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FOREWORD

Gas chromatography has reached maturity. The number of scientific papers
published yearly in this area is decreasing. Although there are still a few unr&oived
issues, many of these papers belong more to the realm of technological development
than to the pursuit of science. After well above ten thousand valuable paper§ and
many books have been published on gas chromatography. why have we written
another one, and one this size?

Gas chromatography is now firmly established as one of the few major methods
for the quantitative analysis of complex mixtures. It is very fast. accurate and
inexpensive, with a broad scope of application. It is likely to stay forever in the
analytical chemistry laboratories. Although the source of scientific literature dealing
with gas chromatography is slowly drying up, the sales of gas chromatographs are’
still increasing. Besides replacing obsolete instruments. chromatographs are
purchased to expand existing laboratories and to create new ones.

Gas chromatography has become complex and involved. Over two hundred
stationary phases, more than ten detector principles and several very different
column types are available for the analyst to choose from among the catalogs of
over a hundred manufacturers and major retailers. Like other modern techniques of
measurements, gas chromatography makes considerable use of computer te_hnol-
ogy. Digital electronics, data processors, programs for data acquisition and handling
must be familiar to the analyst. Their mtegratlon to the chromatograph makes it a
sophisticated piece of equipment.

These progressive changes in the nature of gas chromatography as well as its now
ubiquitous use have created new needs for information which are not satisfied by
the literature presently available. The analyst needs an casy way to find out about
the technique as he wants to use it: how to rapidly. simplv and inexpensively carry
out the quantitative analyses he has to perform. He needs help in finding methods
to solve his daily problems and he does not have time 0 seek the primary literature
and to digest it. Reviews published by scientific journa!s are an excellent solution,
but they are scattered through hundreds of volumes, arc publhished with no logical
plan and are of uneven scope and quality. Most recent books are dedicated to
specialized topics and none of them discusses the specific problems of quantitative
analysis. The general books and treatises available are now aging. None of them
deals seriously with the practical aspects of quantitative analyses. although it is the
main issue in modern gas chromatography.

We have written the present book in an attempt to fill these needs. It has always
been surprising, if not shocking, to both of us that, although gas chromatography is
essentially used to provide quantitative analyses, this topic is almost completely
neglected in treatises, books, handbooks or textbooks. It is rarely talked about at
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meetings, as if calibration were a dirty business and errors a plague and not a topic
worthy of scientific discussions. We have striven to provide a complete discussion of
all the problems involved in the achievement of quantitative analysis by gas
chromatography, whether in the research laboratory, in the routine analysis labora-
tory or in process control. For this reason the presentation of theoretical concepts
has been limited to the essential, while extensive explanations have been devoted to
the various steps involved in the derivation of precise and accurate data. This starts
with the selection of the proper instrumentation and column, continues with the
choice of optimum experimental conditions and then with careful calibration and
ends with the use of correct procedures for data acquisition and calculations.
Finally, there is almost always something to do to reduce the errors and an entire
chapter deals with this single issue. Numerous relevant examples are presented.

Although we have tried to be reasonably complete, and to present the most
important and pertinent papers on each issue dealt with, we are sure that we have
missed a few of them. We apologize in advance to the authors and to our readers for
these lapses, which in part are due to the extreme abundance of the literature. We
would like them to be brought to our attention. We shall appreciate all comments
and especially those which could be useful for a further edition.

Finally we want to thank here all those who have helped us in this endeaour:
those who have provided us inspiration and understanding, those who have worked
with us, thos= who have given us ideas or clues, those who have discussed these
problems with us during the years when gas chromatography was in the making and
the many authors whose papers we read with delight. Their names are found in our
book and they are too many to be listed here. We are especially grateful to Prof.
Daniel E. Martire who read the theory section and made many constructive
comments, to Mrs. Lois Ann Beaver who read the whole manuscript and made
many helpful suggestions for its improvement and to Mrs. H.A. Manten who turned
our set of ASCII files into a book.

