

The design trend which was followed may perhaps be better appreciated
after a brief resume of the limitations which affected the utility of some
previous models. Time integration of the conductivity cell output was
achieved by the incorporation of a mechanical integrator whose disc drive
is obtained from a synchronous motor (the recorder chart motor), and in
which the ball cage is positioned by a micrometer screw, which in turn is
rotated by the pen positioning mechanism. The rotational output of the
integrator is mechanically linked to a lead serew which causes a second pen
to traverse the recorder chart. This expedient serves quite well for many
reasonably predictable analyses but is limited both in its scope of compat-
ible samples and by the numerical value of the integral which can be re-
corded.

The problem of presenting both small and large peaks on the same chart
was attacked by the addition of an auxiliary potentiometric circuit which
introduces discrete increments of voltage opposing the output from the
thermal conductivity cell. These increments of electromotive force (emf)
arc added or subtracted from the recorder input by impulses from the re-
corder limit switches and other appropriate circuitry. Since this type of
operation involves sudden pen excursions in the directions to accommodate
the abrupt changes in recorder input, it is obviously incompatible with the
previously mentioned recording integrator.

To circumvent this problem and to provide a recorder combining the
folded scale feature and the integrator in one unit, a major departure from
normal design was made. In this model a multiturn shde wire was com-
bined with a reversing-screw pen-drive to effectively increase its scale width
five times. In this connection it should be mentioned that a spread of five
scale lengths was chosen, since this approached the limits of resolution of
the slide wire and the integrator, and, thus, was in no way determined by
the reversing screw: i.e., the reversing screw is capable of a virtually un-
limited number of traverses. The integrator, in this case, is driven as before
but its output is also coupled to a reversing-secrew pen-drive. This feature
allows recording any numerical value reached by the integral during the
course of a run. Furthermore, any suitable integrator scale factor may be
obtained by simply changing the ratio of the gear train driving the nte-
grator disc. From a data-gathering standpoint this recorder has been very
satisfactory and has been in continuous service for some eighteen months;
however, as the need for more instruments developed it was decided to try
to eliminate some of the disadvantages inherent in potentiometric recorders.
This decision resulted in the present instrument.
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Fic 1 Block diagram showing parts comprising entire recording system

IINAL REconrber DEsioN

The basic layout of the current instrument is show n in the block diagram,
I'ig. 1. Mechanically, it is essentially the same as the last model mentioned;
the chief difference being that it lacks the mechanism necessary for stand-
ardizing the potentiometric circutt. This, of course, hecame unnecessary
since the shde wire is electrically in the bridge cireuit. Purchased parts,
i.e., gears, bearings, cte., are used mnmsofar as they can be adapted to the
requirements. The reversing serews are specially made and their pitch,
diameter, and material are largely a result of compromise between the
ideal and the practicable in design. Their lead 1s 0.2 inch with a total length
of 10 inches and the thread depth is 0.045 inches. They are made of brass
for easy machining and are chrome-plated for durability and corrosion
resistance. In order to reduce backlash and ensure smooth operation, the
prototype reversing pawl was hand-fitted, then displayed on an optical
comparator to establish its dimensions for production. As a result of this
design procedure, the “turn-around error” is for most purposes negligible;
in this case being about 0.015 inches of total chart travel. Another feature
of this instrument, which is a result of a long-felt desire of the author, is
that the mechanical portion of it may be completely removed from the
case and placed upon a workbench where it remains in stable equilibrium
and is readily accessible.

Alternating current operation was attempted in an effort to reduce rou-
tine maintenance and to climinate the need for a closely regulated DC
supply for the thermal conductivity cell. Further apparent advantages lay
in eliminating both the thermal emf’s in connections and the triboelectric
effects in the slide-wire itself, which arise from the single moving contact
in commercially available potentiometers. These voltages seriously affect
the near-balance performance of a DC potentiometric recorder.
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A routine and very effective means of measurement is that of comparing
one quantity with another. This is done automatically in the conventional
potentiometric recorder. As is well known, the emf in the potentiometric
circuit is first compared and then adjusted to conform with that of a stand-
ard cell; it is then in turn compared with and balanced against an unknown
potential. This procedure, while being almost universally applicable and
useful, scems in some cases to become needlessly involved. This line of
thought was followed during the consideration resulting in the recording
system being discussed. Properly chosen resistors are perhaps the most
stable of the “workhorse” variety of electronic components and, as such,
assume the principal responsibility for stability in the gas chromatographic
system being described. In this circuit the slide-wire, which is a portion of
the thermal conductivity cell bridge, is supplied by the same source of po-
tential as the cell units; therefore, any supply voltage variations resolve
themselves into second-order errors instead of appearing directly as they
do when separate sources of potential are involved. Theoretically the only
error, due to supply voltage, may be caused by differences in the resistance-
current characteristics of the cell elements themselves. The presence of such
unavoidable mismatch in the cell elements prompted the use of a regulating
transformer which has a low value of harmonic content in its output. This
factor assumes importance since, as is well known, many voltage-regulating
transformers produce a relatively high percentage of harmonic components,
which although not evident in ordinary voltmeter observations, represent
quite a large portion of the total watts involved. These harmonie compo-
nents, since their magnitude changes with input voltage fluctuations, can
result in varying heat in the cell elements, thus causing erratic recorder
output. A variable autotransformer is used between the regulating trans-
former and the bridge excitation transformer in order to establish the proper
operating level. The driver transformer is a carefully balanced, electro-
statically shielded unit, chosen to minimize reactive unbalance of the
bridge.

The cell-slide-wire bridge is shown in Iig. 2. It incorporates means for
recorder range changing, along with approprinte amplifier gain settings,

RANGE SW. CELL ELEMENT

STEP GAIN __|*'f/] zm0 CELL ELEMENT

CONTROL

F1g. 2. Schematic of one configuration of the cell-slide-wire-bridge circuit.
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and also provides a zero adjustment for the bridge. In order to properly
set and observe the base line the recorder zero must necessarily be upscale
from the left-hand stop, which requirement demands that two properly
chosen resistors be added to or removed from the circuit when the range
is changed. This is necessary not only to facilitate reading the chart, but
also to maintain consistent integrator output since it is governed by the

position of the function pen.
The output of the cell-slide-wire bridge is fed into a high gain amplifier
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F1a. 3. Typical recorder chart showing several peaks and their respective integrals.
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suitable for supplying power to one winding of the pen-drive motor. Com-
mercially available plug-in units comprise the voltage gain portion of the
amplifier, which results in lower construction costs and simplified main-
tenance. Only a few features distinguish this amplifier from any other
which might serve the same purpose; one being the method of side-stepping
a serious decoupling problem. It was found that if two plate voltage sup-
plies, one using a vacuum tube rectifier and the other having solid state
diodes, were operated from the same power transformer their respective
time constants were such that effective decoupling was achieved with a
minimum of components. Nonlinear feedback from the variable phase of
the pen-drive motor into the amplifier is utilized to stabilize the servo
loop. The principal advantage of this form of feedback is that it has rela-
tively little effect, signalwise, while the servo motor is “slewing” but builds
up in percentage of total signal as the voltage across the motor winding
decreases. This form of feedback avoids the use of a more expensive motor
generator and is adequate for this application.

The pen motor is a conventional two-phase induction motor which drives
the reversing screw to position the pen and the multiturn slide-wire; it also
rotates the micrometer screw. Appropriate gear trains link the various
units, and since there are no strings or cables in the system, the only fore-
seeable maintenance is occasional gear cleaning. Microswitches are pro-

Ira 4 Photograph of recorder assembly.
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vided to reduce the power to the fixed phase of the motor when the slide-
wire approaches either end of its travel. This prevents jamming and possible
damage to the gear train and slide-wire.

Translational motion is given the integrator ball cage by a modified
micrometer screw, as indicated in Fig. 1. The chart motor drives both the
integrator disc and the chart drive roller through appropriate gear trains.

One of these units has been in operation for approximately six months
and has performed satisfactorily in conjunction with a heated wire-type
cell. Figure 3 shows a chart which is typical of many runs. Figure 4 is a
photograph of the complete recorder, showing its essential features.

SUMMARY

A recording system which greatly facilitates routine gas chromatographic
work is described. The output of the thermal conductivity cell is recorded
by a two-pen recorder upon whose chart is also traced the time integral of
the function. Instrumentation and maintenance are considerably simplified
by a new design in which the recorder rebalances directly the cell bridge
circuit. Further simplification is obtained by the use of AC to excite the
cell.

CONCLUSIONS

It 18 believed that, considered as a special instrument, this recording
system has many advantages over conventional mstruments, chief among
these being reduced maintenance and the method of presenting the data.
Several months’ use indicates that both the operation and data reduction
processcs are considerably improved by this system. The experience gained
from the development work just described may well point the way to fur-
ther improvements. It appears that any great increases in instrument
sensitivity must be accompanied by improved effluent control and by the
elimination of temperature gradients in the apparatus. Vibration of the cell
may become a problem in some installations but can probably be mitigated
by proper shock mounting and isolation.
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A Precision Integrator for Gas Chromatography

WARREN L. PERRINE

Disc Instruments, Inc., Santa Ana, California

PrEecisioN REQUIRED

Well-designed chromatograph equipment will allow two succesive runs
of the same sample to be reproduced within the thickness of a pen line.
Since a pen-line width usually represents about 0.2 % of the full-scale pen
travel, it can be assumed that the reproducibility of the equipment is in
this order of magnitude. When an integrator is added to the system it is
imperative that it not diminish this degree of precision. Accordingly, the
integrator should be able to compute and record the actual chart areas
within an order of magnitude better than 0.2% (0.1 % full-scale) if the
precision of the chromatograph is to be retained.

DESCRIPTION OF INTEGRATOR

Figure 1 shows a newly designed ball and disc-type mechanical integrator
installed on a standard recorder. Installation is fairly simple and may be
accomplished on most existing recorders in the laboratory.

Figure 2 is a schematic, showing the operation. The input is taken
directly from the recorder pen drive system by a mechanical connection.
The time input is supplied by a clock-type synchronous motor. A heart-
shaped cam on the output shaft within the integrator provides the motion
to drive a pen back and forth on the chart. As the chart moves, the pen
draws a pattern consisting of a series of small peaks.

Figure 3 shows the method of reading the pattern. Each chart division
crossed has arbritrarily been assigned the value of 10 counts, readable to
within about 2 counts. The pattern is read by totaling the value of the full
peaks at 200 counts each, then adding the value of the beginning and ending
partial peaks. The advantage of this type of readout over the conventional
pipping is that extremely high count rates may be recorded. Count rates
as high as 60,000 per minute are possible. High count rates, however, re-
quire high chart speeds, since, if more than 8000 counts are recorded per
inch of chart, the pattern lines run together. A second advantage to this
type of readout is that negative counts may be distinguished from positive
counts, since the recorder pen reverses motion the instant it passes across
the base line, provided the reversal does not take place at a pattern peak.

119
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Fia. 1. Dise integrator on a standard recorder.

A third advantage is the fact that the area under any portion of the curve
can be obtained by projecting down onto the pattern. This makes it possible
to obtain the area under unresolved peaks and to make corrections for base
line drift. The main disadvantage to this type of readout is the chance of
making an error in counting the pattern peaks and in estimating the value
of the partial peaks.

PERFORMANCE

Performance checks were made on two stock integrators. Each integrator
was tested as installed on the same recorder.

Lanearity
Table I shows the linearity as compared with the recorder chart. The
recorder pen was set manually on each chart graduation to within about
one-quarter of a pen line (approximately 0.005 inch or 0.05% full-scale).
It will be noted that both integrators checked within a 0.1 % deviation

from the linear, except No. 129, which had a —0.3 % deviation at the top
end of the scale.

Repeatability
The two sets of identical peaks shown in Fig. 4 were made mechanically
rather than with the aid of the recorder servo system. It will be noted that
the counts are identical within the reading error, except for two of the
peaks, It is not known whether the difference is due to a difference in actual
area of the peaks or an error in the computing system. The difference in
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F16. 4. Repeatability of identical peaks.

counts, however, is negligible, since one count calculates to be about 0.00046
square inches of chart area at the count ratc and chart speed used.

Response

Figure 5 shows a response check. Here, in order to amplify any possible
lag between the recorder pen and the integrator pen, a count rate about



TABLE I
LiNEARITY CHECK

Input Output
Run no. Recorder pen| Integrator Deviation
setting in % motor Counts % from
full-scale | revolutions linear
Integrator No. 129 (stamped on case)
1 0 100 14 0.14 +0.07
2 1 100 72 0.72 -0.07
3 10 100 992 9.92 +0.10
4 20 100 1984 19.84 —0.02
5 40 100 3998 39 98 +0.05
6 60 100 6014 60.14 +0.13
7 80 100 8012 80.12 +0.04
8 100 100 9986 99.86 -0.29
Repeat Run
9 0 100 —-10 -0.10 +0.07
10 1 100 70 0.70 —0.09
1 10 100 985 9.85 +0.03
12 20 100 1984 19 84 —0.02
13 40 100 3098 39.98 +0.056
14 60 100 6010 60.10 +0.09
16 80 100 8012 80.12 +0.04
16 100 100 0988 99.88 —0.29
Integrator No. 13
1 0 100 -8 —0.08 +0.10
2 1 100 82 0.82 0.00
3 10 100 982 9.82 —0.05
4 20 100 1988 19.88 —0.06
5 40 100 3998 39.98 —0.08
6 60 100 6022 60 22 +0.03
7 80 100 8044 80.44 +0.12
8 100 100 10032 100.32 -0.12
Repeat Run
9 0 100 -6 —0.08 +0.13
10 1 100 74 0 82 0.00
11 10 100 991 9.91 +0.03
12 20 100 1998 19.98 -0 06
13 40 100 4000 40.00 —0.06
14 60 100 6020 60.20 +0.01
15 80 100 8044 80.44 +0.12
16 100 100 10038 100.38 —-0.08

Norts: Disc Integrators Nos. 129 and 13 as mounted on a Bristol Recorder.
123
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Fia 5 Response at high count rate and chart speed

six to ten times the normal was wsed (60,000 counts per mmmute) Also a
recorder pen speed about double the normal was used (full-seale m 0 ¢
seconds). The chart shows no detectable lag at these amplified conditions,
which indicates that the lag would be negligible at the normal count ratex
and recorder pen speeds.

ArpLICATION

Iigure 6 shows a chromatogram with the area counts indicated for each
peak. The count rate used here was 5000 per minute full-scale, obtained
with a 50-rpm integrator motor. It will be noted that the chart speed used
was too slow for easy reading. A higher chart speed would have spread out
the pattern. The total counts recorded for each peak would not have been
affected. The optimum counts that ean he easily read per inch of chart is
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about 6000 At 10,000 counts per inch of chart, the pattern can still be
read, but the chance for error is high because of the close spacing of the
pattern lines. It is usually necessary to experiment in order to get the best
compromise between chart speed and count rate for any one application.
To change the count rate range, a motor of a different rpm 18 installed in
the integrator.






CuarTer XIV

The Effects of Temperature, Pressure, and Type of Carrier Gas on
The Sensitivity of a Thermal Conductivity Detector

N. H. Ray
Imperial Chemical Industries Ltd., Northwich, Cheshire, England

Thermal conductivity detectors are widely used in gas chromatography
and because of their inherent simplicity and robustness it is probable that
they will continue to be popular for some considerable time, even though
much more sensitive detectors are now available. The sensitivity of a
thermal conductivity cell to changes in gas composition depends on a
number of factors; apart from the variables associated with the electrical
network, the most important of these are operating temperature, pressure,
and type of carrier gas used. The purpose of this paper is to show that a
useful gain in sensitivity may be achieved by a proper choice of these
variables which are also governed to some extent by the chromatographic
column.

This investigation was carried out during the course of some work on
the determination of minor impurities in ethylene; it had been found that
a column packed with a molecular sieve (calcium aluminium silicate) gave
a good separation of the impurities, and it was required to establish operat-
ing conditions which gave maximum sensitivity.

DiscussioNn
Effect of Carrier Gas

The difference in temperature between the hot wire (at ¢, °C) and the
body of the thermal conductivity cell (at ¢, °C) is inversely proportional
to the thermal conductivity K, of the carrier gas:

a
4 = E
where a depends on bridge current. When the maximum bridge current is
limited by the supply voltage, as in the casc of a battery-driven bridge
circuit, the bridge will be operated at the maximum obtainable current to
give the highest sensitivity, so that a is approximately constant. Then if =
is the concentration of organic vapor (of thermal conductivity K,) the
sensitivity of the detector is proportional to

@ _ _adk_ _ oK, — Ky)
- K &2
127

approximately,
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when z is small, so that the sensitivity should be directly proportional to
the difference in thermal conductivity and inversely proportional to the
square of the thermal conductivity of the carrier. It follows that the carrier
gas with the lowest thermal conductivity should give the greatest sensi-
tivity, and this was confirmed by experiment, using helium (thermal con-
ductivity 13:9 kiloergs/em?/sec/°C) and argon (1:58 kiloergs/cm?/sec/°C)
as carriers. Some measurements were also made with carbon tetrafluoride,
chlorodifluoromethane, and sulfur hexafluoride as examples of gases with
even lower themal conductivities, but these were not completely successful
because the molecular sieve column absorbed these gases to such an extent
that the test mixture was not completely resolved. The results obtained
with chlorodifluoromethane, although incomplete, nevertheless showed
that a very large increase in sensitivity might be obtained with these
carrier gases, and this was confirmed in further experiments using a parti-
tion column in place of the molecular sieve.

Iffect of Temperature

The thermal conductivities of all gases incrcase with temperature but
the rate of increase is least for monatomic gases. It can therefore he pre-
dicted that the sensitivity of the detector should increase with temperature
when the carrier is a monatomic gas of low thermal conductivity such as
argon, but that it should decrease with temperature when the carrier is
helium.

The Griftin V.P C. Apparatus, with which this work was done, is so
designed that the column and the thermal conductivity cells are maintained
at the same temperature. Thus there is an additional effect of temperature,
in this case resulting from the deereased retention times at higher tempera-
tures; however, as the temperature is raised still further the resolution
eventually suffers. It is probable that a modification of the apparatus which
would permit the detector to be heated independently of the column would
be advantageous in many cases.

Measurements of the response of the detector to nitrogen, methane,
cthane, and propane were made with argon carrier over the temperature
range 80°-160°C. The results showed that the response to nitrogen and
methane was almost independent of temperature, but the response to
ethane and propane at 140°C was more than double the response at 80°C.
In the case of propane the response apparently decreased at temperatures
above 150°C but this was largely due to a falling-off in resolution.

Effect of Pressure

The thermal conductivity of an ideal gas is independent of pressure, so
that on this count alone the effect of pressure on the sensitivity of a thermal
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conductivity detector should be small. When the detector is being used to
measure small quantities of impurities, however, as m the present case, a
reduction in pressure may be advantageous, since it is equivalent to reduc-
mg the volume of the detector. Measurements of the response to methane,
cthane, and propane were made at various pressures from atmospherice
down to 100 mm with three carrier gases; with argon and helium carriers
the response was almost imndependent of pressure, showing that the volume
of the detector was small enough to have no adverse eftect, but with ehloro-
difluoromethane as carrier there was a small but significant inerease in
sensitivity at the lower pressures. The reason for this was not discovered.

Mansmum Delectable Concentralions

An mcreased response is of no value if the noise level 18 increased in
proportion, for the same effeet could be achieved by straightforward
amplification of the detector output. In order to show that the increase m
sensitivity achieved by the use of a earrier gas of low thermal conductivity
and by operating at an elevated temperature is a real one, the minimum
detectable concentrations of methane, ethane, and propane in a 5-ml sample
of gas were determined by diluting the reference nixture until the relevant
peaks dinunished in height {o twice the average nowse level, i e., to 1o of
the full-scale defleetion of the recorder. The minimum detectable con-
centrations of methane and ethane with argon carrier were respeetively
one-thuird and one-half of the lower limits with hehum, the improvement
was much less for propanc.

('onclusions

With a thermal conductivity detector, a useful gamn in sensitivity may
be achieved by seleeting as carrier a gas of low thermal conduetivity and
by operating at as high a temperature as is consistent with the required
separation.

EXPERIMENTAL

Apparatus

The measurements were made in a Griffin Mk.IIA V.P.C. Apparatus
(Griffin & George, Ltd., Wembley, Middlesex). In this instrument the
column and the thermal conductivity cell are maintained at the same
temperature.

Standard Gas Mirxture

As a reference mixture to provide a large number of samples of constant
composition, 30 ft3 of slightly impure ethylene was stored in a large eylinder.
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The composition of this gas had been carefully determined in the course of
other work, and was known to be as follows: C.H,, 96.25 + 0.02%; N:,
0.20 & 0.01 %; CH,, 0.05 == 0.006 %; C:H,, 1.30 = 0.03 %; C:Hs , 2.20
0.02 %; other impurities, less than 0.05 %.

Effect of Carrier Gas on Sensilivity

The column was 93 ¢cm long X 7 mm bore and was packed with Linde
molecular sieves type 13 (British Drug Houses Ltd., Poole, Dorset) graded

TABLE 1
RELATIVE SENSITIVITIES WITH VARIOUS CARRIER GASES®

Peak height in in./ml pure component

Carrier
e CH, C:H, CsH,

Helium 116 98 25

Argon 311 190 28

Carbon tetrafluoride Incomplete  Incomplete Incomplete
resoluti lution resolution

Chlorodifluoromethane — 562 272

Sulfur hexafluoride No resolution No resolution No resolution

s Molecular sieve column at 148°C.

TABLE 1I
RELATIVE SENSITIVITY TO PROPANE WITH VARIOUS CARRIER GASES®

Carrier gas Peak height in in./ml CsHs
Argon 47
Carbon tetrafluoride 76
Sulfur hexafluoride 102

e Apiezon oil column at 20°C.

TABLE III
RELATIVE SENSITIVITIES AT VARIOUS TEMPERATURES®

Peak height in in./ml pure component

T L
ture, °C N CH, CiH, CiH,
80 200 380 76 —_
102 217 366 81 16.5
120 169 339 104 22
140 180 338 158 40
160 184 300 201 28

s Using 93-cm molecular sieve column and argon carrier gas.
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between 72-100 B.S. mesh. The reference mixture was completely resolved
on this column at 148°C with argon as carrier at a flow rate of 4 liters per
hour and the column outlet at atmospheric pressure.

With each carrier gas the bridge current used was the maximum obtain-
able from the 6-volt accumulator provided in the instrument. Analyses
were carried out with each carrier using samples of the reference mixture
ranging from 0.2 to 5.0 ml, and the heights of the peaks corresponding to
methane, ethane, and propane were plotted against sample volume. The
peak heights corresponding to unit volumes of the pure components were
calculated, and the results arc given in Table I.

TABLE 1V
RevaTive SENSITIVITIES AT VARIOUS PRESSURES®

Outlet Peak heights in in /ml pure component
Carrier gas pressure, — —_— = -
mm Hg Nz* CH CaHg C:H,
Argon 760 182 315 192
415 179 310 190 31
U8 154 312 191 33
105 131 300 189 36
Helium 760 — 116 95 24
390 — 114 80 22
108 — 115 65 20
Chlorodifluoromethane 760 - — 560 275
616 — — 654 280
229 - - 905 286
21 — — 1150 300

s Molecular sieve column at 150°C.
b Nitrogen and methane were not resolved under these conditions with chloro-
difluoromethane as carrier

TABLE V
MiNiMuM DETECTABLE CONCENTRATIONS®
Carrier
Tmpurity gas —
Helium Argon
Methane 195 ppm 65 ppm
Ethane 200 ppm 100 ppm
Propane 500 ppm 400 ppm

« Concentration of gas required to give a peak of }{og full-scale from a sample
of 5 ml.
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Since the reference mixture was not completely resolved on a molecular
sieve column with carbon tetrafluoride and sulfur hexafluoride as carriers,
the experiments were repeated using a column 400 cm long X 7 mm bore,
packed with Chromosorb (Johns-Manville Co., Ltd., London) graded 52-72
B.S. mesh and impregnated with Apiezon Oil B (10 % by weight). At 20°C
this column resolved the reference mixture into three fractions consisting
of nitrogen + methane; cthane + ethylene; and pure propane, respec-
tively; the degree of resolution was independent of the carrier gas.

Samples ranging from 10 to 5.0 ml were injected and the peak heights
corresponding to unit volume of propane were caleulated, with the results
as shown in Table IL.

Effect of Temperature on Sensitinty

Using the 93-cm molecular sicve column deseribed above and argon
carrier gas, the relative sensitivities for nitrogen, methane, ethane, and
propane were determined at various temperatures in the range 80°-160°C.
The results are summarized in Table IIL.

Effect of Pressure on Sensitwly

Using the 93-em molecular sicve column at 150°C, the relative sensi-
tivities for nitrogen, methane, ethane, and propane were determined at
various column outlet pressures with three different carrier gases; in these
experiments the pressure drop across the column was maintained at a
constant value, and hence the flow rate was approximately constant. The
results are given in Table IV.

Maramum Detectable Concentralions

The minimum detectable concentration of each impurity was deter-
mined by diluting the reference mixture with carrier gas until the peak
obtained from a 5-ml sample of gas was less than 0.1 in. (i.c., }{¢¢ full-
seale) in height. This corresponded to a signal-{o-noise ratio of approxi-
mately 2:1. These measurements were made on the molecular sieve column
at 160°C with argon and helium carriers; the results are given in Table V,
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Determinations of C, through C; Hydrocarbons in a Single Run by
a Four-Stage Gas Chromatograph

M. Girarp Brocu

Socony Mobil Oi Company, Inc.,
Paulsboro, New Jersey

INTRODUCTION

Refinery, pilot plant, and research activities in the petroleum industiry
require detailed analyses of hydrocarbon gases and light liquids. Samples
with relatively narrow boiling ranges and limited types of components can
be dealt with satisfactorily by conventional methods. But the usual methods
are too costly and slow for routine use, and cannot. completely determine
all the unsaturates that may be present.

Gas chromatographic methods for routine use have been reported for
less complex mixtures and less complete analyses. More claborate methods
have been proposed but these are hetter suited to special problems rather
than to routine operation by non-technical personnel. This is due to the
many conflicts that invariably occur, especially between members of differ-
ent homologous series.

Generally speaking, partitioning liquids are more satisfactory for iso-
thermal separations involving a wide range of compounds than adsorbents.
Keulemans et al. (1) found that dimethylformamide (DMF) on crushed
brick at 0°C very cffcetively separated all the butanes and butenes, but
that. propylene and isobutane coinecided. They suggested the use of a non-
polar column in front of the DM ¢olumn in order to resolve this conflict.

Our original efforts to separate C; through Cs hydroearbons in this way
were unsuccessful because other separations deteriorated as the propylene-
isobutane split improved. Polar compounds that gave similar but comple-
mentary peak spacings proved better for this purpose. Diethylbenzoate
initially was found to be a satisfactory modifier for the DMVF. Performance
of this column, previously described briefly (2), is recorded in Table I and
Fig. 1. C-Cs saturates, C,~C; monolefins, air, CO., and acetylenc are
separated adequately except for conflicts between cyclopropane and neo-
pentane, and 2,3-dimethylbutane and 2-methylpentane. However, this
partitioning mixture is relatively volatile and must be replenished by re-
deposition from solvent after about 40 hours’ service.

For simplified routine use, a substantially nonvolatile partitioning liquid

133
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F1a. 1. Separations with 30 ft of a 23v:77v ethyl benzoate:dimethylformamide
column at 78°F (30 psig helium — 120 c¢/min NTP).

with similar separating characteristics was sought. Fredericks and Brooks
(3) report peak spacings similar to DMF’s with dimethylsulfolane. There-
fore, similar compounds having minimum viscosity, vapor pressure, and
molecylar weight, combined with maximum polarity, solubility for hydro-
carbons, and density (4), were screened separately and in complementary
combinations. Three parts of n-propy! sulfone modified by about one part
of dimethylsulfolane (PS:DMS) best met the prime requirements of favor-
able peak spacings and low volatility. However, the loss in selectivity
accompanying the higher average molecular weight and viscosity of this
mixture requires a 50 % longer column for generally comparable separations.
A chromatogram with 50 ft of this column packing is shown in Fig. 2, and
retention data for 82 compounds are listed in Table I1.

Elution of C;=-C;’s from this 50-ft column takes much too long, sensi-
tivity is lost because of peak broadening, and numerous conflicts occur
among the different homologous series. The conflict between cyclopentane
and n-hexane is particularly objectionable. In order to shorten the elution
time for the slower compounds, and to resolve and rearrange the many
conflicts among them, the present four-stage gas chromatograph was con-
structed. This system processes different portions of a single sample entry
by multiple flow routing plus simultaneous multiple detection.

Simmons and Snyder (6) used a Pelletex (6) column for preliminary
separations in order of carbon atoms per molecule. They routed fractions
containing one carbon-number at a time into a silicone oil column for
further separation. Although dual flow routing was employed, they used
only one detector. They did suggest, however, that multistage use of a
primary nonpolar column and two or more parallel polar secondary col-
umns would achieve the ‘““ultimate in separation.”
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TABLE I

RELATIVE RETENTIONS AT 78°F FOR A 23v:77v ETHYLBENZOATE:
DIMETHYLFORMAMIDE® COLUMN IN ORDER OF APPEARANCE

Peak Reten- || Peak Reten-
No. Compound tion ratio| No. Compound tion ratio
1 | Hydrogen, air, etec. 0.082 25 | 1-Pentene 1.71
2 | Methane 0.087 26 | cis-2-Pentene 1.81
3 | Ethane 0.118 27 | 2,3-Dimethylbutane 1.87
4 | Ethylene 0.125 28 | 2-Methylpentane 1.89
5 | Carbon dioxide 0.173 29 | 2-Methyl-2-butene 2 08
6 | Propane 0.188 30 | 2-Methyl-1,3-butadiene 2.18
7 | Propylene 0.261 31 | 3-Methylpentane 2.20
8 | Isobutane 0.298 32 | 3-Methyl-1-pentene 2.28
9 | n-Butane 0.41 33 | Cyclopentane 2.38
10 | 2,2-Dimethylpropane | 0.43 34 | 2,3-Dimethyl-1-butene 2.58
11 | Cyclopropane 0.43 35 | n-Hexane 2.59
12 | 1-Butene 0.58 36 | trans-4-Methyl-2-pentene| 2.63
13 | Isobutene 0.61 37 | 1,2-Pentadiene 2.94
14 | Acetylene 0.64 38 | Cyclopentene 3.22
15 | trans-2-Butene 0.72 39 | 1-Hexene 3.35
16 | Isopentane 0.78 40 | n-Heptane 3.68
17 | cis-2-Butene 0.83 41 | 2-Methyl-1-pentene 3.01
18 | 3-Methyl-1-butene 1.00 42 | 2-Methyl-2-pentene 3.94
19 | n-Pentane® 1.00 43 | Methyleyclopentane 4.08
20 | 1,3-Butadiene 1.12 44 | trans-3-Methyl-2-pentene | 4.08
21 | 2,2-Dimethylbutane 1.36 45 | cis-2-Hexene 4.12
22 | 3,3-Dimethyl-1-butene| 1.42 46 | cis-2-Methyl-2-pentene 4.5
23 | 2-Methyl-1-butene 1.62 47 | Cyclohexane 5.6
24 | trans-2-Pentene 1.68 48 | 2-Ethyl-1-butene 8.7
49 | Cyclohexene 9.1
50 | Benzene 19

e Forty grams of (23v:77v ethyl benzoate: dimethylformamide) deposited from 2
vols. of ether per 100 grams of 30-80 mesh C-22 brick. Rewetting is required after 10
to 20 SCF of carrier gas have passed through (40-80 hr).

b Typical time for n-C; through a 30-ft column is 25 minutes, and 5300 theoretical
GC plates are developed, using 30 psig helium (120 cc/min NTP).

Davis and Schreiber (?), Madison (8), and Taylor and Poli (9) have
described two-stage gas chromatographs with two columns, detectors, and
recording systems in series for analyzing fixed gases (10) as well as hydro-
carbons. The Taylor and Poli system is marketed by Fisher Scientific as
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Fic 2. Scparations with 50 ft of a 3:1 n-propyl sulfone:dimethylsulfolane column
at 78°F (30 psig helium — 85 cc/min NTP). Time scales for A and B detectors super-
imposed on chromatogram

their Gas Partitioner. Guild and Bingham (71) have described the Burrell
Corporation’s Model K-5 Kromo-Tog as a dual gas chromatograph that
can be used as two stages in serics. Hurn et al. reported two-, three- (12,
13), and four-stage (14) gas chromatographic systems for analysis of auto-
motive exhaust gases, using various column temperatures, The Hurn sys-
tems resolved many compounds and were extraordinarily effective, but did
not separate l-butene and isobutene, ete.

Dietz (15) reported the use of two complete gas chromatographs in series
to separate the light ends of full-range cracked naphthas while estimating
the proportion of heavier material that was diverted from the second umt.
Brenner, O’Brien, and Coates (16) described a three-stage apparatus
marketed by Perkin-Elmer as Model 188 Vapor Fractometer. This instru-
ment contains three independent gas chromatographs and recording sys-
tems, interconneeted by two flow routing valves, with needle valves for
flow balancing. It was designed for analysis of gasolines and other wide
boiling mixtures that can be adequately resolved with three stages.

The present system provides a complete analysis of a single sample
entry for C~C; paraffins, 7 common cycloparaffins, C;~Cs unsaturates,
and 7 individual inorganic gases. It is operated routinely by nontechnical
personnel, usually requires about 114 hours of instrument time per sample,
and has relatively few conflicts.

EXPERIMENTAL

Apparatus and Procedure

Our analytical necds called for at least four columns and detection points.
The columns are described in Table III. Provision was made to divert the
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TABLE II

RELATIVE RETENTIONs AT 78°F FOR A 73 wt. 27 WT n-PROPYLSULFONE*
2,4-DIMETHYLSULFOLANE® COLUMN IN ORDER OF APPEARANCE

Peak . Retention | Peak i
No. Compound atio | N Compound Rci:nut‘l)on
1 | Fixed gases 0.121 41 | n-Hexane 2 46
2 | Methane 0.125 | 42 | trans-4-Methyl-2-pentene 2 60
3 | Ethane 0.155 | 43 | cz8-4-Methyl-2-pentene 2 60
4 | Ethylene 0 162 44 | 2,3-Dimethyl-1-butenc 2.78
5 | Carbon dioxide 0.204 45 | 2,2-Dimethylpentane 2 92
6 | Propanc 0 227 | 46 | 2-Methyl-1,3-butadicne 3.03
7 | Propylene 0 291 47 | 2,4-Dimethylpentane 311
8 | Isobutane 0.327 | 48 | 3-Methyl-1,2-butadicne 314
9 | Carbonyl sulfide 0 347 49 | Cyclopentene 3.19
10 | n-Butane 0.44 50 | 1-Hexene 3 43
11 | Acetylene 0 45 51 | 2,2,3-Trimethylbutane 3 49
12 | 2,2-Dimethylpropane | 045 | 52 | 2°Methyl-1-pentene 3 54
13 yclopropane 0.48 53 | 1,2-Pentadiene 3 57
14 | 1-Butene 0.59 51 | trans-3-Hexcene 3 60
15 | Isobutene 0 62 55 | 2,3-Pentadiene 3 65
16 | Hydrogen Sulfide 0 62 56 | cis-3-Hexene 37
17 | Propadiene 0 62 57 | 1-trans-3-Pentadiene 383
18 | trans-2-Butene 0.73 58 | trans-2-Hexene 389
19 | Isopentane 079 59 | Methyleyclopentane 392
20 | c13-2-Butene 084 60 | 2-Iithyl-1-butenc 40
21 | 3-Methyl-1-butene 0 97 61 | 2-Butyne 41
22 | n-Pentane® 1 00 62 | 2-Methyl-2-pentene 42
23 | 1,3-Butadiene 112 63 | 3,3-Dimethylpentane 42
24 | Propyne 113 64 | cis-2-Hexene 43
25 | 2,2-Dimethylbutanc 133 65 | 1-c28-3-Pentadiene 43
26 | 1-Pentene 138 66 | 1,5-Hexadiene 44
27 | 3,3-Dimethyl-1-bu- 154 67 | 2-Methylhexane 44

tene 68 | 2,3-Dimethylpentane 490
28 | 2-Methyl-1-butene 157 69 | 3-Methylhexane 50
29 | 1,2-Butadiene 162 70 | 1,3-Cyclopentadiene 53
30 | trans-2-Pentene 162
71 | 2,3-Dimethyl-2-butene 55
31 | cis-2-Pentene 179 72 | Cyclohexane 55
32 | 1,4-Pentadiene 179 73 | 3-Ethylpentane 55
33 | 2,3-Dimethylbutane 1.84 74 | 1,1-Dimethyleyclopen- 57
34 | 2-Methylpentane 1 8% tanc
35 | 2-Methyl-2-butene 203 75 | 1-trans-3-Dimethyleycelo- 61
pentane
36 | 3-Methylpentane 21
37 | 1-Butyne 2.35 76 | n-Heptane 62
38 C{(clo entane 2 38 77 | 1-Methylevelopentene 76
39 | 3-Methyl-1-pentene 243 78 | Methylcyclohexane 9.5
40 | 4-Methyl-1-pentene 2.43 79 | Cyclohexene 97
80 | Benzene 30
81 | Toluene 80
82 | Xylenes 200

e Thirty-five grams of (73% wt n-pm})ylsulfone + 27% wt 2,4-dimethylsulfolane)
deposited from solvent per 100 grams of 30-80 mesh Chromosorb.

® Typical time for n%ntane through g 50-ft column 18 35 minutes, and the theo-
retical GC plates are 7500, using 30 psig inlet helium (85 cc/min NTP).
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TABLE III
Four-STAGE GAs CHROMATOGRAPHY COLUMNS®
Column Nature Active agent Length, ft

3-n-Propylsulfone®

A Polar 1-Dimethylsulfolane 10
3-n-Propylsulfone®

B Polar 1-Dimethylsulfolane 0

C Adsorbent Linde-type #13X Molecular 12

Sieve 14-30 mesh
D Nonpolar n-Hexadecane® 214

e 14-in. OD copper tubing used.
b 35% wt of 35-80 mesh Chromosorb.

more slowly eluted peaks after they had passed through one quarter of the
PS:DMS column into a nonpolar n-hexadecane (17) column to separate or
at least rearrange conflicting compounds. Meanwhile, the earlier peaks
could be eluted through the rest of the PS:DMS column, with the methane
and fixed gases continuing through an additional adsorption column.
The Chromosorb supporting solid should be freed of fines to minimize
pressure drop. We agitate 35-80 mesh Chromosorb with diethylether and
quickly decant off the suspended fines. The partition columns are prepared
by folding 14 inch OD copper tubing into a U-shape and gravity-filling both
arms with the Chromosorb. The column is vibrated during introduction of
solid, then plugged with glass wool and coiled to a convenient over-all size.
The partitioning liquid is diluted with three volumes of diethylether and
foreed through the column (2). Roughly 10 cc of solution and 1 psi of inert
gas pressure (e.g., N») are required for each foot of column length. Gas flow
is continued until the odor of ether disappears, usually overnight for a
50-ft column. We apply partitioning liquid equal to 34 == 2 % of the weight
of solid in the column as determined by weighing the column during prep-
aration. More or less ether may be used to control the deposited weight.
Previously wetted columns can be rewetted in the same way, because the
fresh solution removes the prior liquid. Applying the PS:DMS without
solvent (18) reduces optimum liquid loading to about 25 % and decreases
the separation between air and methane, and ethane and ethylene. Batch-
to-batch differences in composition of commercially available n-propyl-
sulfone and dimethylsulfolane have been encountered. We have had to
vary the proportion of n-propylsulfone from 73 to 77 % wt to center iso-
pentane between cis- and frans-2-butene in the resulting chromatogram.
The flow system and operating cycle of the four-stage gas chromato-
graph are shown in Fig. 3. Detectors are located at the exits of each of the
four columns, as indicated by the letters A, B, C, and D. The flow-routing
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78°F HELIUM
97cc He/MINUTE
FROM ALL VENTS

mm‘,‘}-!_::luv-n ss

PSOMS \m

Operating Cycle

Time, min Event Flow routing Detectors recording
00 Enter sample He—->A—->B—->C B &C (& D)
5.4 Cy~ past B A — B — Dummy B&C (& D)
He —» C
10 CO out of C A — B — Dummy A &B (& D)
He —» C
10.7 1-Cy~ past A A — D — Dummy A&B&D
He — B — Dummy
70 (—100) End of run Reset Reset

F1a. 3 Flow diagram for the four-stage gas chromatograph.

valves arc shown as four-way glass stopcocks which must be secured against
pressure blowout with suitable spring clamps. We lubricate every 2 weeks
with Celvacenc medium stopcock grease. With a little ingenuity greaseless
valves, such as the Perkin-Elmer 6-port gas sampling valve, or toggle or
solenoid valves, may be used.

We have been able to satisfactorily balance the various pressure drops
only by using actual dummy columns. The length of unwetted Chromosorb
in 14 inch OD copper tubing is adjusted by trial and error so that the alter-
nate routes offer equal flow resistance. Helium is supplied to the system at
30, 27, and 3 psig from low-range gas pressure regulators to maintain a flow
of 97 ce/min. NTP throughout the system. Pressure fluctuations are
suitably dampened by the A, B, and D columns. A packed column with
about 7-psig drop is placed between the regulator and flow routing valve
before column C. A separate helium stream from the 30-psig regulator is
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piped through fixed flow resistances to permit about 30 ce/min NTP to
flow past all four reference thermistors in series before venting to the atmos-
phere. The helium flows from all four vents are brought to one location for
metering by a soap bubble flowmeter. During nonuse periods these lines
arc capped and the entire system is kept under slight helium pressure.
The brief disturbances due to valve changes occur at cycle times that do
not interfere with peak height measurements.

The detection system consists of four independent thermistor bridges,
all utilizing matched pairs of Fenwall G-112 thermistors (8000 ohms at
77°F). We prefer to mount the measuring thermistors directly in the flow
path and to keep them energized continuously. The volumes hetween the
ends of the columns and the thermistors are less than 1 ce. The bridges in
the A and B detection systems contain 400-ohm fixed resistances and utilize
Perkin-Elmer 3200-ohm stepped attenuators to keep the recorders on scale.
Tixed resistances of 1000 ohms are used in the C and D bridges to limit
sensitivity and the zero adjustment resistance is located in series with the
reference thermistor in these cases. The C and D bridges also use the Perkin-
Elmer attenuators plus a fixed 1{g attenuator on the C output signal to
keep 100 % methane peaks on scale. Detector signals, after attenuation, are
fed to recording potentiometers which in our case are as shown in Table
Iv.