Concord, Tennessee, GEORGES GUIOCHON
January 1988 CLAUDE L. GUILLEMIN



CONTENTS

FOTEWOId . . . . ittt ittt e ettt ettt
Chapter 1. Intreduction and definitions . . .. ......... ... ... .. ... . .. ... .. ... .......
INrOGUCHON! ' 4 s o s v anc s mp s amis s 808 s SP e HRSIANES METr M i smisdinassmongussimes
I Definition and nature of chromatography . ......................... ... or
IL PRASC SYSTEIMS: & s 4 5 a6 a/atii s 6 6 8 s & 6 806 4 6 518 &6 I ¥ 3 4 56 Eas N A S ed 5 5 ars 405 55
III.  Schematic description of a gas chromatograph . .. ... . ....... .. ... ... ..... ..
1v. ChromatographiCmOdes: <« c .« ivs i o s ms su mie s o t6s s a6 a5 0 806 Gk 5 6w 8 % a0s &%
V. The chromatographic process . . .. ... ... ... ...
VL Direct chromatographicdata . ... ... ... ... ... ... .. ... ... .. ... ... ..
VII. Datacharacterizing thegasflow . ... ... ... . ... ... ... ... ... .........
VIII. Data characterizing the retention of a compound .. .. .. B e
IX. Data characterizing the column efficiency . .......... ... ... ... .. .. ..........
X. Data characterizing the separation of twocompounds . . .. ... ... .......... .
XI. Data characterizing the amount of acompound ... ............. ... ..........
XII.  Data characterizing thecolumn . ............... ... ...............

XIL: Practical MEasuremEnts . :.. . s atos s sois s wiois sid's §6 @ e a5 /a8 s 0@ ssniss o
(GIOSSATY/OF TETINS i s 6 v s 5 a4 5 4 416 wite 6 % 7651 o ) & 3 956 & % Soush o1 4755 % B 0 6 5 50 55 0 Tas & 8 B i 6 4 4 3
LIteratiare cited. « o.ccuwwiu wmsis s am o5 ame s amin = 025 605 a7 s 406 & 5 wer o 5 G B 6 EE B e b Ibed & WIS E S e 3

Introduction . ... ... ... ...

L Outletgasvelocity . ... ............ ... ....... e

11 Column permeability . .. .................... e
(118 Gas VISCOSILY . . . . oottt e e

Iv. Velocity profile . . ...... ... . ... ... ... .
V. Average velocity and gas hold-up time . . .. ......... ... .. .. e
VL On theuseof verylong columns . .. ... .. ... .. ... . ... ... . .....

VII.  Caseofopentubularcolumns . . ............ ... ... ... . ... .. ......
VIII.  Measurement of carrier gas velocity ... ................. ... .. .. .......
IX. Determination of the column gas volume . . . ... ............ .. . _........
X. Case of a non-ideal carriergas . ......................... R P
X1 Flow rate through two columns inseries .. ................ .. .. .. .......
XII.  Variation of flow rate during temperature programming . .

XIIL.  Flow rate programming . . .. .. ........................

Glossary of terms . .. . .. ...t

Literaturecited ... ........... ... ..iiiii

Chapter 3. Fundamentals of the chromatographic process. The thermodynamics of retention in gas

chromatography . ........... ... ... ... . ... ... .. ... R S
Introduction

A. The thermodynamics of retention in gas—liquid chromatography .
AL Elotionrate :o:saviimmssisascissiasssnsmiismssanssa
AL Capacity ratio of the column . . .......... ismssimeseiaa

vl

35
35
37
38
39

41

43
47
48
48
49
)
52
53
sS4



VIIL

AJIL. Parfition coefficient - .= . c i wecinasusssswasimasa s FNEi IR IR EF SR @ a8
A.IV. The practical importance of the activity coefficient . ... ... ....... ... ... .. .....
AVD Specificretention VOIME . ...« v o v os w56 ws s wis s s s 5w 5 4 kw00 5 R0 850 g s
A.VI. Influence of the temperature . . . ... ... ... ... ...t .
A.VIL. Relativeretention . ..................... . 0 o1 v 12 oL 1 e R i G 5 B i
A.VIIL Influence of the gas phase non-ideality . .. ... .. ... . .......................
A.IX. Mixed retention mechanisms. Complexation ... ............................
A.X. Mixed retention mechanisms. AdSOrption . ... ... .........uouuiunniinnnn. ...
A.XI. Adsorption on monolayers and thin layers of stationary phases .. ............ ... ..
B. The thermodynamics of retention in gas—solid chromatography . ... ........ .. ... .
B.I.  The Henry constantand retentiondata . ................................. ;
B.II.  Surface properties of -adsorbents and chromatography . . .. ......................
. BIII, Influénce of theACMPEFAtIIE.. . . =« = v c v oxe o o st &« ovwra o 6 6 e & 3 780 5 3 o 5 o & 6 s
B.IV. Gasphasenon-ideality . . .. ... ... ... ... ...
B.V. Adsorptionof thecarmergas .. ........... ... ... ... ... .. ... ...
B.VI. Thepracticalusesof GSC ... ... ... ... ... ... . ..
C Application to programmed temperature gas chromatography .. .......... ........
C.I.  The prediction of the elution temperature . . ... ................oooooooon. ..
C.II.  Optimization of experimental conditions . . ... .............o.ioeinie ... .
Glossaryofterms .. ..............o.. .. 5 o 65 okl 5 8 Bk @ 2 B0k 28 Tdh B 8 B 8 2 s B vl 1 2 0
EReratire ool < cmiss s s 85055 055 FRS 5 Sa5 55 R 55 08 55 (oo &5 LSS 5 E051 55 B8 55 BT 8 80 5 5 v
Chapter 4. Fundamentals of the chromatograpl-ic process. Chromatographic band broadening . . . . .
INtEOAUCHON' v o5 ars s s vaw s 4 s v o ivm s wia) 6 6 5 W06 & /ey o W% 6 3 VE B Bk 8B W S § R SR S Y S E e E 8
L. Statistical study of the source of band broadening . ...........................
IL The gas phasediffusioncoefficient: . . ....o.-uamacnmanmasensesmevemsomansn
I1. Contribution of axial moleculardiffus on. . ... ... ... .. ... ... ... ... . ...
V. Contribution of the resistance to mas. transfer in the gas stream ... ...............
X' Confribution of the resistance to mas transfer in the particles . .. ... .. ... .. ... ..
VL The diffusion coefficient in the stavoraryphase . .. ...........................
VII.  Contribution of the resistance to mass transfer in the stationary phase ... ... .. ..
VIII.  Influence of the pressure gradient .. . ...............ouuiuiiuennen ..
1X. Principal propertiesof the H vs mcurve ..................uuuiueineananon..
X., The reduced plate heightequation . . . .. ... ... ... ... ... ... ... ... ... ... ...
XL Influenceof the eqUIPMERT < s« s wicm st s s s e s Eme s 6o ¢ s wim s 4@ 6 s was w0
XII.  Band profile for heterogeneous adsorbents . . . .. ... ... ... ... ...
XIII.  Relationship between resolution and column efficiency ... ......................
XIV. Optimization of the column design and operating parameters. . .. .................
Glossary Of LBTIIS . . . . .. e
Literature cited . . ... ... ..
Chapter 5. Fund Is of the chromatographic process. Column overloading . . . . ... .. ... ...
Introduction . . ... .
I The effects of finite concentration . . . ... ... . e
IL. The mass balance equations . . . ............ ... ... ...
I1L Moderate sample size: column overloading . ... ... ... . ... .. L
Iv. Large sample size: stability of concentration d:sconunumes ......................
V. Large sample size: propagationof bands . ... ... ...... ... ... ... ... ... ......
GloSSArY OF TEIMNS: « ic: ¢ « v 5rdi v 5 i 50§ 5750 65§ G0 55 5 0715, & 5 905 § 8 03 0% SIS & 5 w78 5% w61 & 5 T & % Fand: § & 9§
Literature cited . .. ... ...