Thus, three recording pens serve the four bridges. The Wheelco recorder
charts the C record for the first 9 minutes, and is then switched over to
record the A signal for the balance of the run. It is equipped with Wheeleo’s
clectronic Model B-2 Integrator (19), which has a pipping pen readout.
Maximum pipping rate is 3270 pips/min or 6540 pips/inch of chart travel,
and every {enth and hundredth pips stands out. This recorder is also used
to standardize all four bridge voltages via a 0.0001 voltage divider. The
voltage supplies to A, C, and D bridges are set individually to 9.00 volts,

TABLE 1V

Recorders
Detctorl | [Fulsan| | Chart
bridge . . Range, 5
Designation Pen color resgg:se, mv inch'es /
sec min
A Wheelco, with integrator Red 2 1 %
C Wheelco, with integrator Red 2 1 1%
B L & N, 2 pen Red 1 10 1
D L & N, 2 pen Green 1 1 1

s All recorder pens operate a buzzer when they reach 909 of full scale to alert the
operator for possible attenuation.
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TABLE V
Column Pcak sharpness® Theoretical plates®
A 15 1300
B 31 5600
C 27 4200
D 22 2800

a Peak sharpness = retention/half-width [see 1eference (4)].
b ‘Theorctical GC plates = (retention/projected base)? X 16 [see 1eference (21)]
= 5 8 (peak sharpness)? (see discussion)

and the B bridge is set to 8.00 volts, from 12-volt. storage batieries in series
with suitable 10-turn helipots.

In order to enter samples as sharply as possible into the A column, a
streamlined glass system was originally used. More recently we constructed
a toggle valve sampler similar to that deseribed by Dimbat, Porter, and
Stross (20). We use 1g-inch Hoke helium-leak-tested, stainless steel toggle
valves with ncoprene seats. Nylon inserts minimize dead space. The normal
chromatographic sample size is 27 cc at 100 or 400 mm g absolute. Larger
samples are used when analyzing for traces.

The system and its auxiliaries are used in a room thermostatically con-
trolled at 78° & 2°F and are insulated with glass wool surrounded by metal.
Base line drift due to temperature changes does not exceed one millivolt
per hour.

Relative sharpness values for median peaks are given in Table V.

The operation of the various columns can be illustrated with the help of
Fig. 3. Fixed gascs, methane, ethane, and cthylene are routed past the B
detector to the C column. Here they are separated into Il , Op, No, CH,,
and CO. The Cy’s emerge so slowly from this column as to be imperceptible.
A chromatogram from the C column is shown in Fig. 4. The valve below B
is rotated at 5.4 minutes, just after the ethylene and well before the CO,
peak (sec Iig. 2) on the B column, and between the oxygen and mitrogen
peaks on the C column.

As soon as the CO peak has returned to the C column base line, the
‘Wheelco recorder is switched from the C to the A deteeting system (about
9 minutes from sample entry). At about 10.7 minutes (as shown by the
appended time scale for the A column m Fig. 2), when the descending
shoulder of the 1-pentene peak reaches base line or starts to reverse (IFig.
5), the flow-routing valve after the A detector is rotated to divert subse-
quent peaks into the D column. Figure 5 illustrates A vs. D readout (eyclo-
pentane would appear as shown by the dotted line). Prior compounds
continue to be cluted through the B column. The run is continued for 70
to 100 minutes from sample entry unless the A record indicates that no
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] SAMPLE IN

NITROGEN

METHANE
CARBON MONOXIDE

TIME, MINUTES

Fiq. 4. Chromatogram from the C column of Fig 3.

A STAGE
(78 SENSITIVITY)

1 1

D STAGE

z T
4 (44 sensmviTy)
IA 1BICID 3A 2B4A 38 48
2A
0 10 20 30 40

TIME, MINUTES

Peak No. Identity Peak No. Identity
1A 1,2-Butadiene 2B 2,3-Dimethylbutane
1B 2-Methyl-1-butene 2B 2-Methylpentane
1C irans-2-Pentene 3A 2-Methyl-2-butene
1D 3,3-Dimethyl-1-butene 3B 3-Methylpentane
2A cts-2-Pentene 4A Cyclopentane
4B n-Hexane

Fi1a. 5. Matching chromatograms from A and D stages of Fig. 3.
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peaks can be expected on D. Actually, the D record can be continued if
peaks are expected (from the A record) for 15 minutes after the next sample
is added, before any overlap can occur. The peaks from two successive
samplings can be distinguished easily because the half-widths of the pre-
vious ones will be five times those of peaks from the very next sample, etc.

Calibrations and Calculations

Known materials are used for empirical (2), (22) qualitative and quanti-
tative calibrations. Phillips, Matheson, and American Petroleum Institute
pure compounds are used individually and in blends, and Phillips hydro-
carbon mixtures also are utilized. The compounds for which calibrations
were obtained are summarized in Table VI.

The complete list of compounds including retention and other calibra-
tion data is reported in Table VII, and the sensitivity data are summarized
in Table VIIIL. (Apparent discrepancies between the number of compounds
listed above and in Tables IT and VII are explained by inclusion of toluene
and xylenes and the omission of Hy, Oz, N2, and CO from Table IT, and
by the doubling up of two pairs of hexenes in Table VII.)

The repeatability of this four-stage gas chromatograph permits the use
of peak heights as the primary measure of concentrations, supplemented
by half-widths only when overloading causes peak broadening. The B-
stage peak heights for air, COs, and the C,~C, paraffins and monoolefins
are plotted against concentration in Fig. 6, using log scales. On the straight

TABLE VI
M‘;;‘::h' Number Identity
Inorganic 8 Air, 0z, CO, H;8%, Hs, N,
gases CO,, COS
Paraffins 22 Cr-Cq
Cyecloparaf- 7 CyCs;, CyCs, CyCs, Two Di-
fins MeCyCs's, MeCyC; , MeCyCs
Monoolefins
Aliphatic 27 CrC.
Cyelic 3 CyCs=, 1-MeCyCy~, CyCs
Diolefins
Aliphatic 11 CyCs, 1,5-Ce—
Cyclic 1 1,3-CyCy—
Acetylenes 4 CrCy
Aromatics 1 Benzene
84

e Stainless steel column used.
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TABLE
Four-Stace Gas

Peak retention, inches?

No. Compound® lﬂ‘;’;lt"“,‘i;
A B C D

1 | Hydrogen ~423 2.2

2 | Oxygen -~297 25

3 | Nitrogen =319 2.9

4 | Methane —259 37

5 | Carbon monoxide ~310 4.5

6 | Air (and other fixed gases) —_ 0.65 | 3.75 172

4A | Methane -259 3.86

7 | Ethane -128 48

8 | Ethylene -156 50

9 | Carbon dioxide -109 63

10 | Propane —44 7.0

11 | Propylene -54 90

12 | Isobutane 11 10.1

13 | Carbonyl sulfide —54 10.7
*14 | n-Butane 31 13.5

15 | (Acetylene) -119 13.9

16 g,2-Dimethylpropano) 49 139

17 clopropane 27 14.7

18 | 1-Butene 20.7 18.3

19 | Isobutene 19.6 19.3
20 (Hydraofen sulfide) =79 19
21 | (Propadiene) -30 19.3
22 | trans-2-Butene 34 225
23 | Isopentane 82 24.3
24 | cis-2-Butene 39 259

25 | 3-Methyl-1-butene 68 29.9

26 | n-Pentane 97 30.9

27 | 1,3-Butadiene 24 34.7

28 Pro;])gne -10 34.9

29 | 2,2-Dimethylbutane 121 41.2
30 | 1-Pentenc 86 5.1 |42.7 (16.8)
31 | 1,2-Butadiene 52 60 ((50.4) 15.5
32 | 2-Methyl-1-butene 88 5.8 18.3
33 | (1,4-Pentadiene) 79 6.8 18.8
34 | trans-2-Pentene 97 60 20.1
35 | (1-Butyne) 47 8.9 20.6
36 | 3,3-Dimethyl-1-butene 106 5.7 21.4
37 | c18-2-Pentene 98 6.6 21.4
38 | 2-Methyl-2-butene 101 7.5 24.1
39 | 2-Methyl-1,3-butadiene 93 11.2 30
Nore: 30 psig —» Atm helium; 100 cc NTP/minute; 78°F; valved at 5.4 & 10 7
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VIL
CHROMATOGRAPH: DATA SuMMARY
Peak half-width, inches Peak height per mol. %, inches ‘
C B C | No
A | B — - D | X ) - | Dr
100 mm 400 mm 100 mm 400 mm,100 mm:400 mm
0.056 | — | 08 | - P
007 | 009 | 122 | 31 | 2
010 |01 ! 865 | 32 3
015 | 016 56 22 '
02 |02 36 14 5
0.035 0 11 011|340 | 33 88 1500 6
012 32 — 1A
015 33 112 7
017 30 105 8
020 24 88 9
0 26 24 88 10
032 19 72 11
041 19 2 12
037 15 57 13
0 50 16 61 8
0 47 75 30 15
0 50 13 52 16
049 11 H“ 17
0 67 12 18 I8
071 11 4“4 19
.= — — 20
0 64 9 36 21
076 10 2 41 22
0 88 94 38 23
0 86 87| 35 24
103 80 | 32 25
105 81 32 26
101 62 25 27
105 47 19 28
140 61 21 29
031138 O 83)Am) | 58 23 60) | 30
0 36 079 67 17 31
0 35 090 | 8 56 32
04 0.93 1 70 5t | 33
0 36 097 86 52 | 34
0 56 10 | 55 5 | 3
039 1.00 | 80 50 | 36
042 1001 74 50 37
046 117 | 67 43 | 38
0.71 14| 4 35 | 30

minutes, 27 cc ;mmple at 100 mm Hg abs. (l;(;r footnotes, see next two pages.)



TABLE

Peak retention, inches®

No. Compound® go‘::‘lg’f

B C D
40 | 3- & 4-Methyl-1-pentene 129 9.0 30
41 | 2,3-Dimethylbutane 136} 6.8 30.3
42 | 2-Methylpentane 140, . .
43 Cﬁlo ntane 121 8.8 31.3
44 | 3-Methyl-1,2-Butadiene 104 11.6 32.5
45 tra'r:- and cis-4-Methyl-2-pen- (137 & 133| 9.6 33.8

ne
46 | 3-Methylpentane 146 7.8 34.7
47 | 2,3-Dimethyl-1-butene 132 10.3 35.4
48 g-Butyne) 81 16.4 35.6
49 yclopentene 111 11.8 35.
50 (¢} ,2-Pentndiene; 113 13.6 37.
51 (2,3-Pentadiene 119 13.9 38.
52 | (1-trans-3-Pentadiene) 108 14.6 39
53 | n-Hexane 156 9.1 40
54 | (1-cis-3-Pentadiene) 1 16 4 43
55 | 1-Hexene 146 12.7 4
66 | 2-Methyl-1-pentene 144 13.1 45
57 | trans-3-Hexene 154 13.3 48
58 | c13-3-Hexene 153 13.7 50
59 | (1,5-Hexadiene) 139 16.7 50
60 | (1,3-Cyclopentadiene) 108 20.2 51
61 | 2,2-Dimethylpentane 175 10.8 52
62 | irans-2-Hexene 154 14.4 52
63 | 2-Ethyl-1-butene 148 14.8 52
64 | 2-Methyl-2-pentene 153 15.4 54
65 | 2,4-Dimethylpentane 177 11.5 56
66 | ciz-2-Hexene 1556 15.9 56
67 | Methylcyclopentane 161 14.5 57
68 | 2,2,3-Trimethylbutane 178 12.9 60
69 | 2,3-Dimethyl-2-butene 164 20 2 70
70 | 3,3-Dimethylpentane 187 15.5 74
71 | Cyclohexane 177|203 81
72 | 2-Methylhexane 194 16.3 82
73 | 2,3-Dimethylpentane 194 180 86
74 | 3-Methylhexane 197 18.3 91
7% | @, l-Dimeth{lcyclopentane) 190 21.3 88
76 l-Methlylcyc opentene 167 28 04
77 | 3-Ethylpentane 200 20.4 100
78 | @ mm-a-Dlmethylcyclopen- 197 22.5 100
e

79 | n-Heptane 209 23.1 118
80 (g{clohexene 181 37 120
81 { ethyleyclohexane) 214 35 150
82 Benzene 176 109 260

a Compounds in A)arentheses are not normally sought.
5 Chart speeds: A & C = 14 inch per min;
¢ Multiply by 4 for 400-mm samples, except for air.
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VII (Continued)

Peak half-width, inches Peak height per mol. %, inches
o} B C
A B D Ae De
100 mm|400 mm| 100 mm (400 mm|100 mm(400 mm

0.57 1.44 | 54 B 35
0.48 1.60 | 65 33
0.51 146 ) &3 31
0.72 1.66 | 43 32
0.60 1.62 | 52 31
0.51 1.76 | 61 29
0.65 1.70 | 48 20
0.96 1.6 32 31
0.756 1.67 | 36 27
0.80 1.78 | 39 28
0.82 1.85] 38 27
0.89 1.88] 35 27
0.60 2.06 | 52 24
0.97 2.06 | 32 24
0.77 2.06 | 40 24
0.79 2.171 39 23
0.80 2.35 | 39 21
0.83 2.5 37 20
0.98 2.4 32 21
1.19 2.4 23 19
0.75 2.9 41 17
0.87 2.6 36 19
0.89 2.6 35 19
0.93 2.8 33 18
0.72 2.8 43 18
0.96 27 32 19
0.91 2.8 30 16
0.85 2.9 36 17
1.20 3.2 26 16
1.00 3.6 31 15
1.27 3.8 21 12
1.07 4.2 29 12
1.12 4.3 28 12
1.18 4.6 26 11
1.33 4.2 20 11
1.63 3.9 17 12
1.29 5.0 24 10
1.40 4.8 19 9
1.45 5.5 21 9
2.2 5.6 12 8
2.2 7.0 1‘2 6

— — ]

ga28 2%

£33

HEdHE3 8es38s

4 Use Peak ht X half-width/mole é - 24,
¢ Use Peak ht X half-width/mole % = 39.

147
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TABLE VIII
SENSITIVITY RANGES ON THE FOUR-STAGE GAS CHROMATOGRAPH
Detector sensitivity
Peak
Stage (mv—ml)/ Early and late height Detection
mg n—C, compounds per mole %, |limits, mole %
inches
A 6600 trans-2-Pentene 86 0.002
n-Heptane 21 002
B 7900 Methane 32 0 003
2,2-DiMeButane 5 0.01
(] 3500 + 10 Oxygen 12 001
Carbon monoxide 3.6 0.02
D 5000 trans-2-Pentene 52 0 002
MeCyeclopentane 16 0.01

Nore: Second column- Data from Dimbat, Porter, and Stross (20). Fourth and
fifth columns: 36 cc vapor STP

line portion of these curves it is more convenient to use the linear slope as
a divisor to caleulate mole per cent arithmetically:

H
mole % = S (1)
where H = observed peak height, inches; and
S = linear slope of the low concentration straight line part of the
calibration curve, inches of peak height per mole per cent
of compound.
Quantitative data for the other peaks are expressed exclusively in terms
of S, except for more than 1% hydrogen.
Equation (1) can be modified to account for peak broadening caused by
component overloading as follows:

_IL W
mole % = 5 W, (2)
where W, = actual half-width, inches;
Wo = minimum (normal) half-width, inches.
Rearranging Eq. (2) to combine the invariant terms as a constant:

HW,
mole %

1 D-delay = [(Compd -Air)p-2(Compd.-Air)a], Minutes, where the subseripts
refer to the retentions posted for the A and D stages in Table VII.

=SWo=K;,, (3)
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zﬂnl‘ 2000
METHANE & AIR
ETHANE
10004 ETHYLENE 000
CARBON DIOXIDE & PROPANE
PROPYLENE & ISOBUTANE
o n-BUTANE
5 BUTENE-I
z ISOBUTENE
- +-2-BUTENE
g €-2-BUTENE
< 100 HOO
B
10] f T 0
[]] [} 10 100

MOL % HYDROCARBONS (IN 3 6¢cc. STF)

Fie 6. Quantitative calibration curves for the ecarly compounds from the B
column of Fig 3

where K, , = a constant, inches?/mole %, which depends upon the column,

z, and the molecular structure of the various compounds, .
The values of K, for the A, C, and D stages are shown in the tabulation
below.

Stage K (inches?/mole %)
C 0 85+
A Aliphatics = 31 Cyclies = 27
D Aliphaties = 50 Cvelics = 45

s Jixeept for hydrogen.

The B-stage low-concentration, constant-linear-slope values for K, , are
plotted against carbon atoms per molecule in Fig. 7. At higher concentra-
tions of the carly (through C,) peaks, Eqs. (2) and (3) are not applicable
because HW/mole % falls off.

Oversize sampling for trace analysis also broadens peaks to the extent
that additional time is needed to sweep the sample plug into the A column;
e.g., the half-widths of median B column peaks more than double when
sample pressure is raised to 30 psig.

Hydrogen is unique in that it undergoes peak reversal (8, 22, 23). But
up to this point (24) calibration data can be plotted, as shown in Figure 8.
Above 35 mole per cent, hydrogen usually is determined either by difference,
or by mass spectrometry, although a smaller sample could be used.
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HW
MOL %
4 g
ACETYLENES
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CARBON ATOMS PER MOLECULE

F1e 7. B-stage quantitative relations (3.6 cc sample).
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g

2 41
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PEAK
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&
[\ 1 L 1 1
ol [ 10 30 100

MOL % HYDROGEN (IN 3.6cc. STP)
F1q. 8. C-stage hydrogen calibration.

The following relation (25) also is useful over moderate retention ranges:
F ol K'z Y (4)

where Ty = normal (low concentration) distance from sample entry to
peak maximum, inches; and K’;,, = a dimensionless con-
stant, and subscripts z and y have the above connotation.
These relationships were used to spot data irregularities, to smooth
scattered data, and to make occasional interpolations.
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TABLE IX
D RETENTIONS FOR A-10-D RoutiNg oF Cs-Cy's
Compound Eme;ﬁ:ie“ﬁme, Relative retention
Air 1.70 0.121
Ethane 2.06 0.146
Ethylene 2.09 0.148
Carbon dioxide 2.31 0.164
Propane 2.96 0.210
Propylene 3.32 0.236
Acetylene 3.96 0.281
Isobutane 4.36 0.309
Propadiene 5.76 0.41
n-Butane 5.75 0.41
1-Butene 6.61 0.47
Isobutene 6.61 0.47
trans-2-Butene 7.90 0.56
cis-2-Butene 8.90 0.63
Propyne 9.05 0.64
1,3-Butadiene 10.7 0.76
3-Methyl-1-butene 10.9 0.77
Isopentane 109 0.77
n-Pentanes 14.1 1.00

@ 2800 theoretical GC plates.

The C peaks are unique in the absence of the rare gases neon, argon,
and krypton. The identities of the B peaks usually are unequivocal because
NH;, HsS, and SO; are absorbed by the column, and acetylene, neopen-
tane (2, 2-dimethylpropane), propadiene, and propyne are unlikely in refin-
ery gases and normally are presumed absent. When these are suspected,
all but the neopentane can be rearranged by routing the early peaks from
the A to the D column, rather than to B as normally scheduled; pertinent
A-to-D retentions are shown in Table IX.

The peaks that appear on both the A and D charts must be matched for
both retentions and percentages. The A recorder’s pipping-pen integrator
permits quantitative estimation of the total represented by overlapping A
peaks, and is useful for the broadened C peaks. Readout is as shown in the
following tabulation.
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Detector Molecular type Pips/Mole %
A Aliphatic hydrocarbons 23,000
Cyclic hydrocarbons 21,000
(6] Inorganic gases 720

Unresolved conflicts are listed in Table X. H,0 is seldom discerned and
does not interfere because its sensitivity is very low and because the front
side of its peak has a very low constant slope; it returns to baseline sharply
at a distance that is a function of its concentration. The sum of the in-
dividual components should total 100%. Actual totals (see Table XII)
generally range from 98 to 102 %, and occasionally from 95 to 105 %. These
totals shift gradually. When a negative gap occurs it can be assigned to
slowly eluted compounds like benzene that are not sought normally, or to
>35% of hydrogen if its peak has reversed. These can then be estimated
by difference, using the totals from adjacent runs. A deficiency may also
result from the unusual and unrecognized presence of low-sensitivity acet-
ylene or propyne. The apparent percentages are normalized, usually on an
air-frec basis. Depending on the complexity of the analyses, chart reading
and calculations may require from several minutes to several hours.

TABLE X
UNRESOLVED CONFLICTS ON THE FOUR-STAGE GAs CHROMATOGRAPH®
Carbon
Hydrocarbon onfli r Tdentit
type Conflicts ar::’;?esc ‘?lee dentity
Paraffins 1 4 and 5 | n-Butane and 2,2-dimethylpropane
1 6 2,3-Dimethylbutane and 2-methylpentane
Cycloparaffins | 0 — —
Cyecloolefins 0 - —
Monoolefins 5 6 3- and 4-Methyl-1-pentene
trans- and cis-4-Methyl-2-pentene
trans- and ci8-3-Hexene?
1-Hexene and 2-methyl-1-pentene?
trans-2-Hexene and 2-ethyl-1-butene®
Diolefins 2 3 and 4¢ | Propadiene and isobtuene
] 1,2- and 2,3-Pentadiene
Acetylenes 2¢ 2 and 4 | Acetylene and n-butane
3and 4 | Propyne and 1,3-butadiene

¢ Listed as though subsequent classes were absent to avoid duplication.
% One can be identified if the other is absent.
¢ Resolvable by A — D routing.
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Typical Analyses
Analyses of samples containing large amounts of a few components are
shown in Table XI, using Phillips Hydrocarbon Mixtures Nos. 31 and 38.
Analysis of a wide-range Phillips Mixture, No. 41, appears in Table XII.
Trace amounts of many compounds not reported by Phillips are detected.
The other analyses in Table XIIT were sclected to show a wide range of

TABLE XI
ANALYsEs oF PriLLies HyprocarBoN Miuxturks Nos 31 anp 38

Mixture No 31 Mixture No 38
Compounds -———————-  -—- —_— - ——
Phillips* 4-GCb Phillips® 1-GC?
(mole %)

Curbon dioxide 0 002
Ethane 0 003
Propane 38 51 379 12 09 113
Isobutane 14 66 148 15 50 158
n-Butane 44 63 450 31 35 31.6
2,2-Dimethylpropane 0 08 )
1-Butene 003
Isobutene 0 03
trans-2-Butene 0.03
Isopentance 220 22 13 56 13.8
n-Pentane 27 32 27.3
Cyclopentane 010 0 03
1-Pentene 002
trans 2-Pentene 0 02
2-Methyl-1-butene 0.02
2-Methyl-2-butene 002
2,2-Imethylbutane ool
2,3-Dinethylbutane 002
2-Methylpentane ~
n-Hexane 0 005
2,2-Dimethylpentane 0.02

100 00 9 9 100 00 100 06

e +0.05% wt
#3.6-cc STP sample
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TABLE XII
ANALYsES oF PriLLips HYproCARBON MIxTURE No. 41
Analyses, mole %
Compounds Four-stage gas chromatograph®
Phillips®
1 2 3 Avg

Carbon dioxide N8 0.006 0.005 0.006 —
Propane 6.4 6.4 6.3 6.4 6.27
Isobutane 10.5 10.3 10.2 10.3 10.76
n-Butane 25.7 25.3 25.2 25.4 25.10
1-Butene 10.9 11.0 10.8 10.9 11.61
trans-2-Butene 5.8 5.8 5.7 5.8 5.99

c¢is-2-Butene 0.01 0.01 0.01 0.01 —

Butadiene-1,3 NS 0.01 0.01 0.01 —
n-Pentane 4.9 5.0 4.9 4.9 4.76
1-Pentene ’ 1.99 1.97 2.01 1.99 1.98
2-Methyl-1-butene 0.02 0.02 0.02 0.02 0.02

trans-2-Pentene 0.005 0.002 0.003 0.003 —

2-Methyl-2-butene 0.003 0.003 0.003 0.003 —
2-Methylpentane 9.7 10.5 10.5 10.2 9.92
8-Methylpentane 0.08 0.09 0.09 0.09 0.10
n-Hexane 8.7 9.2 9.1 9.0 8.68

Methyleyclopentane 0.03 0.09 0.09 0.07 -
Cyeclohexane 7.4 6.8 7.0 7.1 7.02

3-Methylhexane 0.03 0.04 0.03 0.03 -
2,4-Dimethylpentane 0.02 0.01 0.01 0.01 0.03

3,3-Dimethylpentane 0.01 0.02 0.01 0.01 -
n-Heptane 7.7 7.4 7.8 7.6 7.7%
cts-1,2-Dimethyleyclo- NS NS NS NS 0.02

pentane

99.91 99.97 99.79 99.85 100.00

Actual total, before nor- | 101.6 99.5 100.2 100.4 -

malizing, including air

@ 3.6-cc STP sample; NS means ‘‘not sought.”

b £0.06% wt.
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TABLE XIII
OTHER FoUR-8TAGE GAS8 CHROMATOGRAPHY ANALYSES, MOoLE %
Pyrol; C
e i
Re- Off- | to

No. Compound former| from Hy- f';% % —| No.

off-gas | treated resids vapor | (Low | (High

temp. | temp.

PotB Pod‘?)
1| Hydrogen 98.0° [98.0° |64.2¢ 12.0 1
2 | Oxygen 0.04 | 0.13 | 0.02 2
3 | Nitrogen 0.32 | 0.96 | 1.20 3
4 | Carbon monoxide 0.01 | 0.31 4
5| Carbon dioxide 0.04 | 0.07 | 0.47 001 5
6| Carbonyl sulfide 0.003 6
7 | Methane 0.02 | 0.34 [14.5 21 0.08 7
8 | Ethane 0.0210.12| 6.8 |0.002| 7.2 |0.48 | 0.03 8
9 | Ethylene 0.02 24 1.37 | 0.02 9
10 | Acetylene® NS | NS | NS 0.12 NS | 10
11 | Propane 0.19 | 0.09 | 5.7 7.3 0.51 {0.280.32| 11
12 | Cyclopropane 0.007 12
13 | Propylene 003|049 21 |158 |88 |0.569| 13
14 | Propadiene® NS | NS | NS 0.10/0.16| NS | 14
15 | Propyne? NS NS | NS 0.09( 0.08(0.85( NS 15
16 | Isobutane 0.28 | 0.01 | 0.98 | 27 0.03 | 0.06 | 0.01 16
17 | n-Butane 0.2210.05|1.94 |25 0.060.12|0.10| 17
18 | 1-Butene 0.0110.13| 6.8 2.1 | 6.1 |0.87] 18
19 | Isobutene 0.01 | 0.15 | 10.3 2.0 | 5.3 [13.4 19
20 | trans-2-Butene 0.010.17 | 8.6 0.57 [1.94]0.26 | 20
21 | eis-2-Butene 0.01]0.11| 7.0 0.47 {1.94 | 0.18 | 21
22 | 1,3-Butadiene 1.8 | 5.9 | 3.9 22
23 | 1,2-Butadiene 0.320.37 | 23
24 | Isopentane 0.36 ] 0.02 | 0.67 ) 3.8 0.5213.3 |0.02| 24
25 | n-Pentane 0.1410.03|0.78| 0.74| 4.6 |38 4.5 25
26 | Cyclopentane 0.02 | 0,01 | 0.06 0.65 0.10 | 26
27 | 1-Pentene 0.001 0.06 | 0.47 | 0.29 [ 2.7 [0.27]| 27
28 | trans-2-Pentene 0.003| 0.10 | 0.17| 0.17 | 1.8 | 3.4 28
29 | cis-2-Pentene 0.002| 0.05| 0.09 | 0.08 (0.97 | 1.44| 29
30 | 2-Methyl-1-butene 0.002| 0.05( 0.58| 0.28 (3.8 |3.1 30
31 | 2-Methyl-2-butene 0.004| 0.11 | 0.27 | 0.11 |0.97 | 5.4 31
32 [ 3-Methyl-1-butene 0.6 32
33 | Cyclopentene 0.02 | 0.08 0.28| 33
34 | 2-Methyl-1,3-butadi- 4.4 |54 34

ene
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TABLE XIII. Continued

Pyrol; C
cuts (IBP
Re- Off-gsaes BB Pyrol- | to 110°F)

No. Compound former | from Hj- . e;d ysis No.

off-gas | treated resids vapor | (row | (High

temp. | temp

Pots Pod )
35 | 2,3-Pentadiene 22 35
36 | 1-cis-3-Pentadienc 1.3 36
37 | 1,3-Cyclopentadiene 68 37
38 | 2,2-Dimethylbutane 0.22 014 38
39 | 2,3-Dimethylbutane 39
40 | 2-Methylpentane } 0084001 0.25 123 {40
41 | 3-Methylpentane 004,0.01]0.11 0 69 41
42 | n-Hexane 002/0010.23{ 0.005 1.1 |0.89 42
43 | Methyleyclopentane 0.01 | 0.07 0.42 43
44 | Cyclohexane 0 01 0 69 0.03 | 44
45 | 1-Hexene 45
46 2-Methyl-1-pentono} 0.03 007 017|027 {46
47 | trans-2-Hexene 0 04 47
48 | trans-3-Hexcne 48
49 2-Ethyl-1—butenc} 00t 3.0 126 49
50 | 3-Methyl-1-pentene 001 50
51 | 4-Methyl-1-pentene 51
§2 | 2,3-Dimethyl-2-butene 009 | 52
53 | 1,6-Hexadiene 02 |0.14] &
54 | Benzene 04 54
55 | 2-Methylhexane 0 05 0.07 55
56 | 3-Methylhexane 0 05 0.03 002| 56
57 | 2,4-Dimethylpentane 0.46 57
58 | 3,3-Dimethylpentane 002 58
59 | 2,2,3-Trimethylbutane 0.03 | 59
60 | n-Heptane 0 06 0.07| 60
61 | 1-Methylcyclopentene 0.09| 61

e Hydrogen determined by difference; four times usual sample taken (14 cec STP).
» By supplementary gas chromatography; NS indicates ‘“‘not sought *’

concentrations and unusual components; only one of these is amenable to
analysis by mass spectrometry directly.
Trace analysis of high-purity propylene is illustrated in Table XIV.

Repeatability and Accuracy

Precision of the four-stage gas chromatograph varies with the peak
height per mole per cent of the various compounds. For example, the D-
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TABLE X1V
TRACE ANALYSIS OF PURE PROPYLENE
Compound Mole %
Methane 0.001
Ethane 0.35
Acetylenes 0.001
Propane 0.02
Propadienc® 0.0003
Methyl acctylence 0.001
Propylene, by difference 99.63
100.00

Note: Sample quantity: 27 cc at 30 psig (72 cc STP).
@ Absence of conflicting compounds determined by A — 1) flow routing

stage peak height per mole per cent for trans-2-pentene is 52 inches, vs 7
inches for n-heptane, so that for similar amounts the pentene can be deter-
mined about six times as precisely as the n-heptane. This is reflected by the
number of significant figures posted for these data in Table VII. Thus,
precision is estimated to range from 42 % (o %5 % of the amounts present
down to peak heights of about 1 inch, and from 4:0.03 to 0.1 inches for
the early and late peaks, respectively. Aceuracy is estimated to be twice
the precision,

The precision of results (other than by difference) are generally indicated
by reporting them as in the data given below.

Per cent of sample Number of Digits
0.000 to 0.09 One
0.10 to 099 Two
100 to1l99 Three
20 to99 Two

The replicate analyses of Phillips No. 41 in Table XII illustrate the
system’s repeatability, and Tables XTI and XII indicate ils accuracy.

Discussiox

The working life of the columns and thermistors are estimated to be of
the order of 1 to 2 years. The present. system has been in routine service
for a year and a half, during which a few components have been replaced.
Column aging has been accompanied by slowly decreasing retention (ca.
5%/yr). On the other hand, a somewhat greater increase in detector sensi-
tivity parallels thermistor aging. However, these changes are gradual so
that satisfactory corrections can be made by suitable proportioning. (Oc-
casional calibration checks are advisable).
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An unidentified peak usually appears ahead of the regular peaks on the
C system. This can be seen in Figure 4. It is not associated with the pres-
ence of hydrogen, and its cause presently is not known.

Retentions measured from sample entry are obviously most useful for
this system. Air times are given, however, so that dead time corrections
can be made for comparative purposes. The number of digits used to ex
press retentions are chosen primarily to indicate the relative positions of
neighboring peaks; their significance falls off as the spread between peaks
increases.

The correctness of retention data for the later peaks can be conveniently
verified by plotting the logs of their air-corrected retentions (‘‘delays”) ir

A-DELAY, KINUTES (POLAR COLUMN)

©-DELAY, MINUTES (NONPOLAR COLUMN)

F16. 9. Hydrocarbon types from polar and nonpolar retentions.
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the polar A column against those for the nonpolar D column, after Pierotti
et al. (26). The resulting straight, parallel lines are shown in Fig. 9 and may
be characterized by the D-delays! corresponding to a median A-delay value
of 20 minutes:

D-delay (minutes) for

Hydrocarbon type A-dela;’r' (- 20 meisr)mtes
Acetylenes 3
Cyeclodiolefins 5
Diolefins 7
Cyclomonoolefins 10
Monoolefins 14
Cycloparaffins 18
Paraffins 27

Unknown hydrocarbons can be typed in this way, and their boiling points
estimated from retention data. The number of carbon atoms per molecule
can also be estimated for each type by plotting carbons per molccule
against the log of retention (27).

Our relative sensitivities generally are consistent with those of Rosic
and Grob (28), and Messner, Rosic and Aragabright (29). However, we
obtain better agreement with their data C,—~Cs by using HW, in place of
planimetered area (30); and we find HW,/mole % to be more constant
than Area/mole % over a range of Cs—C; compounds.

The previously mentioned relation between theoretical GC plates and
resolution is based on the peak geometry obtained with our direct flow
detectors. The projected base (length of base line cut out by two tangents
to the points of inflection) of these peaks is consistently equal to about 1.66
times their normal half-widths:

Projected base = 1.66 (half-width) )
Peak sharpness = retention/half-width (6)
Theoretical GC plates = 16 (retention/projected basc)? 7

Combining Egs. (5), (6), and (7):
Theoretical GC plates = 5.8 (peak sharpness)? (8)

Littlewood (31) reports a similar expression, except that his constant,
5.54, was derived from the Gaussian error function. He reports values up
to 10 % lower than Eq. (8), whereas Eqs. (7) and (8) agree within measure-
ment errors.

Equation (5) can also be used as a basis for estimating the normal posi-
tion of peaks whose maxima are displaced by the skewness associated with
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ot oo
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I3 ___.rq;eaw. T CJ,,__ 083W,

F1a. 10. Estimation of normal retention of peaks displaced by overloading.

overloading. It is reasonable to assume that the less steep side of an over-
loaded peak is its normal slope. The correct location of such a peak can
then be found by cutting the base line with a tangent to the less steep
side of the peak and laying off (—————1'662 W")’ = 0.83 W, toward the peak
maximum (see Fig. 10).

Overloaded peaks may have a slight “ccho” in the next run; more than
about 214 cc STP of any one compound (70% of a normal sample) will
show a small peak (~0.03 %) in the next run. This probably could be clim-
inated by avoiding plastic elements in the sample entry toggle valves.

The greatest limitation of this system lies in the length of time required
to determine benzene, and the consequent low sensitivity. Introduction of
a fifth detection point after the first foot of PS:DMS (A) column would
correct this; and provision could also be made at this point for backflushing
heavy constituents from the system (32). This implies, of course, direct
injection of liquid-phase samples.

Better control of temperature, bridge voltage, and column exit pressure
(atmospheric pressure varies over a range of 3%) will improve precision
and accuracy. Also, the use of hydrogen instead of helium is expected to
halve pressure drop, operating time, and carrier gas consumption (33) at
the expense of direct determination of hydrogen in samples.

SuMMARY

Mixtures of complementary partitioning liquids and a four-stage gas
chromatographic system make possible routine analyses for Hz, Oz, N2,
CO, COS, CO, and more than 70 hydrocarbons with few conflicts. Lower
detection limits range from 0.0001 to 0.02 %, with definite identifications.
Ce’s and C;’s can be summated by a recording integrator. NH,, H,0,
H.,S, and SO; are not included but do not interfere.
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CuapTER XVI
A High-Temperature Gas Chromatograph

DouGrLas ALEXANDER AND RoGER F. MARrsn

Consolidated Electrodynamics Corporation, Pasadena, California

INTRODUCTION

A laboratory gas chromatograph operating in the range of 50° to 500°C
has been developed. The instrument is of modular design and consists of an
analyzer and a separate control unit. This method of construction permits
one or more analyzers to be used with and regulated by a single control
unit. The control unit contains the power input and distribution system,
the carrier gas flow-controlling and metering system, and the detector
circuit controls.

DESCRIPTION

The analyzer module only will be discussed here. The analyzer consists
of an insulated oven section and a ventilated space for the thermostat and
electrical controls, as shown in Figs. 1 and 2. A perforated cover allows air
to circulate under and around the oven section. In this way the outer case
and electrical components stay reasonably cool.

PROBLEMS

The main problems encountered in the design of this type of instrument
were: (a) The choice of suitable corrosion-resistant materials for compo-
nents such as the heat sink and fittings; (b) developing a high-temperature
detector seal; (c) regulation of oven temperature; (d) providing efficient
thermal insulation and heat-resistant electrical insulation; (e) sample intro-
duction system.

The methods and materials employed in the construction of the analyzer
are outlined in the following sections.

Malerial Selection

The materials subjected to a temperature of 500°C must be carefully
chosen to perform their function in the instrument and, at the same time,
be resistant to corrosion for a number of years of use.

The column, detector block, and sample injection blocks are made of
stainless steel which will easily withstand this temperature. Stainless steel
tubing is used throughout and is welded at the points where it joins with
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Fia. 2. Analyzer unit, inteiior view.
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the detector block. Copper-gold brazing is used to join the capillary tube
to the injection block. The above components are mounted on a heat sink
which serves to stabilize the oven temperature with its large heat capacity.

Aluminum is an ideal heat sink material below 400°C, but reaches its
softening point under 500°C. A high-grade bronze casting was tried for the
prototype model heat sink, but was found to be unsuitable due to heavy
oxidation and scaling. The material chosen was aluminum bronze, (com-
position: aluminum 87 %, copper 10 %, iron 3 %). This material has excel-
lent heat capacity and conductivity, is easily machinable, and shows only
slight discoloration after extended use at 500°C.

All fittings are of the stainless steel Swagelock type. In places where the
fitting may require frequent disconnection, nuts and ferrules of Monel are
used. Stainless to stainless threads tend to jam at high temperatures even
when lubricated.

Detector Seal

The detectors consist of four heated thermal conductivity elements
arranged in a bridge configuration. Kach element consists of a spirally
wound filament of nickel-iron wire. The filament is supporied by a feed-
through insulator assembly consisting of two wires and a flanged hcader
sealed by a specially developed high-temperature glass. Monel nuts are
used to clamp the detector headers into the stainless steel detector block.

Temperature Regulation

The oven temperature is regulated to within #:0.5°C and is continuously
adjustable through the range of 50° to 500°C.

Cartridge heaters are housed in the lower part of the heat sink and pro-
vide steady and cycling heating. The steady heaters are controlled by push
buttons which select one of four heat ranges. The cycling heater is regulated
by a sensitive thermostat control.

Thermal and Electrical Insulation

The oven is insulated by silicone-impregnated Fiberglas of 6-lb/cu ft
density, 34 inch thick, sandwiched between stainless steel sheets. The edges
of the Fiberglas are fitted tightly to prevent air leakage causing uneven
heat distribution.

All the components in the oven are mounted on the heat sink. The as-
sembly is supported by stainless steel standoffs resting on Supramica blocks
which reduce heat conduction to the outer case. The oven top is easily
removed for column changing and replacement of detectors. For access to
the other components, the oven walls can be detached.

The detector leads are electrically insulated between the headers and the
terminal block by a double layer of high temperature Fiberglas sleeving.
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Fia 3. Sample injection system.

The heater leads are insulated by silicone rubber-impregnated Fiberglas.
At high temperatures this material soon dries out and eracks. Therefore,
within the oven the leads are reinforced with an extra sleeving of woven
ceramic fiber.

Sample Introduction

Samples are injected into the system by a precision hypodermic syringe,
usually of 5- or 10-ul capacity. The 3-inch hypodermic needle passes through
a self-sealing silicone rubber septum connected to the injection block by a
stainless steel capillary tube. Samples are deposited directly into the heated
carrier stream ahead of the column (see Fig. 3).

The small amount of heat transmitted through the capillary is rapidly
dissipated into the front panel and radiated by cooling fins on the inlet
nozzle. The septum is kept relatively cool and does not require frequent
replacement.

Columns

Columns are easily interchangeable, and up to 50 ft of 14 inch tubing
can be accommodated. Stainless steel tubing is recommended for high-
temperature work, as copper scales badly above 300°C.

Column Packings

A limited number of columns have been tested with sufficiently low vapor
pressures and stability for use at high temperatures. Some of these, and
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their approximate maximum operating temperatures, are:

Apiezon L grease 350°C
Silicone high vacuum grease 350°C
Asphaltenes 400°C
Silicone rubber 500°C
Fused salts 500°C
Metal stearates —
Polyethylene —
Adsorbents
Alumina, silica gel, char-
coal, florasil, zeolites 500°C
Applications

A limited amount of application work has been performed to date at
column temperatures up to 500°C. It is to be expected that thermal cracking
will occur in the columns, since some of the temperatures involved are well
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F1a. 4. Chromatogram of crude oleyl alcohol. Column temperature: 350°C.
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above the cracking points of the more heat-sensitive compounds. Tt
cracking has been evidenced by the appearance of peaks apparently n
those of the parent compound, and by laying down of carbon on the colun
packing. It has not yet been determined whether the cracking patterns a
repeatable.
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Another effect noted has been a disturbance of the base line following
appearance of the first peaks, with a gradual recovery over a 10- to 30-
minute period. The displaccment may be negative or positive. It occurs
with the more heat-sensitive maierials at column temperatures above
350°C. With the more stable materials, such as polyaromatic heat-transfer
agents and high-temperature lubricants, it does not occur even at 500°C.
The effect is assumed to be caused by cracking and deposition of cracked
products at the filaments, which may operate at temperatures several
hundred degrees higher than the column.

Figure 4 is a chromatogram of a crude oleyl alcohol sample, run at 350°C.
Figure 5 is a sample of isopropyl diphenyl, run at 460°C. Solids such as
this are dissolved in a suitable solvent so as to make it possible to inject
them by hypodermic syringe. The first peak shown is that of the solvent.
The previously mentioned effect of base line disturbance can be seen fol-
lowing the second main peak. Figure 6 is a sample of sperm oil run at
360°C.

SuMMARY

We have presented a deseription of the problems encountered in the
design of a chromatograph analyzer for high-temperature use. The analyses
of components with boiling points up to 600°C were also discussed.
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Separation and Identification of Oxygenated Hydrocarbons in
Combustion Products from Automotive Engines

K. J. HuagHes, R. W. HurN, anDp F. G. EpwaArDs*

Petroleum Expertment Station, U. S. Bureau of Mines, Bartlesville, Oklahoma

INTRODUCTION

Published reports (1-4) have shown that gas chromatography has been
successfully applied to the analyses of a number of classes of oxygenated
compounds. Also, chromatographic methods have been described for
analyzing partly oxidized hydrocarbons (subsequently referred to as “ox-
ygenates”) in preflame mixtures (5, 6). However, very little information
has been published on the application of these methods to the analysis of
oxygenates found in the combustion products from an automotive engine.
This report will discuss preliminary studics using gas chromatographic
equipment for separating and identifying oxygenates that are found in
such combustion gases.

These products of combustion are a complex mixture of water, fixed
gases, hydrocarbons, and oxygenates, in which the latter usually occur in
relatively low concentrations. In the elution of components of such a mix-
ture from a gas-liquid partition chromatographic (GLPC) column which
separates components on a boiling-point basis, the small amounts of
oxygenates will be obscured by water and hydrocarbons. Thus, to deter-
mine the oxygenates it was necessary to make a gross separation of them
from other materials. Chemical drying agents were unsuitable because they
reacted with a significant quantity of the oxygenates and, therefore, the
necessary class separations were sought using chromatographic techniques.

The problem was resolved satisfactorily by using a three-stage chromato-
graphic unit to make gross separations of hydrocarbons, oxygenates, and
water. However, greater resolution of some oxygenated fractions was re-
quired, and this was accomplished by recovering fractions from the three-
stage unit and introducing them into an additional single-stage analyzer.

ExPERIMENTAL PROCEDURES AND RESULTS
GLPC Analytical Equipment
The staged chromatographic equipment discussed in this paper was

specifically developed for analyzing wide boiling-range mixtures. With such
a system it is possible to achieve as much individual component resolution

* Present address: Redstone Arsenal, Toney, Alabama.
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as is necessary and at the same time to monitor all sample components. In
addition, after a given analysis is completed, the system is immediately
ready for the introduction of another sample.

The three-stage apparatus used in these studies includes a glycerol
column in the first stage to retain oxygenates for a longer time than hydro-
carbons of corresponding boiling point. This column effectively holds water
so that it does not enter the second and third stage. The second stage, also
a polar column, helps to make an over-all separation of hydrocarbons and
oxygenates. This second-stage column clutes all hydrocarbons through
n-heptane ahcad of low-boiling oxygenates. The third stage, a noupolar
silicone column treated with stearic acid to reduce tailing, is suitable for
general separation of components in the mixture, as well as for analyses of
fatty acids.

Under the operating conditions stated herein, the general range of ox-
ygenates that can be handled by the threc-stage GLPC system covers
ethylene oxide through n-pentanol. The resolution of the single-stage
analyzer is superior to that obtained with the multiple-staged unit, but its
analytical range is generally limited to materials retained no longer than
n-propanol.

Three-Stage Chromatograph

Figure 1 is a flow diagram of the three-stage GLPC system employed
in these studies. By manipulating a four-way valve, cach stage can be op-
erated independently of the previous stage. This makes it possible to exclude
from the second and third stages those materials that cannot be eluted in an
acceptable time, which has been found to be about 2 hours. After a sample
stream is diverted from a stage, carrier gas is introduced from a separate
source to continue elution of materials already in the stage. Flow restric-
tions in the inlet and outlet of the separate stages may be adjusted so that
the stages can be shifted in or out of series with virtually no disturbance
registered by any of the three detectors.

The temperature of detectors and columns is maintained with a constant
temperature air bath. Power input to the bath heaters is regulated by an
adjustable transformer which allows for coarse control of the bath tempera-
ture. Fine control is accomplished with a bimetallic switch; this switch
alters the grid bias on a 3C23 gas tube which acts as a relay to provide
electrical power to a string of 6-volt automobile headlight bulbs (G 87).
The bulbs were chosen for their low thermal inertia, and because their
heavy filaments are capable of withstanding the rapid on-off heating cycles.
This system is capable of controlling the bath temperature within 20.05°F.
Detector elements are 8000-ohm thermistor beads mounted in a brass
bloek 2 X 2 X 2 inches. The heads are located just above the direet helium
stream.
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Fia. 1. Flow schematic of GLPC analytical system.

Teflon plugs are used in the four-way valves and need no lubrication.
The adjustable restrictions are throtiling-type needle valves.
The columns and operating conditions are as follows:
Helium carrier gas flow, 80 ml/min through each stage, as measured at
atmospheric pressure.
First Stage:  Temperature, 70°C; pressure at head of stage, 10.7 psig.
41t 20-28 mesh J-M C-22 firebrick treated with glycerol in
the weight ratio 20 parts liquid to 100 parts solid. Total
weight packing, 12 gm.
Plus 6 ft  30-50 mesh firebrick treated with polyethylene glycol
400, 20/100. Total weight packing, 15 gm.
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Second Stage: Temperature, 70°C; pressure at head of stage, 4.5 psig.
5ft 40-50 mesh firebrick treated with PEG 400, 20/100. Total
weight packing, 12.5 gm.
Third Stage: Temperature, 70°C; pressure at head of stage, 2.7 psig.
51t 20-28 mesh firebrick treated with D.C. 550 silicone oil,
20/100 plus 2 parts stearic acid to 100 parts dry solid.
Total weight packing, 15 gm.
All columns are made of standard 14 in. OD stainless steel tubing.

Single-Stage Chromatograph
This unit, built in the Bureau of Mines laboratories, uses a constant
temperature air bath. Coarse control of the bath temperature is provided
with an adjustable transformer which controls electrical input to the main
bath heater. Fine temperature control is accomplished using a thermistor-
actuated saturable reactor to control a low wattage electrical heater. A
thermistor is used in the system as the temperature-sensing element. These
controls are capable of maintaining bath temperature to =0.15°F. To
preventr this temperature fluctuation from affecting the detector output,
the cell is immersed in buckshot. This increases the mass of the cell as-
sembly and serves to decrease the temperature fluctuation of the thermistor
elements. Detector block and thermistor elements are the same as de-
scribed for the three-stage chromatograph. The sample introduction valves
are a toggle action diaphragm type; the entire system, excluding the de-
tector block, is made of stainless steel to reduce interactions with the
oxygenates.
The columns and operating conditions are as follows:
Helium flow measured at outlet, 80 ml/min; temperature, 58°C.
20ft 40-50 mesh J-M C-22 firebrick treated with Reoplex 400 (Geigy
Pharmaceuticals, Ardsley, New York) in the weight ratio 30/100.
Weight packing, 66 gm. The column is made of 14 in. OD stain-
less steel tubing.

EXPERIMENTAL RESULTS

Figure 2 is a chromatogram obtained using a mixture of known composi-
tion; it illustrates separation characteristics of the three-stage chromato-
graph with the analysis of a test mixture. The components of the blend
are typical of those found in combustion products, except that the hydro-
carbons normally are present in much higher concentration than the ox-
ygenates. It will be observed from the second-stage chromatogram that
hydrocarbons with boiling points below that of isooctane emerge before
low-boiling oxygenates such as ethylene oxide. With staged GLPC equip-
ment it is possible to divert this fraction from following stages and thereby
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F1g. 2. Separation characteristics of three-stage chromatographic unit. 1: air;
2: n-hexane; 3: isooctane; 4: acetaldehyde; 5: ethylene oxide; 6: methylal; 7: propyl-
ene oxide; 8: n-octane; 9: propionaldehyde; 10: 1,1-dimeoxyethane; 11: acetone;
12: acrolein; 13: diethoxymethane; 14: butyraldehyde; 15: methanol; 16:
crotonaldehyde; 17: benzene; 18: ethanol; 19: 3-me-2-butanone; 20: n-decane; 21:
2,3-butanedione; 22: meisobutyl ketone; 23: toluene; 24: propanol; 25: isovaleralde-
hyde. Helium flow: 80 ml/min; temperature: 70°C.
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remove hydrocarbons which may interfere with oxygenates in later stages.
n-Octane and n-nonane may interfere with detection of some lower boiling
oxygenates, such as propylenc oxide and propionaldehyde. However, a
more serious problem will be found with branched C;, and Cy; paraffins
tending to cover oxygenates ranging from n-butyraldehyde through n-
propanol. This range includes the major portion of oxygenates that have
been identified thus far in these studies.

The principal advantage of a three-stage analyzer, as shown in Fig. 2,
is that it allows a broad scanning of those compounds existing in the original
sample. In addition, it allows ident.fication of unknown peaks, with three
different retention-time measurements. This can be a substantial aid in
the analysis of a complex mixture. Nevertheless, resolution of individual
compounds as accomplished by the staged unit is still not sufficient for good
quantitative analytical determinations. Therefore, fractions are recovered
from the three-stage chromatograph for reanalysis with a single-stage unit;
separation characteristics are shown in Fig. 3.

Ethylene oxide and acetaldehyde, as shown in Fig. 3, are not separated,
but this. depends largely on their relative magnitudes. Methylal and
propylene oxide are not resolved, but usually methylal is no more than a
minor component of combustion products. There are other instances in
which important compounds are not resolved. However, since this work
was undertaken to solve a general problem, it did not appear profitable to
attempt resolution of all individual components.

Analyses of Combustion Products

Figure 4 shows results of an analysis of combustion produets of n-hexane
obtained with a three-stage chromatograph. The chromatograms are com-
plex, even if cach peak represents only one compound, which in itself is
unlikely. Small peaks may be seen in the first-stage chromatogram between
57 and 72 minutes. These peaks may represent C or Cs alcohols, Cio
ethers, Cz or C, aldehydes, or Cy ketones. It is difficult to identify peak
components in this range, and a practical solution is to include materials
represented by these peaks as a part of total oxygenates. Water is eluted
from the first stage in a large tailing peak beginning at about 76 minutes.
Because of the size of the water peak in an analysis such as shown in I'ig. 4,
stage one is incapacitated for the remainder of the analysis. A sample frac-
tion from the third stage of this chromatograph was recovered for reanalysis
in the single-stage apparatus, and the chromatogram of this analysis is
shown in Fig. 5. The compounds shown by this analysis are typical of
oxygenates in combustion gases. Ethylene oxide and acetaldehyde con-
stitute a relatively large fraction. The concentration of propylene oxide is
small; perhaps this is because of this compound’s tendency to form propion-
aldehyde. Acetone and acrolein are common components of exhaust prod-



OXYGENATED HYDROCARBONS IN COMBUSTION PRODUCTS 177

12 ne

]
O

—r——r— ——r—
28 24 20 3 2 8 4 °
18 a7
19
15
20
s 14
——
66 62 ss 54 o a6 42 38 34 )
24,
25
22
2
T T T T T T T T T T T T T T Al T T T T T 1
106 102 98 94 %0 8 a2 8 74 70 66

EMERGENCE TIME, MINUTES

Fia 3. Separation characteristics of single-stage chromatograph. 1: air; 2: n-
hexane; 3: isooctane; 4. acetaldehyde; 5. ethylene oxide; 6: methylal; 7: propylene
oxide; 8: n-octane; 9. propionaldehyde; 10: 1,1-dimeoxyethane; 11: acetone; 12:
acrolein; 13: dicthoxymethane; 14: butyraldehyde; 15: methanol; 16: crotonaldehyde;
17: benzene; 18+ ethanol, 19: 3-me-2-but ; 20: n-decane; 21: 2,3-butanedione;

22: meisobutyl ketone; 23: toluene; 24: propanol ; 25: isovaleraldehyde; Helium flow*
80 ml/min; temperature: 58°C.
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Fi¢ 4. Chromatograms of combustion produets. 1: air, CO:, cte ; 2 n-hexane;
3: ethylene oxide; 4: acetaldehyde; 5: propylene oxide; 6: propionaldehyde; 7: isobu-
tyraldehyde; 8: acetone; 9: acrolein; 10: butyraldehyde; 11: meetketone, 12. 1,2-
dimeoxyethane; 13: 3-me-2-butanone; 14: 3-buten-2-one; 15: methanol; 16: isopro-
panol; 17: ethanol; 18: 3-pentanone; 19: 4-me-2-pentanone; 20: isovaleraldehyde;
21: propanol; 22: hept 3; 23: isoamylether; 24: allyl alcohol; 25: 2,4-pentane-
dione. Fuel: n-hexane; helium flow: 80 ml/min; temperature: 70°C

ucts, and acrolein, as is usual, is the larger constituent. Peak No. 11 is
suspected to represent a tetrahydrofuran, but lack of calibration com-
pounds has prevented verification. In comparing the third-stage chroma-
togram, Fig. 4, with Fig. 5, it may be seen that 1,2-dimethyloxyethane,
isopropanol, ethanol, and 3-pentanone are identified in Fig. 4 but not Fig.
5. These and other oxygenates are believed to be obscured by the large
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Fic 5. Reanalysis of fraction recovered from three-stage unit. 1: air; 2. n-hexane;
3: methylcyclopentane; 4- ethyl ether; 8: ethylenc oxide; 6: acetaldehyde; 7: propyl-
ene oxide; 8: propionaldehyde; 9: acetone; 10: acrolein; 11: unknown; 12: butyralde-
hyde; 13: methanol; 14: methyl ethyl ketone; 15: benzene; 16: 3-methyl-2-butanone;
17: 3-huten-2-one; 18: unknown Helium flow: 80 ml/min; temperature: 58°C.

benzene and 3-methyl-2-butanone peaks shown in Fig. 5. The compounds
4-methyl-2-pentanone, n-propanol, and isovaleraldehyde were on the
original chromatogram but were removed from Fig. 5 because the original
chromatogram was too large to be reproduced conveniently.

Recovery of Fractions from Chromatographic Analyses

Gas chromatography is a powerful analytical tool, but retention-time
data frequently are not sufficient for identification of components repre-
sented by chromatographic peaks. Too, chromatographic determinations
of combustion products are handicapped by the lack of suitable column
calibration standards. Therefore, methods for secondary identification of
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chromatographic fractions are necessary in this analytical problem. Both
the mass spectrometer and the infrared spectroscope are useful for this
purpose. For the oxygenated compounds discussed in this report, an infra-
red (IR) analysis is probably of more value than an analysis obtained with
a mass spectrometer. However, the individual oxygenates are quantita-
tively small (2 to 300 pg), and this amount may be too low for an adequate
IR analysis. Fractions may be rccovered by a freeze-out technique, but
because of the small amount of sample that is involved, extreme care must
be taken to remove organic contaminants from the recovery system. A
system to accomplish this is shown in Fig. 6. Prior to making a recovery,
the system is evacuated at room temperature for several minutes at less
than 1 u pressure. The freeze-out loop is immersed in liquid air and dried
helium is admitted until the relief valve indicates that the system pressure
is slightly above atmospheric. By manipulation of the proper stopcocks, a
peak fraction is bypassed through the freeze-out loop with little disturbance
of the associated chromatographic detector. After a fraction is collected
the trap is valved off and the recovered fraction may be transferred to the
removable sample tube. This is accomplished by immersing the sample
tube in liquid air and heating the freeze-out loop to approximately 212°F,

FROM COLUMN RELIEF

L

70
ATMOSPHERE

FREEZE-OUT LOOP —.1 ‘

T0
VACUUM

~J J SAMPLE TUBE
F16. 6. System to recover fractions from chromatographic unit.
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The short tubing involved makes the vapor transfer relatively simple. The
samples thus recovered may be analyzed by a mass spectrometer or, if the
sample is sufficiently large, it may be analyzed by infrared spectroscopy.

Limstations of Methods

The chromatographic methods and equipment that have been discussed
do not apply adequately to analyses for formaldehyde, peroxides, hydro-
peroxides, and fatty acids. This exclusion ordinarily applies to all com-
pounds that are unstable or which react with the column substrate.

Tt is generally accepted that formaldehyde is one of the more abundant
oxygenates found in combustion products. IHowever, a chromatographic
identification of formaldehyde, in which the sample was either a gas or a
water solution, has not been successful. Presumably, this is because form-
aldehyde, particularly the gas, polymerizes readily under these operating
conditions. Efforts have been made using gas chromatography to separate
formaldehyde as a low molecular weight polymer, but the results have not
been satisfactory. Attempts also have been made to reduce formaldehyde
to methanol and to analyze for the alcohol, but the degree of conversion
was too low for quantitative usefulness.

The fatty acids will react with the glycol substrate and therefore cannot
be introduced into the first two stages of the staged unit. The silicone
column used in the third stage is adequate for the analysis of a mixture of
such acids (2). ITowever, in these studies there was no attempt to use the
silicone column for analysis of fatty acids which may cxist in combustion
products.

Peroxides and hydroperoxides are considered too unstable to survive
GLPC analyses, but these studies have included a few of such materials.

In the analyses of oxygenates in combustion products from a gasoline
fuel, there will be chromatographic interference offered by Cyo and higher
hydrocarbons. If this problem is presented it may be met by a series of
GLPC analyses, fraction recoveries, and reanalyses, but at best this is a
slow and tedious procedure.

SUMMARY

Gas-liquid partition chromatography has been used to separate and
identify oxygenated derivatives of hydrocarbons which are found in the
products of combustion of hydrocarbon fuels. A three-stage GLPC unit is
used to make a gross separation of hydrocarbons, oxygenated materials,
and water; fractions that are unresolved are recovered for reanalysis in a
single-stage chromatographic unit.

The gencral range of oxygenated compounds for which the chromato-
graphic equipment can be used covers ethylene oxide through n-pentanol.
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Oxygenated combustion products that have been identified by chroma-
tographic methods are: ethyl ether, ethylene oxide, propylene oxide, acetal-
dehyde, propionaldehyde, acetone, acrolein, methyl ethyl ketone, n-bu-
tyraldehyde, 3-methyl-2-butanone, 3-buten-2-one, isovaleraldehyde, and
n-propanol. Tentative identifications have been established for a number
of other oxygenated components.

A system is described for the recovery of chromatographic fractions. The
system allows the collection of a sample that is relatively free of organic
contaminants, and that is in suitable form for secondary analyses by mass
and infrared spectroscopy.
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A Versatile Gas Chromatographic Instrument

JoHN A. PERrY

Sinclair Research Laboratories, Inc., Harvey, Illinois

Duplicates of a versatile but compact gas chromatograph were built in
this laboratory. They were then rebuilt to improve the ease of sampling
for preparative gas chromatography and the heating of vapor transfer lines.
The instruments can be and have been applied to a wide range of analytical
uses as well as to preparative gas chromatography. To aid exploratory as
well as final analytical and preparative operations, flexibility was stressed
in flow control, gas and liquid sampling, column handling and heating, and
collection of isolated components.

Any of four independent flow rates is immediately available by opening
a toggle valve. Gases cither above or below atmospheric pressure can be
sampled into either one or two accessible and interchangeable reservoirs
from 2 to 500 ml in volume; the pressure in these reservoirs can be meas-
ured; and the contents of the reservoirs can be charged separately or to-
gether to the columns.

Three columns are usable in series or singly at any time. The columns
are easily installed and removed. The columns or sections of columns can
be heated separately. These features allow the analysis of mixtures of
vapors and permanent gases by the combination of gas-solid and gas-liquid
chromatographie columns and the rapid analysis of mixtures of wide boiling
range by temperature programming of columns.

Careful provision has been made for components separated in preparative
gas chromatography. These proceed to any of four selectable ports through
evenly heated lines of known temperature either with or without contact
with the detector, at the option of the operator. Additional heated lines
attached to the ports carry the components to receivers designated to
eliminate fogging and to be flexible in application.

This paper is a progress report on this instrument and a description of
certain of its applications. The instrument is simple, compact, capable of
being put together in the average laboratory, and unusually flexible in
application.

DESCRIPTION OF THE INSTRUMENT

Two replicates of the present instrument have been made. One has been
mounted on a stationary rod frame, as shown by front and rear views in
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Fia. 1. Frame-mounted gas chromatograph. (A) Front view; (B) rear
184

view.
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Fia. 2. Gas chromatograph mounted in standard relay rack.

Fig. 1; the other has been mounted in a standard relay rack, as shown in
Fig. 2. The frame-mounted instrument can, after release of a wing bolt
and three quick-connects, be quickly and easily exposed for alteration or
servicing by rotating it around a vertical aluminum rod in the plane and
to the left of the face. Another rod, the bottom of which rests on the lab-
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oratory floor, supports the right side of the instrument. The rack-mounted
instrument is accessible through the rear door of the relay rack.

The facing panel of the instrument is 19 inches wide, 21 inches high, and,
like the other panels, is made of 14-inch Transite. The face is mounted on
and reinforced by a 1-inch angle iron frame. On the face are mounted the
tubing and valves for flow control, sampling, and collection of chromato-
graphed components. Behind the face are the ovens.

The large and small ovens which are supported from and extend back
from the face enclose the hot-wire thermal conductivity detector and all
tubes and valves which carry condensible vapors, except for a 6-inch op-
tionally heated part of the sample injection line. Each side of the ovens
carries its own heating ribbon, outside terminal posts for the ribbon, and
brackets for attachement to neighboring sides. The quantity and/or distri-
bution of heat within the ovens can, therefore, be easily changed. Also, the
ovens can be dismantled one side at a time, facilitating servicing and re-
routing of tubing within the oven as required.

The gas flow diagram is given in Fig. 3, which shows one possible direc-
tion of gas flow for preparative gas chromatography and the facilities
within the ‘instrument for flow control, sampling, detection, collection of
components, and flow measurement. The carrier gas enters via a Y4-inch
bulkhead union in the instrument face and is manifolded to five needle and
toggle valve combinations. Four of these, S1-86, 82-S7, $3-88, and S4-89,
provide four independent, selectable flow rates; the other, 85-810, provides
a controlled flow of gas to the reference side of the detector. (The needle
valves are made by Ideal-Acrosmith, Inc., Hawthorne, California; the
toggle valves by the Hoke Co., Cresskill, New Jersey.)

The carrier gas then flows through four-way reversing valve $23 to and
through the following sampling facilities: micropipette sampling port C,
syringe injection sampling port D, and reservoir charging valves S18 and
S17. With these and with valves S15 and S16, analytical and preparative
liquid and gas sampling can be accomplished.

Liquid sampling for analytical gas chromatography can be accomplished
by micropipette injeetion at port C or by syringe injection at port ). The
micropipettes can furnish samples from 102 to 10? ul and are available
from the Precision Instrument Co., Baton Rouge, Louisiana. An improved
micropipette charging assembly has been developed which requires only a
two-way 3g-inch Republic Teflon plug valve. Thisassembly assures positive
sample charging, one-way flow of gas, and results which are independent
of operator technique. The details are shown in Figs. 4 and 5. The sample
line from port C through to valve S19 is separately and variably heated,
and is monitored by four thermocouples.

In sampling gases for analytical gas chromatography, the gas reservoirs
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Fia 3. Flow diagram: gas chromatograph

A and B and the connecting lines can be evacuated by opening S13 to
vacuum; pressures can be measured by opening S11 to the manometer
(valves S11, 812, and S13 are Hoke Type 341 Bar Stock Needle Valves).
The reservoirs A and B are contained between valves S16 and S18, and
815 and S17, respectively. Reservoir B, if previously evacuated, can be
filled with gas by placing valve S16 counterclockwise (CCW), S18 clock-
wise (CW), opening toggle valve S14, and closing connection C3 with a
plug—connections C2 and C3 are l¢-inch tubing unions located in front of
the face of the instrument. Once filled to the desired pressure, reservoir B
is closed by turning 816 CW. The gas in reservoir B can then be charged
to the columns by turning 818 CCW for a few scconds; the carrier gas
coming from sample port D is diverted through S16 and reservoir B, mov-
ing the sample before it. After the sample has been charged, valve 518
is returned CW.

If gas sampling by flushing the reservoir is desired, connection C3 can be
left open, toggle valve S14 closed. The gas sample then flows from S16 to
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518, through reservoir B, and out connection (3. The gas sumple can be
stored and then charged to the columns as deseribed in the preceding
paragraph.

Reservoir A as well as B can be used by conneeting C2 and C3. A sample
can then be stored in one reservoir, an internal standard in the other; the
two can be charged either simultancously or scquentially.

Reservoirs A and B are cach 4 inches long and terminate in lg-inch
unions. The vertical axes of the reservoirs and the 1§-inch unions are 214
inch in front of the instrument face. Thus, interchangeable reservoirs
giving total sample volumes from about 2 ml to about 500 ml are available
and easily installed.

Liquid sampling for preparative gas chromatography is accomplished by
turning valves 815 CCW, 817 CW, and by injecting a sample through a
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Fii. 5. Micropipette sampling accessory adapters for Republic Valve 309-GG-3/8
inch 8T STL

septum at conneetion (2 until overflow is seen at connection C1. The over-
flow shows that the right line from S15 to S17 and the left line— reservoir
A- are filled. The same method is used for charging gas samples and these
large liquid samples: 815 is turned CW, then 817 CCW. The carrier gas
thus enters reservoir A from the top and the hquid sample drains and is
pushed through S17 and S19 into the column or columns. The liquid sam-
pling system can be cleaned by injecting solvent at €2, then diverting the
carrier gas through reservoir A and associated tubing by connecting C2 and
(3, plugging the top union leading to reservoir B, opening toggle valve S14
(St1, S12, S13 closed) and turning S18 CCW and S16 CW.

After passing through the sampling facilities, the carrier gas proceeds
through column valves S19, 820, and 821. To each valve a column can be
attached. The carrier gas can be directed into (CCW) or past (CW) any
column at any time, so that multicolumn operations can be carried out.
The direction of gas flow from valve 821 depends on whether the gas chro-
matrographic operation 18 preparative or analytical.

In preparative gas chromatography, the tubing can be arranged as shown
in Fig. 3 to carry just part of the gas stream through the detector. In this
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case, the gas stream flows from 821 to a T'; part—about 20 ml/min—flows
from the T through the detector to port II for flow measurement. Most of
the gas stream flows from the T’ through Ideal-Aerosmith needle valve 822
which regulates the proportion of the stream diverted to the detector.
Valve 822 is adjustable by screw driver through a normally closed hole in
the face of the instrument. After leaving 822, the bulk of the gas stream
flows through $23 to distribution valve §24 and finally to one of four -
inch bulkhead union collection ports III, IV, V, or VI. (Valves 815, 816,
817, 818, 819, 820, 821, 823, and 824 have Teflon plugs and are made by
the Republic Valve Co., 15655 Brookpark Road, Cleveland, Ohio.)

Alternatively, in preparative gas chromatography, if 100% collection of
components is desired, the tubing can be arranged to carry the whole gas
stream from 821 through the detector, through valve 823, to distribution
valve $24, and again to one of the collection ports III, IV, V, or VI.

In preparative gas chromatography, the vaporized and chromatographed
components in the carrier gas are led in individually heated and tempera-
ture-monitored }§-inch tubes to receivers. The result of considerable de-
velopment, the receiver illustrated in Fig. 6 eliminates fogging, provides a

F1a. 6. Receiver for preparative gas chromatography.
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needed reservoir in which the collected sample does not impede carrier gas
flow and from which the sample can be easily removed, and permits flow
measurement of the carrier gas. The gas enters the receiver at the slightly
flared top of the helix to which the l§-inch tubing is sealed by a silicone
O-ring. The gas is cooled gradually by the air-cooled helix and then by the
water- or Dry Ice-cooled cold finger, which is sealed to the slightly flared
body of the receiver by a rubber gasket cut from rubber tubing. The gas
then passes out the side arm for flow measurement.

In analytical gas chromatography, the whole gas stream proceeds directly
from valve S21 to the detector, then either directly to bulkhead union port
II for flow measurement or through reversing valve §23 to port II, depend-
ing on whether reversal is desired.

The various picces of }g-inch tubing needed for the alternative gas routes
which have been mentioned are preformed and kept at hand for use as
desired. An alternative route can be set up in 20 minutes,

The electrical services to the instrument include twelve 34 kva Power-
stats mounted in a radio relay rack along with the recorder and bridge
circuitry, which is standard. These Powerstats permit rapidly variable
heating of the columns and of column sections, as well as of the oven,
detector, and sample injection points and lines. The individually wrapped
columns can be given temperature gradients both along the column and in
time, and yet quickly regain initially low starting temperatures, thus facil-
itating the processing of successive samples. The use of these temperature
gradients will be illustrated more fully under Applications.

The body of the Gow-Mac hot wire detector has been altered to give
direct flow over the elements on the sample side. The resultant positive
cleaning of the detector climinates tailing caused by slow diffusion away
from the detector elements, but it limits the flow rate to about, 300 ml/min
and also makes the detector sensitive to small pressure changes in the
laboratory. This sensitivity can be overcome and a satisfactory base line
obtained by passing the effluent gas through about 50 ft of 14-inch OD
Tygon tubing. The detcetor and, in preparative work, the lines leading to
it are separatcly wrapped and heated, so that the base line shows little
evidence of variable column heating,.

The signal attenuator and the recorder again emphasize flexibility. The
signal can be attenuated in two ways: in 5 divisions, each by a factor of 4,
over a range of 1024, for survey work; or in 20 divisions, over the same
range, for analytical work. The Brown recorder has a sensitivity of 1 mv,
full-scale deflection of 1 sec, and is equipped with an Insco chart speed
changer, allowing almost instant selection of any one of eight chart speeds,
from 34 to 24 inches per hour.
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APPLICATIONS

Supplanting a Spinning-Band Distillation

The literature on preparative gas chromatography (I—4) has described
excellent but rather lengthy separations. The potential speed and flexibility
of the method have not been emphasized. We cite a case from our labora-
tories in which a large number of samples, each comprising a series of even-
numbered carbon alkenes plus normal heptane, required spinning-band
distillation. The isomeric cuts were to undergo infrared analysis. A gas
chromatographic fractionation was proposed to supplant the distillation.

The gas chromatographic fractionation was to yield cuts with a minimum
volume of 0.1 ml amounting to as little as 1% of the total sample. The
fractionation was to be completed within an hour. The cuts, once obtained,
would then require no special microtechniques for infrared analysis; and
the fractionation would be about ten times faster than spinning-band dis-
tillation. The fractionation of the C4~C,o sample, necessarily 10 ml in size
(1% of 10 m] = 0.1 ml), was accomplished by suitable choice of column and
of operating procedures.

Three 3§-inch OD columns, the first 3 ft long, the second 9 ft long, and
the third 18 ft long, were packed with 20 wt % Dow Corning Silicone High
Vacuum Grease deposited from a benzene suspension onto 30 60 mesh
Columpak (Fisher Scientific Co.). A separate heater winding was applied
to each column.

Preliminary studies established the times of passage of components
through the columns. With this information, the following operating pro-
cedures were developed. The sample was syringe-injected into heated inlet
Imes and carried into all columns, with the first column at 135°C, the
second at 80°C, and the third at 25°C. Flow rate through all columns in
serics was 960 ml N,/min. Application of successive preseribed changes in
flow direction and column temperature was indicated by returns of the
recorder pen to the hase line, showing successive completions of fraction
collection, The pattern of changes is given in Table 1.

A typical record is shown in Fig. 7. The sharp returns to the base line
showed clearly that a fraction had been collected and that the next change
of conditions was in order.

The cuts from the many samples fractionated, at one hour per sample,
were large enough to require no special skill in handling and were not
detectably contaminated by neighboring cuts. They were, however, occa-
sionally contaminated by traces of the silicone stationary phase but not
badly enough to interfere with the infrared analysis. In this application,
preparative gas chromatography was faster, more reliable, and more effi-
cient than alternative methods of separation. Because the method was easy
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TABLE 1

OPERATING PROCEDURE FOR ALKENE FRACTIONATION BY (GAS CHROMATUGRAPHY

. Columns in use Temperatures, °C
Event Minutes _
elapsed
First |Second | Third | First |Second | Third
Inject sample 0 x X X 135 80 | Room
After C, collection 5 x x x 136 80 35
After C, collection 18 x 35
After Cq collection 20 X G0
After nC; collection 35 x 120
After Cs collection 50 x x 135 135 —
——60 MINUTES
Cio BHIGHER —— SOMINUTES
Cq (T ——40MINUTES
——30 MINUTES
——20 MINUTES
——OMINUTES

F1a. 7. Gas chr
boiling range. Tracing of strip chart 1ecord.

¢
5

aphic fr

INJECT SAMPLE

FLOW DECREASED
FOR SAMPLE INJECTION

ORIGINAL BASE LINE

" ae

of hydrocarbon mixture having wide

and fast, samples rarely required refractionation. Finally, the relatively low
temperatures of the gas chromatographic approach help protect possible

labile components such as were at hand.

The application just cited was carried out on the predecessor of the
instrument described here. This routine use of this predecessor showed the
need for easier sampling and for more uniform heating. Samples were then
charged by direct syringe injection against pressure. This was difficult,
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sometimes dangerous, and limited the sample size to 10 ml. Samples are
now charged in an easy two-step procedure which has been described, and
a wide and easily usable variety of sample sizes are available. Vapor trans-
fer also needed improvement.

That just wrapping vapor transfer lines with heating tape does not over-
come condensation was repeatedly demonstrated. The successful remedy
adopted is enclosure of these lines in an oven, with heating elements not
only on the sides of the oven but also tracing out the critical lines.

SEPARATION OF THREE Cs IsoMERIC CHLORIDES

A successful and useful application of the present instrument was the
separation of three Cs isomeric chlorides. Infrared examination of the
separated isomers would allow correlation of a given chromatographic peak
with a given isomer. Distillation had failed to make the separation. At-
tempts with a commercial instrument to conduct a preparative gas chro-
matographic separation with ordinary microliter samples had repeatedly
failed either to make a complete separation or to yield enough material to
be usable by the infrared laboratory. What had been prepared was in-
explicably and grossly contaminated. The results from the successful macro-
scale separation to be described explained this contamination.

The separation of a 2.5-ml sample was accomplished by proper choice of
column, stationary phase, and operation procedure. Three separately and
variably heated 16 ft by 14-inch OD columns were packed with 30 wt %
B,8’-iminodipropionitrile on 30-60 mesh Columpak. The columns were
used in series. The temperature of the first column was 105°C; of the second,
75°C; and of the third, 40°C. These temperatures were constant during the
fractionation.

The carrier gas flow was 590 ml/min, of which 25 ml/min or about 4 %
was passed through the detector. The fractionation took about 214 hours.
The recorder trace is reproduced in Fig. 8. (The sharp break at about 100
minutes was caused by shutting off the gas, recorder, and column heaters
overnight and turning them on again the next morning.)

Infrared spectroscopic examination of the collected fractions showed
complete separation of the isomers. Although each fraction contained a
detectable but negligible trace of the stationary phase, this could, if neces-
sary, have been removed by vacuum transfer of the isomer. The identifica-
tion of the isomers with the corresponding chromatographic peaks was
immediate.

Analytical gas chromatographic examination of the fractions (60 ft of
5 wt % B,8’-iminodipropionitrile in a 14 inch OD column at 132°C; 60 ml
He/min) showed a trace contaminant in increasing amounts in the succes-
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F1a. 8. Preparative gas chromatographic separation of three isomeric chlorides

Sample size: 2.5 ml; stationary phase; B, B’-iminodipropionitrite; column dimen-
sion: 48 ft by }4-inch OD; temperature of first 16-ft column was 105°C, of the second
16-ft column, 75°C, and of the third 16-ft column, 40°C; flow rate 565 ml N4 per min.

sively collected fractions. Although the 8,8’-iminodipropionitrile obviously
could separate the contaminant from each isomer, the contaminant was
present in cach separated isomer in an amount proportional to residence
time in the columns. The contaminant must, therefore, have been a product
of thermal degradation taking place not in the vapor transfer lines but in
the columns. Some of the contamination of the earlier microscale work is
thus partially explained.

Those carlier products from a commereial instrument apparently had
not only been considerably degraded but had also condensed in the exposed
bulkhead union which was not directly heated. (Another commercial in-
strument has for product collection a considerable length of unheated exit
tubing plus an unheated exit valve. These can casily condense and thus
contaminate all products of low volatility after the first one collected.)
The earlier collected products were thus a mixture of thermally degraded
materials and a number of previous line condensates. The importance of
keeping the complete length of the vapor transfer lines adequately hot is
thus again demonstrated.

ANALYTICAL CAPABILITY

The analytical capability of the instrument is demonstrated in Fig. 9,
showing partial resolution of an arbitrary mixture of Cs olefins. The 60-ft
column used contained 5 wt % acetonyl acetone on Columpak. Calculated
on the basis of the 2-methyl-2-butene peak, base width 4 mm, retention
133 mm, this column and the detection system show a separation corre-
sponding to about 18000 theoretical plates. Such resolution is adequate for
most analytical purposes, given a suitable stationary phase. (A 30-ft col-
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F16. 9 Demonstrative 18000-plate partial separation of hydrocarbons by gas

chromatograph

Column: 60 ft by '£-inch OD; stationary phase: 5 wt 9, acetonylacetone; support
Columnpak. 30-60 mesh; temperature. 25°C; flow rate: 43 ml HC per min; sample
size: 1 ul.

Key 3MI1B: 3-methyl-1-butene, 1,3B: 1,3-butadiene, 1P. l-pentene; 2MI1B:
2-methyl-1-butene, t2P. (rans-2-pentene; ¢2P: ci3-2-pentene; 2M2B: 2-methyl-2-
butene; 2M1,3B* 2-methyl-1,3-butadiene

umn containing 10 wt % safrole on Columpak completely resolves the
mixture cited in Fig. 7.)

SuMMARY

Duplicates of a versatile, compact gas chromatograph have been built
and described which have unusual flexibility for flow control, gas and liquid
sampling, column handling and heating, and collection of chromatograph-
ically separated components. Preparative fractionations of a 10-ml sample
of a wide-boiling-range hydrocarbon mixture within an hour and of a 2.5
ml sample of three isomers are described. A separation corresponding to
18000 theoretical plates has been cited to demonstrate the analytical capa-
bility of the instrument.
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Cuarrer XIX
Avutomatic Fraction Collector for Gas Chrematography

G. KRONMUELLER

Occupational Health Laboratory, Department of National Health and
Welfare, Ottawa, Canada

It is widely acknowledged that the collection of individual fractions from
a gas chromatographic column is highly desirable, since fractions can then
be identified by infrared absorption, specific reagents (1), or other methods.
So far we have been unable to find a commerecial fraction collector that can
free the operator from the time-consuming task of collecting samples man-
ually. We therefore decided to build an automatie fraction collector that
meets our requirements. In our opinion an automatic sampler must be
reliable and require a minimum of attention and maintenance. Since lab-
oratory funds as a rule are far from unlimited, the cost of such an instru-
ment has {o be kept within reasonable bounds. We feel that our instrument
is a satisfactory solution of our problem and can hardly be surpassed as
far as rehability and simplicity is concerned.

MecHANICAL CONSTRUCTION

The mechanical portion of the instrument consists of a center post of
brass, tapered at the top. On this tapered portion rides a brass ring, which
in turn carries a brass cylinder. The lower portion has a large gear attached
and is held in place by a ball bearing. This assembly has channels drilled
to give twelve sample stations and also a bypass to prevent excessive back
pressure in the column during switching (Fig. 1). The twelve outlets are
fitted with hypodermic needles which in turn reach down into the receivers
held by clamps (Fig. 2). The receivers are made from 2-mm capillary
borosilicate glass tubing. Note the wider portion near the top which pre-
vents spilling of the liquid (Fig 3).

CONTROL SYSTEM

In order to supply the collector with a signal to change receivers, several
methods are possible. The recorder can be equipped with a retransmitting
slide-wire feeding a discriminator circuit that can detect the start and end
of a peak. This approach was quickly dropped since the electronic circuit
can hardly be called simple and inexpensive. For the samec reasons an
integrating circuit was found not suitable. One might install a microswitch
in the recorder near the zero mark much like a limit switch. This, however,
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g

motor
Fic 1. Automatic fraction collector.

will introduce objectionable drag on the servo system near the base line.
We do not like to tie up a recorder for one specific job only, so this again
is not a desirable solution. A light-operated switch was finally chosen, sinee
the cadmium sulfide crystal cells* available today, are only !4 inch in
diameter and about 34 inch long. These small dimensions make {he mount-
ing of the photocell in the recorder a rather simple task. Only a small hole
has to be drilled in the recorder frame above the gear train, in which the
cell is held by a rubber grommet (Fig. 4). A small strip of aluminum foil
clipped {o the pen carriage shiclds the photocell from the light of the built-
in illumination of the recorder.

The photocell is connected to a thyratron switch by a shiclded cable.
The thyratron switch consists basically of a 2D21 tube, a Potter and Brum-
field plate circuit relay, type KCP 11, 2500 ohms, a PB relay KRP14A, 115
volts 60-cyeles, and a power transformer 25 va, 120 volts at 100 ma sec-
ondary. The wiring diagram is illustrated in Fig. 5. The CdS cell is a re-
sistive element whose resistance decreases under increasing illumination.

* Claitex Corporation, New York, New York.
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Fia. 2. Fia. 3.
Fias. 2 AnNp 3. Automatic fraction collectors.

This effect is used to control the thyratron tube. In the plate circuit a
normally closed relay, bypassed by a l-uf condenser to prevent chattering,
controls a power relay which starts the collector motor as soon as light falls
on the cell at the beginning of the peak. When the limit switch at the drum
closes, the power relay is de-energized, and the limit switch can turn off
the motor at the end of the required travel.

The unit is constructed on a 5 X 7 X 2 chassis with the switches, pilot
lights, and sensitivity control mounted at the front.

The complete fraction collector is mounted in a relay cabinet 42 inches
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high, with the control box mounted on the left side, and the recorder on top
(Fig. 6). This makes a neat and compact installation.

The Perkin-Elmer Vapor Fractometer Model 154 was turned 90° (as
shown) and the pipe connection from the detector shortened to the very
minimum in order to reduce the time lag between indication from the
detector and arrival at the collector (Fig. 7).

Fia. 6. Automatie fraction collector.
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Fi1a. 7. Automatic fraction collector.

' PERFORMANCE

The unit has been used to collect fractions from synthetic mixtures of
commonly encountered organic solvents. These were prepared as two com-
ponent mixtures 50/50 by volume. Column temperature was 80°C; column
material, diisodecy] phthalaie; helium pressure, 10 psig; and sample volume
injected, 10 ul. Specific group reagents for aromatic hydrocarbons, ketones,
and alcohols were placed in the receivers. This data is tabulated in Table I.

In Table I above please note that each horizontal entry lists the positive
or negative response obtained with one group reagent. Thus in line 1 two
consecutive reccivers contained the aromatic reagent, and a positive re-
sponse was given in the second receiver, corresponding to the benzene
peak. The test materials confuined an aromatic hydrocarbon, aliphatic
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TABLE I

Mixture Reagent Receiver 1 Receiver 2
Acetone-benzene Aromatic Negative Positive
Acetone-benzene Ketone Positive Negative
Acetone-bhenzene Aleohol Negative Negative
Acetone-cyclohexane Aromatic Negative Negative
Acetone-cyclohexane Ketone Positive Negative
Acetone-cyclohexane Aleohol Negative Negative
n-Hexane-henzene Aromatic Negative Positive
n-Hexane-benzene Ketone Negative Negative
n-Hexane-benzene Alcohol Negative Negative
Isooctane-benzene Aromatic Negative Positive
Isooctane-benzene Ketone Negative Negative
Isooctane-benzene Alcoho]l Negative Negative
Methylene chlonde-benzene Aromatic Negative Positive
Methylene chloride-benzene Ketone Negative Negative
Methylene chloride-benzene Alcohol Negative Negative
Methanol-benzene Aromatic Negative Positive
Methanol-benzene Ketone Negative Negative
Methanol-benzene Alcohol Positive Negative
Ethanol-benzene Aromatic Negative Positive
Ethanol-benzene Ketone Negative Negative
Ithanol-benzene Aleohol Positive Negative
Methyl acetate-benzene Aromatic Negative Positive
Methyl acetate-benzene Ketone Negative Negative
Methyl acetate-benzene Aleohol Negative Negative
Ethyl acetate-benzene Aromatic Negative Positive
Ethyl acetate-benzene Ketone Negative Negative
Kthyl acetate-benzene Aleohol Negative Negative

hydrocarbons, cyclohexane, two aliphatic esters, two aliphatie aleohols,
acetone, and methylene chloride. From this group of test material no false
positive tests were oblamed, confirming the correct performance of the
collector.