Chapter 6. Methodology. Optimization of the experimental conditions of a chromatographic
separation using packedcolumns . . . ... ... ... L
Introduction ... ... ... ... ... ...l e
L The first step: an empirical approach . . . . ........ ... ... ... ... ...

127
127
128
135
138
147
148
150
151

153
153
155



1. The second step: optimization of the main experimental parameters . ... ........... 5&4
L Selection of materialsand columndesign . . . ... ... .. ... L L., 181
G IOSSAYOL TETMIS i o s o sasvs » sros. = mwsnss & Fmonss & mist a1 (2 & 6 GHE. 32 Gt w 5 00 9 6 200 2 58 o o & 5 2 207
Lliteratireicited . ois arm i se omm 55 smi o 6 5 15 o 500 48 S0 ¢ % B06 8 & ot 5 K § a2t 6 1008% A B L 0 R (61 1 208
Chapter 7. Methodology. Advanced packedcolumns . ... ... ... .. ... ... ............ 211,
INrodUCHION . . . ot e e e e e e e e e e e e e 211
L. Modified gas—solid chromatography . .. ... ... ... .. ... . ... ... ... ........ 213
1L Steam aS CATTIET BAS . . . . v v v vt it et e e e e e s SRR 233
Literature Cited . . . . .. ot e e e e 244
Chapter 8. Methodology. Open tubular columns . . .. ... .. .. ... ... .. ................ 247
TOERORCIRON. 5 oic s i 55w s v 60 o0 6 6 ol 8 6 5 8 & 31 0 @0 8 6 #le1 6 6 B985 8 605 b 3 lebw § & FUHE DM E S g & K G 248
I. Classification of open tubularcolumns .. ............... .. ... ............ 251
I1. Preparation of open tubularcolumns . . . ... ... ... ... ... ... L. 253
111 Evaluation of open tubularcolumns . ... ... ... ... .. ... ... ... ... ... .. 279
v. Open tubular column technology . ........... ... . ... ... ... ... ....... 286
LA Guidelines for the use of open tubularcolumns .. ..... ... .. ... ................ 304
Glossary Of LEIMIS . . . . . . oottt et e 310
Literature cited . . . . . ... .. 311
Chapter 9. Methodology. Gas chromatographic instrumentation . . . ... ................... 319
INtroduCtion . . . ..ot e e e 320
L. Description of a gas chromatograph .. .. ... ... ... ... . ... ... .. ... .. ..... 320
I PREUMAtIC SYSIEIN] - . vt s mime s mn s W hEsmbs o s Ho S TS s emEsamssains s i 321
M1 Sampling SySIEMS . . . .. ... 327
Iv. Colomn: SWICHIOE ;s 3055 862 plitsome s 3768 e s 64 6o @E s sta & 557 65805 o #AE 4 878 340
V. Ancillary:6QUIPIIEHIL - v.:ovissmsssass soiohamosmsdsmissneinmasaiss ¥aisss 384
Literature It . . cssiqaomuss 5mis simns sroids Wia 65 @ 5 s WS RE WE 8 G a E A 8 e S e E 8 . 390
Chapter 10. Methodology. Detectors for gas chromatography . . . ... .. .. ... ... .. .. ... .. 393
FOIPOAUCTON! n v & avire 5 0 5100 5101 ¢ 65100 o 6461 = 4 bt 5 8 10106 @ 60100 1 6 Srts o s i 5 I » @ 0187 &5 @ M @ io Jas o 0 201 395
I General properties of detectors . . ... ... . ... ... ... ... 397
1L Thegasdensity balance ... ... ... ... ... . ... 411
1L The thermal conductivity detector . . . .. .. ... ... ... ... 423
V. The flame ionization detector . . . . ... .. .. ...t 437
V. The electron capture detector . . . ... ... .. ...ttt 447
VL The thermoioniC deleCtOr . . i v cscvsssmivivet asassisomeisevsanassvassas 457
VIL.  The flame photometric detector . ... ...............uuiiuiiueainnannnenn.. 463
VII. The photoionization:detector . .. . ouss s msvsma s om s s mss s s s eess oo s dmmsdms 466
X The helium ionization detECtOr . .« c o v e nas s vimis Sa s s mims e sassms s ssmnssass 472
LAterature Cited , « o s vmmins soms s smas v anas s ans s m o 5 wi s e mie 5 o B sa AT E S § T8 e 477
Chapter 11. Qualitative analysis by gas chromatography. The use of retentiondata . . ... ... ... . 481
IETOTUEUDNY s = ¢« = mam o e 53 50 5 2 s i 5 5 om0 2 0 & 00 i 8 0 5 3 6 3 & 8 3 0w i e 482
L Characterization of compounds by retentiondata . . . .......................... 483
1L Precision in the measurement of retentiondata . . . ... ........... ... ........... 490
1. Comparison between retention data . .. ........... . ... ... 500
V. Classification and selection of stationary phases . . .. ... ....................... 515
Literaturecited .................... PPt 526
Chapter 12. Qualitative analysis. Hyphenated techniques . . .. ... .. ... .. ... ............ 531
INCroduCtion « ::<sisusssenseiss oiiefesfimisosesmsis i ara@istssiinsanisaned 532
I The use of selective detector reSPONSE . . . . ..ot vvt it e i it e e 533
Il The use of on-line chemical reactions . .. .................... ........ 538



X

1L The coupling of mass spectrometry to gas chromatography . ..................... 543
V. The coupling of infrared spectrophotometry to gas chromatography . .. ... .......... 557
FUteralure:Ciled, i « o sue « 5 65 6 ar o o s < = 00160 05 165 &6 5 VS o AmBKEI S 5 o1 0 5 0ioh & SR $ 05 29 0 5 sk B 8 5 1 03 561

Chapter 13. Quantitative analysis by gas chromatography. Basic problems, fundamental relation-

ships, of the INEIBETR: . <o v e o o 2 5 om0 1 1 ok 1 e o o 2 X 503 3 o A 563
INrOdUClioON . . . L L 563
I. Basic statistics. Definitions . . ... ... L 564
1L Fundamental relationship between the amount of a compound in a sample and its peak

SIZE e e e e e e 570
I Measurement of the sample size . .. ... ... ... 575
Literature cited . .. ... e 586

Chapter 14. Quantitative analysis by gas chromatography. Response factors, determination, accu-

CHCY ANG PERCISION = ;v - v ois Ha a6 o8 S 3 s S SR A B EA T 31005 S S P E B SR B 6 s 587
INWORAUCHION . csun e inaiss e v 95 36 SF SR Es S8 Sii0 5 3@ AE IS NS TET W AsS s S orlnne 587
I Determination of the response factors with conventional methods .. ............ ... 589
1L Determination of the response factors with the gas density balance . . . ... ... ... . ..., 601
I Stability and reproducibility of the response factors . . ... ... ... ... ... ... ... ..., 609
LATErAIUTEICIIOR] wre v s s a5 5 wrs 5 e w6 100 505 8 0t 8 ke i & Al 6 8200 000 05 6 65 5 0 600 6 0 % 6 % 08 e 626