The use of such a fraction collector together with a group reagent test
procedure should be of great assistance to organic and analytical chemists.
It should help infrared identification, since all that is necessary is to be able
to collect enough of the desired eomponents in appropriate receivers,
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Obvious modifications of technique and apparatus suggest themselves such
as the use of two-stage receivers in each collecting position, or collection by
freeze-out rather than in a solvent or reagent solution.

SUMMARY
This paper described an automatic fraction collector for gas chromatog-
raphy. The collector consists of a revolving drum having 12 sample posi-
tions. A simple photoelectric switch in connection with the recorder supplies
the “change” signal for the motor. This combination results in a reliable
yet simple instrument.
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Selected Applications with a New Preparative
Gas Chromatograph

T. Jouns, M. R. BurngLL, ann D. W. CarLe

Beckman Insiruments, Inc., Fullerton, California

INTRODUCTION

In the first paper on gas-liquid chromatography, James and Martin (6)
demonstrated a new technique based on the molecular separation and
consequent microestimation of volatile matenals. Since then an unparal-
leled, continuing cffort has been directed toward mprovement of the
method for microestimation or quantitative analysis with extremely small
samples. The development of very sensitive ionization detectors permits the
use of microsamphng which m {urn mproves the operation of conventional
columns and makes possible the use of capillary columns (3, 4, 4, 7, 8,
10, 11). These new developments offer additional promise that gas-liquid
chromatography can be used for a quantitative analysis with a miero
amount of virtually any volatile material. However, the use of micro size
samples is inconsistent with an equally important ability of gas chroma-
tography, i.e., the separation and recovery of practical amounts of pure
compounds from complex mixtures.

"This feature of gas chromatography is especially interesting to the chem-
ist who has the difficult task of scparating complex organic mixtures. As
compared to classical methods preparative gas-liquid chromatography can
give higher separation efficicncy, separation specific to compound type as
well as freedom from complications such as azeotrope formation. How-
ever, if the separation ability of gas chromatography is to be useful for
the preparation of purc compounds in practical amounts, it is necessary
to use multigram samples. Since the capacity of conventional columns is
limited to milligram quantities by the column cross-sectional area, sepa-
ration of multigram samples requires a corresponding scale-up in column
cross-sectional area.

It is generally agreed that sealing-up the column diameter with a cor-
responding scale-up in sample size results in some loss in column effi-
ciency. The results of a study carried out in this laboratory showed that
this loss is negligible up to a column diameter of about 0.7 inches. At
column diameters above about 0.7 inches the rate of decrease in column
efficiency increases rapidly and at a column diameter of 2 inches which
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Fia 1. Megachrom flow system.

is approximately a 100-fold scale-up of a typical }{-inch column, the HETP
is increased by a factor of 4 to 5 with a column 6 ft long (7, 2). A 100-
fold scale-up of the size sample normally handled with a standard Y4-inch
column provides practical amounts of purified fractions for most purposes
such as mass spectrometer, ultraviolet and infrared analyses, micro boil-
ing points, melting points, specific gravities and reaction studies.

The Megachrom* preparative gas chromatograph described here was
designed to give a 100-fold scale-up in sample size without the serious
loss in column efficiency which results in scaling-up a single column to
the required diameter.

INsTRUMENT DEsiGN

This instrument employs a recycle system for the carrier gas, parallel
columns of 8¢ inch ID, a fraction collection valve with traps, and a sys-
tem of carrier gas clean-up traps, as shown in Fig. 1. Carrier gas is in-
troduced under pressure into the ballast tank which serves as a reservoir
and a buffer volume. From the ballast tank the carrier gas flows through
the inlet pressure regulator which sets the pressure at the head of the
column and the flow through a pair of restrictors to the reference side
of the detector. Flow through the reference side of the detector is of the

* Trade Mark of Beckman Instruments, Ine
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order of 25-50 ml/min and represents about one half of the total loss
of carrier gas when the instrument is operated in recycle position. Most
of the carrier gas from the inlet pressure regulator is passed through the
sample inlet. The sample inlet is operative at any desired temperature over
the range of ambient to 450°C. It is a low thermal mass, high wattage-type
vaporizer which is thermostatically controlled and maintains temperature
at the desired level even during vaporization of the sample. Supply of heat
on demand at a controlled temperature permits vaporization of samples
with a minimum of decomposition. The carrier gas with the vaporized
sample moves from the sample inlet through a heated line, which is main-
tained at or above column temperature, through a manifold system which
distributes the carrier gas and sample equally between a series of parallel
columns, At the exit end of the parallel columns the carrier gas and eluted
sample are recombined with a second manifold and passed through a heated
line to the fraction collection valve which is also maintained at or above
column temperature. The line to this valve contaius a take-off point for
flow through a restrictor to the sample side of the detector. I'rom the frac-
tion collector valve the carrier gas which may contain bypassed sample
components is put through a system of clean-up traps and then through a
buck pressure regulator which maintains the desired pressure at the exit
end of the ecolumn and controls the flow through the sample side of the de-
tector. From the back-pressure regulator the carrier gas moves through the
recycle pump and is returned under pressure to the ballast tank. Total
carrier gas flow through the mstrument may be varied over the range of
approximately 0.5 to 15 liters per minute of which 50 to 100 ml per minute
are exhausted to the atmosphere through the detector.

The recycle pump, ballast tank, and the column package are shown in
IFig. 2. 'The column package normally contains eight U-shaped, matched
5¢-inch 1D columns 6 ft long in a unique parallel arrangement. Paral-
leling columns makes it possible to increasc the effective cross-sectional
arca without using columns of excessive diameter. Over-all column effi-
cieney of the parallel column package is approximately the same as the
cfficiency which would be obtained with a single column. The manifold
system is designed so that by simply sclecting different manifolds the
column package can be changed from eight 6-ft columns in parallel to
four 12-ft columns in parallel, two 24-ft columns in parallel or a single
48-ft column. Equal flow rates through the columns are accomplished by
carefully balancing the pressure drop of each column and equal partition-
ing by filling each column with the same amount of coated packing and
by maintaming each column at the same temperature. Equal temperature
is maintained by mounting the columns side-by-side between two thick
aluminum plates machined so that each column is encased by the alu-



210 T. JOHNS, M. R. BURNELL, AND D. W. CARLE

¥1G 2, Uolumn and pump assemply.

minum plates. The aluminum block is heated by two flat sheath heaters
one on each side of the block. Cooling coils are embedded in the aluminum
plates for fast cooling or for operation of the columns at below ambient
temperature.

Recyeling of the carrier gas provides a considerable saving in operating
.cost, especially when one of the more expensive gases such as helium is
used. Helium is normally recommended because it is inert toward the
sample, is not inflammable, and has a liquefaction temperature considerably
below the temperature of liquid nitrogen. Liquid nitrogen can then be
used as a coolant for one or more of the clean-up traps shown in Fig. 3.
The clean-up system consists of two large volume glass traps which may
be cooled with any suitable coolant. Normally, water or ice water is used
for the first trap and liquid nitrogen for the second rap. Residual sam-
ple material which may be so volatile that it. is not completely removed
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by either of the two glass traps is taken out with a large volume adsorp-
tion trap which is located between the glass traps and the recycle pump.
Figure 3 also shows three valves which make it possible to vent the en-
tire carrier gas flow to the atmosphere, recycle the carrier gas, or reverse
the action of the recycle pump in order to evacuate the ballast tank.

The purpose of the Megachrom preparative gas chromatograph, i.e.,
collection of purified fractions in practical amounts, requires a fraction
collection system which is versatile and convenient to use. The fraction
collection valve for this purpose is shown in Fig. 4. This valve has four
collection traps connected by means of Swagelok fittings with Teflon fer-
rules for easy removal or replacement of traps without the use of wrenches.
Traps may be of microtype for the collection of small samples which
might require centrifuging to cause the collected fraction to accumulate
in the cone shaped bottom of the trap or the traps may be of a macro-
type for the collection of large samples. The traps are rotated in the cool-
ant with the rotary collection valve which alternates the four trap po-
sitions with four bypass positions. The collection valve is motivated by a
fractional horsepower motor through a Geneva drive mechanism which
gives positive angular positioning as well as firm mechanical lock in all
positions. The valve may be rotated in either direction and it is activated

F1a. 3. Three-stage clean-up system.
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F1a. 4. Sample collection system.

manually with a push button control or automatically by means of a
switch located in the recorder.

The fully transistorized, plug-in-type electronics in the instrument are
shown in Fig. 5. Reading from top to bottom, the first plug-in chassis
contains the power supply for the instrument and an on-off temperature
controller for the sample inlet. The second chassis contains a magnetic
amplifier which controls the column temperature. Full proportional con-
trol for column temperature is provided. Column temperature may he
set to any temperature desired from ambient up to 315°C with the se-
lector knob on the front panel and the trimmer pots shown in the upper
right-hand corner of Fig. 5. Temperature of the column is read out on
a meter mounted on the front pancl. The third plug-in chassis contains
a fully proportional controller for the detector temperature. It enables
the operator to set the detector temperature to any of five preset tem-
peratures up to 315°C. The fourth chassis is used for power distribution
and contains a blower for cooling the electronies.

Figure 6 is a formal photograph of the Megachrom preparative gas
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hromatograph, showing the position of the various controls needed for
he operation of the instrument.

APPLICATIONS

In order to check the performance of the instrument, three different
ipplications were selected which required wide variations in the operat-
ng parameters.

The first application required the purification of commercial ethylben-
enc which was claimed to he approximately 99 % pure. Identification of
ome of the trace contaminants was also required. A chromatogram run
vith 5.0 ml of the ethylbenzene is shown in Fig. 7. The major contam-
nants were benzene and heptane which were not separated by the par-
icular column used, Apiezon J. However, it was possible to identify both
f the compounds from the infrared spectrum and elution time informa-

F1e. 5. Transistor electronics,
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Fro. 6. Megachrom preparative gas chromatograph.

tion from the gas chromatograph. Infrared showed clearly that the col-
lected fraction contained benzene and an unidentifiable straight-chain sat-
urated hydrocarbon. Elution time information from the gas chromatograph
indicated that the saturated hydrocarbon could only be heptane.

The other trace components were also identified by infrared. Some of
the spectra are shown in Fig. 8. The superimposed spectra at the top
of Fig. 8 were obtained with 99 % ethylbenzene (lower curve) and the
purified ethylbenzene (upper curve). Comparison of the spectrum for the
original material with most reference spectra probably would not reveal
the presence of impurities. However, the impurity bands become obvious
when the curve is compared with that for the purified specimen.

The impurity band in the 2.9 u region is accounted for by the presence
of a-methylbenzyl alcohol. This compound also explains the increased ab-
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F1a. 8. Infrared spectra of ethylbenzene and fractions from ethylbenzene.

sorption of the 99 % ethylbenzene in the 7.25 to 8.3 u region. Increased
absorption in the 9.3 u region is explained by the presence of acetophe-
none. The increased absorption in the 14.7 to 15.0 u region is probably
due to contamination by benzene. The spectrum of acetophenone at the
bottom of Fig. 8 shows more absorption in the 2.9 u region than would
be caused by the enol form of the ketone. This probably indicates slight
contamination of this fraction with the a-methylbenzyl alcohol fraction.
Lemon oil was selected as the second sample for investigation. The
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first 40 minutes of a chromatogram obtained with 5.0 ml of this ma-
terial is shown in Fig. 9. This application illustrates how identifiable frac-
tions can be collected by taking a heart cut from unresolved components.
It also demonstrates the feasibility of purifying minor components nor-
mally swamped by a preceding major component. Here, a time cut is
obtained from successive samples such that the minor components are con-
centrated. The accumulated cut is then rechromatographed to isolate the
minor components with acceptable puritics.

Cut No. 1 has not been identified as yet but it is a terpene which does
not, show contammation from Cut No. 2 which was identified as a mix-
ture of a-pinenc and myrcene. Cut No. 3 was also colleeted without de-
tectable contamination as shown by infrared. This fraction has been ten-
tatively identified as g-phellandrene. The fourth cut was collected and
identified as limonene, as shown by the spectrum at the top of Ig. 10.
Cuts No. 5 and 6 were insufficiently resolved for the colleetion of iden-
tifiable fractions from the first run through the gas chromatograph. How-
ever, collection of the eluent over this portion of the chromatogram from
three samples gave a sample which could be rechromatographed. This tech-
nique deereased the relative coneentration of limonene so that Cuts No
3 and 6 could be collected essentially free from limonene. The spectrum
of Cut No. 5 m Fig. 10 does not show significant contamination from
hmonene in the 12.5 and 13.2 g regions which should be evident if limo-
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Fia 10. Infrared spectra of several fractions from lemon oil.

nene were present to an appreciable degree. The strong band at 12.8 u
in Cut No. 5 is missing from Cut No. 6, indicating that this fraction was
also collected without significant contamination from neighboring compo-
nents. Cut No. 7 was collected in a microtrap from the original 5.0 ml
sample.
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The third sample was selected to test the performance at high tem-
perature of the inlet, the column, the detector, and the fraction collector
valve. This sample contained a mixture of Cs to Cy4 fatty acid esters,
as shown in FKig. 11. Fractions were collected from methyl laurate and
methyl myristate. These fractions were analyzed by infrared, as shown
in Fig. 12. The two spectra at the top of this figure were recorded with
the methyl esters from the gas chromatograph. The compounds could be
identified as methyl esters with these two spectra, but positive identi-
fication as to a particular compound is impractical because of the minor
differences between the two spectrograms. However, conversion of the col-
lected fractions of methyl esters to the barium salts according to the
method of Meiklejohn et al. (9) gave samples which could be positively
identified by infrared, as shown in the spectra at the bottom of Fig. 12.

CoLuMN PERFORMANCE

Although the chromatograms for the preceding applications appeared
to be comparable to those previously obtained with conventional equip-
ment using Y{-imch OD columns, it was considered desirable to check this
point with a controlled experiment. The preparative gas chromatograph’s
column package, consisting of eight 6-ft, 0 625-inch ID columns arranged
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F1a. 12 Infrared spectra of gas chromatograph fractions of methyl esters and
barium salts of fatty acids.

in parallel, was compared with a single 6-ft, 0.625-inch ID column. A
6-ft, 0.19-inch (14 inch OD) column in a standard laboratory instrument
was used as a standard for comparison.

All columns were packed with Apiezon J coated on 42-60 mesh fire-
brick at a concentration of 30% by weight. The temperature for all col-
umns with both instruments was held constant at 128°C. The sample
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mixture consisted of a solution of 30% benzene, 30 % toluene, and 40%
cthylbenzene in all cases. Helium was used as the carrier gas in all ex-
periments. Both sample size and volume flow rate of carrier gas were
scaled in proportion to the effective cross-sectional area of the columns.
A comparison of the chromatographic records for the threc column geom-
etries employed is shown in Fig. 13. This figure shows that over the
range of sample sizes tested that there was a slight but observable de-
crease in resolution when a 8§-inch ID column is compared with a stand-
ard 14-inch OD column. However, there did not appear to be any sig-
nificant difference between a single 9§-inch ID column and eight of these
columns in parallel.

In order to obtain a more exact comparison, HETP (height equivalent
to a theoretical plate) values were calculated for the toluene peak over
a range of sample sizes for each of the three different column areas. A
plot of this data is shown in Fig. 14. The HETP for a single 3§-inch ID
column increased slightly as expected when compared with a conventional
14-inch column. However, the IIETP value for eight 3¢-inch ID columns
in parallel was slightly lower, cspecially at large samples sizes, than with
a single 3¢-inch ID column. Since both of these sets of data were obtained
with the same instrument the slight deerease in HETP with parallel col-
umns cannot be explained on the basis of instrumental differences. The
most logical explanation seems to be an mmprovement in sample flow to
the column caused by the higher carrier gas pressure at the sample inlet
needed to mamtain the proportionate flow of carrier gas through the
parallel columns,

A VA-IN SINGLE COLUMN
FLOW O 10 lit/min

-
]

B 5/8-IN SINCLE COLUMN
FLOW 1 28 lit/min \
—
-

€ 8/8-IN RIGHT PARALLE —
COLUMNS T
FLOW 10 0 NiVmin

TOLUENE HETP (mm)
[ ]
‘Y
d “’\

ALL COLUMNS @-FT. LONOC
SAMPLE TOLUENE 30X

N

2 BENZENE 307%
ETHYLBENZENE 40 %
SAMPLE SIZE (ml)
f i i f f
a o1 oia o'- olv oe
- lTl ..I" azs .‘llI 1 "al
c 1o 3o so 70 .o

| 1 1 L |

F1a. 14 Toluenc HETP vs. column scale-up and sample size.



APPLICATIONS WITH PREPARATIVE GAS CHROMATOGRAPH 223

CONCLUSIONS

The highly efficient separatory power of gas chromatography can be

retained with multigram samples by paralleling columns in order to in-
crease the effective cross-sectional area. This greatly extends the useful-
ness of the gas chromatographic technique for the preparation of prac-
tical amounts of pure compounds and collection of trace contaminants for
identification purposes.

1

10

11.
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Quantitative Analysis of Complex Samples by Gas-Liquid
Chromatography and Mass Spectrometry

M. C. Simmons* aNp T. R. KeLLeY

Houston Research Laboratory, Shell Oil Company, Houston, Teras

Gas-liquid chromatography frequently does not separate cach and every
compound present in complex mixtures. Although compounds that are not
separated by one column packing often can be separated by another (6),
there are many groups of compounds that are so similar in molecular
structure and boiling point that complete resolution cannot be obtained
even with multistage gas-liquid chromatography (9). Certain groups of
isoalkanes present in petroleum alkylate samples, such as 2,3-dimethyl-
butane and 2-methylpentane-2,2-dimethylpentane and 2,4-dimethylpen-
tane-2,3,3-trimethylpentane and 2,3-dimethylhexane, are particularly dif-
ficult to separate.

Under certain conditions, mass spectrometry has been combined with
large-scale gas-liquid chromatography (GLC) to obtain more detailed semi-
quantitative analysis (7, ?, 10). However, Drew and McNesley (3, 4)
have indicated that special problems are encountered when fractions are
collected from smaller scale gas-liquid chromatographic units for subse-
quent quantitative analysis by mass spectrometry.

The present report describes a suitable combination of a gas-liquid chro-
matographic technique with mass spectrometry which can be used to ob-
tain both a quantitative “carbon number” distribution of full-range pe-
troleum alkylate samples and a completely detailed quantitative analysis
of all Cs and lighter components. The results obtained are at least as
reliable as those obtained by the combination of lengthy precision dis-
tillation with mass spectrometry, and the general technique should bhe
applicable to other complex sample mixtures. An important problem, par-
ticularly with wide boiling-range samples, is the selection of a gas chro-
matographic column which will group compounds together that can be
completely resolved by mass spectrometry and which will completely sep-
arate compounds that cannot be resolved.

“CARBON NUMBER’” ANALYSIS

General Technique
An accurate appraisal of the composition of alkylate samples can be
obtained with a highly efficient gas chromatographic column containing

* Present address: Gas Chromatography Research Center, Barber-Colman Co,
Houston, Texas.
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226 M. C. SIMMONS AND T. R. KELLEY

GE-96 (300) silicone fluid. This column liquid separates a wide variety
of hydrocarbon types very nearly according to their boiling points. With
isoalkane mixtures, this is approximately according to “carbon number.”
Using hot-wire thermal conductivity detection, very efficient boiling point
separations are obtained with a }4-inch by 15-ft column packed with
GE-96 (300 viscosity) silicone fluid on 40-60 mesh aqua regia-treated C-22
firebrick (20gm/100gm). At 150°C and using a helium flow rate of 40
ml/min, this column has a separation efficiency of about 3000 theoretical
plates, Full-range debutanized alkylate samples are separated at these con-
ditions into C,, Cs, Cs, two C;, and three C; peaks, as well as several
Cy, Cio, Cu, and higher peaks. All components in full-range alkylate
samples emerge from the column held at 150°C in not more than 35 min-
utes. A typical chromatogram obtained at these conditions is shown in
Trig. 1.

As will be seen later, almost every peak contains substantial amounts
of other compounds of the same carbon number. Hence, when more than
a carbon number distribution is required, the detailed composition of each
peak must be determined.

Alkylate samples normally do not contain more than about 10%v of
material boiling above 125°C. Therefore, in order to detect this material,
a higher sensitivity must be used in this part of the chromatogram. The
large number of Cy and heavier isoalkanes makes it impractical at this
time to obtain a positive identification of the components in the heavy
end of alkylate. The GLC technique does, however, provide a rapid and re-
liable means of comparing the relative abundances of compounds of dif-
ferent boiling ranges. The retention times for #n-Cy, n-Cyo, and n-Cy, are
given on Fig. 1 to indicate the boiling ranges of the compounds repre-
sented by the several unidentified peaks. The other arbitrary boiling ranges
indicated on Iig. 1 were established from retention time data for avail-
able isoalkanes.

Calibration Data

The peak area sensitivities of different hydrocarbons measured with a
hot-wire thermal conductivity cell can vary over a wide range (). There-
fore, peak area calibration data are required before a quantitative in-
terpretation can be made of the chromatogram given in Fig. 1.

Sensitivity data were determined for a large number of Cs—Cy alkanes
by charging different sample sizes of the pure compounds and measuring
the peak areas thus produced with a planimeter. The peak arca sensi-
tivity is the peak area divided by the volume charged. It was found that
the sensitivities decrease in the order of straight-chain alkanes > di-
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methylalkanes > trimethylalkanes > monomethylalkanes > tetramethyl-
alkanes. The sensitivities of all alkanes of a given degree of branching
are the same, and are independent of carbon number. Since the extent.
of branching in alkylate samples is in general also independent of carbon
number, quantitative analyses can be obtained for alkylate samples di-
rectly from hydrocarbon peak areas. With other type samples, either the
appropriate sensitivity data must be applied or a different type detector
used.

Extensive ecalibration data are not required if the separated hydro-
carbons are converted to CO; before detection by a modified CuQ com-
bustion procedure (2) smmilar to that deseribed by Norem (8). Weight.
pereentages can be obtained direetly from the area of the CO, peak ob-
tained (after removal of water with Dehydrite) by dividing this arca by
the percentage of carbon in the components represented. Although this
procedure is not amenable to colleeting hydrocarbon fractions for subse-
quent mass spectrometric analyses, it does provide a reliable method for
quantitative interpretation of a gas chromatogram. Comparative data for
alkylates have shown that compositions caleulated from  hydrocarbon
peak arcas are equivalent to those calculated from CO, peak areas.

COMPONENT ANALYSIS

GLC Separation

A pronounced separation of the Cs and lighter components is desirable
when cuts are to be taken for component analyses by the mass spectrom-
cter. Consequently, once a carbon number distribution is obtained at a
constant temperature of 150°C, the column temperature is reduced to 80°C.
The heavy ends, of course, trail out of the column more slowly at this
temperature. However, the C; and lighter components are recovered quan-
titatively and a chromatogram of the type shown in Tig. 2 is obtained.
It has been found that improved resolution is achieved by treating the
fircbrick support with aqua regia prior to coating with silicone fluid (77).
The aqua regia treatment markedly deercases band tailing although the
number of theoretical plates is unaffected.

The entire chromatogram shown in Iig. 2 requires only 30 minutes of
analytical time, although heavy ends continue to strip from the column
for an additional 30 to 40 minutes. Cuts as indicated are collected in
specially prepared traps cooled with liquid nitrogen, and each cut is ana-
lyzed by mass spectrometry for compounds that are likely to be present.
In order to obtain reliable mass spectrometric analyses, the trapped cuts
must be essentially free of contaminants from the following major sources:
(a) water in the carrier gas, (b) atmospheric moisture, (¢) entrainment
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of stationary liquid in the carrier gas, and (d) high-boiling components
from a previous analysis.

Trapping Technique

The traps employed to collect cuts are shown in Fig. 3. High-vacuum,
oblique-bore stopcocks are used on the inlet and exit lines of the traps.
Three-way stopcocks are used on the inlet lines so that atmospheric (wet)
air can be purged from the inlet line with effluent carrier gas from the
GILC column just prior to collecting each cut. The fritted glass cylinder be-
tween the inlet and exit sides of the traps eliminate sample carryover losses
due to “fog-type” entrainment.

Prior to an analysis the traps are cleaned with a suitable solvent; then
they are heated several hours in a glass annealing oven at approximately
1200°F. The stopcocks are greased with Spectro-vac type II* stopcock
grease, and the traps are evacuated to a pressure of 3 u or less. While
still connected to the vacuum system, each trap is immersed in liquid
nitrogen just before use and filled with dry carrier gas to a pressure of
2-3 psig.

The traps are connected individually to the exit end of the GLC col-
umn by means of a short piece of Tygon tubing. The stopcock on the
exit end is opened first to allow the excess carrier gas to escape. Then
the three-way stopcock on the inlet is switched to allow the effluent from
the GLC column to enter the trap. After the desired cut is taken, the
inlet stopcock is switched to the bypass position and the exit stopcock
is closed. Carrier gas is removed by reconnecting the traps to the vacuum
system and pumping down to a pressure of about 10 u. The traps then
can be warmed to atmospheric temperature and submitted for mass spec-
trometric analysis.

Water can be removed from the carrier gas to mass spectrometric limits
of detection by a }4-inch by 18-inch tube of Dehydrite placed in the
inlet line to the GLC unit. High-boiling components remaining in the
column from a previous analysis are eliminated by stripping the column
for about one hour at 150°C during the “carbon number” analysis.

Analysis of Trapped Culs

The specific mass spectrometric peaks used to prepare the matrix for
cach of the nine GLC cuts are tabulated in Table I. The mass spectro-
metric analysis of the lighter cuts, through cut 5, are straightforward and
little or no difficulties are encountered. Iowever, the heavier cuts become
progressively more complex. The small unresolved peak at the end of cut

* Available from Robert R. Austin, Pasadena, California.
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TABLE 1
Masskes Arvnied 1o Kacn GLC Cor v ComBiNaTION GLC-Mass
SPECTROMETRIC ANALYSIS OF ALKYLATES

GL.C cut number

Component 1 2 3 4 5 [ 7 8 9

Propane 20

Tsobutane 13

n-Butane 58 58

Tsopentane 57 57

n-Pentance 72 72 72

2,2-Dimethylbutane 71 )

2,3-Dimethvibutane 86 12

2-Methylpentane 70 70

3-Methylpentane 56

n-Hexane 86

2,2-methylpentane 85 85

2, {-Dimethylpentane 100 42 57
2,2,3-Tnmethylbutane 69 -
3,3-imethvlpentane 71 71
2,3-I1metbylpentane 5 A6 56

2 Methylhexane 85 85
3-Mecthylheaane 100 «
3-Iithylpentane 70 70
2,2,4-Trimethy Ipentane 57

n-Heptane 100
2,2,3,3-Tetramethylbutane . N
2,2-Dimethylhexane b 57
2,4-Dimethylhexane o 85
2,5-Dimethylhexane 1z 112 .
2,2,3-Trimethvlpentane 50 57
3,3-Dimethvlhesane a o
2,3,4-Tnmethylpentane 71 71
2,3-Dimethylhexane 70 70
4-Methylheptane o
2-Methylheptane It
2,3,3-Trimethylpentanc (554694-85499)
3, t-Imethvlhexane 56
3-Methylheptane 84
2,2,5-Trimethylhexane '

Not Components are histed i order of (GLC emergence

« Not meluded, qualitativelv indicated to be absent

b Mass spectrometer cannot resolve 2,2, t-{rimethylpentane and 2,2-dimethyl-
hexane 1n the same cut, however, because of the boiling point separation accom-
phished by GGLC, 2,2,4-trimethylpentane 1s present in cut 6 only, and 2,2-dimethyl-
hexane 18 present m cut 7 only

¢ Major component Direet comparison with pure compound spectrum indicates
99+% 2,2,5-trimethylhexane
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8 was found to be 3,4-dimethylhexane by collecting it separately for mass
spectrometric analysis. On the other hand, cut 9 was found to be 99+
% 2,2 ,5-trimethylhexane.

The mass spectrometric (MS) analyses of cuts collected from the al-
kylate scparation shown in Fig. 2 are given in Table II. The amount
of total alkylate in each cut is determined by the more rapidly obtained
‘“carbon number” analysis. The amount of each component then is ob-
tained by normalizing the composition of each cut to the amount of total
alkylate in each cut, and combining values when a component is con-
tained in more than one cut.

Comparative component analyses obtained in this manner by the GLC-
MS technique are given in Table III for finished alkylate samples pro-
duced by H.SO, and by HI catalysts. These analyses reflect differences
in butylene feed composition and operating conditions as well as changes
caused by the acid catalyst used. Moreover, the results are consistent with
those reported by Glasgow et al. () for 15 samples of H;S0, alkylate
and 5 samples of HF alkylate. Their analyses were obtained by lengthy
precision distillations lasting 1000 hours or more, and 250 or more cuts
were analyzed from each distillation. The material hoiling above 124°C
could be identified by boiling range only. The present GLC-MS tech-
nique accounts for 90% or more of the compounds present in finished
alkylate, and it provides a more detailed breakdown of the dimethyl-
hexanes than was reported by Glasgow et al. For example, 2,4- and 2,5-
dimethylhexane arc determined separately and it is possible to observe
that the HF alkylate contains more 2,4-dimethylhexane than 2,5-dimethyl-
hexane, whereas this concentration ratio is reversed in the H,SO,4 alkyl-
ate.

The component analysis provides considerably more detail than the car-
bon number analysis. For example, while cut 3 is predominantly 2,3-
dimethylbutane, appreciable quantities of 2- and 3-methylpentane are de-
tected. In addition, the component analysis accurately determines the ratio
of 2,2,3-trimethylpentane to 2,4- and 2,5-dimethylhexanes in cut 7, and
the amounts of 2,3-, 3,3-, and 3,4-dimethylhexanes that are present in
cut 8, as well as the exact amount of 2,3,4- and 2,3,3-trimethylpentane.
An interesting supplement to the component analyses is the list of com-
pounds that were looked for but found not present. For example, although
both alkylates contained appreciable quantities of 2,2,3-trimethylpentane,
neither contained more than trace amounts (<0.04 %v) of: 2,2-di-
methylbutane, 2,2,3-trimethylbutane, 3,3-dimethylpentane, 3-ethylpen-
tane, 2,2-dimethylhexane, 4-methylheptane, or 2-methylheptanc. Of
course, neither contained normal paraffins such as n-hexane, n-heptane,
or n-octane.



234

TABLE

II

M. C. SIMMONS AND T. R. KELLEY

COMPONENT ANALYSIS OF ALKYLATES: Mass SPECTROMETRIC ANALYSIS
or GLC Cuts

Component

GLC Cut Number

3 | 4

5

o |

6 [ 7

Propane

Isobutane

n-Butane

Isopentane

n-Pentane
2,2-Dimethylbutane
2,3-Dimethylbutane
2-Methylpentane
3-Methylpentane
n-Hexane
2,2-Dimethylpentane
2,4-Dimethylpentane
2,2,3-Trimethylbutane
3,3-Dimethylpentane
2,3-Dimethylpentane
2-Methylhexane
3-Methylhexane
3-Ethylpentane
2,2,4-Trimethylpentane
n-Heptane
2,2,3,3-Tetramethylbutane
2,2-Dimethylhexane
2,4-Dimethylhexane
2,5-Dimethylhexane
2,2,3-Trimethylpentane
3,3-Dimethylhexane
2,3,4-Trimethylpentane
2,3-Dimethylhexane
4-Methylheptane
2-Methylheptane
2,3,3-Trimethylpentane
3,4-Dimethylhexane
3-Methylheptane
2,2,5-Trimethylhexane

Sum, basis cut
Sum, basis total alkylate

|1 S|
-]

100.0100 0
5.0[ 5.1

— | 46 5|

99+

100.0100 0100 0
38.1] 9.0} 23 6

100.0
32
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TABLE III
GLC-Mass SpeCTROMETRIC COMPONENT ANALYSES OF FINISHED ALKYLATES

Component Hﬁo‘%ll‘l’toylate, HF ‘y:ll‘gdatc,
Propane 0 05 —
Isobutane 0.04 013
n-Butane 0 92 4.87
Isopentane 8.76 510
n-Pentane 023 001
2,2-Dimethylbutane — s
2,3-Dimethylbutane 5.36 2.38
2-Methylpentane 1.29 091
3-Methylpentane 0.64 0.40
n-Hexane — —
2,2-Dimethylpentane 0.25 0.17
2,4-1methylpentane 3.62 1.95
2,2,3-Trimethylbutane 0.01 —
3,3-Dimethylpentane 0 01 —
2,3-Dimethylpentane 215 1.31
2-Methylhexane 0.22 024
3-Methylhexane 014 012
3-LKthylpentane 001 001
2,2,4-Trimethylpentane 24.20 38.02
n-Heptane — —
2,2,3,3-Tetramethylbutane L] b
2,2-Dimethylhexane 0 04 —_
2,4-Dimethylhexane 289 419
2,5-11methylhexane 4.94 3 57
2,2,3-Trimethylpentane 153 1.35
3,3-Dimethylhexane b b
2,3,4-Trimethylpentane 13 15 9
2,3-Dimethylhexane 3.41 4.90
4-Methylheptane — —_
2-Methylheptane 0.08 0.09
2,3,3-Trimethylpentane 11 47 8 14
3,4-Dimethylhexane 0 26 0 59
3,Methylheptane 0.23 019
2,2,5-Trimethylhexane 7.20 32

93 10 91.50

@ Basis total finished alkylate.
b Qualitatively indicated to be absent.

The GLC-MS technique has been applied to light straight-run gaso-
lines and catalytic reformates. Here again the choice of column packing
and cut points must be determined by the groups of compounds which
can be handled, without mutual interference, by the mass spectrometer.
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SuMMARY

Under certain conditions, mass spectrometry can be combined with gas-
liquid chromatography to obtain a more detailed analysis than can be
obtained by either method alone. Quantitative component analyses of com-
plex sample mixtures often are possible when a gas chromatographic sys-
tem can be selected which is compatible with the requirements of mass
spectrometry both with regard to the types of compounds that are grouped
together and the extent to which objectionable contaminants are elimi-
nated. A method employing these principles has been successfully applied
to the complex mixture of paraffinie hydrocarbons found in petroleum al-
kylate.
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Cuaprer XXII
Confirmatory Tests in Gas Chromatography

L. DuBois anp J. L. MONKMAN

Occupational Health Laboratory, Department of National Health and
Welfare, Ottawa, Canada

One of the recurring analytical problems in our laboratory is the anal-
ysis of solvents, such as dry-cleaning fluids, paint thinners, floor cleaners,
degreasing solvents, ete. It is desirable to be able to determine whether
a given solvent contains aromatic or chlorinated hydrocarbons, since these
are toxic., It is desirable also to be able to tell which aromatic or chlo-
rinated hydrocarbon is present. In such analyses, gas chromatography has
has proved of great value. It is very casy, for example, to establish the
number of compounds present, and their proportions. It is not, however,
casy to decide what a particular peak on a recorder chart represents. For
instance, one cannot say thal a particular peak represents one of the
chlorinated hydrocarbon class; still less, which specific chlorinated hydro-
carbon.

Other workers in gas chromatography have identified particular com-
ponents by their retention times or retention volumes (/). This procedure
is, of course, satisfactory where one is working with a simple mixture
whose composition is already known or when working with a mixture
of homologs, whose properties, to some extent, arc predictable on the
basis of their position in the series. James determined 6 pyridine homo-
logs and 27 alipbatic amines by their retention volumes.

As the solvents and solvent mixtures we encounter may be from dif-
ferent sources, different manufacturers, may be destined for different end
uses, and may vary in composition for economic reasons, the analyst’s
task is formidable. It is not made easier by the fact that the composi-
tion is not usually given on the label. On the contrary, the identity of
the material may be hedged in secrecy under some proprietary name.
The unit solvents from which such mixtures are made are not likely to
be of reagent grade, but will be of commercial quality, probably them-
selves consisting of more than one component. The final made-up solvent
mixture, as sold, can contain five to twenty compounds in varying pro-
portions. These components may include such varied materials as esters,
ketones, aliphatic hydroearbons, aromatic hydrocarbons, ethers, alcohols,
and chlorinated hydrocarbons.

There would seem to be an obvious need for simple confirmatory tests
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which could identify a peak while the chromatogram is in progress, at
least within broad chemical classes. In our work, for example, even the
availability of such definitive tests for chlorinated hydrocarbons and aro-
matics would simplify our analyses greatly. The presence of esters, ke-
tones, aliphatics, and others are usually of secondary interest to us. Ber-
ridge and Watts have made quantitative measurements on six ketones
on the efluent from the column. The ketone in vapor form was reacted
with hydroxylamine hydrochloride, which liberated free acid, and the
change in pH was measured semicontinuously (2). James and Martin de-
termined eight fatty acids from acetic to n-valeric by gas chromatography
followed by continuous titration of the cffluent from the column (3) Li-
berti determined eight fatty acids in the effluent gas by manual coulo-
metric titration. He also analyzed a synthetic mixture of five mereaptans
by coulometric analysis of the effluent (4).

These workers have developed quantitative chemieal tests as cited. The
downstream responses are measured in terms of changes of alkalinity,
acidity, pH, transmittance, cte., which are not specific responses. It is
a prereguisite that the analyst work with members of one chemical class
at a time, which will separate successfully under the conditions used, and
which will give a quantitative response to the particular downstream sens-
ing system. Substances which do not respond quantitatively, must be ab-
sent from the sample under test. The analyst must really know the com-
position of his sample bhefore he can make use of his downstream tests.

Since the tests mentioned above are not qualitative, we considered that,
for our purposes, specific confirmatory tests would be more useful. Tor
some time, therefore, we have been working on the problem of such test
development. Previously, we had reported a test for ketones which was
specific and sensitive (5). The suecess of this test helped orient us in the
present investigation. At the outset of this investigation, therefore, we
decided, partly on the basis of past experience, that suitable tests should
meet the following specifications:

(1) The confirmatory tests must be sufficiently rapid to be essentially co-
incident with peak appearance.

(2) The test must be simple and applicable to the isolated gascous com-
ponent in the column effluent.

(3) The test must be sensitive to one microliter or less of the pure
isolated component.

(4) It should bhe specific for chemieal groups, but not nccessarily spe-
cific for individual members of the group.

(6) It must be readily adaptable to automatic anulysis and sample col-
lection, without requiring the operator’s attention.
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(6) It must be simple enough for untrained operators to obtain re-
liable results.

(7) It should not involve expensive ancillary instrumentation, since the
average laboratory would have difficulty justifying such additional expense.

(8) If possible, the test should be destructive only of the individual
components of the group being tested for, so that several chemical classes
might be identified simultaneously by a series test train.

Before choosing the working specifications cited, we had carried out
some investigation of infrared (IR) identification of individual components
trapped in carbon tetrachloride. In our admittedly small experience, these
were limited in utility, since to achieve sensitivity with the infrared in-
strument it was necessary to load the column heavily. The IR identi-
fication, of necessity, cannot be simultaneous but requires a minimum of
fifteen minutes time lag behind the corresponding component peak. Some
infrared patterns of components separated from the commercial solvents
by gas chromatography are shown in Fig. 1. Not having much experience
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¥1a. 1. Infrared patterns of components separated from commercial solvents by
gas chromatography.
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with infrared interpretation we found it difficult to identify the compo-
nents from these curves. The possibility of simultaneous infrared identi-
fication, using special flow-through cells, was not considered because of
item 7. We concluded that since the feature of rapid identification was
essential, that infrared analysis would not be too useful to us.

In our work we chose the path of least resistance, investigating first
the materials for which on a priori grounds we expected suitable tests
could be rapidly developed. We have already mentioned such a test for
ketones (5).

PRELIMINARY SAMPLE TREATMENT

Certain simple chemical tests should always be applied to the original
material before gas chromatography. If dissolved or suspended solids are
present, it is necessary lo remove these to avoid foulmg the detector.
Preliminary evaporation, filtration, or distillation may be advantageous.
The degree of solubility in water should be established. If a two-phase
system results, with the organic phase underneath, this will probably in-
dicate the presence of halogenated hydrocarbons. Fven better, a Beilstein
test, which will establish quite definitely the presence or absence of halo-
genated hydrocarbons, should be carried out on the original material. The
analyst should note the original color and odor of the material. Using
only an experienced nose, it is relatively easy to determine the presence
of one or more of the following classes in mixtures: ketones, esters, chlo-
rinated hydrocarbons, and aromatic hydrocarbons,

APPARATUS

We used in this work a Perkin-Elmer Fractometer Model A. This we
modified to shorten the length of tubing from the cxit end of the de-
tector to the practical minimum. This was to reduce, as much as possible,
the time lag between peak appearance and the arrival of a component
in the sampling receiver. Usually, 6-inch hypodermic ncedles, 22-gage, were
attached to the effluent tubing exit and used to introduce the component
being separated into simple receivers, such as 15-ml centrifuge tubes, or
homemade capillary borosilicate glass tubes. Samples were introduced to
the column by injection with an Agla microsyringe.

Krroves
Reagents and Procedure

In this test, the effluent gas from the column is passed through the
6-inch hypodermic needle which dips into 0.5 to 1.0 ml of 2,4-dinitro-
phenylhydrazine solution contained in a 15-ml centrifuge tube. For micro-
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TABLE I
KeTone DrTecTION TESTS
Ketone Limit of detection, gl Color of precipitate

Acetone 0.1 Yellow
Methyl ethyl ketone 0.1 Yellow
Methyl isopropyl ketone 0.1 Yellow
Methyl isobutyl ketone 0.2 Yellow
n-Butyl ethyl ketone 0.2 Yellow
Cyclohexanone 0.4 Yellow
Mesityl oxide 0.5 Red

liter amounts of ketones a positive test is obtained. As the ketone com-
ponent bubbles through the clear reagent the solution becomes slightly
turbid and opalescent. With longer bubbling (1-2 min) a yellow to orange
precipitate of the 2,4-dinitrophenylhydrazone is formed by aggregation.
Ketones which have been tested in this procedure, with limits identi-
fiable, are shown in Table I.

Positive tests were obtained for microliter amounts of each of the pure
ketones, injected on the column, and tested on the effluent. The above
limits of detection were established by injecting dilutions of the ketones
in ethanol, which made it easier to measure and inject such small quan-
tities of material.