Chapter 15. Quantitative analysis by gas chromatography. Measurement of peak area and derivation

of sample composition . . ... ... ... ... L 629
Introduction . . . ... 629
L Measurement of the peak area by manual integration . ... ......... ... ... ...... 631
1L Measurement of the peak area by semi-automatic methods . . ............. ... .... 635
I Measurement of the peak area by computer integration . . ... .................... 638
Iv. Area allocation for partially resolved peaks . ... ... ... ... ... ... . ... ....... 646
V. Analytical procedures for the determination of the composition of the sample . .. ... ... 650
Literatur@eited] . . cuvv .o tsii s sndia Y08 e g S5 M5 8 80 65 BA e s Slme e M55 8885 ma b o 2 ks 658

Chapter 16. Quantitative analysis by gas chromatography. Sources of errors, accuracy and precision

of chromatographic measurements . . .. .. ... ... ..... ... ... 661
INtroduction iy :iaucsemssimiiimesning e s mnit RV eI REIPTEERESTNFIE 0T ¥ 661
L Sources of errors in chromatographic measurements . .. ........................ 662
IL The general problem of instrumentalerrors . .......... . ... ................. 673
I Pressure and flow rate stability . ... ... ... ... ... ... L 675
Iv. Temperature stability . . . ... .. ... ... 678
V. Stability of the detector parameters . . . ... ... ... .. ... ... 679
VL Othersources of errors . . . . .. ... ... ... 684
VII.  Global precision of chromatographic measurements . .. . ....................... 684
LAtEFAtUTE G . o v s isio s mum s itie 5 onsdl 8 k88 Gk 4 AW R AR R S ME P B RE MR TS BT S 687
Chapter 17. Applications to processcontrol analysis . . ... ... ... ..................... 689
INtrOdUCHION :sicisssmuspmsssmis e samus MEss Sio s RE TS BR s et snsaMinimea@mesiinss 690
B Description of an on-line process gas chromatograph . ... ... ... ................ 690
11 MethodOIOgY ¢ wsiss s s s s6 476 e 5/ 3 8 S50 650 65 S 8 90 S0 8 551w w50/ ¥amie & @ 5 5 694
Il The deferred standard concept . ... .... S S ETE B PR EE SRR MR B e S 703
Iv. Examples of on-line industrial analyses .. .................................. 718
Literalut@iCied o s v wms sms s s amn same o s Greiw 8 w5850 56w WU 6 b e e S 6 b e e 6 i e e 739
Appendix. Chromatography Lexicon . . . .. ... ... ... ... ... ... Lo 741
Subject Index . . . . . e 769

Journal of Chromatography Library (other volumes in the series) ... ... ................ 795



CHAPTER 1

-INTRODUCTION AND DEFINITIONS

TABLE OF CONTENTS

Introduction . ..... ..

|8
IL.
1L
Iv.

VL

VIL

VIIL

XL

Definition and \ature of Chroma!ograph\
Phase SYStCMIS 55005 a5/ph 505 25 & 57505 3550 5 0@ 058 boase
Schematic Description of a Gas Chromatograph . . . .

Chromatopraphic MOes: . ciacom s sms oms @i 0865 455 = 006 xs wsare s als s n x50 ioie
1. Elution Chromatography ...« wz v sas s a% 56 56585 50 55 8a e imim e smann
2. Brontall ANAlYSIS) i o tosawisi § i s sve o 3 wnrourss 51009550 E 5600 5 500

3. Displacement Chromatography . .. ....... .. B s
The Chromatographic Process . ... ......... 5 X 5
Direct ChromatographicData . .. ... ... ... .. .. ..
1. The'Retention TIME, Bz, « o st v s wim s wwaa s 2 aas

2. The Gas Hold-up Time, 1, .. .. ............ ... ... .. ...... .. .. ..

3. The Peak Width. w . ... .. ... ... ... . .. ... . ...
4. The Peak Height, h . ... ... ... ... ... ... .....

5. ThePeak Area, 4 .. ............. ... ... .. ....

Data Characterizing the Gas Flow . . ... ... .. .. ... ..
Data Characterizing the Retention of a Compound . . ... ..
. The Retention Volume, Vg ... ........ ... .. ....
. The Dead Volume, V,,, ... ....... .. ... ... ... ..
. The True Retention Volume, Vg ... ..............
. The Corrected Retention Volume, ¥,
. The Net Retention Volume, V. . ... ... .. .. ... ..

b

[P

. The Column Capacity Factor, k" .. .. ... .. ... .. ..
. TheFrontal Ratio, R . .........................