Interferences

As is well known, ketones and aldehydes both give a positive test with
2,4-dinitrophenylhydrazine. In actual practice, aldehydes, with the excep-
tion of furfural, are unlikely to be present in solvents. Ethanol, benzene,
toluene, methyl chloroform, cthyl acetate, isopropyl acetate, and acetic
acid gave no response with this test in 10 ul amounts. Methyl acetate
gave a positive test. This proved to be due to the presence of a ketone
impurity in the reference sample of methyl acetate which had been used
(E.K. No. 520). The ketone test described meets requirement 1. The
sensitivity (requirement 3) could perhaps be improved by determining the
optimun conditions for insolubility of the phenylhydrazone.

EsTERS
For the identification of esters the well-known hydroxamic color test
was adopted (6).
Reagents

Sodium Hydroxide: 12.5 % in methanol.
Hydroxylamine Hydrochloride: 12.5 % in methanol.
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Ferric Perchlorate Stock Solution: Dissolve 5.0 grams of ferric perchlorat
in 10 ml of 70% perchloric acid and 10 ml of water. Dilute to 100 n
with anhydrous ethanol, cooling m cold water as the aleohol is addec
This stock solution is stable for more than onc month when stored i
the refrigerator.

Reagent Solution: To 40 ml of the stock solution, 12 ml of 70% per
chloric acid is added, which is then diluted to 1 liter with anhydrou
ethanol. The dilution should be carried out by adding alcohol in 50-10
ml portions, cooling under cold running water between cach additior

Procedure

The effluent gas from the Fractometer is bubbled into an alkaline sol
tion of hydroxylamine hydrochloride. This solution is prepared, just befor
use, by mixing equal volumes (4 drops) of sodium hydroxide and hy
droxylamine hydrochloride. Ten minutes after the sample has been co'
lected the ferric perchlorate reagent is added drop by drop until the fer
ric hydroxide is completely dissolved (pII 2). At this point a violet colo
indicates a positive test for esters. Samples of relatively pure esters (East
man reagent grade) were injected and tested at the eflluent end. Tabl
IT lists esters which gave a positive test in the procedure described.

It may be noted from the column headed “Impurities” that the “pure
esters usually contained more than one component, as determined by th

TABLE II
Esters GiviNg PosiTive TesT
Ester Impuritics deI{g:'tl;(tn?, [“l %ﬁg‘ggg
Methyl acetate 2 004 213
Kthyl formate 4 0 04 213
Ethyl acetate 2 0 04 292
Isopropyl acetate 2 0 06 349
Kthyl propionate 4 0.04 427
n-Propyl acetate 5 0.06 517
sec-Butyl acetate 3 0 06 629
Isobutyl acetate 2 0.05 696
Ethyl n-butyrate — 0.06 775
n-Butyl acetate 3 0.06 978
n-Butyl acetate 3 0.06 978
Isoamyl acetate 3 0.07 1340
n-Amyl acetate 3 0 07 1830
n-Hexyl acetate 2 0.09 3560
n-Heptyl acetate —_ 0.10 6650
Phenyl acetate 1 0.10 8340
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gas chromatogram. Ester tests were directed at the effluent correspond-
ing to the main peak. Five microliter quantities of the “pure” ester all
gave positive tests. To determine the limit of detection more exactly as
shown in Table II dilutions of the ester in alcohol were injected and tested.

Interferences

Ethanol, acetone, toluene, acetic acid, benzene, methyl chloroform, car-
bon tetrachloride, and monochlorbenzene gave no response with the test.
According to Cheronis and Entrikin, a positive test may be given in this
reaction by anhydrides, acid chlorides, and formic acid. We have con-
firmed that formic acid gives a positive test. Anhydrides and acid chlo-
rides are not likely to occur in solvent mixtures. The column used during
this work was a Perkin-Elmer A which uses a phthalate ester as the sta-
tionary liquid. In connection with this ester test it must be admitted
that it does not meet requirement 1. It is thought worthy of considera-
tion, however, due to its sensitivity.

Aromaric HYDROCARBONS

Reagents and Procedure

The reagent solution is prepared by mixing 1 ml of concentrated sul-
furic acid with 2 drops of 37 % formaldehyde solution. This is made up
just prior to use. The effluent gas from the column is bubbled into this
solution. Table III lists aromatic hydrocarbons which gave positive tests.

Interferences

All samples were diluted m ethyl alcohol before mnjection. The following
materials, including cthyl aleohol, gave no response in the test: ethyl
aleohol, methylene chloride, methyl chloroform, isopropyl acetate, methyl
acetate, and acetone. Phenyl acetate gave a positive test due to the pres-
ence of the benzene nucleus.

TABLE 111
HyprocarBoNs Giving Positive Test

Hydrocarbon Limit, ul Color
Benzene 0.5 Cherry red
Toluene 0.5 Cherry red
0-Xylene 0.6 Cherry red
m-Xylene 06 Cherry red
p-Xylene 0.6 Cherry red
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ALIPHATIC ALCOHOLS

Reagents and Procedure

Ten grams of ammonium hexanitratocerate (ceric ammonium nitratce)
is dissolved in water and made up to 100 ml. The cfluent gas from the
column is bubbled into a few drops of the reagent solution contained
in a 15-ml centrifuge tube. Table IV lists alcohols which gave positive
tests.

Interferences

All samples were diluted in acetone before injection. The following ma-
terials, including acetone, gave no response in the test: acetone, ben-
zene, methyl chloroform, methyl acetate, tetrachloroethylene, and com-
mercial xylene.

HALOGENATED HYDROCARBONS

Excellent group specificity and sensitivity was obtained by using a
modified Beilstein test. Column effluent containing chlorinated hydrocar-
bons was directed through the exit hypodermic ncedle into a simple gas
burner, as illustrated in Fig. 2. This burner has a metal base, the rest
is glass. A plug of glass wool is inserted to disperse the gas stream, and a
copper wire helix of suitable size is positioned in the flame. The burner
is fed with natural gas at 6 inches water pressure, and the flame is ad-
justed for minimum luminosity and maximum stability. When chlorinated
hydrocarbons are present a green color is imparted to the flame. Table
V lists chlorinated hydrocarbons with detectable limits which were tested
in this way.

With regard to identification limits it is realized that the test is some-
what subjective. It also depends on the visual acuity and accuracy of
color vision of the operator.

TABLE 1V
ALcoHoLs GIVING PosiTive Test

Alcohol Limit, pl Color
Methyl 0.4 Amber
Ethyl 0.4 Amber
Isopropyl 0.5 Amber
n-Propyl 0.5 Amber
n-Butyl 08 Amber

Note: With higher concentrations of alcoholic hydroxyl group a red color rather
than amber may be obtained
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F1a. 2. Apparatus for deteeting halogenated hydiocarbons by means of modified
Beilstein test.

TABLE V
HavogenaTED HYDROCARBON DETECTION TE8T

Halogenated hydrocarbon Limit, pl
Carbon tetrachloride 0.13
Chloroform 0.2
Methyl chloroform 0.2
Methylene chloride 0.4
Trichlorethylene 0.7
Ethylidene chloride 0.2
Ethyl bromide 0.2
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Elaborating on this test further we have developed it, with suitable in-
strumentation, to the point where an automatic visual recording of the
Beilstein reaction can be made on the efluent from the gas chromato-
graphic column. Since a photocell response is used this allows one to
use a color-blind operator. This serves the purposes of confirming the
presence of chlorinated hydrocarbons without need for operator attention
and a permanent record of a positive test is made which can be used
for a quantitative and qualitative measurc of halogen content of the
original halogenated compound. This procedure is to be reported in a

scparate paper.
Interferences

A positive response to the Beilstein test is given by brominated and
iodinated compounds as well as by chlorinated hydrocarbons. Compounds
in which fluorine is the sole halogen give no response. Again, in solvent
analysis, for most practical purposes the reaction may be considered spe-
cific for chlorinated hydrocarbons.

SUMMARY

A systematic identification procedure is described suitable for use in
solvent analysis by gas chromatography. Positive tests are obtained with
the compounds investigated at essentially the same time as the peak
occurs on the chromatogram. It is hoped to extend this work to other
classes of organic compounds. Work is proceeding with chemical con-
firmatory tests in series arrangement which is being reported separately.
It is hoped the above procedure will stimulate other workers along these
lines.
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The Development of an ldea

A. T. James

Medical Research Council, National Institute
for Medical Rescarch, London, England

I should like to thank the Instrument Society of America, Mr. Brenner,
Mr. Noebels, and Mr. Coates for their kind invitation to address this con-
ference. As I have gathered that a purely technical paper might tire the
audience, I have chosen to speak on the historical development of the gas-
liquid chromatogram. This, I hope, when taken together with Dr. A. J. P,
Martin’s speech at your last meeting, will give our combined views.

My link with Dr. A. J. P. Martin was formed initially by chromatog-
raphy. My introduction to this subject was brought about by working with
Dr. R. L. M. Synge at the Lister Institute on the structure of an antibiotic
polypeptide—Gramicidin. After Synge had left the Lister Institute to go to
the Rowett Research Institute, Martin joined the Medical Research Coun-
c1l Staff and worked at the Lister Institute until the new laboratories at
Mill Hill were ready.

At the time, I was separating derivatives of the amino sugars on g liquid-
liquid chromatogram and required a fraction collector. Martin and I worked
together on the design of a simple siphon operated mechanical device, and
in this way 1 had my first experience of Martin’s phenomenal experimental
ahility. He belongs to the great string and sealing wax school; in fact, with
these materials and a little glass blowing he can accomplish more than most
people ean do with the most complex electronic and mechanical apparatus.

As you heard from Martin at the last Instrument Society Meeting, we
first. worked together on fractional crystallization—in fact we were trying
{0 invent zone melting but did not succced. We were using a 4 ft length of
4-mm I.D. glass tubing packed with Celite through which solvent was
passed. A copper tube, hot at one end and cold at the other, was moved
slowly along the tube after the crystalline mixture was added in solution.

I was rather despondent at my failure to get much of a separation and
possibly the sight of the long packed column reminded Martin of his earlier
suggestion of the gas-liquid chromatogram. Largely in order to cheer me
up, he suggested that we try this as our next problem.

We used 4-mm I.D. glass columns packed with ungraded Celite 545
wetted with liquid paraffin and tried to separate the short chain fatty acids.

247
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As a detector we used a test tube filled with aqueous indicator that we
titrated dropwise, timing the drops with a stopwatch. Our separations were
poor, the bands tailed badly and overlapped. We thought that adsorption
was the complicating factor and tried a variety of supports for the station-
ary phase; sand, powdered Carborundum, salts, and even a capillary
column with no packing, but still the bands were distorted. For many
weeks we could not understand why we were getting such behavior.

Finally, almost in desperation, we decided to try compounds other than
fatty acids. Our choice was the methylamines—(a) because they could be
titrated in an aqueous medium and (b) because they had some biochemical
interest.

Our very first try with these substances was successful—we got clear
separations. Having proved our point—the feasibility of the gas-liquid
chromatogram—we now had to decide why it did not work with the fatty
acids.

During this time I had been learning Martin’s famous precepts of re-
search:

1. Never do the first experiment too carefully, i.e., the minimum of
instrumentation.

2. Never do too many experiments.

3. Nothing is too much trouble provided someone else does the work.

Martin would never do any experiment without the most careful and
protracted thought, time for consideration often extending to many weeks.
This had the result that he was usually able to discard 99 experiments and
do only the critical 100th experiment that would give a definitive answer
to the question. Over a few weeks thought, the answer to the fatty acid
problem emerged: in the low concentration portion of the chromatographic
zone the partial vapor pressure was proportional to the concentration of
the fatty acid, in the high concentration portion of the zone dimerization
occurred and the partial vapor pressure was proportional to the square root
of the concentration. This explained the observed zone shape. The idea
was born of incorporating in the stationary phase a substance which would
itself interact with the solute molecules to form dimers at all concentrations,
and so revert to the condition that the distribution coefficient was inde-
pendent of concentration. Thus, stearic acid was incorporated in the station-
ary phase and we found fairly quickly that the best stationary phase for
the separation of the short chain acids was a solution of stearic acid in a
silicone oil. I have gathered from other workers that they have spent many
years searching for better stationary phases and so far as T know only one
alternative has yet been produced.

Having got the columns to operate properly, we then proceeded to go
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into a more detailed consideration of the theory. I say “we.” My major
function in development of the theory was adding up the sums and seeing
that they gave the right answer because Dr. Martin, though an excellent
operator of higher mathematics, has always been extremely poor in adding
up (and rather weak on dividing too, I may say). He has confessed to me on
many occasions that he is often out by a factor of ten—but usually on the
right side.

The next development was to get a more convenient device for titrating;
and so the design was produced for the recording burette. This simple
instrument worked extremely well; I used to sit in front of it, turning the
handle and carefully watching the color of the indicator in the cell. We were
able to plot automatically the zones as titration proceeded and to clucidate
the effect of some column parameters such as pressure drop.

This apparatus had certain disadvantages. If anyone came into talk to
you and you took your eye off the titration cell, a zone would emerge that
would be missed, and so spoil the record. An automatic recording burette
was then devised by putting a photocell against the titration cell and so
actuating the recording burette when the indicator color changed. This
was the first automatic recording gas chromatogram.

From there on the pathway seemed clear. The work was extended to
study column behavior in terms of interaction between solute and station-
ary phase. We continued with aliphatic amines, and came up with the idea
of using two stationary phases and plotting retention times to get an indica-
tion of the chemical structure of the amine. We were able, by use of two
columns, to define an unknown amine as primary, secondary, or tertiary.

Then came the problem of designing a general detector. Dr. Martin at
that, time was perfectly well aware of the thermal conductivity cell, as he
is aware of most scientific mstruments, but he felt that the inherent flow
sensitivity of the designs that had so far been produced made them unat-
tractive. I know that for some years he had been thinking about the gas
density meter. At first, however, he made an attempt to make a mass re-
cording detector. He spent some time making minute microbalances from
quartz, but unfortunately these were so difficult to make and so fragile
that they could be made only for a short period each day. He was hoping
to condense out the vaporized material onto a cold balance pan and record
automatically the mass of the material. This did not, in the long run, work
out, and during this time I am sure he was still thinking about the gas
density meter.

While the work was going on with the balance, I was doing more work
with the titration system, studying the behavior of aromatic amines. This
showed that with aromatic derivatives the picture of solute-solvent inter-
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action becomes more complex owing to ring effects and positional isomerism.
But at least this did extend the range to weak bases by titrating in glacial
acetic acid with perchloric acid using the same instrument as before.

At this time, as Dr. Martin has told you, Ray visited our laboratory and
then did some excellent carly work at I.C.1. using a catharometer. Mean-
while, Martin was becoming less interested in mass and reverted to the gas
density meter. As usual, he spent a long time thinking. First he made a
glass model, to demonstrate the general principle, not being interested in
sensitivity, and it worked. He then made a small brass instrument and
again that worked. The first full-scale model I still have and still use. This
instrument immediately opened up the field for ourselves and we began
then to study the behavior of a much wider range of compounds.

First we chose the saturated paraffin hydrocarbons and so needed pure
standard hydrocarbons. The source was the stock held for the country by
Dr. Birch at what was then Anglo-Iranian and is now British Petroleum.
I wrote to Dr. Birch and asked for some samples; they wrote back very
promptly and said they were very happy to let us have them, but were mildly
interested in why we wanted such a wide range of structures. I sent them,
in return; some early gas chromatograms of separations of the components
of petroleum ethers. Dr. Birch and Mr. Desty arrived the next day; British
Petroleum never was a company to let any dust grow under its feet. From
then on, Desty and Harborn and their collaborators have done much excel-
lent work in this field. They were, I think, outside ourselves, the first
people ever to construct and use a gas density meter.

We did some work with a large-scale column many years ago, 20 ft long
and an inch in diameter and we found, in the standards of those days of
column efficiency, that there was no great drop in efficiency per foot. Dr.
Martin designed a catharometer cell which was much less flow sensitive
than the conventional direct flow type and we used this on the large col-
umns. At the time we were interested, in conjunction with Dr. Tatlow in
Birmingham, in the separation of fluorocarbons. But Dr. Tatlow developed
his own column so quickly that they carried on very effectively on their
own and were the first to publish on the subject of large-scale columns.

Having the gas density meter and having separated a series of alcohols,
ketones, etc., we published general articles on the technique in a few jour-
nals. This began to stir up much more widespread interest. At that time we
were in the position of knowing more about the subject than anybody else.
During the next few years we had through our laboratory many people
interested or who had already started work in this field, and we both had
an extremely interesting time.

But always both of us were interested in the use of the chromatogram
for getting physicochemical data on the way molecules interact in solution.
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The gas chromatogram has now provided enough information on the types
of intermolecular attraction to give more insight into the behavior of liquid-
liquid chromatograms.

From then on the technique spread very widely. There is always a time
lag between spread of a technique in Britain and its spread in the United
States. Somebody has said that there is nothing shyer than a million dollars,
but our experience would suggest that there is nothing more resistant to
somebody else’s ideas than a scientist. This 18 possibly the reason why the
initial suggestion of the gas chromatogram was never taken up. The only
detectors then available commercially were the various types of catharom-
eters. The gas density meter was also beginning to be available.

After the initial development of the technique and its general trends
were clear, Dr. Martin decided to leave the Medical Research Council and
conuect himself more directly with industry and to do consultant work. At
that time I turned my attention to the long cham fatty acids. The first
paper Dr. Martin and I wrote together was that on the separation of the
short chain fatty acids, and our last paper was on the long chain fatty acids.
I was attracted to these substances because of their intractibility. Proteins
are bad enough, but at least they are soluble in water. Although fat-soluble
substances were the first compounds to be studied chromatographically
because of their low water solubility, methods of separation were not highly
developed except for the reversed phase liquid-liquid chromatogram, which
Martin had developed at the Lister Institute.

After Martin had left the National Institute, I carried on working in this
ficld of separation of the long chain acids and applied the technique to a
variety of problems. I became interested in the lipids of human blood, and
Dr. Lovelock, a physical chemist who worked in the field of blood coagula-
tion and fragility of red cells, and I began to collaborate. We examined the
fatty acids of blood and then were drawn into work on coronary artery
discase. One of the problems we came up against was the fact that often
only small blood samples were available, so that we were working at the
limit of the sensitivity of the gas density meter. Dr. Lovelock and I dis-
cussed the need for a more sensitive detector, and he said he thought he
could make such a device. He then developed the argon ionization cell and
we were able to extend our work by virtue of the much lower loads that we
could apply to the column.

Irom now on, development of the technique became extremely rapid
Dr. Golay later worked out the theory of the capillary column and pro-
ceeded, unlike more theoriticians, to practical demonstration. Capillary
columns are essential in the petroleum hydrocarbon field where mixtures of
almost every conceivable type of carbon skeleton exist and separation fac-
tors are often very small. High plate numbers have to be used to get useful
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separations. For many other fields where large separation factors can often
be used, it would be more advantageous to run capillary columns at much
higher flow rates and lower efficiencies. Much faster separations can then
be carried out.

This raises the whole problem of the recording and presenting of infor-
mation. Most people are wedded to the concentration-time plots, but this
is one of the less useful ways of presenting the data because one always has
the problem of measuring some function of peak width. When dealing
with very narrow peaks emerging at high speed in order to get measurable
distances, high paper speeds have to be used. This may, if one works at very
high speeds, mtroduce uncertaintie, in paper movement. It is simpler not
to plot concentrations but the integral record as a series of steps. Time is
no longer of concern as a function for calculation of peak areas. From
such diagrams just as much information can be obtained as from the conven-
tional peaks.

Other auxiliary imformation is often required such as the measurement of
radioactivity of substances eluted from the chromatogram. In England,
Popjak has developed a simple cell, attached to the outlet of a gus density
meter, in, which a scintillator 15 contained in solution in a solvent such as
toluene The gas stream is arranged to bubble through the cell so that the
peaks are absorbed. The cell is strapped between two photomultiphers, in
this way count rate can be plotted automatically simultaneously with the
record from the vapor detector. This enables one to determine directly the
specific activities of the labeled materials. An alternative method 1s to use a
proportional flow counter, at the outlet of the vapor detector.

It is interesting, to compare the development of gas chromatography,
in so far as the commercial instrument houses are concerned, with the
present status of spectrophotometry. Originally, all spectrophotometers
were designed and operated in academic or industrial laboratories. Nowa-
days the development of spectrophotometers is carried out almost ex-
clusively within the instrument industries of this country, Great Britian
and Germany. The commercial houses, rather than academie laboratories,
produce the new mstruments. This is the sort of thing that is going to
happen with the gas chromatogram. Up until now the development of
new detectors and columns has been carried out in academic research in-
stitutes or in industry. Now that the instrument companies are becoming
much more closely involved, they will produce their own designs.

The capillary column has gone on from strength to strength. In Britain,
Desty and his co-workers at British Petroleum have designed a very in-
genious apparatus for drawing glass tubing to form glass capillaries of any
desired hore, and have been able to attain something of the order of three
quarters of a million theoretical plates, largely due, it is thought, to the
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very smooth bore. These capillary tubes enable one to deposit a very even
thin film of the stationary phase. On the other hand, Scott of Benzole
Producers, has used plastic tubing, again with a much smoother bore than
metal columns, and has attained the same order of efficiency—-750,000
theoretical plates.

Another interesting development which has been going on in the last
few years is a much greater theoretical understanding of the operation of
the gas chromatogram. Earlier thcoretical papers (except the original
theoretical plate treatment of Martin and Synge) were so difficult to handle
mathematically and used many parameters devoid of physical meaning,
that they were rarcly of practical use to chromatographers. Now this has
changed. Dr. Glueckauf recently presented a very elegant paper on the
theory of separation of highly radioactive gases in which the heat evolved
by these gases effected desorption from the adsorbent. He also correlated
theory and practice in a very elegant manner. The same is true of Dr.

tolay and also the Shell Group (Van Deemter, etc.).

The work on large-scale columns which has gone on in the last few years
has again culminated in the production of commercial models There still
are differences of opinion on the way these columns should be constructed.
During the next few years experience will show whether it is better to
have a number of parallel small columns or a single wide column. Now
that the instrument companies have a direct interest in this they will find
out very quickly which is the best method—they have to sell the instru-
ments.

Automatic fraction collectors are still in their infancy. A simple detector
which can be used to operate a relay to change collectors has yet to be
produced. For many workers, and particularly for chemical laboratories
who are not interested in the fine details of chromatographic separations
or even in seeing the record, there is something to be said for a much
cheaper large-scale column in which there is no recording of the separation
but merely some visual indication of an emerging zone.

Development is now proceeding along very different lines for industrial
and research instruments. We have high speed, high sensitivity, low load,
automatic machines for analysis but we also need milligram level columns
for research studies, particularly for radioactive work.

By using large-scale columns the chemical supphers should now be able
to supply us with highly pure chemicals. I remember when the paper chro-
matogram was developed for separations of the amino acids, many chemical
suppliers were distressed to get rude letters from their customers, saying,
for example, that the material supplied as l-glutamic acid, in the first place,
was not - and in the second place was not glutamic acid. Obviously, the
same thing has been happening in the last few years with the chemical
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suppliers with regard to the more volatile substances with which we can
deal.

Dr. Lipsky has spoken about his separations of sterols on the gas chro-
matograph. This is a field in which I am particularly interested, since it is
likely to open up new avenues of attack on various biochemical and chemi-
cal problems involving the metabolism of lipids. Although I myself don’t
think cholesterol has much to do with the coronary artery disease, a large
number of other people do, and they, I am sure, will be very happy to
measure cholesterol with the gas chromatogram instead of by conventional
techniques.

I have tried to outline the way in which the first idea of the gas-liquid
chromatogram, occurring as a few lines in a general paper on liquid-liquid
chromatography, has developed since its inception. It has grown into a
technique of tremendous ramification (not the least of which is making
money for the instrument companies), still not yet fully exploited. There
is much left to do, so the next few years will be intensely interesting.
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Rapid Chromatographic Separation and Determination of
Helium-Neon-Hydrogen and Nitrogen-Krypton-Methane
Mixtures and Determination of Argon in the Presence

of Oxygen at Room Temperature

M. Knestf, K. Tesaitik, axp J. Janix

Laboratory for Gas Analysts, Czechoslovak Academy of
Sciences, Brno, Czechoslovakia

Activated charcoal (2-4, 7, 8, 11, 12, 14, 15), silical gel, (5, 16), alu-
minium-silicate molecular sieves (1, 4, 6, 13), and mixtures of various
adsorbents (6) have been used for the chromatographic separation of rare
gases (4, 7), rare gases mixed with permanent gases (I, 4-6, 11-13, 15,
16), and mixtures of rare gases, permanent gases, and gaseous hydro-
carbons (4, 8, 11, 14). Special analytical studies have been made on the
separation of isotopes of gases (2), radioactive rare gas isotopes (3), and
the determination of small quantities of rare gases (5, /1, 12).

From the results of these studies it is evident that the practical anal-
lysis of the following mixtures —helium, neon, and hydrogen; argon and
oxygen; nitrogen, krypton, and methane —has not been solved. Helium
mixed with ncon (without the determmation of hydrogen) can be sep-
arated only at low temperatures (4, 8, 14). Argon can be separated from
oxygen only partially using 5A Linde molccular sieve with an unspecified
amount of water (6, 13) (which plays a deciding role in the sorption proper-
ties of the molecular sieve towards permanent gases) (9, 10). It is possible
to avoid these difficulties in the separation by a preliminary elimination of
oxygen (5). A similar situation exists in the case of the krypton-methane
mixture (4, 12).

In this paper the conditions will be discussed under which the above-
mentioned problems can be solved at room temperatures.

EXPERIMENTAL

A conventional gas chromatograph was used for this work. Platinum
thermal conduectivity cells kept at 22° C served as the detector. In the
separation of the helium-neon-hydrogen mixture, argon was used as the
carrier gas, in the determination of argon and in the separation of the
krypton-methane mixture, hydrogen was used as the carrier gas. Activated
caleium aluminium silicate, (Ca0Q-Al,0s5-2 Si0.) (5A Linde Molecular
Sieve) (10) and activated charcoal Supersorbon of grain size 0.2-0.4 mm
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were used as adsorbents. The chromatographic columns were aluminium
tubes of required length (see below), with a 7-mm ID. In all cases, a
constant volume of variable amounts of the gas sample diluted with the
carrier gas was fed by injection.

SEpArATION OF HELIUM-NEON-HYDROGEN MIXTURE

On a column packed with 109 g of activated 5A Linde Molecular Sieve,
hydrogen can be completely separated from helium and neon, and helium
separated sufficiently from neon at 22° C. The same column, at the tem-
perature of dry ice, completely separates the helium neon pair (Fig. 1).
The specific retention volumes (chromatographic spectra) can be seen in
Table I. The dependence of the value U,° (which corresponds to the
value V,0 in gas-liquid chromatography) upon the reciprocal temperature
can be seen in Fig. 2. The relation 1s not linear as it is in the case of gases
of higher adsorption energy (10) (oxygen, nitrogen, methanc, carbon

Ne

He
109 8 7 4 5 4 3 2 1 Owi
B
Ne [ {He
Y 8 7 & 5 4 3 2 1 Oun

F1s 1 Chromatographic separation of helium-neon-hydrogen miature on caleium
aluminum silicate (Linde Molecular Sieve 5A) (A) Temperature: 22° C; carrier gas:
0.5 ml A/sec. (B) Temperature: —78° C; carrier gas: 0.89 ml A/sec.
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TABLE I

SpeciFic RETENTION VoLuMes (CHROMATOGRAPHIC SPECTRA)
Component trax Imax —lo Up
Helium 342 0 0.000
Neon 381 39 0.150
Hydrogen 467 125 0.485
Oxygen!! — — 4.44
Nitrogen!! — — 133

Note. Temperature, 20° C; 109 g Linde Molecular Sieve 5A; grain size, 0.2-0.4
mm activated at 400° C; carrier gas, argon 0.5 ml/sec; inlet pressure, 1013 tor; com-
pressibility factor 0 786
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Fis 2 Dependence of log U,? for neon and hydrogen on the reciprocal tempera-
ture (for dead volume estimation served Umax of helium).

monoxide); this suggests that in the separation of these components other
factors besides sorption play a role, i.e., diffusion.

The calibration curves for helium, ncon, and hydrogen are linear in
amounts over 10 ul gas (calibration by measuring the peak areas will
give better results then that from the peak heights). This analysis takes
10 minutes.

DETERMINATION OF ARGON MixEp wItH OXYGEN

Argon is separated from other permanent gases in the chromatograph
on active molecular sieve, type 5A, in one fraction along with the oxy-
gen. When hydrogen is used as a carrier gas, oxygen is eliminated quan-
titatively from the mixture at room {emperature on a catalytic precol-
umn (palladium carried on a support).
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PREPARATION OF THE CATALYST

The palladium was carried on to the supporting material, such as alu-
minium silicates or Celite, in the form of ammonia complex; 2 ml of 10%
water solution of palladium chloride (0.12g Pd) was settled by means
of 36 % ammonia. A white precipitate—Pd (NH;) » Cly—was formed. The
suspension was made up to 100 ml with the same ammonia. Owing to
the excess of ammonia, the complex was resolved after some hours upon
formation of (Pd(NH;),)+t.

Into the solution prepared in such a way 40 g of dried support was
added. The suspension formed is transferred into a flask and heated with
continuous evacuation until dry. The dry product is then packed in a
metal or glass tube, purged with hydrogen, and the column moved slowly
through an oven heated to 500° C in the direction of the hydrogen stream
along the whole column. The palladium catalyst will turn gray as it is
reduced.

The calibration curve, according to peak areas, and according to peak
heights, is linear in the usual range. It is possible to calibrate for small
amounts of argon before the analysis by determining argon in the air.

TABLE II
QUANTITATIVE ELIMINATION oF OXYGEN BY MEANs oF CATALYTIC PRECOLUMN

Argon, Oxygen, Peak area Error,
ml m for A, mm? %
0.00 0.10 0 0 00
0 00 0 50 0 000
0 00 100 0 000
0 00 2 00 0 0.00
0 00 300 0 0 00
0 00 4 00 0 000
0 00 5.00 0 0 00
0.50 0 00 255 +2 82
0.50 0 50 244 -1 61
0 50 0 50 244 -1 61
0 60 0.00 385 +4 34
0 60 2.00 364 -135
0.60 1.00 382 -3.53
0 60 4.40 3566 —3.563
0.60 0.00 360 —-2.44
2 00 0.00 1110 +4 18
2 00 1.00 1055 -1 86
2 00 0.60 1057 -1.67

Averuge error +2 889,
Average error of sampling  £2 00%

Nore: ID 6 mm; 0019 g Pd in 0 3% on the support.
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The quantitative elimination of oxygen was followed by adding elec-
trolytic oxygen, in volumes of 0.10-5.00 ml mixed in various ratios, to
the argon (see Table 1I). The catalytic precolumn, I1) 6 mm, contained
0.019 g Pd in a concentration of 0.3 % on the support. The catalytic clim-
ination of the oxygen was complete even at the volume rate of 2.8 Nml
H.,/sec which corresponds to the linear stream velocity of 165 em/sec and
to the contact time of 22 sec over 1 g Pd. The catalytic properties of the
palladium precolumn are not influenced by the presence of water formed
by the reaction of 250 ml oxygen fed on to the column. An example of
the determination of air, argon, and of the analysis of a recycling gas
from an ammonia synthesis is given in Fig. 3. The analysis takes 2 to
5 minutes.

SEPARATION OF THE NITROGEN-KRYPTON-METHANE MIXTURE

The chromatographic spectra from activated charcoal and calcium alu-
minum silicate (Table IIT) show that, at room temperatures, krypton can
be separated from nitrogen on a molecular sieve (cf. 4) only with diffi-
culty, whereas it separates cleanly on activated charcoal. Although on this
adsorbent. a clean separation of the krypton-methane mixture mects with
difficulty, it can easily be performed on zcolite. From the chromatographic
spectra, it is possible to calculate the composition of the mixed adsorbent,

L
0.94% A
)
1] 1 2 3 4 S wmin
6.40% A
va
CH,
; ) 2 3 4 s  min

F1a. 3. Chromatographic determination of argon in air and in recyeling gas from
ammonia synthesis,
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TABLE III

SeeciFic RETENTION VoLUMES (CHROMATOGRAPHIC SPECTRA) OF NITROGEN,
KRYPTON, AND METHANE ON CHARCOAL AND MOLECULAR SIEVE 5A

Molecular sieve 5A (11),

Charcoal water content, 2 % w
Temperature, ° C 20 20
Grain size, mm 0.20.4 0.2-0.4
Carrier gas, hydrogen ml/sec 2.88 1.29
Inlet pressure, tor 763 591
Outlet pressure, tor 748 476
Adsorbent weight, g 88 183
Specific retention volumes, U,°
Nitrogen 8.1 8.84
Krypton 48 8.8
Methane 48 16 6
Kr
N,
CH,

3 4 H ‘ 7 S an 9

Fia. 4. Chromatographic separation of nitrogen-krypton-methane mixture on
mixed adsorbent (charcoal and Linde Molecular Sieve 5A, 1:10).

TABLE 1V
CoMPARISON OF CALCULATED AND Founp Speciric RETENTION VOLUMES
ON MIXED ADSORBENT

Compound UQ, calculated Uy, found
Nitrogen 8.8 9.1
Krypton 12.4 13 2
Methane 19.5 189

NotEe: Charcoal: Linde Molecular Sieve 5A = 9.3:90.7.
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which will separate krypton from the components mentioned. For example:

o = XaU + YaUy
¢ 100

where X and Y are per cents by weight of both adsorbents and U/,° is
the respective specific retention volume. Figure 4 illustrates this separa-
tion and Table IV shows the conformity of the values of U,° calculated
with those found using mixed adsorbents. The analysis takes 5 to 9 minutes.

12
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14
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Comparative Retention Valves of Representative Sample Types
on Standard Gas Chromatography Columns

PuiLip R. ScHoLLY AND NATHANIEL BRENNER

The Perkin-Elmer Corporation, Norwalk, Connecticut

INTRODUCTION

For some time, there has been a need for tables of retention values
in order to predict the applicability of a particular column to a particular
problem in gas chromatography. At the New York American Chemical
Society’s meeting in September, 1957, H. M. Tenney of Esso Research
Laboratories, Baton Rouge, Louisiana, outlined a procedure for obtain-
ing the maximum amount of information concerning the selectivity of
various liquid substrates in the minimum amount of time (7). Subse-
quent to Tenney’s work, James (2) and Raupp (3) have published use-
ful compilations of retention data.

For this particular study, eighteen standard mixes representing a wide
variety of chemical types were run on a group of the most commonly
uscd Perkin-Elmer partition columns; namely Types A, B, C, K, O, P,
Q, and R, at a temperature of 100°C. The first eight mixes (light hy-
drocarbons) were run in addition at a temperature of 50°C.

All columns were specially prepared for this investigation, conforming
to the latest production specifications. The liquid substrate was put on
60-80 mesh Chromosorb R at a concentration of 20% by weight. The
column inlet pressure was adjusted to give a flow rate of 40 to 100 ml/
min, measured at room temperature.

In addition, supplementary tables give retention data for two applica-
tions of particular interest: light hydrocarbon analysis on an E column
(dimethylsulfolane) at 50°C, and analysis of fatty acid methyl esters on
a P column at 210°C.

How 1o USE THE DaTA

The tables for each column list in order from left to right the mix num-
ber, component name, boiling point, pressure in pounds per square inch
gage and flow rate in milliliters per minute of helium (P/F), net reten-
tion time measured from the air peak (the retention time given for air
is that measured from the start), and finally, the ratio of the net reten-
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tion time of the component to that of n-pentane under the same con-
ditions.

These relative retention ratios are pure numbers independent of column
length, flow rate, and ratio of substrate to inert support. Only the col-
umn temperature and the nature of the substrate need by specified. By
measuring experimentally the net retention time for n-pentane through a
particular column under any given set of conditions but at the same tem-
perature, the ratios may be used to compute the net retention times for
all the other components listed, thus:

tr = thp

where {, = net retention time for component x; B, = tabulated n-pen-
tane ratio for component z; {, = net retention time for n-pentane meas-
ured from the air peak. Sometimes the retention time for the start of
injection is used in such computations. This is unsound because the ratios
obtained, whether in relation to air or carrier gas (R; values) or in re-
lation to some other standard substance, become dependent on the ratio
of liquid substrate present on the column to the solid support.

The graphs, two for each column, consist of plots of retention ratios
at 100° C vs the boiling points of standard mixture components boiling
between 20° and 145°C. Each curve is labeled with the mix number.
Each mix also has its identifiable plotting points making it possible to
locate a specific compound by noting its boiling point on the proper mix
line.

Much qualitative information concerning the separation characteristics
of a column can be obtained at a glance. The farther apart two or more
curves are the better the separation by chemical type. For example, on
a K column, normal paraffing boiling up to about 160°C will emerge prior
to benzene (b.p. 80°C), the lowest boiling member of the aromatic series.
On the other hand, it is sometimes desirable to have a nonselective straight
boiling point separator, in which case one looks for the appropriate mix
curves close together or overlapping. Squalane (column U) is such a non-
selective, straight boiling point separator for hydrocarbons (). Lastly,
the flatter the slope of a curve the greater will he the separation with a
homologous chemical type.

The selection of the best column for a particular application is still
largely an empirical art. If the constituents of a sample are known, then
it is possible to make use of published retention data as a guide. Prop-
erly used, such tables and graphs mean a considerable saving of time and
effort. It is hoped that the data presented here will be uscful to other
groups working in the field of gas chromatography.
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TABLE 1
Stanparp Mixks Usep 1N CoLumMN Stupny
Mix No Chemical Type Graph Symbol

1 C1-C4 n-paraffins [e)

2 Cs—Cs n-paraffins X

3 2-Methyl paraffins

4 Cy-C, olefins

5 1-Alkenes A

6 2-Alkenes a

7 Diolefins

8 Acetylenes

9 Alkyl benzencs [¢)
10 Jyclopentanes X
11 Cyclohexanes A
12 Primary alcohols (0]
13 Secondary alcohols X
14 Tertiary alcohols JAN
15 Aldehydes o]
16 Ketones X
17 Acetates A
18 Ethers a
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RETENTION DATA, CoLUMN A

Diisodecyl phthalate, 20% by weight on 60-80 mesh Chromosorb; length:

4 meters; temperature- 50° C.

Mix no.

Mise.

Component

Methane
Fithane
Propane
Butane

Pentane
Hexane
Heptane
Octane

2-Methylpropane
2-Methylbutane
2-Methylpentane

Ethylene
Propylene
Tsobutane
Butene-1
trans-Butene-2
cis-Butene-2

Pentene-1
Hexene-1

trans-Pentene-2
cts-Pentene-2
trans-Hexene-2
cis-Hexene-2

Propadicene
Butadiene-1,3

2-Methylbutadiene-1,3

Acetylene
Propyne
Butyne-1

Air

Carbon monoxide
Carbon dioxide
Neopentane
Isooctane

Boiling point, T, , min Ratio
L LA LT iy SN gt
—162 25/92 0.00 0.00
—89 25/92 020 0 04
—42 25/92 0 65 0.12
-0.5 25/92 2.00 035
436 25/92 565 100
+69 25/92 153 2.711
498 25/92 40.1 710
+126 25/92 — -
—-12 25/92 140 025
+28 25/92 440 0.78
+60 25/92 11.8 209
—104 25/92 0.20 0 04
—48 25/92 0.80 014
-69 25/92 215 038
-6 3 25/92 215 0 38
+09 25/92 2 80 0 50
+37 25/92 3.10 0 55
+30 0 25/90 570 101
+63 5 25/90 16 2 2 87
+36 3 25/90 700 124
+36 9 25/90 740 131
+67.9 25/90 179 317
+68.8 25/90 199 3 52
—34 25/92 140 025
—4 25/92 2.80 0.50
43t 25/92 8 25 1 46
-84 25/88 035 0 06
-23 25/88 160 0 28
+8 25/88 3 65 0.65
— 25/92 (1.10) 0 00
—-190 25/92 0.00 0.00
—78 25/92 020 0.04
+10 25/92 2.35 041
+99 25/92 39.6 701
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ReTENTION DATA, Cor.uMN A—Conttnued
Diisodecyl phthalate, 207, by weight on 60-80 mesh Chromosorb; length

]

4 meters, temperature* 100° C.

. Boiling point, T, , min Ratio
Mix no. Component °C P/F @ir=0 (G =1)
1 Methane —-162 25/70 0 00 0 00
Ethane -89 25/70 0.15 0.07
Propane —42 25/70 0 40 01
Butane -05 25/70 1.00 048
2  Pentane +36 25/70 2.10 100
Hexane +69 25/70 4.80 2.29
Heptane +98 25/70 10 8 5.14
Octane +126 25/70 23.4 11
3  2-Methylpropane —-12 25/70 0 80 038
2-Methylbutane +28 25/70 170 0.81
2-Methylpentane +60 25/70 3.75 1.78
4  Ythylene —104 25/70 015 0 07
Propylene —48 25/70 045 021
Isobutene -6 9 25/70 105 0.50
Butene-1 —63 25/70 105 0.50
trans-Butene-2 +09 25/70 130 0 62
c13-Butene-2 +3 7 25/70 110 0.67
5  Pentene-1 +30 0 25/70 2 05 0 98
Hexene-1 +63 5 25/70 4.80 229
G trans-Pentene-2 +36 3 25/70 2.25 107
cis-Pentene-2 +36 9 25/70 2 40 1.14
trans-Hexene-2 +67.9 25/70 5 30 2.52
c18-Hexene-2 +68 8 25/70 5 60 2.67
7  Propadiene -34 25/70 0.75 035
Butadiene-1,3 —4 25/70 1.30 0.62
2-Methylbutadiene-1,3 +34 25/70 2 80 1.33
8 Acetylence ~84 25/70 0.25 012
Propyne ~23 25/70 0.80 0.38
Butyne-1 +8 25/70 1.55 074
9 Benzenc +80 25/70 129 6.14
Toluene +111 25/70 299 14.2
Ethylbenzene +136 25/70 58.4 27.8
p-Xylene +138.4 25/70 66.3 31.6
m-Xylene +139. 25/70 66 3 31.6
0-Xylene +144.4 25/70 80 0 381
Isopropylbenzene +152 25/70 90 8 43.2
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Mix no.

Component

10

11

12

13

14

15

16

17

18

Misc

Cyeclopentane
Methyleyclopentane

Cyclohexane
Methyleyclohexane

Methanol
Ethanol
Propanol
Butanol

2-Propanol
2-Butanol

tert-Butyl aleohol
tert-Amyl alcohol

Acetaldehyde
Propionaldehyde
Butyraldehyde
Valeraldehyde

Acetone
2-Butanone
2-Pentanone
2-Heptanone

Methyl acetate
Ethyl acetate
n-Propyl acetate
n-Butyl acetate

Diethyl ether
Diisopropy! ether
Di-n-butyl ether

Air

Carbon monoxide
Carbon dioxide
Neopentane
Isooctane

Water

RETENTION DATA, CoLuMN A—Continued.