00 -

. Properties of the Variance . ............ .. .. . ...

. The Relative Peak Width. f ............. ... .. ..
The Number of Theoretical Plates of the Column. N . . . .

. The Number of Effective Theoretical Plates, N, .

. The Height Equivalent to a Theoretical Plate, HETP or H

wN
-
=
&
=
=
=
o
1
o
=1
=2
w
14
B
=]
=%
®
=]
(=
o
2
S
=
=
=]
=]
“»

=B B~ PP N

Data Characterizing the Separation of Two Compounds . .
1. The Relative Retention, @ . ............ .. .. .

2. The Retention Index, 7 ......... ... ... ... ..
3. TheResolution. Ry . ..o

4. The Separation Factor, £ ............ ... .. ... ..
5. The Effective Peak Number, EPN .. ... .. .. . .. .. ..
Data Characterizing the Amount of a Compound . .......

. The Specific Retention Volume, ¥, ........ ... ... ... .. ...

. The Band Asymmetry, As . ................... ... ... . ..

l.ThePeakHeight..................,.........‘,........‘:.':;

2. ThePeak Area . ..................cc0uui. .. ..

s 19



2

XII. Data Characterizing the Column . .

....................................... 28
1. The Column Length. L .. .. ... .. .. 28
2. The Column Inner Diameter, d. . ...... ... ... ... .. .t 28
3. The Particle Size, d, . ........ ... ... . 28
4. The Coating Ratio . . . . ... .. ... .. 29
5. The Gas Hold-up. Vi, . .. ... o 29
6. The Phase Ratio. B . . . . . . ... e e, 29
XIIL. Practical Measurements . ... ... ... .. ...ttt 30
Glossary of Terms . ... ... e 32
Literature Cited . . ... . . . . .. 33

INTRODUCTION

Gas chromatography is one of many modes of chromatography. Described for
the first time in 1952 (1) it has become extremely popular because of the rapidity
and ease with which complex mixtures can be analyzed, because of the very small
sample required and because of the flexibility, reliability and low cost of the
instrumentation required.

During the last 35 years an enormous amount of literature has been published in
the field. A large number of jourrals publish several papers dealing with gas
chromatography in every issue (2). Two journals publish only abstracts of papers
published elsewhere (3,4); although striving to be complete they cannot be exhaus-
tive. A great number of books has been published. Those most favored by the
authors at some time or another in their lives are cited (5-13). This list represents a
small sample of those which may be found on University library bookshelves. In the
following, we shall quote, to the best extent of our knowledge, only the most
important or relevant contributions.

1. DEFINITION AND NATURE OF CHROMATOGRAPHY

Chromatography is a separation process which utilizes the difference between the
equilibrium coefficients of the components of the mixture to be separated between a
stationary phase of large specific surface area and a moving fluid which percolates
across it (5). : \.

There are four important concepts in this definition wkich, together, effect the
profound originality and the considerable  separation power -and versatility of the
method.

First chromatography uses two different phases: one fixed and one mobile.
Second, the mobile phase percolates across the stationary phase, and this phase has
a large specific surface area. These two conditions together guarantee very fast mass
transfers between the phases and rapid local equilibrium. Third, the components of
the analyzed mixture must be soluble in the mobile phase and there must be a
physico-chemical process of some sort which causes the components of the analyzed
mixture to have some moderate affinity for the stationary phase and to equilibrate
between the mobile and stationary phases. Finally, the equilibrium coefficients of
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the different components of the mixture must differ sufficiently to permit their
separation.