Boiling point . T, , min Ratio
c @ P G0 @C=1)
+49 25/70 4.00 190
+72 25/70 6.65 3.17
+81 25/70 93 4 90
-+101 25/70 15 8 7 52
-+65 20/54 36 1.38
+78 20/54 48 1.85
+97 20/54 10 4 4.00
+118 20/54 24.0 924
+82 25/70 4.9 2.33
+100 25/70 11.0 524
+83 25/70 56 2 67
+102 25/70 141 671
+20 25/70 20 095
+50 25/70 3.9 1 86
+75 25/70 82 3.90
+103 25/70 18 2 8 67
+56 25/70 4.4 2.10
+80 25/70 90 4
+103 25/70 17 3 8 24
+150 25/70 76 0 13 6
+58 25/70 45 214
+77 25/70 717 3.67
+102 25/70 15.9 7.57
+126 25/70 33 4 159
+35 25/70 26 1.24
+08 25/70 5.2 2 48
+138 25/70 40 29
—_ 25/70 (1.10) 0.00
-190 25/70 000 0.00
-78 25/70 015 007
+10 25/70 1.10 0.52
+99 25/70 10.1 4.81
+100 25/70 6.4 3 04
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COMPARATIVE RETENTION VALUES OF SAMPLE TYPES

RETENTION DATA, CoLuMN B
D1-2-ethylhexyl schacate, 20% by weight on 60-80 mesh Chiomosoib;

length. 4 meters, temperature 50° C.

271

Mix no. Component Bmhng;clx)mt, P/F (Zu'r’ :“3) (”g:"io 1)
1 Methane —162 20/62 0.00 0.00
Ethane -89 20/62 0.35 0 04
Propane —42 20/62 1.20 012
Butane -05 20/62 3170 0.36
2 DPentane +36 20/62 10 40 100
Hexane +69 20/62 30 0 2 88
Heptane +98 20/62 772 7 42
Octane +126 20/62 199.0 19.1
3  2-Methylpropane -12 20/62 2.60 0.25
2-Methylbutane +28 20/62 8 05 0.77
2-Methylpentane +60 20/62 21 2 2 04
4  Kthylene —104 20/62 035 0 04
Propylene —48 20/62 1.30 013
Tsobutene -6 9 20/62 3 80 0 37
Butenc-1 -6 3 20/62 3 80 0 37
trans-Butene-2 +0.9 20/62 185 0 7
cis-Butene-2 +37 20/62 5 40 0 52
5 Pentene-1 +30 0 20/62 103 0.99
Hexene-1 +063.5 20/62 28 27
6 trans-Pentenc-2 +36.3 20/62 125 1.20
cis-Pentene-2 +36 9 20/62 13 3 1.28
trans-Hexene-2 +67.9 20/62 324 312
cis-Hexene-2 +468.8 20/62 35 4 3 40
7  Propadiene -3t 20/62 2 40 023
Butadiene-1,3 -4 20/62 500 048
2-Methylbutadiene-1,3 +34 20/62 14 95 1.44
8  Acetylene —84 20/62 0 65 0 06
Propyne —-23 20/62 2.10 0.20
Butyne-1 +8 20/62 6.35 0.61
Mise.  Air — 20/62 (1.35) 0.00
Carbon monoxide -190 20/62 0.00 0.00
Carbon dioxide -178 20/62 0.35 0.04
Neopentane +10 20/62 410 0.39
Isooctane +99 20/62 70.0 6.73
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RETENTION DATA, CoLuMN B—Continued

Di-2-ethylhexyl sebacate, 209 by weight on 60-80 mesh Chromosorb;
length: 4 meters, temperature: 100° C.

. Boiling point, T,, ;11in Ratio
Mix no Component ¢ P/F @r=0 (G =1
1 Methane —162 20/48 0.00 0.00
Ethane —89 20/48 0.30 0 08
Propane —42 20/48 0.70 019
Butane -0.5 20/48 1.80 0.49
2  Pentane +36 20/48 3.70 1.00
Hexane +69 20/48 8.40 2.27
Heptane 498 20/48 18.4 4 97
Octane +126 20/48 389 10.5
3  2-Methylpropane —-12 20/48 1.35 0.37
2-Methylbutane +28 20/48 3.05 0.83
2-Methylpentane +60 20/48 6.60 178
4  Ethylene —104 20/48 0.20 0.05
Propylene —18 20/48 07 020
‘Isobutene —6.9 20/48 1.80 0 49
Butene-1 —-6.3 20/48 1.80 0 49
trans-Butene-2 +09 20/48 2.20 0 60
c1s-Butene-2 +37 20/48 2.35 0 64
5  Pentene-1 +30.0 20/48 305 104
Hexene-1 +63.5 20/48 8.45 228
6 trans-pentene-2 +36.3 20/48 4.25 115
cis-Pentene-2 +36.9 20/48 475 128
trans-Hexene-2 +67 9 20/48 9.40 2 5¢
cis-Hexene-2 68 8 20/48 10.0 2170
7  Propadiene —34 20/48 135 0 37
Butadiene-1,3 —4 20/48 2.30 0.62
2-Methylbutadiene-1,3 +34 20/48 5 00 135
8  Acetylene —84 20/48 0 40 11
Propyne -23 20/48 1.50 0.41
Butyne-1 +8 20/48 2.60 070
9 Benzene +80 20/48 21.3 5.61
Toluene +111 20/48 46.9 12.3
Etbhylbenzene +136 20/48 90.8 23 9
p-Xylene +138.4 20/48  101.7 2 8
m-Xylene +139.1 20/48 101.7 26 8
0-Xylene +144 .4 20/48 121.7 320
Tsopropylbenzene +152 20/48 139 4 36 7
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RETENTION DATA, CoLuMNn B—Continued.

. Boiling point, T, , min Ratio
Mix no. Component °C P/F @r=0 C =1
10  Cyclopentane 49 20/48 7.0 1.84

Methylcyclopentane 72 20/48 11.5 3.03
11  Cyclohexane +81 20/48 15.4 4.07
Methyleyclohexane +101 20/48 25 5 6.71
12 Methanol +65 20/50 4.5 1.18
Kthanol +178 20/50 6.2 163
Propanol +97 20/50 14.1 37
Butanol +118 20/50 32.5 8 55
13  2-Propanol +82 20/50 80 2.09
2-Butanol +100 20/50 18 8 4.95
14 tert-Butyl alcohol +83 20/50 10.0 2 36
tert-Amyl alcohol +102 20/50 24 8 6.53
15  Acetaldchyde +20 20/50 26 0.68
Propionaldehyde +50 20/50 54 142
Butyraldehyde +75 20/50 118 312
Valeraldehyde +103 20/50 26 4 6.95
16 Acetone +56 20/50 5.7 1.50
2-Butanone +-80 20/50 12 4 3.26
2-Pentanone +103 20/50 24.6 6 47
2-Heptanone +150 20/50 — —
17 Methyl acetate +58 20/50 6.4 1.67
Ethyl acetate +77 20/50 116 3.05
n-Propyl acetate +102 20/50 24.4 6.42
n-Butyl acetate +126 20/60 52.1 13.7
18  Diethyl ether +35 20/50 4.2 1.12
Diisopropyl ether +68 20/50 88 2.30
Di-n-butyl ether +138 20/50 75.9 20
Mise.  Air —_ 20/48 (1.50) 0.00
Carbon monoxide -190 20/48 0.00 0.00
Carbon dioxide —78 20/48 02 0 06
Neopentane +10 20/48 195 0 53
Isooctane +99 20/48 18.1 489
Water +100 20/48 7.0 1.84
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RETENTION DaTA, CoLumn C

Silicone oil (D. C. %200), 20% by weight on 60-80 mesh Chromosorb; length:
4 meters; temperature: 50° C.

Mix no. Component Bollmogcpomt, P/F (fi'n" :“8) (n]é:tl: 1)

1 Methane —162 30/100 0.00 0.00
Ethane -89 30/100 030 0 05
Propane —42 30/100 0.90 0.14
Butane -0.5 30/100 2.30 0.35

2 Pentane +136 30/100 6 50 1.00
Hexane +69 30/100 16 0 2.46
Heptane +98 30/100 38.7 5.95
QOctane +126 30/100 92 6 14.25

3 2-Methylpropane —-12 30/100 1.90 029
2-Methylbutane +28 30/100 5 00 0.77
2-Methylpentane +60 30/100 12 4 1.91

4 Ethylene —-104 30/100 0.25 0.04
Propylene —48 30/100 0.90 0.14
Isobutene —6.9 30/100 235 0.36
Butene-1 -6 3 30/100 235 0.36
trans-Butene-2 +0.9 30/100 2 85 0.44
c1s-Butene-2 +3 7 30/100 3.25 0.50

5 Pentene-1 +30 0 30/100 5.80 0.89
Hexene-1 +63 5 30/100 14.5 2.23

6 trans-Pentene-2 +36 3 30/100 6.90 1.06
cis-Pentene-2 +36 9 30/100 7.40 1.14
trans-Hexene-2 +67.9 30/100 16.5 2.54
c18-Hexene-2 +68.8 30/100 18 2 2 80

7 Propadicne —34 30/100 1.30 0 20
Butadiene-1,3 —4 30/100 32 0.39
2-Methylbutadiene-1,3 +31 30/100 6 65 102

8 Acetylene -84 30/100 0 30 0.05
Propyne -23 30/100 1 50 0.23
Butyne-1 +8 30/100 2 90 0.45
Mise. Air — 30/100 (1.05) 0.00
Carbon monoxide —-190 30/100 000 0.00
Carbon dioxide —78 30/100 0.20 0.03
Neopentane +10 30/100 2 90 0.45

Isooctane +99 30/100 370 5.69
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RETENTION DaTa, CoLumN C—Continued

Silicone oil (D. C. %200), 20% by weight on 60-80 mesh Chromosorb, length:
4 meters; temperature: 100° C.

. Boiling point, T, , min Ratio
Mix no. Component °gC P/F (air,= 0)  (1Cs = 1)
1 Methane —162 30/82 0 00 0 00
Ethane -89 30/82 010 0.04
Propane —42 30/82 0.50 021
Butane -0.5 30/82 1.20 0 50
2 Pentane +36 30/80 2.40 100
Hexane +69 30/80 4 90 2 04
Heptane +98 30/80 9.70 4.04
Octane +126 30/80 19.0 7.92
3 2-Methylpropane -12 30/80 0.90 0 38
2-Methylbutane +28 30/80 2 00 083
2-Methylpentane +60 30/80 3 80 1 58
4 Ethylene —104 30/80 015 0.06
Propylene —48 30/80 0 50 021
Isobutene -69 30/80 105 0 44
Butene-1 -6 3 30/80 105 0 4
trans-Butene-2 +09 30/80 12 0 50
cis-Butene-2 +37 30/80 140 0 58
5 Pentene-1 +30 0 30/80 2 30 0 96
Hexene-1 +63 5 30/80 4 40 183
6 trans-Pentene-2 +36.3 30/79 2 40 1.00
cis-Pentene-2 +36 9 30/79 2 60 108
trans-Hexene-2 +67.9 30/79 5.00 208
cis-Hexene-2 +68 8 30/79 5 30 220
7 Propadiene —34 30/81 0.80 033
Butadiene-1,3 —4 30/81 140 048
2-Methylbutadiene-1,3 +34 30/81 220 092
8 Acetylene -84 30/82 020 008
Propyne —-23 30/82 0.70 0.29
Butyne-1 +8 30/82 1.30 0 54
9 Benzene 80 30/79 7.5 3.12
Toluene 111 30/79 14.9 6.21
Ethylbenzene 136 30/79 29.7 12.4
p-Xylene 138.4 30/79 29.7 12 4
m-Xylene 139.1 30/79 29.7 12 4
0-Xylene 144.4 30/79 34.1 14.2
Isopropylbenzene 152 30/79 44.2 18.4
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RETENTION DaTtA, CoLuMN C—Conlinued

. | Boiling point Ty, min Ratio
Mix no. Component ¢ '  P[F (air’= 0 (C=1
10 Cyclopentane 49 30/81 39 1.62

Methyleyclopentane 72 30/81 6.1 2 54

11 Cyeclohexane 81 30/81 79 329

Methylcyclohexane 101 30/81 12 2 5.08

12 Methanol 65 30/72 2.0 083

Ethanol 78 30/72 20 0.83

Propanol 97 30/72 38 1.58
Butanol 118 30/72 80 3.33

13 2-Propanol 82 30/82 3.0 125

2-Butanol 100 30/82 5.8 2 42

14 tert-Butyl alcohol 83 30/82 3.2 133

tert-Amyl alcohol 102 30/82 71 2.96

15 ,Acetaldehyde 20 30/72 1: 0 54

Propionaldehyde, 50 30/72 21 088

Butyraldehyde 75 30/72 42 1.75
Valeraldehyde 103 30/72 9.2 3 83

16 Acetone 56 30/72 206 108

2-Butanone 80 30/72 48 2 00
2-Pentanone 103 30/72 97 404
2-Heptanone 150 30/72 27 136

17 Methyl acetate 58 30/82 37 154

Ithyl acetate 7 30/82 60 2 50

n-Propyl acetate 102 30/82 117 4 88

n-Butyl acetate 126 30/82 23 0 9 58

18 Diethyl ether 35 30/82 24 100
Diisopropyl ether 68 30/82 48 200
Di-n-butyl ether 138 30/82 313 130

Mise Air — 30/82 (1 15) 0 00
Carbon monoxide —190 30/82 000 000
Carbon dioxide -78 30/82 020 0 08

Neopentane 10 30/82 1.40 0.58

Isooctane 99 30/82 9.60 4.00
Water 100 30/82 5.2 2.17
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RETENTION DaTaA, CoLuMN E

Dimethylsulfolane (2,4-dimethyltetrahydrothiophene-1,1-dioxide), 33% by welght.
on 60-80 mesh Chromosorb; length: 4 meters; temperature: 50° C.

- Boiling point, T, , min Ratio
Mix no. Component §CP° »  P/F @i =0  (#Cs = 1)
1 Methane —162 20/66 0.00 0.00
Ethane —89 20/66 0.20 0.04
Propane —42 20/66 0.65 0.14
Butane -0.5 20/66 1.85 0.40
2 Pentane 36 20/66 4.60 1.00
Hexane 69 20/66 10.6 2.30
Heptane 98 20/66 23.8 5.17
Octane 126 20/66 54.7 11.9
3 2-Methylpropane —12 20/66 1.30 0.28
2-Methylbutane +28 20/66 3.50 0.76
2-Methylpentane +60 20/66 7.95 1.73
4 Ethylene —104 20/66 0.40 0.09
Propylene —48 20/66 1.20 0.26
Isobutene —6.9 20/66 3.05 0.66
Butene-1 —6.3 20/66 3.05 0.66
trans-Butene-2 +0.9 20/66 3.70 0.80
c18-Butene-2 +3.7 20/66 4.25 0.92
5 Pentene-1 30.0 20/66 6.60 1.43
Hexene-1 63.5 20/66 15.8 3.43
6 trans-Pentene-2 36 3 20/66 7.95 1.73
cis-Pentene-2 36.9 20/66 8.70 1.89
trans-Hexene-2 67.9 20/66 17.4 3.78
ci13-Hexene-2 68.8 20/66 19.7 4.28
7 Propadiene —34 20/66 3.40 0.74
Butadiene-1,3 —4 20/66 6.10 1.33
2-Methylbutadiene-1,3 +34 20/66 15.3 3.33
8 Acetylene —~84 20/66 2.30 0.50
Propyne —23 20/66 6.50 1.41
Butyne-1 +8 20/66 12.8 2.72
10 Cyclopentane 49 20/66 8.30 1.80
Methylcyclopentane 72 20/66 120 2.61
11 Cyclohexane 81 20/66 25.5 5.54
Methyleyclohexane 101 20/66 39.6 8.61
Misc. Air — 20/66 (1.10) 0.00
Carbon monoxide —190 20/66 0.00 0.00
Carbon dioxide —78 20/66 0.70 0.15
2,2-Dimethylpropane 10 20/66 1.85 0 40
2,2-Dimethylbutane 50 20/66 5.95 1.29
2,3-Dimethylbutane 58 20/66 8.00 1.74
3-Methylpentane 64 20/66 9.40 2.04
Isooctane 99 20/66 20.7 4.50




PHILIP R. SCHOLLY AND NATHANIEL BRENNER

282

AR I YN}

e

0 508 1% () 2ueojmsiiyowrp uo suoqiedoiply jo uoneiedeg 2 o1g

(T = 3INVIN3d) NOLINILIY IALLYIIY

o o
~ X ~ AeN S W s .

HHBE

T

T

10

0. ‘INIOd ONITI08



COMPARATIVE RETENTION VALUES OF SAMPLE TYPES

REeTENTION DaTa, CoLumn K

283

Polyethylene glycol (Carbowax 1500), 20% by weight on 60-80 mesh Chromosorb;
length. 4 meters; temperature: 50° C.

Mix no. Component Boilirtgcpoint, P/F
1 Methane ~-162 15/48
Fthane —89 15/48
Propane —42 15/48
Butane -05 15/48

2 Pentane +36 15/48
Hexane +69 15/48
Heptane +98 15/48
Octane +126 15/48

3 2-Methylpropane —-12 15/48
2-Methylbutanc +28 15/48
2-Methylpentane +60 15/48

4 Ethylene —10¢ 15/48
Propylene —48 15/18
Isobutene —-69 15/48
Butcene-1 -6 3 15/48
tians-Butene-2 409 15/18
cis-Butene-2 +37 15/48

5 Pentene-1 +30 0 15/48
Hexene-1 463 5 15/48

6 trans-Pentene-2 +36 3 15/48
cis-Pentene 2 +36 9 15/18
trans-Hexene-2 +67 9 15/18
c1s-Hexene-2 +68 8 15/48

7 Propadiene -3 15/48
Butadiene-1,3 —4 15/48
2-Methylbutadiene-1,3 +34 15/48

8 Acetylene —8t 15/48
Propyne -23 15/48
Butyne-1 +8 15/48

Mise Air .- 15/48
Carbon monoxide —190 15/18
Carbon dioxide —~78 15/48
Necopentane +10 15/48
Isooctane +99 15/48

T,, min
(air = 0)

0 00
010
030
070

1145
310
6 90
153

0 60
100
22

010
0 30
0 90
0 90
110
140

190
410

2 40
2 65
495
5 80
130
19
420

110

Ratio
(nCs = 1)

0 00
007
021
048

100
2 14
476
10 6

01
0 69
152

007
021
0 62
0 62
0 76
097

131
303

1 66
183
341
400

0 90
131
29

0 76
172
297

0 00
0 00
017
0 34
4 00
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RETENTION DaTA, CoLuMN K—Continued

Polyethylene glycol (Carbowax 1500), 20% by weight on 60-80 mesh Chromosorb
length: 4 meters; temperature: 100° C.

. Boiling point T, , min Ratio
Mix no. Component gcpom * P[F @r=0 (Cs=1)
1 Methane —162 25/78 0.00 0.00
Ethane —89 25/78 0.00 0.00
Propane —42 25/78 0.10 0.25
Butane -0.5 25/78 0 20 0.50
2 Pentane +36 25/76 0.40 100
Hexane +69 25/76 0.80 2.00
Heptane +98 25/76 1.45 3.62
Octane +126 25/76 2.70 .75
3 2-Methylpropane —12 25/76 0.25 063
2-Methylbutane +28 25/76 0.30 0.7
2-Methylpentane +-60 25/76 0.60 1.50
4 Ethylene —104 25/76 0.05 0.12
Propylene —48 25/76 0.20 0 50
Isobutene —6.9 25/76 0.30 075
Butene-1 —-6.3 25/76 0.30 0.75
trans-Butene-2 +09 25/76 035 0 88
cis-Butene-2 +3.7 25/76 0.40 1.00
5 Pentene-1 +30.0 25/76 0.60 1 50
Hexene-1 +63.5 25/76 100 2.50
6 trans-Pentene-2 +36.3 25/76 0.60 1.50
cis-Pentene-2 +36.9 25/76 0.70 1.75
trans-Hexene-2 +67.9 25/76 1.20 3.00
c18-Hexene-2 +68 8 25/76 1.30 3.25
7 Propadiene ~-34 25/76 0.45 113
Butadiene-1,3 —4 25/76 0 55 1.38
2-Methylbutadienc-1,3 +34 25/76 100 2.50
8 Acetylene -84 25/76 0 30 0.75
Propyne -23 25/76 0.70 1.75
Butyne-1 +8 25/76 1.10 .75
9 Benzene +80 25/78 7.6 19.0
Toluene +111 25/78 13.2 33.0
Ethylbenzene +136 25/78 21.2 53.0
p-Xylene +138.4 25/78 23.3 58 2
m-Xylene +139.1 25/78 23.3 58.2
o0-Xylene +144 .4 25/78 30.1 75.2
Isopropylbenzene +152 25/78 28 2 70.5
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ReTENTION DATA, CoLumMn K—Continued

285

: Boiling point, T,, min Ratio
Mix no. Component o P/F @r=0 (@C=1)
10  Cyclopentane +49 25/78 1.00 2.50

Methyleyclopentane +72 25/78 1.30 3.25
11 Cyclohexane +81 25/18 1.95 4.88
Methyleyelohexane +101 25/78 265 6.64
12 Methanol +65 25/78 7.6 19.0
Ethanol +78 25/78 9.0 22.5
Propanol +97 25/78 16 2 40.5
Butanol +118 25/78 29.8 74.5
13  2-Propanol +82 25/78 8.3 20.8
2-Butanol +100 25/78 146 36.5
14 tert-Butyl aleohol +83 25/78 6.9 17.2
tert-Amyl aleohol +102 25/78 13 4 33.5
15  Acetaldehyde +20 25/78 2.0 5.00
Propionaldehyde +50 25/18 3.4 8 50
Butyraldehyde +75 25/78 5.8 14.5
Valderaldehyde +103 25/78 107 26 8
16 Acetone —+56 25/78 4.2 105
2-Butanone +80 256/78 6.9 17.2
2-Pentanone +103 25/78 10 8 27.0
2-Heptanone +150 25/78 37 843
17 Methyl acetate +58 25/78 3.9 975
Ethyl acetate +77 25/78 5.6 14.0
n-Propyl acetate +102 25/78 9.4 235
n-Butyl acetate +126 25/78 16.4 410
18  Diethyl ether +35 25/18 1.0 2.50
Diisopropyl ether +-68 25/78 1.3 3.25
Di-n-butyl ether +138 25/78 82 2.5
Misc. Air - 25/78 (1.10) 0.00
Carbon monoxide -190 25/178 0.00 0.00
Carbon dioxide -78 25/18 0.10 0.25
Neopentane +10 25/78 0.20 0.50
Isooctane +99 25/78 1.20 3.00
Water +100 25/78 24.3 60.8
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COMPARATIVE RETENTION VALUES OF SAMPLE TYPES
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ReTenTION DATA, CoLuMN O
Silicone grease (D). C. high-vacuum grease), 209 by weight on 60-80 mesh
Chromosorb; length: 4 meters; temperature: 50° C.

. Boili int, T, , min Ratio
Mix no. Component legcpo * PJF (a.i'r’- 0) (#Cs = 1)
1 Methane -162 10/46 0.10 0.02
Ethane —~89 10/46 0.40 0.06
Propane —-42 10/46 1.00 0.15
Butane -0.5 10/46 2.70 0.41
2 Pentane +136 10/46 6 65 1.00
Hexane +-69 10/46 6.30 2.45
Heptane 498 10/46 39.8 5.98
Octane +126 10/46 98.3 14.8
3 2-Methylpropane -12 10/46 1.90 0.29
2-Methylbutane +28 10/46 5.10 0.77
2-Methylpentane +60 10/46 123 1.85
4  Ethylene —104 10/46 020 0.03
Propylene —-48 10/46 0.85 0.13
Isobutene —6.9 10/46 2.40 0.36
Butene-1 —-6.3 10/46 2 40 0.36
trans-Butene-2 +0.9 10/46 2 90 0.44
cis-Butene-2 +3. 10/46 335 0.50
5 Pentene-1 +30 0 10/46 5 80 0.87
Hexene-1 +63.5 10/46 14.7 221
6 trans-Pentene-2 +36.3 10/46 7 05 106
cis-Pentene-2 +36.9 10/46 7.60 1.14
trans-Hexene-2 +67.9 10/46 16.9 2.54
cis-Hexene-2 +68.8 10/46 18.6 2.79
7 Propadiene -34 10/46 135 0.20
Butadiene-1,3 —4 10/46 2.50 0.38
2-Methylbutadiene-1,3 +34 10/46 6.70 1.01
8 Acetylene ~-84 10/46 0.25 004
Propyne -23 10/46 1.35 0.20
Butyne-1 +8 10/46 200 0.30
Mise. Air — 10/44 (1.50) 0.00
Carbon monoxide —190 10/46 0.00 0.00
Carbon dioxide -78 10/46 0.20 0.03
Neopentane +10 10/46 4.50 0.68
Isooctane +99 10/46 37.4 5 62
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ReTENTION DATA, CoLuMN O—Continued

Silicone grease (D C. high-vacuum grease), 209, by weight on 60-80 mesh
Chromosorb; length: 4 meters; temperature. 100° C.

289

. Boiling point, Ty, min Ratio
Mix no. Component o P/F @r=0 (Cs=1)
1 Methane —162 14/56 0.10 0 06
Ethane —89 14/55 025 014
Propane —42 14/66 0 45 025
Butane -0.5 14/55 0.95 0 53
2 Pentane +36 14/55 1.80 1 00
Hexane +69 14/55 3 50 194
Heptane +98 14/55 6 95 3 86
Octane +126 14/55 13.7 7.61
3 2-Methylpropane —12 14/55 0 70 039
2-Methylbutane +28 14/55 1.20 0 67
2-Methylpentane +60 14/65 2.70 1.50
4 Ethylene —104 14/55 015 0.08
Propylene —48 14/56 0 40 0.22
Isobutene -69 14/55 0.80 0 44
Butene-1 -6 3 14/55 0 80 0 44
trans-Butene-2 +0.9 14/55 0.95 0 53
cis-Butene-2 +37 14/55 1.00 0 56
5 Pentene-1 +30 0 14/55 1.40 078
Hexene-1 +63 5 14/55 2 95 164
6 trans-Pentene-2 +36 3 14/55 185 1 0:
cis-Pentene-2 +36.9 14/55 2 00 111
trans-Hexene-2 +67 9 14/55 3 60 2 00
cis-Hexene-2 +68.8 14/55 3.90 217
7 Propadiene —34 14/55 0.55 031
Butadiene-1,3 -4 14/55 0.90 0.50
2-Methylbutadiene-1,3 +34 14/55 2 00 11
8 Acetylene —84 14/55 015 0.08
Propyne —23 14/56 0 56 0.31
Butyne-1 +8 14/65 0.95 0.53
9 Benzenc +80 20/91 375 3.26
Toluene +111 20/91 7 50 6.52
Ethylbenzene +136 20/91 138 12.0
p-Xylene +138.4 20/91 150 130
m-Xylene +139.1 20/91 150 130
0-Xylene +144.4 20/91 17.3 14.0
Isopropylbenzene +152 20/91 21 2 18 4
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RETENTION DATA, CoLumMN O—Continued

. Boiling point, T, , min Ratic
Mix no. Component o¢ *  P[F (ai'r, =0 (Co=1
10 Cyclopentane +49 14/55 2 85 1.64

Methyleyelopentane +72 14/55 4 50 2 50

11 Cyeclohexane 481 14/56 5.75 3.19

Methyleyclohexane +101 14/55 8.65 4 80

12 Methanol +65 14/55 2.0 1.11
Ethanol 478 14/55 20 1.11
Propanol +97 14/55 36 2 00

Butanol +118 14/55 8 4 4 66

13 2-Propanol +82 14/55 20 11
2-Butanol +100 14/55 45 2 50

14 tert-Butyl alcohol +83 14/55 23 128

tert-Amyl alcohol +102 14/55 50 278

15 . Acetaldehyde +20 14/55 0.8 0 44
Propionaldehyde +50 14/55 16 089

Butyraldehyde +75 14/55 34 190

Valderaldehyde +103 14/55 76 422

16 Acetone +56 14/55 20 11
2-Butanone +80 14/55 3.8 211
2-Pentanone +103 14/55 70 3 89
2-Heptanone +150 14/55 25.7 14.3

17 Methyl acetate +-58 14/55 22 122
Ethyl acetate +77 14/55 40 2 22
n-Propyl acetate +102 14/55 7.8 433
n-Butyl acetate +126 14/55 150 833

18 Diethyl ether +35 14/55 19 1.05
Diisopropyl ether +68 14/55 35 194
Di-n-butyl ether +138 14/55 23 0 12 8

Misc Air - 14/55 (1.20) 0 00
Carbon monoxide -190 14/55 000 000
Carbon dioxide —78 14/55 010 0 06
Neopentane +10 14/55 180 100
Isooctane +99 14/55 6 80 378
Water +100 14/55 3.50 1.94




291

COMPARATIVE RETENTION VALUES OF SAMPLE TYPES

*0 ,001 98 (0) 988213 2UODII8 UO SUOQIBI0IPLY Jo uorjervdag QO
(I = INVLN3d) NOILNILIY IALLYIIY

301..:14 - ~ 0\00!::4 - - O.\lo.fclo
RE=S it i
T S sas :
SSS=S
e =
e s
fESsiic:
12112222

orq

m

THHEH

i

T

0. 'INIOd NITI08



PHILIP R. SCHOLLY AND NATHANIEL BRENNER

292

0 001 18 (0) 958218 suodifis uo spunodwod poreuadixo jo uonyeredog ‘[T ‘914

(T = 3NVIN3d) NOILN3L3Y¥ 3AILYIIY

1, /.
LRI . . (R -

+
T

i

SR
:

it

Q. "LNIOd HNIIO8

1T ,“.14#.. g T j\@.lrll.l{_ Loy
3 ,_“ # HWWA =Ss25 i3 r”H 1,
: L =




COMPARATIVE RETENTION VALUES OF SAMPLE TYPES

RETENTION DaTA, CoLUMN P

293

Polydiethylene glycol succinate, 20% by weight on 60-80 mesh Chromosorb;

length: 4 meters; temperature- 50° C.

. Boiling point, T, , min Ratio
Mix no Component ocpo P/F @ir=0 (nC, =1
1 Methane —-162 20/66 0 00 0.00

Ethane -89 20/66 0 00 000
Propane —42 20/66 007 016
Butane -05 20/66 020 0.44

2 Pentane +36 20/66 045 100
Hexane +69 20/66 085 189
Heptane +98 20/66 180 400
Octane +126 20/66 415 9 22

3 2-Methylpropane —-12 20/66 0.20 0 44
2-Methylbutane +28 20/66 0 30 06
2-Methylpentane +60 20/66 0 G5 114

4 Ethylene —104 20/66 0 05 o1
Propylene —18 20/66 020 0.44
Tsobutene -6 9 20/66 035 078
Butene-1 -6 3 20/66 0 35 0178
trans-Butene-2 +09 20/66 0 50 111
cis-Butene-2 +37 20/66 0 50 11

5 Pentene-1 +30.0 20/66 0 60 133
Hexene-1 +63 5 20/66 1.25 2.78

6 trans-Pentene-2 +36 3 20/66 0 95 211
cis-Pentene-2 +36 9 20/66 0.95 211
trans-Hexene-2 +67 9 20/66 1.60 3.56
c1s-Hexene-2 +68.8 20/66 160 3 56

7 Propadienc -3t 20/66 0 50 1.11
Butadiene-1,3 —4 20/66 075 167
2-Methylbutadiene-1,3 +34 20/66 1.35 3.00

8 Acetylenc -8t 20/66 0 35 078
Propyne -23 20/66 1 00 222
Butyne-1 +8 20/66 1 50 333
Misc. Air — 20/66 (1 15) 0 00
Carbon monoxide —190 20/66 0.00 0 00
Carbon dioxide -78 20/66 020 0 44
Neopentane +10 20/66 0.20 0 44
Isooctane +99 20/66 180 400
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RETENTION DaTA, CoLuMn P—Continued

Polydiethylene glycol succinate, 20% by wecight on 60-80 mesh Chromosorb;
length. 4 meters, temperature: 100° C.

5 Boiling point, T, , min Ratio
Mix no Component §cp° P/F @ff'=0) C=1)
1 Methane —162 20/52 0 00 0 00
Ethane -89 20/52 0 00 0 00
Propane —42 20/52 0 00 0 00
Butane -05 20/52 010 0.40
2 Pentane +36 20/52 025 100
Hexane +69 20/52 0 45 1 80
Heptane +98 20/52 070 2.80
Octane +126 20/52 110 4.40
3 2-Methylpropane —12 20/52 010 0 40
2-Methylbutane +28 20/52 015 0 60
2-Methylpentane +60 20/52 0.25 100
4 Ethylene —104 20/52 0 00 0 00
* Propylene —48 20/52 0.10 0 40
Isobutene -6 9 20/52 015 0 60
Butene-1 —6 3 20/52 015 0 60
trans-Butene-2 +09 20/52 0.20 0.80
cis-Butene-2 +37 20/52 020 0 80
5 Pentene-1 +30 0 20/52 025 1 00
Hexene-1 +63 5 20/52 015 1.80
6 trans-Pentene-2 +36 3 20/52 0 30 120
cis-Pentcne-2 +36 9 20/52 0 30 120
trans-Hexene-2 +67 9 20/52 0 60 2.40
cis-Hexene-2 +68 8 20/52 0 GO 2 10
7 Propadiene —34 20/52 030 120
Butadiene-1,3 —4 20/52 040 1.60
2-Methylbutadiene-1,3 +34 20/52 0 60 2 40
8 Acetylene —84 20/52 0 20 0 80
Propyne —-23 20/52 0 50 2 00
Butyne-1 +8 20/52 0 60 2 40
9 Benzene +80 20/52 4 60 18 4
Toluene +110 20/52 7 60 30 1
Ethylbenzene +136 20/52 11 2 44 8
p-Xylene +138 4 20/52 122 48 8
m-Xylene +139 1 20/52 12.8 51 2
o-Xyleno +144 4 20/52 16.3 65 2
Isopropylbenzene +152 20/52 139 55 6
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RETENTION DATA, CoLuMN P—Continued
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Mix no.

10

11

12

13

14

15

16

17

18

Mise.

Component Bmhnogc point,  p /F (Zi'r’ :113)
Cyclopentane +49 20/52 0.40
Methyleyclopentane +72 20/52 0.55
Cyclohexane +81 20/52 0.80
Methylcyclohexane +101 20/52 1.00
Methanol +65 20/52 7.00
Ethanol +78 20/52 7 90
Propanol +97 20/52 12.4
Butanol +118 20/52 2 6
2-Propanol +-82 20/52 7 50
2-Butanol +100 20/52 11.7
tert-Butyl alcohol +83 20/52 6 60
tert-Amyl aleohol +102 20/52 11 4
Acetaldehyde +20 20/52 185
Propionaldehyde +50 20/52 3 05
Butyraldehyde +75 20/52 4170
Valeraldehyde +103 20/52 7.80
Acctone +-56 20/562 4 80
2-Butanone +80 20/52 6 90
2-Pentanone +103 20/52 9 60
2-Heptanone +150 20/52 24 8
Methyl acetate +58 20/52 400
Ethyl acetate +77 20/52 5 05
n-Propyl acetate +102 20/52 7.60
n-Butyl acetate +126 20/52 12 2
Diethyl ether +35 20/52 0 80
Diisopropyl ether 468 20/52 335
Di-n-butyl ether +138 20/52
Air - 20/52 (1 20)
Carbon monoxide -190 20/52 000
Carbon dioxide —78 20/52 010
Neopentane +10 20/52 0.10
Isooctane +99 20/52 0.75
Water +100 20/52 20.0

Ratio
nCs = 1)

1.60
2.20

320
4 00

28.0
316
49 6
824

300
46 8

26 4
45 6

740
12.2
188
31.2
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RETENTION Dara, CoLumMN P—Continued

Polydiethylene glycol succinate, 20% by weight on 60-80 mesh Chromosorb;
length: 2 meters; temperature: 210° C; inlet pressure: 20 psig.

Fatty acid methy! ester (:“-'r’ :“3) (palmli{taa.?g =1
Air (0.40) 0.00
Caprylate (Cs) 0.55 0.12
Caprate (Cio) 0.80 0.17
Laurate 160 0.35
Myristate 2.7 0.60
Palmitate 4.60 1.00
Palmitoleate 5.30 1.15
Stearate 8.00 1.74
Oleate 9.20 2.00
Linoleate 11.2 2.44
Linolenate 137 2.98
Arachidate (Czo) 12.9 2.80
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COMPARATIVE RETENTION VALUES OF SAMPLE TYPES
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COMPARATIVE RETENTION VALUES OF SAMPLE TYPES 299

ReTENTION Dara, CoLumN Q

Apiezon L grease, 20% by weight on 60-80 mesh Chromosorb; length 4 meters;
temperature* 50° C

Mix no. Component Boxlinagcpoint, P/F (aT&’;nio") (ng:l:’ 1
1 Methane —162 15/56 010 0.01
Ethane —89 15/56 035 0 05
Propane —42 15/56 0 90 012
Butane —-05 15/56 2.80 0.37
2 Pentane +36 15/50 7 60 1.00
Hexane +69 15/56 20 2 2 66
Heptane +98 15/56 547 72
Octane +126 15/56 — —
3 2-Methylpropanc —12 15/56 1 80 024
2-Methylbutane +28 15/56 5.60 0.74
2-Methylpentanc +060 15/56 14.8 1.95
4 Ethylene —104 15/56 025 0 03
Propylene —48 15/56 085 011
Isobutene -6 9 15/56 2 35 031
Butene 1 —6 3 15/56 2.35 031
trans-Butene-2 +09 15/56 305 040
cis-Butence-2 +37 15/56 3 40 045
5 Pentene-1 +30 0 15/56 6 40 0 84
Hexene-1 +63 5 15/56 17 6 2 32
6 trans-Pentene-2 +36 3 15/56 8 00 105
cis-Pentene-2 +36.9 15/56 8 20 103
trans-Hexene-2 +67 9 15/56 20 2 2 66
cis-Hexene-2 +068 8 15/56 21.9 2 88
7 Propadiene —34 15/56 130 017
Butadiene-1,3 —4 15/56 2 G0 0 34
2-Methylbutadiene-1,3 +34 15/56 7 90 104
8 Acetylene —84 15/56 020 0.03
Propyne —-23 15/56 120 0.16
Butyne-1 +8 15/56 2 60 0 34
Mise. Air — 15/56 (1 30) 0.00
Carbon monoxide —-190 15/56 0.00 0.00
Carbon dioxide -8 15/56 0.20 003
Neopentane +10 15/56 2.75 0.36
Isooctane +99 15/56 47.7 6.27




300 PHILIP R. SCHOLLY AND NATHANIEL BRENNER

RETENTION DaTaA, CoLuMN Q—Continued

Apiezon L grease, 20% by weight on 60-80 mesh Chromosorb, length: 4 meters;
temperature: 100° C.

Mix no. Component Bonlmogcpomt, P/F (gr’ :-“‘8) (”gft:f 1
1 Methane -162 15/46 0.00 0 00
Ethane -89 15/46 020 0.07
Propane —42 15/46 0.50 017
Butane -0.5 15/46 1.35 0 46
2 Pentane --30 15/46 2 95 1.00
Hexane +69 15/46 6 35 2.15
Heptane +98 15/46 137 4.64
Octane +126 15/46 20.4 9.67
3 2-Methylpropane —-12 15/46 0.95 0.32
2-Methylbutane +28 15/46 235 0.80
2-Methylpentane +60 15/46 4.95 168
4 Ethylene —194 15/46 0 20 007
* Propylene —48 15/46 0.55 019
Isobutene -6.9 15/46 120 0 41
Butene-1 -63 15/46 120 041
trans-Butene-2 +0.9 15/46 145 0.49
cis-Butene-2 +3 7 15/46 1 60 0 54
5 Pentene-1 +30 0 15/16 2 50 0 85
Hexene-1 +63.5 15/46 5 55 1 88
6 trans-Pentene-2 +36.3 15/46 300 102
cis-Pentene-2 +36.9 15/46 310 1 05
trans-Hexene-2 +67.9 15/46 6.35 215
cis-Hexene-2 +68.8 15/46 6 70 227
7 Propadiene —-34 15/46 0.80 027
Butadiene-1,3 —4 15/46 1.35 0.46
2-Methylbutadiene-1,3 +34 15/46 310 1.05
8 Acetylene —84 15/46 0156 0.05
Propyne -23 15/46 0 90 0.31
Butyne-1 +8 15/46 1.35 0.46
9 Benzene +80 25/94 7.3 4.42
Toluene +111 25/94 16.5 10.0
Ethylbenzene +136 25/94 32.0 19.4
p-Xylene +138.4 25/94 37.0 22.4
m-Xylene +139.1 25/94 37.0 22.4
0-Xylene +144.4 25/94 43.9 27.6
Isopropylbenzene +152 25/94 49.1 29.8
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RETENTION DaTA, CoLUuMN Q—Continued

301

y Boiling point, T, , min Ratio
Mix no. Component ¢ P/F @lr'=0) (Cs = 1)
10  Cyclopentane +49 15/46 5.55 1.88

Methyleyclopentane +72 15/46 8.80 2.98

11 Cyclohexane +81 15/46 12.5 4.24
Methylcyclohexane +101 15/46 20 3 6.88

12 Methanol +65 15/50 2.2 0.79

Ethanol +78 15/50 37 1.32

Propanol +97 15/50 4.9 1.75

Butanol +118 15/50 12.8 4.57

13 2-Propanol +82 15/50 25 0.89

2-Butanol +100 15/50 70 2 50

14 tert-Butyl alcohol +83 15/60 3.2 1.14

tert-Amyl alcohol +102 15/50 55 196

15 Acetaldchyde +20 15/50 0.70 0.25

Propionaldehyde +50 15/50 2.4 0 86
Butyraldehyde +75 15/50 517 203

Valeraldehyde +103 15/50 14 2 5.62

16 Acetone +56 15/50 24 0.86

2-Butanone +80 15/50 6.3 2.25

2-Pentanone +103 15/50 12.6 4.50
2-Heptanone +150 15/50 31.6 11.3

17 Methyl acetate +58 15/50 3.0 1.07

Ethyl acetate +77 15/50 5.6 2.00
n-Propyl acetate +102 15/50 13 4.4
n-Butyl acetate +126 15/50 24 4 0.87

18 Diethyl ether +35 15/50 2.6 0.93
Diisopropyl ether +68 15/50 4.9 1.75
Di-n-butyl ether +138 15/50 44.4 15.8

Mise Air — 15/46 (1.40) 0.00

Carbon monoxide —190 15/46 0.00 0.00

Carbon dioxide -78 15/46 0.15 0.05

Neopentane +10 15/46 130 04

Isooctane +99 15/46 126 4.28
Water +100 15/46 8.2 2.8
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COMPARATIVE RETENTION VALUES OF SAMPLE TYPES
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RETENTION DaTa, CoLuMN R

Polypropylene glycol (UCON LB-550-X), 20% by weight on 60-80 mesh Chromosorb;
length: 4 meters; temperature. 50° C.

Mix no. Component Boxhn§cm1nt, PJF (f.i'r' 2‘3) (”gft,'f 1)
1 Methane -162 20/60 0.10 002
Ethane —89 20/60 0.30 0.05
Propane —42 20/60 0 90 0.14
Butane —0.5 20/60 2 50 0.39
2 Pentane -4-36 20/60 6.40 1.00
Hexane +69 20/60 16 7 2 61
Heptane +98 20/60 41.9 6.55
Octane +126 20/60 —_ —_
3 2-Methylpropane -12 20/60 1.75 0.27
2-Methylbutane +28 20/60 5.00 078
2-Methylpentane +60 20/60 12.6 197
4  Ethylene —-104 20/60 0.30 005
. Propylene ~48 20/60 1.05 0.16
Isobutene —-6.9 20/60 2.80 0.44
Butene-1 -6.3 20/60 2.80 0.44
trans-Butene-2 +0.9 20/60 3.56 0 56
c18-Butene-2 +37 20/60 4 00 0 62
5 Pentene-1 +30.0 20/60 7.15 1.12
Hexene-1 +63.5 20/60 18 7 2 92
6 trans-Pentene-2 +36.3 20/60 8170 1.36
cis-Pentene-2 +36.9 20/60 9.30 145
trans-Hexene-2 +67.9 20/60 211 330
cis-Hexene-2 +68.8 20/60 23.4 3 66
7 Propadiene —34 20/60 2.25 0.35
Butadiene-1,3 —4 20/60 3.9 0.62
2-Methylbutadiene-1,3 +34 20/60 10.8 1.70
8 Acetylene —84 20/60 0.90 014
Propyne -23 20/60 2.90 0.45
Butyne-1 +8 20/60 6.30 098
Misc. Air — 20/60 (1.40) 000
Carbon monoxide -190 20/60 0 00 0.00
Carbon dioxide -8 20/60 0.25 0 04
Neopentane +10 20/60 2.65 0.41

Isooctane +99 20/60 37.8 059
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RETENTION DaTA, CoLumN R—Conlinued

Polypropylene glycol (UCON LB-550-X), 207, by weight on 60-80 mesh Chromosorb;
length: 4 meters, temperature 100° C

. Boiling point, 3 T, , min Ratio
Mix no. Component oC PlF @f=0 (C =1
1 Methane —162 20/46 010 0.04
Fthane —89 20/46 0 30 0.11
Propane —42 20/46 0 60 021
Butane ~0.5 20/46 135 0 48
2 Pentane +36 20/46 2 80 100
Hexane +69 20/46 5170 204
Heptane +-98 20/46 116 4.14
Octane +126 20/46 24 2 835
3 2-Methylpropane —-12 20/46 0 95 0.34
2-Mecthylbutane +28 20/46 1.90 0 68
2-Methylpentane +60 20/46 415 1.48
4 Ethylene —-104 20/ 16 020 0 07
Propylene —48 20/16 0 60 0.21
Tsobutene -06.9 20/46 135 0.48
Butene-1 —63 20/46 135 0.48
trans-Butene-2 +0.9 20/46 1.65 0 59
c1s-Butence-2 +37 20/46 180 0 64
5 Pentenc-1 +30.0 20/16 2 80 1.00
Hexene-1 +63 5 20/46 5.80 2.07
6 trans-Pentene-2 +36 3 20/46 3.25 1.16
cis-Pentene-2 +36.9 20/46 3 50 125
trans-Hexene-2 +67.9 20/46 6 60 2 36
cts-Hexene-2 +68 8 20/46 7.10 2 54
7 Propadienc -34 20/46 1.20 043
Butadiene-1,3 —4 20/46 185 0.66
2-Methylbutadiene-1,3 +34 20/46 3.75 134
8 Acetylene -84 20/46 0 50 018
Propyne -23 20/46 1.65 0.59
Butyne-1 +8 20/46 2.50 0.89
9 Benzene +80 20/46 18 2 6 52
Toluene +111 20/46 37.4 13.4
Ethylbenzene +136 20/46 69.0 24.6
p-Xylene +138.4 20/46 76.0 27.1
m-Xylene +139.1 20/46 76.0 27.1
0-Xylene +144 .4 20/46 92.1 32.9
Isopropylbenzene +152 20/46 102 0 36 4

1
|
|
|
1
1
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ReTENTION DATA, CoLUMN R—Continued

. Boiling point, . T, , min Ratio
Mix no. Component §C ' PJF Ar=0 (0Cs=1)
10 Cyclopentane +49 20/46 5.20 1.86

Methyleyclopentane +72 20/46 8.20 2 93

1 Cyclohexane +81 20/46 11.2 4.00
Methyleyclohexane +101 20/46 169 6.05

12 Methanol +65 20/46 8.9 318
ethanol 478 20/46 8.9 3.18
Propanol +97 20/46 18.6 6.64
Butanol +118 20/46 40.0 14.3

13 2-Propanol +82 20/46 9.8 3 52
2-Butanol +100 20/46 20.1 718

14 tert-Butyl alcohol +-83 20/46 8.4 3.00
tert-Amy! alcohol +102 20/46 20.2 721

15 Acetaldehyde +20 20/46 2.7 0.96
Propionaldehyde +50 20/16 50 180
Butyraldehyde +75 20/46 103 3 68
Valeraldehyde +103 20/46 21 6 77

16 Acetone +56 20/46 5606 2 00
2-Butanone +80 20/46 114 4.07
2-Pentanone +103 20/46 21.1 7.54
2-Heptanone +150 20/46 8 1 30.8

17 Methyl acetate +58 20/46 68 2 41
Ithyl acetate +77 20/46 11.6 412
n-Propyl acetate +102 20/46 21.8 7.79
n-Butyl acetate +126 20/46 449 16 0

18 Diethyl ether +35 20/46 36 1.29
Diisopropyl ether +68 20/46 6.2 2.21
Di-n-butyl ether +138 20/46 50.7 18.1

Misc. Air — 20/46 (1.60) 0.00

Carbon monoxide -190 20/46 0 00 0.00
Carbon dioxide -178 20/46 025 0 09
Neopentane +10 20/46 1.30 0.46

Isooctane +99 20/46 10.60 3.80
Water +100 20/46 14.80 5.29
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SUMMARY

Eighteen mixes representing a wide variety of chemical types were run
at 100° C on eight standard partition columns; namely, diisodecyl phthal-
ate, di-2-ethylhexyl sebacate, silicone oil D. C. #200, silicone grease,
Carbowax 1500, polydiethylene glycol succinate, Apiezon “L’ hydrocar-
bon grease, and UCON polyglycol LB-550-X. Eight light hydrocarbon
mixes were run in addition at a temperature of 50°C on the above-men-
tioned columns. The retention data have been presented both in tabular
form and in the form of graphs of relative retention values plotted logarith-
mically against the boiling points of the standard mixture components.
Additional retention data were also presented on two partition materials
used for special applications.
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Trace Analysis for Impurities in Hydrocarbon Concentrates

W. C. Joxes, JR.

Research and Development Division, Humble Ou & Refining Company,
Baytown, Teras

This paper describes the special requirements for gas chromatography
columns, detectors, recorders, and operational controls as applied to trace
analysis. The applications on which this experience is based have been re-
lated largely to the determination of trace impurities in petrochemicals or
in hydrocarbon mixtures derived from petroleum, but the same techniques
are useful in the trace analysis of any compounds which can be vaporized
without decomposition or reaction with the gas chromatography (GC) ap-
paratus.

CuromaToGRAPHIC COLUMNS

The GC columns which have proven to be the best for macro separations
have been found to be also the choice for trace determinations. A “good”
column should resolve all components of interest of a single type and C
number or narrow boiling range. Also, the separation of peaks must be
maximum in order that a signal from a trace component will not be lost in
the signal from an adjacent major component. An example from such a
typical superior column is the chromatogram shown in Fig. 1. This column
contains benzyl Cellosolve, one of the solvents useful for separation of
olefins. The kind of solvent is often not so important as the column dimen-
sions, treatment of the packing, and operating parameters. A good illustra-
tion of this point was noted in the comparison of several solvents intended
for olefins separation. The solvents chosen are structurally quite different;
in fact, these materials are diverse in most respects other than the presence
of strong functional groups. As may be noted in Fig. 2, each of the com-
pounds gave good separation of two Cj olefins, which boil 1.1° F apart, and
similar satisfactory separation, as shown in Ifig. 3, of two Cs olefins boiling
only 0.6° F apart. It will be noted also that in each case the olefins are
eluted in the same order.

By careful operation of a conventional laboratory GC apparatus, it is
possible to analyze for concentrations as low as 1 ppm without, the compli-
cation of freeze-out or other techniques for concentrating the desired com-
ponents. Figure 4 shows an example of such application. A sensitive detec-
tor used in conjunction with a 1.0-mv full scale recorder and a gas sample as

311



GC Ut PE Model 154C

Column 20' x 1/4" Benzy! Cellosolve on HNO3
Treated 40-60 Mesh J-M No C-22 Firebrick

Charge 0002 liq. mi

Tempergture 35°C

Pressure, inlet 14 psigm35 mi/min of He
Attenuation 4 Scole = 5/16

Recorder 10 mv
Chart Speed 60 ins /hw

Columng 20' x 174" with Indicated
Solvents on Firebrick

Cis-2-Pentene

Fiow 35 mi/min

1mino-dipropionitrile

Trons-2-Pentens
BC
Benzyl Cellosolve
TBPM
Teira-n-butyi-pyromellitate
Fis 2. Companson of substrates for sepatation of pentenes by gas chromatography.

Columng 20'x 174" with Indicated
Solvents on Firebrick
Chg Range 0002 to 0005 lig mi

3-Methyl-Trans-2-Pentene Temperature 50°C
1 | o 35 mi/ma

v 2-Methyl-2-Pentene

10PM
1mino-diproprontirile

YA N

Benzyl Cellosolve

DMS
Dimethyl Sulfolone

TB8PM
Tetra-n-butyl-pyromellitcte

Fi1a. 3. Comparison of substrates for separation of hexenes by gas chromatography.
312
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small as 25 ml will give a readily measurable peak for any 1-ppm component
which gives a roughly symmetrical peak at the operating conditions used.
The same amplification would permit the measurement of as little as 2.5
ppb of a condensible from a 10-liter air or vapor sample.

Trace techniques serve to call attention in very graphic fashion to the
presence and amounts of impurities in nominal pure hydrocarbons, as
shown in Fig. 5. This is a useful tool for checking the purities of standards
used to calibrate routine test methods, for controlling the purities of ma-
terials charged to reforming operations, and in making specification tests

0.49
MoL

Cy

cuart spExD _60 e mmr

- PE e
coLuran 10+ 1+ 5K Mol, Sieves

40 60 M...
cuance 28 m _Gos
_60°C,

PRESSURE tter __ 90  pus__

nEconoER N

1ppm.
e

Fra. 4. Gas chromatography analysis of purchased ethylene.

chanax
TEMPERATURE
PRESSURE dnlet _
AtTENUATION _ 4

—2 .
cuant spezn _ 80 we e

REBAR.
covar 10 3 1,5, Qulmimcioate

Treated 40 60 Mook

T lcullnh'ul

-

P .

Cs
0.200%

Fi1a. 5 Gas chromatography analysis of research grade propylene (nominal purity

99.72).
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Column 20 Aprezon-L on Firebrick
005 ml

p-Xylene

F1a. 6. Gas chromatography analysis of trace toluene in xylene.

on petrochemical products. The technique is applicable also to the higher
boiling ranges. As a substitute for the loss of sensitivity of most thermistors
at elevated temperatures, the hot wire or katharometer type detector may
be useful. If sensitivity is too low this disadvantage often may be offset by
using a -larger diameter column and charging a correspondingly larger
sample. An example of this approach is indicated in Fig. 6.

There is frequent need to determine traces of non-hydrocarbons in petro-
leum fractions. Concentration of the suspected trace contaminant by dis-
tillation may not be feasible because of azeotrope formation. By careful
choice of GC techniques it is often possible to accomplish the desired sepa-
ration. A typical illustration is included in ¥ig. 7. In this instance the total
chloro compounds found by GC amounted to 6 ppm as compared to 8 ppm
by an independent chemical method.

In a recent evaluation of 24 different 10-20 ft columns to determine
what constitutes a superior column, the determination of the theoretical
plate equivalents of these columns indicated that the best columns ranged
from 152-234 plates/ft, whereas the inefficient columns ranged from 71—
118 plates/ft. The 2-sigma significance of these numbers is about 5.0 plates/
ft. As an indication of the accuracy and precision at the trace levels for
hydrocarbon determinations, the standard deviation (repeatability) for sev-
eral C3-C, hydrocarbons in the 1550 ppm range was found to be <1-2
ppm and the average deviation from synthesis composition was 0-3 ppm.

DETECTORS

Although the proper design and preparation of GC columns is important,
since sharp resolution of a trace component must be realized before it can
be amplified and measured, the necessity of a sensitive detector-bridge-
recorder system is obvious. In order to visualize the parameters which
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nEmn

G C Unit PEIS4B
Column zo %% lminodipropionitrile
HNO, Treated 40-60 mesh
J M #C-22 l‘lnbrlek
Charge 0 00Sml Liquid
Temp 80°C
Pressure inlet 30 poig

Attenuation 2

Recorder 2 mv

Chart Speed 60 ins /hr

SCALE « 5/16

Benzene
Carbontetrachloride

Trichloroethylene

|l

Fr¢ 7 Gas chromatography test of 157-168° F fraction from LCN for chlonnated
additives.
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must be maximized, it has been helpful to refer to the fundamental expres-
sions for filament and thermistor detectors. The familiar formula from

Keulemans’ textbook (1) is useful and is reproduced below as a matter of
reference.

1 alty, = t.) 2y
E=":IIR e Y
“Ttat Ty
I = out of balance voltage of the bridge
total bridge current
R,, = resistance of the wire at its own mean temperature

~
I

a = an instrument constant

t, = mean temperature of wire

t. = temperature of cylinder wall

e = relative change in thermal conductivity due to a mole fraction of
vapor in the carrier gas

¥ = ratio of the resistances in the wheatstone bridge

Inspection of this formula suggests some obvious recommendations, includ-
ing maximum bridge current, high resistance for the filament, and arrange-
ment of the sensing element, heat sink and thermostat to give a maximum
temperature difference. The response of thermistor detectors is more com-
plex but an excellent rigorous derivation was presented by Stirling and
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his colleagues in their ISA paper (2). The comprehensive relation as derived
by Stirling is included here for reference.

—bl2T_ bIAT ) p a2
2(T + 0)?
£ = open circuit detector voltage due to changes in thermal conductivity

b, K;, and Nu, are constants.
T = ambient temperature, ° C

‘ o

‘v Ryx-J-D-K; Nuy- T

E:

0 = temperature difference between body and surroundings, ° C

R, = electrical resistance of body at T + 6, in ohms

L = thermal conductivity of the ambient fluid, cals/(ecm?) (sec) (°C
temp. difference/cm)

J = clectrical equivalent of heat, watts/cal

D = characteristic dimension of body, ecm

How to control the thermistor for maximum signal may not be readily
apparent, but Stirling’s data indicate a current range of 5-10 ma and a
temperature difference of 30-60° C are desirable. Also, the most sensitive
thermistqrs had the highest resistance.

As indicated previously, thermistors are preferred to the filament type
detector for trace work, except at high temperature. In addition to higher
sensitivity, thermistors have a better signal/noise ratio by a factor of about
5. The long-term drift is about the same for both types. Another advantage
of the thermistor is the small volume requirement. This is essential if close
boiling trace components of the same type hydrocarbon are to remain
separated.

For trace applications the time for full response should not he over 2
sec and preferably 1 sce or less. Cell geometry has an important bearing on
this feature. The full diffusion type should not be used and the straight
through type may be noisy. Some compromise, as in the Gow-Mac pretzel
type, may be best.

Independent heater circuits on the detector and column make it possible
to estabhsh a favorable temperature difference between sensing element
and heat sink. Thermistor temperature usually is not over 150° C, whereas
tungsten or other filaments may operate near the glow point. A typical
thermistor requires up to about 10 ma in He as compared with a much
wider range of about 100-350 ma of filament current for the hot wire type.
The most dependable current supply is a 6- or 12-volt wet battery although
dry batteries are popular in commercial instruments. A good current control
will be noise free. In this connection the total random noise of a thermistor
should be less than 20 uv and likewise the random drift for 30 minutes
should be 20 uv maximum. Sustained drift, 1 hour or longer, may be ex-
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pected to be not over 30 uv per hour. The bridge circuit should be short
and symmetrical using matched resistances =1 % or better. These resistors
should have high resistance; 500-1200 ohms has been typical.

RECORDERS

Recorder specifications are critical in trace work. Some of the features to

be considered are the following:

1. Sensitivity

2. Pen speed

3. Chart speeds

4. Automatic standardization

5. Electrical shielding

6. Gain control

7. Limit of error
There should be no compromise on sensitivity or pen speed; 1-mv full scale
signal and 1-sec pen speed are desirable. Two chart speeds are useful, one
of 30 or 60 inches per hour for separations of material boiling up to about
300° I, and a speed in the range of 4-12 inches per hour for high tempera-
tures. Automatie standardization is important since it minimizes base line
drift and improves the accuracy of quantitative measurcments. The am-
plifier should be the high gain, low level type. This usually uses 5 stages of
amplification with the gain control at the second stage. Careful adjustment
of the gain serves to minimize the dead band without increasing random
noise. The limit of error should not he greater than ==0.3% of the range
span. This is equivalent to 2 or 3 pen line widths. All connections in the
calibrated circuit, i.e., slidewire, resistors, standard cell, and temperature
compensator, must be soldered, not plug-in or screw-in types.

SamprLE CHARGING

Turning now to some of the accessories necded in trace analysis, an
accurate and dependable sample charging device must be available. Cali-
brated 4-way valves for gas samples are available from several suppliers
and reports on most of these are satisfactory. In this laboratory a popular
liquid charging device was made by modifying a Gilmont Micropipet-
Buret (3).* The appearance of the modified device after re-assembly is
shown in Fig. 8. The more recent models have a counter type read-out
head instead of the dial type, but the modification and application are
the same. Also, the manufacturer, The Emil Greiner Company, now sup-
plies a glass part for the Luer type fittings. This can be ordered separately,

* Note: This reference describes an early model which differs in design from the
model referred to in this paper.
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Fic. 8. Liquid sample charging device.

NEOPRENE
GASKET

o1m. SIZE

F1a. 9. Detail of coupling assembly.

thus eliminating the need to cement a needle into the standard glass part.
In any event, the packing section should have installed in it an additional
close fitting gasket of neoprene or similar material to prevent back pressure
leakage, as indicated in Fig. 9. The ruby plunger is rather fragile and not
intended for operation through a tight fitting gasket. In practice it is best
to replace the plunger with a stainless steel rod of the same dimensions.
The modified charging device affords the advantage of wide range of vol-
umes, from <0.001 to > 1.0 ml., with selection of any intermediate volume,
and dispenses all liquid hydrocarbons up to heavy oils regardless of vis-
cosity or surface tension properties. The reproducibility of charging samples
is satisfactory as indicated by Fig. 10. The reproducibility of the peak
height was found to vary only 0.3 to 0.5 % in the back pressure range
of 5 to 15 psig.

OtHER INSTRUMENT CONTROLS

Other controls to check are temperature and flow rate, since these become
increasingly important as sensitivity and amplification are increased. Tem-
perature variation should be less then +0.1° C. The Model 8 Thermonitor
of E. H. Sargent & Company has proven quite satisfactory. In using this
instrument the metal shield should be removed from the thermistor ele-
ment when it is installed in order to reduce time lag of the response. An
on-off single heater circuit is to be avoided. An auxiliary small (ca. 25 watts)
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Reproducibility, Charging 001 mi  Somples of Cyclohexane
Conditions 12'x 174" Octoit on Celite Column, 200°F
85 puig, 10 mv Recorder

F1a. 10. Reproducibility of hquid charging in gas chiomatography.

cycling heater should be included. Insulation on most laboratory units is
inadequate for installations outside of air conditioned rooms. The flow
control should be sufficient to hold the desired rate within =1 %.

In conclusion, for the information of those who may have just begun the
application of GC to trace analytical problems, given below is a list of
instrument variables which are the more common causes of faulty operation.
Of these, Nos. 1, 2, 6, 8, and 9 are the most frequent sources of trouble.

1. Dirty detector unit

2. Inadequate temperature control
3. Faulty pressure regulator

4. Fluctuations in detector current

5. Broken, burned, or corroded detector element

6. Corroded gain controls or other switch contacts, including dirty slide
wire in recorder

7. Improperly adjusted recorder gain control

8. Loose connections in bridge circuit

9. Obstructions in flow lines, such as picces of packing or gasket material,
stopcock grease, condensate in rotameter, high melting components in exit
line
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Cuaprrer XXVII
Gas Chromatographic Separations of Close Boiling Isomers

A. R. PATERSON

Central Research Laboratory, Allied Chemical Corporation,
Morristown, New Jersey

The unique ability of gas chromatography to readily separate complex
organic mixtures into their individual components has been responsible for
its widespread use. Several isomeric¢ components, however, have proved to
be quite difficult to resolve. The isomers of xylene, cresol, and diisopropyl
benzene are examples of this problem. At the Pittsburgh Conference on
Analytical Chemistry and Applied Spectroscopy in March, 1959, the sepa-
ration of ortho-, meta-, and para-xylene was described. A capillary column
and an ionization detcctor were employed in that casc and the exceptional
resolution obtainable with the Golay columns was well illustrated. The
work which I shall deseribe in this paper uses the older, more conventional
packed columns. It is illustrative, however, of the remarkable separatory
powers obtainable by the proper choice of eolumn materials and operating
conditions.

The isomers of diisopropyl benzenes (IDIB) have been an analytical prob-
lem for some time. This is due to the fact that pure samples of the ortho
and meta forms were very difficult to obtain for use in either mass spectro-
metric or infrared calibrations. The boiling points in the literature (1) for
these compounds are: m-DIB, 203.18° C; o-DIB, 203.75° C; p-DIB,
210.37° C.

A chromatogram of these solutions generally shows only two peaks,
since the ortho and meta forms have essentially the same boiling point.
Using a 5-m column of Chromosorb, 3040 mesh, coated 10% by weight
with dicarbitol phthalate, a complete separation of the three isomers is
obtained. The retention times at a temperature of 135° C and an applied
pressure of helium of 15 psi were 19, 21, and 23 minutes, respectively, for
the meta-, ortho-, and para-isomers. This separation is illustrated in Fig. 1.

The Perkin-Elmer model 154-B was used in this study. To obtain the
maximum resolution from the instrument it was necessary to increase the
heat applied to the injection chamber. This was done by putting a 100-watt
strip heater in place of the one furnished with the instrument. A thermo-
couple was also attached to the block to measure the temperature. The
strip heater was powered by a separate variac. Using this arrangement it
was possible to vaporize the sample instantaneously by having the injection
chamber at 250° C while the oven was only at 135° C. This lessens any
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tendency of peaks to broaden in the injection chamber due to slow vapori-
zation. The instrument as furnished was equipped with a 5-mv recorder. To
obtain more sensitivity and thus permit the introduction of smaller samples
the range was changed to approximately 1 mv. This can be done very readily
by applying the voltage from the dry cell of the recorder to a potentiometer
and using only approximately 0.3 volt. A further increase in sensitivity
was obtained by applying 10 volts to the thermistor bridge instead of the
normal value of 8. These changes increased the sensitivity of the instru-
ment about ninefold. The changes made in the recorder and in heating of
the injection block are the major factors in the increased resolution. We
were unable to obtain complete separation prior to making these changes
because of the size of the sample required.

The separation of the isomers of cresol is of considerable interest to those
working in the tar acid field. In this case the meta- and para-isomers are
the ones more difficult to resolve. Their boiling points are given in the litera-
ture (2) as para-cresol, 201.9° C, and meta-cresol, 202.7° C. Usually these
compounds are found in the “light cresol cut” in the presence of phenol.
Our attempts at separation were therefore done on a mixture of phenol, and
ortho-, meta-, and para-cresol. The polarity of these compounds is a further
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Fia. 1. Chromatogram showing complete separation of the meta-, ortho-, and

para-isomers of diisopropyl benzene. Column: 5 meters 10% dicarbitol phthalate;
carrier gas helium, 15 psi; oven temperature: 135° C; block temperature. 250° C.
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difficulty that is encountered, since this factor generally increases adsorp-
tion and produces peaks with “tails.” Our investigation resulted in the
choice of a combination of tricresyl phosphate (TCP) and phosphoric
acid as a partitioning medium. The phosphoric acid helps to prevent tailing
of peaks and also plays some part in the separation, presumably by greater
hydrogen bonding. Neither substance will effect the ~eparation by itsclf.
The proportions used were 3 to 5% H;PP0O4 and 5% TCP based on the
weight of 40-50 mesh Chromosorh used. The typical chromatogram ob-
tained is shown in Fig. 2. Other proportions of the partitioning liquids were
found to be less effective. A +-meter column was employed in this case and
an nlet pressure of 35 psi. This resulted in retention times of 22 minutes
for phenol, 26.3 minutes for ortho-cresol, 33.8 minutes for para-cresol, and
36 minutes for meta-cresol. The tricresyl phosphate used was the ortho
form. This was verified by mfrared

In conclusion, I should hke to point out that the above examples show
that by the proper choice of column materials and experimental conditions
one can still perform some very difficult separations with the old-fashioned
packed column and the relatively mexpensive thermal conductivity cell.
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CHarTEr XXVIII

Separation of Some Mixtures of Isomeric Organic
Compounds by Gas Chromatography

Burton C. ANDERSON

E. I. du Pont de Nemours & Company, Wilmington, Delaware

Mixtures of isomeric organi¢c compounds have been separated by gas
chromatography on two new liquid adsorbents of remarkable selectivity.
These separations were accomplished on a scale sufficient for limited chem-
ical studies of the products through use of a simple large-scale apparatus
readily constructed from available materials. Each of the mixtures dis-
cussed was not separable by fractional distillation.

The isomeric dimers of allene, 1,2-dimethylenecyclobutane (I), b.p.
74° C, and 1,3-dimethylenecyclobutane (II), b.p. 68.5°-69° C, (1) are diffi-

chﬂg D::CH:
=CH. CHy=

¢V} )
cult to separate by gas chromatography. Tide is the only one of the better-
known adsorbents able to separate the compounds. We have found that
3-methyl-3-nitro-1, 5-dicyanopentane (III; 2) and the tris-g-cyanoethyl

derivative of glycerol (IV; 3) show remarkable selectivity for this type of
compound.

CH.CH,CN CH,OCH,CH,CN
CH;—C—NO, HOCH.CH.CN
SH,CH,CN H,0CH.CH.CN

(I1I) av)

When compound (ITI) was used on firebrick in a 6 ft X 34 inch column at
50° C, 2-ml samples of the mixture were separated at 30-min intervals. A
recorder chart of one of these separations is reproduced as example I, Fig. 1.

The separation of the allene trimer, 1,2,4-trimethylenecyclohexane
(V) and 1,3,5-trimethylenecyclohexane (VI; 4), also difficult using other

CH, CH.
=CHo,
H.C H, CH,

W) (VD
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Fra. 1, Recorder chart of separation of isomerie organic eompounds.

adsorbents, was possible using the column described above but operating
at the temperature limit of this liquid phase, which is 100° C. A recorder
chart of this separation is reproduced as example II, Fig. 1.

In a similar manner, 3,5-dimethylenecyclohexane (VII) can be separated
from 3,6-dimethylenecyclohexene (VIII; §) on the same column at 100° C.

CHg CH!

[ LCH: [ ]

H,

(VII) (VIII)
Although the nitrodinitrile (ITI) appears to be more selective and versatile
than the glyceryl ether (IV), the latter’s useful temperature range is higher,
extending to 150° C. Both of these liquids are limited by decomposition

rather than volatility.

The separation of 1-triftuoromethyl-2,3,3-trifluorocyclobutene (IX),
h.p. 34°C, from 1,1,2-trifluoro-3-trifluoromethyl-1-1,3-butadiene (X),

CF:ID CF, CH,

CF,
(IX) (X)
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b.p. 38° C (6), is readily accomplished on a 6 ft X 2 inch column of silicone
oil on firebrick at room temperature. This mixture, which cannot be sepa-
rated by distillation because of the tendency of the diene to polymerize, can
be separated in 12-g batches with a 20-min cycle time, so that the through-
put of this column for this mixture is large. A recorder chart of one of these
separations is reproduced as example III, Fig. 1.

From these experiments we have gradually evolved a relatively simple
column design for routine use in separating and purifying volatile organic
chemicals. Because the column is simply fabricated from readily available
parts it is described here (Iig. 2).

The column consists of two 6-ft lengths of 34 annealed copper pipe

COLUMN I
GASIN
3/8" CU TUBING

5/16" SIDEARM SOLDERED ON
CAPPED W/SERUM STOPPER

3/8" CRAWFORD TEE
W/TNERMISTER MOUNTED PREHEATER FILLED W/GROUND

N SID| ND i FIREBRICK, WOUND W/HEATING TAPE
HYPODERMIC N EDLE

MOUNTED AT R
3/4" TUBING UNION

3/4" x 3/8" cu T
REDUCING
FITTING

3/4" STREAMLINE PIPE —»{

@_{_

3/4" CAST BRONZE
U RETURN BEND

F16. 2. Gas chromatography column.
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soldered in a 34 in cast bronze U-return bend. The inlet side is connected
by means of a Crawford tubing union to a 1 ft section of 34 inch pipe which
serves as a preheater. A 34 X 3¢ copper reducing fitting is soldered to the
preheater and outlet sides of the column. The helium supply is connected
on the inlet side, and samples are injected through a length of 3¢ inch
copper tubing soldered into the reducing fitting and capped by a serum
stopper. The 3¢ inch outlet of the column is connected to a 3§ inch Crawford
tubing tee into which a single Victory Engineering A-111 thermistor and
the Luer-Lok portion of a syringe are mounted by friction (Fig. 3). A
curved hypodermic needle attached to the Luer-Lok serves as the outlet.
The thermistor is wired as one arm of a Wheatstone bridge and balanced
by means of a suitable variable resistor.

The column is heated by immersion in an air bath, and the preheater is
wrapped with heating tape. Sample injection is by hypodermic syringe.

The performance of this column is adequate for the separations described,
although it is not as efficient as analytical columns. For example, in the

—

“— CURVED 6" 13ga
HYPODERMIC NEEDLE

—"LUER-LOK" (FROM SYRINGE)

k VICTORY A-l1I
\ THERMISTOR

INRNT

i

SPACERS OF "TEFLON"
TFE-FLUOROCARBON RESIN

CRAWFORD 3/8" TUBING TEE
Fia 3. Thermal conductivity cell.
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separation of compounds (VII) and (VIII), plate values were 945 and 1020,
respectively, when this column was packed with 3-methyl-3-nitro-1,5-
dicyanopentane on 38-65 mesh firebrick at a helium flow of about 300
ml/min, temperature: 95° C, and 1-ml sample size. No attempt was made
to find optimum conditions.

Many variations of the design described above are possible, but the
simple arrangement described here has proved very adequate for most
separations. Substitution of a simple two-thermistor thermal conductivity
cell for the single thermistor adds to useful sensitivity by improving base-
line stability. Use of manifold systems for sample collection is possible but
adds little except in special cases.

Samples are collected in traps connected to the column outlet by serum
stoppers. Figure 4 contains drawings of three types of traps which we have

—

A B c

Fia. 4. Cold traps
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found useful in this sort of work. Trap A is a conventional spiral trap for
readily condensable liquids. Trap B is useful for large quantities of materi-
als which crystallize in the cooling bath being used. Trap C is useful for
obtaining n-m-r spectra of fractions collected in small amounts and also
for sealing pure samples of compounds that are sensitive to oxygen or
moisture into ampules.

Analytical results on samples collected in traps such as C and sealed
into the smaller tubing have been uniformly good.
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The Determination of Halogenated Hydrocarbons by
Gas Chromatography and Flame Photometry

J. L. MoNkmaN AND L. Dusois

Occupational Health Laboratory, Department of National Health and
Welfare, Ottawa, Canada

In industrial health work it is desirable to be able to separate and
identify the more toxic constituents of solvents and dry-cleaning fluids.
Among such toxic materials commonly encountered are chlorinated hydro-
carbons. Individual members of this class of most frequent, occurrence are
carbon tetrachloride, methyl chloroform, methylene chloride, trichlorethyl-
cne, perchlorethylene, and ethylene dichloride.

The separation and quantitative determination of such chlorinated hy-
drocarbons, in known mixtures, has become rather easy by using gas
chromatography (7). For the complex unknown solvent mixtures en-
countered commercially it would be helpful to be able to identify all
peaks on the chromatogram due to chlorinated hydrocarbons. This may
be done by a simple application of the Beilstein test for chlorine in or-
ganic compounds (2).

These workers introduce the effluent from the chromatographic column
into a simple glass burner having a copper wire helix mounted in the
flame. When the column effluent entering the burner contains a chlo-
rinnted hydrocarbon a green color is imparted to the flame momentarily.
This test is quite sensitive as it stands, although probably the sensi-
tivity could be increased by improved burner design. It is necessary, of
course, for the operator to be present to make the observations and cor-
relate the positive test for chlorine with the relevant peak.

Since in our laboratory, as in many others, it is necessary for the an-
alyst to double in brass, we have made this identification of halogens
automatic and concurrent with the usual recording of the gas chromato-
gram. This is illustrated in a block diagram (Fig. 1). While the chro-
matogram is recorded in the usual way, the effluent gas enters the burner
of a flame photometer having a copper element in the burner. The out-
put from the flame photometer, instead of being read on the built-in
meter, is fed into a second recorder. This second recorder shows a peak
only when a halogenated compound enters the flame. Comparison of the
two recorder charts indicate which of the original peak components con-
tains a halogen.

333
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FRACTOMETER FLAME

ATOMIZER| | BURNER | | PHOTOMETER

Ju—

RECORDER RECORDER

Fie 1 Block diagram

APPARATUS

We have used Perkin Elmer Fractometers Models 154A and 154C for
the gas chromatographic separations. No attempt was made to seleet col-
umns specially suited to halogenated hydrocarhbons. We considered this
unnecessary since the samples encountered, as already mentioned, might
contain any or all of aleohols, esters, ketones, aromatics, and aliphafics
in addition to the halogenated compound. We used Column A phthalate
ester in a 1-meter length column with thermistor-type thermal conduc-
tivity detectors. Other operating parameters were temperature 80° (!, and
inlet pressure 10 psig helium.

The flame photometer was made by Dr. Bruno Lange, West Berlin,
Germany. This instrument 15 designed for use with natural or coal gas
from the mains. It can also be operated with greater sensitivity, using
the built-in compressor and a gasoline generator. Air is used as the source
of oxygen. This instrument was ordinarily operated at a gage pressure
of 0.4 g/sq cm. The filter used was the 520-mm interference filter sup-
plied.

The burner of the Lange instrument consists of a vertical glass eylinder
20 mm OD. Upon the plane ground top opening of the burner rests a
uniformly perforated aluminum plate which is held in place by a shoul-
dered stainless steel ring which drops down over the plate and glass cyl-
inder.

Limited experimentation was carried out to devise a suitable copper
element for this hurner. The design finally chosen is shown in Fig. 2.
This consists of a one-piece ring and plate of rather massive construc-
tion which is simply dropped into place over the glass chimney after re-
moval of the aluminum plate and steel ring. This copper element was
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—
— 1 COPPER

F1a. 2. Detail of burner,

turned on the lathe from clectrolytic copper. Holes were drilled in the
horizontal portion as follows: 1 central hole: %54 drill—center; 5 holes
about central hole: #54 drill—1st circle; 10 holes about central hole:
# 54 —2nd circle; 15 holes about central hole: # 51—3rd circle. These holes
were spaced at the distances from center indicated in the detail drawing,
and the holes were equally spaced in each circle.

The clement was also constructed without the elevated rim shown, with
a serrated rim, and with rims of various heights. The outside shoulder
shown on the element was intended to allow height extension by stack-
ing plain copper rings. Our limited experiments showed that a certain
vertical extension of rim increased sensitivity. Too high extension of the
rim mterfered with the flame, however, and sensitivity dropped. Copper
gauze and copper bus bar spirals were much less satisfactory. The massive
construction is desirable since there is considerable flaking-off of cupric
oxide in use.

MEeTHOD

The apparatus is connected as shown in the block diagram in Fig. 1.
Under the operating conditions already mentioned 1-25 ul of the com-
pound under investigation was injected into the Fractometer, using an
Agla syringe. The following compounds were investigated: methyl chlo-
roform, methylene chloride, carbon tetrachloride, chloroform, and ethyl-
idene chloride. All of these materials are important industrially, and at
the same time present more or less toxic hazard in use. The effluent gas
from the column is directed by means of a number 20 gage 6-inch stain-
less steel hypodermic needle into the atomizer of the flame photometer.
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It was found, after numerous experiments, that a peak was always reg-
istered on the second recorder whenever the peak on the chromatograph
recorder represented a chlorinated hydrocarbon. Conversely, no peak ap-
peared on the second recorder for nonchlorinated peaks.

REsuLts

For qualitative analysis it is a simple matter to start the instruments,
inject sample and compare the two charts obtained. Using the second chart
the vapor chromatogram is labeled with respect to chlorinated hydrocarbon
peaks.
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Attempts were made to derive quantitative relationship from the peak
areas on the second recorder chart. It was found that the compounds
cited each gave a straight line for peak areas versus microliters injected
(Fig. 3). It also appears that the lower the boiling point of the compound
the stecper the slope for the same percentage of chlorine.

From the results obtained it seems impossible to identify a halogen-
ated compound from its halogen content. Too many variables are in-
volved. However, one can measure the amount of chlorine quantitatively
when one is working with a known system.

CoNCLUSIONS

The above procedure was worked out primarily to enable the busy
analyst to pick out halogenated hydrocarbon peaks without any more
attention than is necessary to inject the sample. We consider this com-
pletely justifies the procedure presented.

Towever, it became obvious in working with it that the quantitative
aspects might well be explored with profit. At the samc time we believe
that improvement in Beilstein sensitivity might result from careful in-
vestigation of burner design, possible use of a hotter flame, and a more
suttable filter, etc. We believe it would be interesting to use an element
constructed of cupric oxide rather than copper or possibly to use a porous
ceramic plate impregnated with cupric oxide. In the foregoing we have
considered “halogenated” as synonymous with “chlorinated.” In our work
this is cssentially true. As is well known, however, brominated and io-
dinated compounds would also give a positive response with the copper
burner if present.

The method outlined is not presented as a fixed and final method, as
already mentioned. It has demonstrated its practical uscfulness in our
laboratory, and it may be hoped that others may find it useful and pos-
sibly extend the scope of the method.
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New Approaches to the Resolution of Olefins

AuBErRT ZLAaTKis AND H. R. Kaurmar
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Attempts to analyze low molecular weight paraffing and olefins by gas
chromatography have reccived considerable attention during the past few
years. Hydrocarbon mixtures which have proven particularly difficult to
resolve are ones containing propane, propylene, n-butane, isobutane, bu-
tene-1, isobutylene, cis-butene-2, trans-butene-2, and butadiene. Several
methods have been used in the analyses of these mixtures. Specific polar
liquid substrates such as dimethylsulfolane (6), dimethylformamide, and
acetonyl acetone (7) have yielded some favorable results at low tempera-
tures. Indeed, the use of silver nitrate dissolved m organic solvents (2, 3)
has also proved useful in such separations by forming unstable complexes
with olefins. Janak (8) has resolved paraffin-olefin mixtures by a subtrac-
tive technique using molten maleic anhydride to react with the butadiene
present. More recently, Barnard and Hughes (/) have used a technique of
physically mixing two packings in one column. While cach of these methods
is quite satisfactory for resolving some of the C;~C, paraffins and olefins,
the resolution of all nine of the hydrocarbons described above is quite
difficult. Long columns and temperatures below ambient are generally re-
quired.

Recently Iiggertsen and his co-workers (4, §) studied the separation of
C5-Cy saturated with hquid modified columns consisting of 1.5 % squalane
on Pelletex (furnace black) Considerable information was obtained with
such columns because their naphthene-paraffin selectivities are in reverse
order compared with liquid-type columns.

The present approach to the problem of resolving C;-C, paraffins and
olefins involves the use of specially prepared liquid modified adsorbents.
Two commercially available adsorbents, Florisil and Florex, were treated
with aqua regia prior to their use in gas chromatographic columns. Various
liquids were used to modify the adsorbent in this study. These ranged from
nonpolar tetradecane to the highly polar 8,8’-oxydipropionitrile. Particular
emphasis was directed toward the effect of the amount of liquid phase on
the solid adsorbent. Conditions were then found for preparing a column

Present address U 8 Industiial Chemicals Corp , Deer Park, Texas.
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which would effect the resolution of the paraffin-olefin mixture in relatively
short emergence times.

EXPERIMENTAL

Agqua Regia-Treated Adsorbent (12)

To 500 g adsorbent in a 3 liter beaker was added 1700 ml aqua regia.
This mixture was gently boiled for one hour, then diluted with water and
decanted. Washing was continued until the solution was almost neutral;
10 ml of 10 % ammonium hydroxide was added and the water-washing was
continued until the solution becamc neutralized. The adsorbent was
washed on an 80-mesh screen to remove the fines and then dried in an
oven at 130° C overnight (60-80 mesh material was used for preparing
all columns). When these adsorbents were used without prior aqua regia
treatment, little or no resolution of the hydrocarbons occurred.

Adsorbents

Florisil (Floridin Co.), a synthetic magnesia-silica gel catalyst and ad-
sorbent’ and Florex (Floridin Co.), a naturally occurring fuller’s carth
which has been calcined, were the adsorbents used.

Supported Liqurds

Tetradecane (Matheson, Coleman and Bell), dimethylsulfolane (Mathe-
son, Coleman and Bell), Tri-m-tolyl phosphate (Distillation Products In-
dustries), and B,8’-oxydipropionitrile (Distillation Products Industries)
were the liquid modifiers.

APPARATUS

A Perkin-Elmer Model 154B equipped with a gas sampling valve was
used in this study. All columns were made of L{-inch OI) copper tubing
and were loaded in the conventional way with vibrating. The carrier gas
was helium which was operated at 15 psi for the 10-ft columns and 30 psi
for the 20-ft columns. This gave flow rates of 65 ml/mm. All chromato-
grams were made at 25° C.

REesuLTs AND DiscussioN

Separations of the olefin-paraffin mixture were studied using dimethyl-
sulfolane, 8,8’-oxydipropionitrile, tri-m-tolyl phosphate, and tetradecane
as the liquid modifiers. Florisil was used as the adsorbent although IFlorex
is comparable in action. The percentage of supported liquid was varied
from 1-5% and the effect on resolution factors studied. Concentrations
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TABLE I

REsoLUTION Facrors ¥oR BUTENE-1 AND IsoBUTYLENE UsINGg
Liquip MODIFIED ADSORBENTS

Dimethylsulfolane B,8’-Oxydipropionitrile
1% 2% 3% 5% 1% 2% 3% %
S 017 0.19 0.10 0 05 012 0.10 0 10 0.06
Q 1430 1460 14.60 14.60 16.00 1800 15.30 15.80
R 2 43 2 87 1.46 0.73 1.92 1.80 153 0 95
‘I'ri-m-tolyl phosphate Tetradecane

1% 2% 3% 5% 1% 2% 3% 5%
010 010 0.07 005 | 015 014 0.3 0.12

1600 15.00 | 7.8  12.30 12.00 1540
1.58 1.65 1.12 075 | 117 1.72 1.56  1.85
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—
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ISOBUTANE

trans BUTENE 2
cis BUTENE 2
1SOBUTYLENE

BUTABIERE

RECORDER RESPONSE

SUTENE Y PROPANE
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» 2 0 [
TIME, MINUTES

Fia 1 Chromatogram of hydrocarbons using a 20-ft column containing dimethyl-
sulfolane on aqua regia-treated Florisil.

in excess of 5% produced a liquid partition column with diminished resolu-
tion.

Relative peak separation, relative peak sharpness, and resolution values
were determined according to the method of Jones and Kieselbach (9).
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where S;; = relative peak separation of butene-1 and isobutylenc; Q =
relative peak sharpness of butene-1; B = resolution of butene-1 and iso-
butylene; ¢, = elution time of butene-1; {; = elution time of isobutylene;
t; = elution time of butene-1; and w = width of peak as measured at the
base-line intercepts of the tangents to the peak.

Table I shows the separation factors obtained using the different sup-
porting liquids and varying their percentages. The high @ values indicate
an efficiency of over 400 plates per foot of column measured on the butene-1
peaks. Selection of the 5% dimethylsulfolane column as the most useful
is based on the over-all resolution of the paraffin-olefin mixture. Whereas
a 1 or 2% column resolves butene-1 and isobutylene to a greater extent,
cis-butene-2 is eluted at the same time as butadiene. In general, as the
liquid phase is increased from 1 to 5 %, the resolution of butene-1 and iso-
butylene is decreased. At the same time, frans-butene-2 moves toward
butadiene, thereby improving the resolution of the mixture

A chromatogram of a sample containing propane, propylene, isobutane,
n-butane, butene-1, isobutylene, ¢is-butene-2, trans-butene-2, and buta-
diene is shown in Fig. 1. A 20-ft column of 60 -80 mesh aqua regia-treated
Florisil with a flow rate of 65 ml/min effected complete resolution in 33
minutes. When butadiene is not present in these mixtures, much shorter
columns can be used.

Recent developments in the use of eapillary columns with ionization
detectors (710, 13) offer another approach to the resolution of complex
olefin-paraffin mixtures. Capillary columns of 100,000 plate efficiencies
coated with nonspeecific liquid phases can effect such separations. Consid-
erably less efficient columns may be used with supporting liquids such as
dimethylsulfolane.
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Chromatographic Determination of Water in Hydrazine

E. F. C. Cain axp M. R. STEVENS

Rocketdyne, A Division of North American Aviation, Inc.,
Canoga, Califorma

INTRODUCTION

The use of hydrazine requires an accurate and relatively rapid method
for the determination of the amount of water in hydrazine. To meet this
requircment, the method which is described below was developed. Gener-
ally, water has been determined by a difference technique: The hydrazine
was titrated with potassium iodate to the iodine monochloride end point
using the conventional solvent technique (70, 12, 16) or with an internal
mdicator (76). The amount of ammonia or other basic materials was deter-
mmed by difference from a direct acid titration of the material and the
iodate titration (4, 9, 14). The amount of nonvolatile residue was deter-
mined by direct evaporation of the sample and weighing of the subsequent.
residue. The amount of water was, therefore, the difference between the
summed percentages and 100.

Cordes and Tait (4) reported a spectrophotometric method for the direet
estimation of water in several hydrazines in the near infrared region. They
reported an accuracy of £0.3% at the 95% confidence level in the range
of 02 to 7.0% water by weight. Because of the special handling techniques
which are necessitated by the hygroscopic nature of hydrazine, and the
special size of the sealed cells needed, it was deemed that a gas chromato-
graphic method for determining water in hydrazine would be desirable.

Several authors (4, 11, 17) have reported the use of Carbowax 1500 as
the stationary phase in columns used to separate polar compounds. A
standard 2-m column containing 30 % by weight Carbowax 1500 on C-22
firebrick was prepared and it was found that the resulting retention vol-
umes were so great as to make the column impractical. However, it was
found that an 18-inch column of this material operating at approximately
80° to 90° C gave a satisfactory scparation of water and hydrazine which
could be used as the basis for an analytical method for the determination
of water in hydrazine,

EqQuiPMENT

Two instruments were used in this work. The determination of the re-

tention volumes and the other chromatographic parameters were accom-
343
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plished on a Consolidated Electrodynamics Corporation Chromatograph,
Type 26-201, employing a filament type thermal conductivity cell and a
standard Leeds and Northrup Speedomax, Model G 10-mv recorder. The
flowmeter which was used to measure the helium flow was a Predictability
Flowmeter, Model G-143 B, with sapphire ball, manufactured by the
Manostat Corporation. The column temperature was monitored with a
copper-constantan thermocouple employing a Leeds and Northrup Model
8662 Millivolt Indicator corrected for junction potentials. All quantitative
analytical determinations were carried out on a Perkin-Elmer 154-C Vapor
Chromatograph that was modified by the use of a Leeds and Northrup
Model G Speedomax “Azar’’ Recorder, which has an adjustable millivolt
range of 1 to 20 mv and a 1-second response over the full-scale. The re-
corder was set on a 5 mv span and the instrument was run at a sensitivity
of 2 for water, 32 for hydrazine. All area measurements were carried out
with a Model 4236 Planimeter manufactured by Keuffel and Esser Co.
Two to 5 ul samples were introduced into both instruments by means of
50 ul syringes manufactured by the Hamilton Company.

PREPARATION OF COLUMNS

The chromatographic columns were made of aluminum tubing { inch
OD and 18 inches long. They were packed with Johns-Manville C-22 fire-
brick which had been crushed and sieved to 30-60 mesh and had been
coated with Carbowax 1500 according to the method of Kggertsen et al.
(7). Thirty grams of Carbowax 1500 was dissolved in sufficient absolute
methanol to insure complete solution. This solution was then added to a
beaker containing 100 g of the C-22 firebrick and the slurry stirred for
14 hour. The methanol was removed completely by evaporation at 110° C
for 4 hours. The columns were packed by sifting the coated firebrick into
one end of the column with the aid of a vibrator and the ends plugged
with Pyrex glass wool. The ends of the columns were prepared and the
columns shaped as required by the instrument in which they were being
used. The columns were inserted in the instrument and stabilized by flush-
ing with helium at operating temperature for 2 hours.

MATERIALS

Commercial hydrazine obtained from Olin-Mathison was used for the
determination of retention volumes. Standard hydrazine was prepared by
ammonolysis in this laboratory from hydrazine sulfate (Matheson, Cole-
man, and Bell, Reagent Crystal) (2, 3, 8, 13). The unsymmetrical dimethyl-
hydrazine which was also used in the determination of retention volumes
was commercial grade material and was obtained from the Westvaco
Chlor-Alkali Division of the Food Machinery and Chemical Corporation.
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EXPERIMENTAL

The retention volumes of hydrazine, water, and unsymmetrical dimeth-
ylhydrazine were determined at temperatures of 81.5° 85.8° 89.9° and
91.8° C and a flow rate of approximately 130 ml of helium/min calculated
at 1 atmosphere and 70° F. The flow rate was accurately measured and
the data reduced as recommended by Ambrose, Keulemans, and Purnell
(1). The corrected retention volumes, corrected for total gas volume
(Vz® — V¢°), are given in Table I. A plot of these values vs 1/T is shown
in Fig. 1. A sample chromatogram is shown in Fig. 2. This illustrates the
available separation obtained with this column. It should be noted that
the peaks are not symmetrical. The retention time on each peak was meas-
ured from the maximum as shown. Slight deviations in the maxima occur,
especially in hydrazine, with a variation in sample size. Accordingly the

TABLE I

CorrectED RETENTION VOLUME (VO — V)

Test No. A. T, = 815 C'%;= 282 X 10

Average

UDMH 439 426 418 432 429
H;0 1042 1042 1065 1076 1056
N:H, 3202 3139 3142 3158 3160

Test No. B. T, = 9180% =274 X103

UDMH 292 273 288 297 288
H,0 690 641 627 672 658
N.H, 1951 1890 2090 2068 2000

TestNo.C.T,=853C’%=279X10"

UDMH 359 3569 361 359 360
H.0 882 887 874 889 883
N,.H, 2588 2591 2581 2599 2590
1
Test No. D. T, = 899 0-1-, = 2.755 X 107
UDMH 303 305 306 310 306
H,0 747 744 748 749 737

N.H, 2157 2232 2114 2169 2168
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sample size was maintained approximately constant (5 ul) and an average
retention volume was used in each case. The chromatogram also shows a
peak for ammonia, which was added to the mixture, since it might be
present in the standard hydrazine solution prepared by ammonolysis. The
retention volume was not calculated because the peak maximum was not
constant. This was assumed to be caused by variations in sample size and
speed of introduction which would tend to be magnified by the use of a
short column, If an analysis for ammonia is desired, the column could be
lengthened and the column temperature reduced which would result in a
larger retention volume and a more stable peak maximum.

The area measurement technique was employed in the quantitative
analysis of water in hydrazine to eliminate the effect of variation in sample
size. The column temperature was 80° C and the flow rate comparable to
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that used in the determination of the retention volumes. A chromatogram
of the standard hydrazine was obtained and the material was found to
contain water. Additional water was quantitatively added to the standard
hydrazine and the resultant solution was analyzed chromatographically.
The change in percentage of the total area was related to the weight per
cent of water which was added and the percentage of the water in the
standard solution was calculated. Additional water was then quantitatively
added and the resultant solution was again analyzed. A plot of the per-
centage of the total area which corresponds to the water peak versus the
calculated weight per cent water in the sample was made. This plot is
shown in Fig. 3. Two values for water in the standard samples used are
also included in this figure. As is seen, a lincar relation exists and the slope
of the line passes through the origin of the graph. The accuracy of the
method is estimated to be 3=0.05-0.09 % absolute.

The precision of the analysis was determined by carrying out several
runs on the same sample. Table II gives the results of two such analyses.
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TABLE 1I
RESULTS OF SEVERAL RUNS OF SAME SAMPLE
Sample A
Test no. Wt % H:0
1 152
2 1.57
3 1.61
4 1.54
5 1.60
6 1.61
7 1.50
Mean: 1 56%,.
Average deviation of a single determination: =0 05%,.
Sample B
Test no. Wt % H:0
1 0.62
2 0.59
6 0 54
4 0.49
5 0.51
6 0.56
7 0.55
Mean: 0.55%,.

Average deviation of a single determination. £0 05%

Discussion AND CONCLUSION

From the above presentation, it is obvious that an accurate and rela-
tively rapid determination of water in hydrazine can be carried out gas
chromatographically by using a short Carbowax 1500 column. The area
measurement techniques gave linear results within the range of water
concentration of interest. However, the separation is such that a greater
amount of water could readily be determined with proper calibration. This
column also may be used to determine water in unsymmetrical dimethyl-
hydrazine. By proper adjustment of column length and temverature. the
ammonia could also be determined.
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Determination of Dissolved Oxygen in Petroleum Liquids

J. P. Paguis

Standard Oil Company, Whiting, Indrana

INTRODUCTION

A need for a rapid and precise method for determining dissolved oxygen
often arises in the petroleum industry. Because air surrounds all processing
units, transfer lines, and storage tanks, oxygen is hard to keep out of proc-
ess streams. Iven small amounts of dissolved oxygen can markedly affect
the cfficiency of refinery processes, and accumulation can lead to explosion
hazards. In controlling some operations, it is desirable to be able to dis-
tinguish between 0.2 and 0.4 ppm of dissolved oxygen, on a routine basis.

Analytical methods that have been proposed for measuring dissolved
oxygen in hydrocarbons (1, 2, 4) lack adequate detectability. A gas-chro-
matographic method proposed for analyzing products of combustion makes
use of a molecular sieve for the determination of oxygen m gases (3). Such
an approach should be useful for petroleum liquids if the oxygen in a large
sample could be quantitatively and conveniently recovered for measure-
ment.

A method has been developed that handles samples 300 to 1000 times
larger than are customary n gas chromatography. Samples are introduced
from bombs that are attached to and become an integral part of the chro-
matographic apparatus. A molecular sieve preceded by a liquid partition
agent and a solid adsorbent separates the oxygen from the hydrocarbons
and other dissolved gases. The required detection is achieved conveniently
with conventional rugged and dependable instrumentation.

ArraraTtus

A flow diagram of the apparatus is shown in Fig. 1. Helium carrier gas
is supplied at a constant pressure to an 8-liter surge drum. Three lines
from the surge drum, each equipped with a needle valve to provide the de-
sired flow, serve three distinet functions.

One line transports carrier gas to the sample-introduction point and
thence to the chromatographie partition column and detector. A differ-
ential-pressure flow controller* maintains a constant pressure drop across
the needle valve despite any pressure surge during sample charging. A

* The Moore Ihfferential Pressure Controller Model 638U is satisfactory.
351
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gas-sample valve with a 0.25-ml sample-measuring loop is used to intro-
duce air for calibration. Metallic micropore filters protect the gas-sample
valve and the flow controller from abrasives.

A second line transports helium to the reference side of the detector; the
third provides helium for regenerating the column by back-elution after
the determination is complete.

The chromatographic partition column consists of: (1) A section 14 ft
long and 3¢ inch in diameter containing 30-60 mesh firebrick coated with
silicone oil in a ratio of 55 gm of firebrick to 45 gm of silicone oil. (2) A
section 3 ft long and 34 inch in diameter containing 30-60 mesh activated
cocoanut charcoal. (3) A section 6 ft long and !4 inch in diameter con-
taining 10-60 mesh 13 A molecular sieve. The three sections are packed
individually and then soldered together to form a single gas-tight unit.
Liquid and gaseous hydrocarbons are retarded on the silicone and char-
coal sections; oxygen and other fixed gases pass through to be separated
from each other by the molecular sieve. Heating is provided so that the
hydrocarbonscan be vaporized and back-eluted readily during regeneration.

As the detector, any commercially available thermal conductivity cell
will serve. A recorder with 1 mv full-scale sensitivity is required.
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Sample bombs, especially designed to hold high vapor pressure hydro-
carbon liquids, are made by attaching a stainless-steel valve to each end
of a stainless-steel 1g-inch pipe nipple 6 inches long. The possibility of air
infiltration is minimized by orienting the valves so that the tails of the
arrows on the valve bodies face toward the bomb. Each bomb holds about
5 ml of liquid.

PROCEDURE

A flow of 150 ml/min of helium is established through the column and
measuring side of the detector, and of 5 ml/min through the reference side.
A filled bomb is attached with compression-type tube fittings, and the air
is evacuated from around the fittings. By operating the appropriate valves,
carrier gas is routed to the top of the bomb, and the contents are swept
into the chromatographic column. Sudden changes in pressure may cause
the base line on the recorder chart to be temporarily upset, particularly if
the sample has a high vapor pressure. The flow controller quickly com-
pensates for the pressure surge, and the base line recovers in a few seconds.

Oxygen, separated from all components except argon, is eluted in about
4 minutes. The argon content is too low to contribute a significant error
to the determination. Oxygen is recorded as a curve relating millivolts of
detector output to time.

After the oxygen peak has been recorded, the bomb isx removed and
flow through the column is reversed Mydrocarbons are vented at the point
where the bomb was connected. The column is then heated to about 300° I
and held at this temperature for 10 to 15 minutes until no more hydro-
carbon is removed. Back-clution is continued for about 15 minutes, or
until the column has cooled to room temperature. About 300 samples have
been run through a single column without loss of efficiency.

Calibration data are obtained by passing precisely known volumes of
air through the chromatographic columns and measuring the area under
the oxygen peak. The oxygen content of the sample is calculated by com-
paring the arca under the curve with areas obtamed by analyzing known
amounts of air, introduced with the gas-sample valve. The true volume of
the sample-measuring loop and the volume held up in the valve ports must
be measured to permit precise estimation of the air added. Smaller quan-
tities can be introduced by reducing the pressure in the sample-measuring
loop.

Discussion

Replicate analyses of three hydrocarbons “off the shelf” were made to
show the precision of the method:
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Avalyses  OWELRemgppm Ay o pey,
4 3841 2.5
6 54-56 11
8 96-100 1.0

A precision of 1 to 3% is indicated at the range of concentrations one
might expect to find in stored hydrocarbons.

In routine use on refinery streams, such precision is not achieved. Usu-
ally samples must be taken hot and under high pressure, and they fre-
quently contain light hydrocarbon gases and hydrogen. Partial vaporiza-
tion with preferential loss of oxygen is difficult to avoid. Consequently,
duplicate determinations are recommended. Typical results for refinery
streams are shown in Table I. Duplicates usually agree closely. When
they do not, sampling is suspected and a fresh pair of samples is analyzed.

Accuracy of the method has been checked in two ways: determining
oxygen added to a naphtha of previously determined oxygen content, and
analyzing, duplicate samples by the chromatographic method and by an
independent method.

In the first tests, measured volumes of air were added in the column to
naphthas containing 0.1 to 0.3 ppm of oxygen. Results for nine samples
showed:

Added 03 05 06 10 10 19 19
Found. 02 05 05 09 09 22 1.8 16 18

Added oxygen below 1 ppm was recovered withm 0.1 ppm; added oxygen
to 20 ppm was recovered within 2 ppm.

Duplicate samples were analyzed by the chromatographic method and
by a method based on the paramagnetism of the oxygen molecule. Dis-
solved oxygen was determined by stripping from solution with a stream

TABLE I
TypicAL DUpPLICATE ANALYSEs OF REFINERY STREAMS
Oxygen, ppm
01,0.1 0.3,03 16,3.8 4.4, 4.7
0.1,01 0.3,0.3 2.6, 2.7 4.7, 4.8
0.1,01 0.3,0.5 2.6, 2.7 70,74
0.1,0.1 0.4,0.4 3.3,3.3 32,32
0202 123.4 33,6.2 31,34
0.2,0.5 1515 3.9,3.9 67,75




DISSOLVED OXYGEN IN PETROLEUM LIQUIDS 355

of nitrogen and comparing the paramagnetism of the mixed nitrogen and
oxygen with that of known mixtures (§). Three pairs of such tests showed:

as-chiomatographic method 48 33 73
Paramagnetic method 29 33 70

In all cases, good agrecment was obtained. With the stripping step, the
paramagnetic method is not sensitive enough to determine oxygen in con-
centrations below 2 ppm,

Extension of the chromatographic method to the determination of oxy-
gen in liquid butane and propane is being investigated. Other determina-
tions for which the apparatus should be useful include the measurement of
nitrogen, carbon monoxide, and methane in liquid hydrocarbons. All these
constituents plus oxygen could be measured in gases by introducing the
sample with the gas-sample valve.

SumMArY

Dissolved oxygen in petroleum is undesirable because it creates refining
problems and represents a potential explosion hazard. Gas chromatography
permits the rapid and precise determination of 0.1 to 100 ppm of oxygen
m petroleum fractions. By introducing 500 to 1000 times as much sample
as is customary in gas chromatography, enough oxygen is admitted so
that rugged and dependable instrumentation can be used. The chromato-
graphic partition column is made up of three sections connected in series.
The first section contains firebrick coated with silicone oil; the second,
charcoal. Liquid and gaseous hydrocarbons are retarded on the first two
sections. Oxygen and other fixed gases pass through to be scparated from
cach other in the third section, which contains molecular sieve. Oxygen
content is computed from the area under a curve relating thermal con-
duetivity to time.
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InTRODUCTION

In the course of work on evaluation of ortho-para-hydrogen conversion
catalysts it became necessary to analyze various mixtures of hydrogen
isomers ranging from normal hydrogen to 100 % para-hydrogen. Gaseous
molecular hydrogen at ambicnt temperature is normally composed of a
mixture of 25% para-hydrogen and 75% ortho-hydrogen (1). A para-
hydrogen molecule is one in which the two hydrogen nuclei have opposite
spins. An ortho-hydrogen molecule is one in which the hydrogen nuclei
have the same spin.

These spin isomers have slightly different physical properties, such as
boiling point, melting point, specific heat, thermal conductivity. The equi-
librium concentration of para-hydrogen in a mixture is a function of tem-
perature, ranging from 100% para at —253° C (normal boiling point of
liquid hydrogen) to 25% para at —40° C or above (2). The conversion
reaction of ortho to para 1s sccond order with respect to ortho-hydrogen
concentration (3). The attainment of equilibrium can be hastened with
catalysts.

The conversion of ortho- to para-hydrogen evolves heat, roughly equal
to the heat of vaporization of liquid hydrogen. Thus it is necessary to
convert normal liquid hydrogen to the para form before storage to prevent
evaporation loss. If this conversion is not done before storage, about 60 %
of the liquid hydrogen will be evaporated by the heat of conversion, even
in the absence of any heat leak through the contamer.

With pure hydrogen, the determination of ortho-para ratio can be done
by thermal conductivity, since the para-isomer has a higher thermal con-
ductivity than the ortho-isomer. The thermal conductivity method is con-
tinuous and can be made very sensitive for small changes of composition.
Purcell, Draper, and Weitzel (4) have reported a thermal conductivity
unit capable of detecting 0.05% differential para content. However, the
presence of impurities in the sample hydrogen would indicate a reduced
para content. If the concentration of impuritics exceeded 1 or 2% the
sample gas would have a lower thermal conductivity than the pure normal
reference gas and would then reverse the polarity of the signal from the
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cell. For example, a mixture of 100% para-hydrogen containing 1.3 %
nitrogen would have a thermal conductivity almost the same as pure
normal hydrogen and could not be analyzed by direct thermal conductivity.
To eliminate this problem, gas solid chromatography was tried. Moore
and Ward (6) have reported separation of these isomers by gas solid chro-
matography using alumina packed columns at 77° K with helium carrier
gas. However, under these conditions all other impurities except neon
would not be detected. From previous work in our laboratory it was known
that helium, neon, hydrogen, and air could be separated at ambient tem-
peratures on a carbon column. This was used for the following work.

APPARATUS

A 15-ft long by !j-inch OD copper tubing column was packed with
Burrell high activity carbon. The column was dried at 240° C for 4 hours
using an argon purge. The analyses were done at 40° C using purified
normal hydrogen carrier gas at 80 ml/min. A filament-type thermal con-
ductivity detector was used, with a 0-1 mv recorder.

. EXPERIMENTAL

Several problems required investigation before the method could be
used with confidence: (1) The catalytic back-conversion cffect of the col-
umn packing; (2) the effect of column contamination by air, water, CO,,
cte.; (3) the effect of carrier gas impurities; (4) the effect of impurities in
the sample; (5) long-term stability of calibration.

First a series of 10-cc samples of known para-hydrogen coneentration
were passed through the unit. These mixtures were made immediately
before use because the composition of ortho-para-hydrogen mixtures grad-
ually changes back to normal at ambient temperature. Pure normal hy-
drogen (25 % para) was used as the zero point (carrier gas). Fifty per cent
para-hydrogen was prepared by passing pure normal hydrogen through a
catalyst trap in liquid nitrogen (—196° C). One hundred per cent para
hydrogen was prepared by passing hydrogen through a catalyst trap im-
mersed in liquid hydrogen (—253° C). A plot of the peak heights versus
per cent of para concentration gave a straight line (see Iig. 1). This result
would bhe predicted on the basis of work by Weitzel (5) which showed the
thermal conductivity of ortho-para-hydrogen mixtures to be a linear func-
tion of the para concentration. (Iig. 2 shows several runs of 50% para-
hydrogen.) These tests indicated either no back conversion in the column
or proportional back conversion.

To determine the extent of back conversion by the column, it was re-
moved from the chromatograph. Tubing and valves were arranged so
that the sample gas could be passed directly through the cell continuously.
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The three mixtures used previously were passed through the cell, one at a
time, for about 5 minutes cach. A plot of cell output versus per cent
para gave a straight line as before, but at a different slope (see Fig. 1).
This greater signal indicated back conversion in the column.

To determine the extent of this back conversion the column was re-
turned and connections made to permit large samples to be introduced.
About 30 ft of 14-inch OD copper tubing was connected so that, after filling
with sample, it could be placed in series with the carrier gas to the column.
(No back conversion occurred in clean copper sample lines.) Mixtures of
50% para and 100% para were then passed through the column. These
large samples resulted in flat topped peaks (see Fig. 3). However, a plot
of maximum signal versus percentage of para again gave a straight line,
but with a slope between the line for 10-cc samples, and the line obtained
without the column (Fig. 1). This work showed that 8% of the para hy-
drogen in excess of 25 % was back converted in the column. It was also
concluded that the difference of signal obtained for 10 cc versus the very
large samples was due to dilution of the sample hydrogen with carrier
hydrogen while passing through the column,
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Fia 3. Chromatogram of large samples of p-hydrogen.

Oxygen is known to have a catalytic effect on ortho-para conversion.
It might affect the analysis either by its presence in the sample or by acci-
dental contamination of the column packing. To test this, several 10-cc
samples of air were passed through the column, followed by several sam-
ples of 100% para-hydrogen. In all cases the peak heights obtained for
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the 100 % para-hydrogen were the same as before the air contamination
of the column. Apparently the oxygen was completely eluted from the
column and did not cause any further back conversion.

The effect of nitrogen in the carrier gas was investigated only qualita-
tively. In all cases oxygen was removed from the carrier gas with a tube
containing palladium catalyst. Several different unpurified hydrogen sam-
ples containing small amounts of N,, Ar, and CH, were tried as carrier
gas. No detectable change of calibration was found. However, at the times
corresponding to the elution of nitrogen and argon small reverse polarity
peaks were obtamned (I'ig. 4). This indicated less impurity in the sample
hydrogen than in the carrier hydrogen. The lowest purity hydrogen carrier
gas used probably did not contain more than 500 ppm total impurity.

As mentioned earlier, the peak height obtained for a given para-hydrogen
concentration varied somewhat with sample size unless a very large sample
was used. It is estimaled that samples of 30 cc or larger would not show
a variation of peak height with varying sample size, only longer or shorter
flat tops.

By using a fixed 10-cc sample some reduction of peak height was ob-
tained in the presence of impurities. [{owever, during this work we were
interested m the para concentration of pure hydrogen only. When im-
purities such as helium or air were found they indicated sample contami-
nation. However a small amount of impurity, which would reduce the
thermal conductivity of the mixture and prevent analysis by direct thermal
conductivity, only reduced the quantity of hydrogen in the sample a small

/2~
70 |—
B Mp REVERSE SDLARITY
81— Oz + AR Raverse FocARITY
?’ =
Se
§ |
S
| FAaRrA
L HYOROGEN
2 ME Reverse focAriTY
=
ol /0 cC SAMPLE

Fia. 4. Chromatogram of an unpurified hydrogen sample resulting in small re-
verse polarity peaks.
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amount, and thus reduced the peak height obtained for para-hydrogen only
a small amount. In order to get complete freedom from effects due to im-
purities in the sample it would be necessary to make a calibration of peak
height versus volume of 100 % para-hydrogen. Then a quantitative analysis
of the sample would be necessary to get volume of hydrogen contained.
This volume of hydrogen could then be placed on the calibration chart
of peak height versus volume of 100 % para-hydrogen. The para concen-
tration of this hydrogen could be calculated by use of the equation:

peak height of sample

Do I
peak height of equal volume of 100% para X 75 %.

% para-H; = 25% +

The calibration was checked frequently during a period of several
months. The calibration at 100 % para-hydrogen did not vary more than
+14% The calibration changes at lower para concentrations were pro-
portionately less.

SuMMARY

Gas-solid chromatography has been used to analyze mixtures of ortho-
para-hydrogen and to determine simultaneously the presence or absence
of certain impurities. If desired, the impurities can be determmed quanti-
tatively. The calibration and eolumn characteristics were stable, and not
affected by impurities normally found in hydrogen.
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Linear Programed Temperature Gas Chromatography

A. J. MarmiN, C. E. Benverr, anp F. W. MARTINEZ, JR.

F & M Scientific Corporation, Wilmington, Delaware

INTRODUCTION

The concept of increasing the column temperature during a gas chro-
matographic analysis was first described by Griffiths, James, and Phillips
in 1952 (7). The major advantage of this technique, i.e., sharp, nicely
spaced peaks from samples with wide boiling point range, was clearly
demonstrated. Subscquent workers used the concept mm the separation of
hydrocarbons (2-10) alcohols (2, 3), fatty acids (71), methyl ketones (12),
sulfur compounds (13), alkyl chlorides (1), and radwactive bromides (74).

A number of apparatuses have been described (2, 3, 8, 15, see pp. 60-61
of 16, 17) which allow the column temperature to be increased during a
run, without seriously changing the detector temperature. In early work
columns were withdrawn from cold baths and allowed to warm spontane-
ously, or fixed voltage was applied to column heaters. Because of line
voltage fluctuations and changes in ambient temperature, reproducibility
of these operations was too poor for widespread analytical use (9, 10).

In 1958, Dal Nogare and Bennett (2, 3), Harrison et al. (8), and Murray
(77) reported devices for controling the rate of temperature increase of
the column. These workers obtained linear, reproducible heating rates by
driving upscale the set-point of a temperature controller which was actu-
ated by a thermocouple (or resistance thermometer) on the column. This
thermocouple feed-back to a controller ehminates the effects of line voltage
fluctuation and room temperature changes. The hnes in Fig. 1 show the
response of a thermocouple inside a column while the temperature is being
programed. The deviation from linearity of the heating rates is less than
0.5%, but more important, the nonlinearity is reproducible. ligure 2
shows the reproducibility of actual chromatograms run under programed
temperature conditions.

This refinement of instrumentation closed the gap which now makes
the programed temperature concept a most practical technique for quali-
tative and quantitative analyses.

PrINCIPLES

Figure 3 is a typical plot showing the relationship of retention volumes
measured at constant temperature with temperature (see pp. 27-29 of 76).

363
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Fia. 1. Linearity of column heating rates.
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Fi16. 2. Duplicate linear programed temperature chromatograms of an aleohol
mixture. Key 1, methanol; 2, n-propanol; 3, n-butanol; 4, isopentanol, 5, cyelo-
hexanol; 6, n-decanol; 7, n-dodecanol

From these data it is easy to calculate the average linear velocity at any
temperature knowing the column length. The curved lines in Fig. 4 show
the average linear velocity (v) plotted versus column temperature. If the
temperature of the column is increased linearly during an analysis (from
T, to Ty) the abscissa can also be divided into time units (from ¢, to ).
If the area under one of the curves is accumulated until it equals the col-
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umn length (time X velocity = distance), at this time and temperature
the component will emerge from the column. The hatched portions in Fig.
4 show the respective areas for the homologs. From this plot it can be in-
ferred that the relation between retention time and number of carbon
atoms is nearly linear. Figure 5 shows experimental results to substantiate

LOG RETENTION VOLUME

RECIPROCAL OF COLUMN TEMPERATURE

Fie 3. Typical relationship of retention volume and temperature for members
of a homologous series

AVERAGE LINEAR VELOCITY, v

To COLUMN TEMPERATURE Ts
fo TIME ',

Fra. 4. Effect of temperature on average linear velocity of members of a homolo-
gOus series,
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Fi6 5 Programed temperature retention data for members of five homologous
serics A dimethyl esters of normal dibasie acids, B. normal alcohols, C methyl
esters of normal fatty acids, D+ normal paraffins; K. 1-olefins of normal paraffins
Column- -ft silicone gum on 30-80 mesh Chromosorb; helium flow rate 30 ml/min;
starting temperature 55° C, linear heating rate- 6 4° C/min

the nearly linear relation. This is in contrast to the logarithmie relation
for isothermal chromatography as inferred from Iug. 3.

The effect of linearly increasing the column temperature during the
analysis is shown in a practical way by comparing the chromatograms of
Figs. 2 and 6. In the isothermal run (Fig. 6) the early alcohol peaks were
very sharp and were not completely resolved. In addition, component 6
showed a very low and broad peuk, not very useful for analytical purposes,
while component 7 did not appear as a peak within 76 minutes. The chro-
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FrG. 6 Isothermal chromatogram of an alcohol mixture. Key 1, methanol, 2,
n-propanol; 3, n-butanol; 4, isopentanol, 5, cyclohexanol; 6, n-decanol; 7, n-dode-
canol Temperature 100° C, column 4-ft silicone oil (D-C 200)

matograms in Fig. 2 were run using the same sample, column, and flow
rate. The temperature was 35° C at the start, and was linearly increased
to 250° C. In these cases, all of the components emerged within 16 minutes
as sharp and nicely resolved peaks.
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REsoLuTiON

It is difficult to compare the resolution of programed temperature tech-
nique with that of the isothermal method. The standard method of com-
paring column efficiencies by the number of theoretical plates cannot be
applied to the programed temperature chromatograms (18). Resolution
must be compared in two practical ways: (1) the ability to separate com-
ponents of adjacent peaks, and (2) the ability to make accurate measure-
ments on both of the resultant peaks.

Under specified conditions of column length and carrier gas flow rate,
there exists a temperature at whicl. optimum resolution of components A
and B occurs. At higher temperatures the components are not as completely
separated while at lower temperatures the peaks are more difficult to meas-
ure accurately. This temperature is not the same as that required for opti-
mum resolution of B from C. Hence it is fair to say that the programed
temperature technique offers nothing in the resolution of a {wo-component,
mixture but is of significant advantage in the resolution of mixtures con-
taining threc or more components. Using the isothermal technique with
multicomponent mixtures, it is often necessary to compromise resolution
for speed of analysis. This compromise is usually avoided with the pro-
gramed temperature technique.

QUALITATIVE AND QUANTITATIVE INTERPRETATION

Under identical experimental conditions, programed temperature reten-
tion times (or retention volumes or temperatures) are as reproducible as
with isothermal techniques (see I'ig. 2). Figure 5 shows a plot of retention
temperatures versus the number of carbon atoms for several homologous
series. This plot is similar to that reported (see pp. 27-29 of 16) for iso-
thermal conditions where the logarithm of retention volume is plotted versus
the number of carbon atoms. These presentations are of great value for the
qualitative identification of unknown components.

The quantitative aspects of programed temperature gas chromatography
are straightforward. Since the temperature of the detector and the carrier
gas flow rate are maintained constant, the normal quantitative treatment
is applicable.

Table I shows data of peak height and area for the separation of oxygen
and nitrogen at various heating rates. The peak height increases as the
heating rate is increased. The peak area is constant within our ability to
inject 2 ml air samples via syringe (23 % relative). The oxygen content
found is constant (&=1%). It is our experience that the precision of results
from programed temperature analyses is generally equal to isothermal
analyses, and is significantly better in those cases where separation and
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TABLE I
Errecr or HEATING RATE ON PEAK MEASUREMENTS®
Oxygen peak Nitrogen peak Oxygen content®
Heating rate, - -
°C/min Height? Area Height,b Area Per cent found
cm counts’ cm counts?

0 8.50 159 12.60 587 21.3

3.3 8.97 162 14.80 611 210

9 9.82 169 17.62 626 21.2

18 10.05 166 19.68 616 21 2

35 11.13 168 24.2¢ 617 21.5
166 = 4 611 + 14 21.2 + 0.2

¢ Two milliliters air separated on a 4-fi column of Molecular Sieve 5A. Starting
temperature; 30° C; helium flow rate: 45 ml/min.

? Full scale = 50 mv

¢ Measured as 12.1 at 100 mv.

4 Counts from Disc integrator, maximum count rate of 3000/min.

¢ Represents oxygen and argon.

peak shape are improved. Another advantage is realized from maintaining
the detector temperature and carrier gas flow rate constant: the calibration
of a component (by peak area) in one mixture is applicable to the analysis
of the same component in another mixture even though the column, column
temperature, or temperature program is different.

GENERAL AND SPECIFIC APPLICATIONS

The programed temperature technique offers real advantages as a scout-
ing tool, particularly with samples of limited size. The first run indicates
the boiling point range and complexity while giving qualitative and quan-
titative information. It is unnecessary to “hunt” for the proper temperature
conditions. These same features make the instrument ideal for methods
development work. Columns or column temperatures can be changed rap-
idly without affecting the detector temperature, thus eliminating the wait-
ing period for the detector to reach thermal equilibrium.

The analysis of mixtures containing materials with widely different
boiling points is the real triumph of the technique. Hydrocarbons or olefins
from C, to Cy have been analyzed in a single run. In general, materials
having boiling points between room temperature and 450° C can be eluted
as sharp peaks in a single run (e.g., on a well-conditioned column of silicone
gum).

The much-neglected gas-solid chromatography assumes new importance
with the programed temperature technique. Figure 7 shows a chromato-
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gram of fixed gases and low molecular weight hydrocarbons. This chromato-
gram 1s of real importance in that the gases of interest in respiration studies
and many industrial processes, i.c., oxygen, nitrogen, carbon monoxide, and
carbon dioxide, are separated on a single column. Similarly, all the saturated
and unsaturated isomers of C; through C; hydrocarbons can be separated
on alumina columns under programed temperature conditions.

The programed temperature technique is valuable for the analysis of
trace levels of high-boiling impurities. These analyses are difficult to per-
form isothermally because of (1) tailing of the major component peaks and
(2) the flat, broad shape of the impurity peak. However, if the column is
maintained at a low temperature at the beginning of a run the major com-
ponents can be completely eluted. Raising the temperature will then drive
off the trace high boiler in a sharp easily measured peak.

This same concept has been applied to the analysis of very low level
components. An ether extract containing only several parts per million each
of three high hoiling materials was to be analyzed. A 50 pl sample was
injected while the column was held at a low temperature. The cther was
eluted very rapidly but the high boilers remained on the early portion of
the column. Four more 50 ul samples were injected in a similar manner so
that the effective sample size was 0.25 ml. The column temperature was
then raised and the three materials were eluted as three sharp, well-resolved
peaks.

Large-scale separations for preparative purposes can utilize the advan-
tages of the programed temperature technique (19) By the use of the proper
temperature program the chromatogram essentially can be talor-made.
This avoids the very rapid manipulation of collection vessels. The ability
to “clean up” a column of high-boiling residues by raising the temperature
is an important feature in obtaining pure fractions. Iigure 8 shows the
separation of a 2 ml sample in a 34-inch diameter column. The collected frac-
tions were analyzed and showed less than 100 parts per million of the
other components.

APPARATUS

All original chromatographic data presented in this paper were obtained
on the ¥ & M Scientific Corporation Model 202 Lincar Programmed Tem-
perature Gas Chromatograph. Figure 9 shows a picture of the commercial
unit. This instrument 1s similar to that deseribed by Dal Nogare and
Bennett (2, 3). Nine linear heating rates (from 3.3° to 48° C/min) are
provided by driving upscale the set point of a 0° to 400° C temperature
controller. The detector utilizes high-resistance thermistors (100,000 ohm at
25° C) to provide high sensitivity at elevated temperatures. The tempera-
ture of the detector is maintained constant from 150° to 300° C with a
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thermistor controller. A differential-type flow controller maintains the
helium flow rate constant even though the pressure drop across the column
changes when the column is heated. A moisture trap of Molecular Sieve
5A removes impurities from the helium which might otherwise collect on a
eold column and be released as the temperature is raised.

1880300880800

1e0ey

ey

Fia. 7 Programed temperature gas chromatogram of a mixture of fixed gases,
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Fie 8 Gas chromatogram made during a large-scale separation.

SUMMARY

Programed temperature gas chromatography offers many advantages in
the analysis of complex mixtures, such as, speed of analysis, resolution,
qualitative and quantitative interpretation, determination of high-hoiling
trace components, and large scale separations. Popularity of the technique
has been delayed by the lack of a device to provide reproducible heating
rates, hence reproducible chromatograms. This lack has been overcome
and the technique is finding wide application to diverse analytical problems
involving components ranging from fixed gases to materials boiling up to
450° C.

A simplified explanation of the phenomenon occurring during a pro-
gramed temperature analysis has been presented. This allows a graphical
method of predicting retention time from isothermal data.

Resolution of the programed temperature technique is discussed along
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Fia. 9. The F & M Model 202 Linear Programed Temperature Gas Chromato-
graph.

with the qualitative and quantitative interpretation of chromatograms.
Applications to gas-solid and gas-liquid chromatography are presented.
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Bibliography on Gas Chromatography. i
Prepared by
Lesnie 8. FErrre
The Perkin-Elmer Corporation, Norwalk, Connecticut

The Proceedings of the First Gas Chromatography Symposium, held under the
auspices of the Analysis Instrumentation Division of the Instrument Society of
America, August 1957 included as a supplement a bibhography on gas chromatog-
raphy We now continue this bibliography up to about June 1960

‘The first bibliography contained the publications up to the end of 1957. We included
in this work some literature which was not available at that time. The numbering of
references 1n this bibliography begins with 443, a continuation of the numbers given
1 the first bibliography.

The first bibliography predicted that “It might be anticipated .. that by the
end of 1958, the number of articles which have appeared will have doubled the number
referred to in this Bibliography ’ This prediction was quite true, as shown in the
accompanying graph which indicates the inerease in publhications reviewed.

: |
/

Number of references

2 -
/ f

——

?gfsoge 1952 1953 1954 1955 1956 1957 1958 1959

Yeor of publication
F1a. 1. The graph illustrates the increase in publications since the first volume
appeared. Each pomnt on the graph represents the number of publications in a
given year that were included 1n the bibhographies of either one or both of the
two volumes.
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This graph shows that the literature about gas chromatography is beginning to be
vast; this increase is particularly marked in the case of papers describing the use of
gas chromatography as an analytical tool.

The increasing number of papers concerning applications of gas chromatography,
presented at various meetings, make it quite impossible to survey this field in particu-
lar. In most cases the papers have not been published and, frequently, even the
program of the meetings or the abstracts of papers are difficult to obtain. Two facts
indicate this very well* the first bibhography listed only 41 papers presented at
meetings which had not yet been preprinted or published; the number of such papers
in this present bibliography 1s 235.

The general system of editing this bibliography is identical to that of the first
bibliography, except that two deviations were made. (1) the language of the paper is
always indicated if it is not English; (2) the Chemical Abstracts (Chem. Abstr ) quota-
tions are only given for journals difficult to obtain in the United States.

The abstracts of the Gas Chromatography Abstracting Service (C. D Lowry, Jr.
and 8. T Preston, Jr., 80 East Jackson Boulevard, Chicago 4, Illinois) were of great
help in compilation of the recent literature and will make the preparation of future
bibliographies much easier The author of this bibliography is also indebted to Dr.
R. Kaiser who placed at his disposal the Proceedings of the two East German Gas
Chromatography Symposia (1958 and 1959) which includes the text of 42 papers.
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