In other words, the mixture to be analyzed is dissolved in a fluid which percolates
across a stationary phase. The components of the mixture equilibrate between the
two phases, but a real, conventional, static equilibrium is impossible because the
motion of the carrier fluid constantly displaces the equilibrium. The compounds are
carried downstream by the moving fiuid and separate at the same time. Since it is
possible to design and build a system where components will experience a very large
number of successive such equilibria, chromatography is an extremely powerful
method of separation. Since physical chemistry provides a large number of equi-
librium processes between two different phases, the method is very flexible.

The stationary phase can be either a solid or a liquid. In the first case adsorption
is the main equilibrium process used. In the second case, to avoid the potentially
disastrous effects of convective mixing, and to permit rapid exchange between the
two phases, the liquid is dispersed on a solid support. This support will have a
rather large specific surface area, to promote fast exchanges between the phases and
rapid equilibrium, but must be inert or almost so, in order not to contribute by an
adsorption process to the nature of the equilibrium between the mobile and
stationary phases. This condition will be more-or-less rigidly enforced depending on
the aim of the analyst: if the additional contribution of the support contributes to
the separation, the so-called ‘mixed mechanism’ will be gratefully accepted.

The mobile phase can be either a gas or a liquid. In this book we study only gas
chromatography, whose particular characteristics result from the use of a low-den-
sity, compressible fluid, of low viscosity, in which diffusion coefficients are large (1).
In almost all applications it will be assumed that the behavior of the gas mobile |
phase is ideal. In a few cases a correction is made, using the second virial
coefficient. Solubility in the mobile phase, of course, means volatility, and the
components of the analyzed mixture must have a significant vapor pressure in the
conditions of the analysis. There is no clear-cut threshold, and this question is
discussed in more detail later, but it is quite difficult to analyze by gas chromatogra-
phy (GC) compounds whose vapor pressure is not at least a few torr at the
temperature at which the analysis is carried out (10). Conversely, the stationary
phase must have an extremely low vapor pressure, in order to permit the achieve-
ment of a significant number of analyses under reproducible conditions.

II. PHASE SYSTEMS

This term designates the combination of mobile and stationary phases used for a
given chromatographic application. In gas chromatography the mobile phase has
only a very small influence on the retention data, so the choice of the proper
stationary phase is of paramount importance. In some rare instances, a change of
carrier gas may alter the resolution pattern to a significant degree.

References on p. 33.



The stationary phase is made of solid particles, preferably of narrow size
distribution. Their average size is usually between 0.1 and 0.3 mm, although smaller
particles have been used in some cases, to achieve very large efficiencies. From the
point of view of their chemical composition, the stationary phases used can be
classified into three groups:

- Adsorbents, usually with a very large specific surface area (50 to 1000 and
more m’/g). Silica, alumina, molecular sieves, activated charcoal, and graphitized
carbon black have been used. Gas-solid chromatography is not a very popular
method, ¢xcept for the analysis of gases, or for the solution of special problems.

— Neutral, or so-called inert, supports are usually derived from diatomaceous
materials, sometimes from polymers. They are impregnated with a liquid of very low
vapor pressure and high thermal stability under the conditions that the column is
used. There is a large variety of such liquids which have been tested, and whose
characteristics are reported in the literature. The properties of these phases and the
principles of stationary phase selection are discussed in Chapter 3. Changing the
nature of the liquid changes the solubility of the sample components and permits
the adjustment of the selectivity, i.e. of the relative position of the bands of these
compounds. Dissolution of additives in the stationary phase which result in the
formation of labile complexes with some of the compounds to resolve is another
approach to the change of selectivity. Gas-liquid chromatography is by far the most
popular method in current use.

— Adsorbents impregnated with a small amount of a low vapor pressure liquid
have also been used with extremely good success to achieve difficult separations.
The method is then usually referred to as gas—adsorption layer chromatography or
modified gas-solid chromatography (see Chapter 7).

The mobile phase is an inert gas, such as helium, nitrogen, argon, or a gas like
hydrogen, which is considered to be inert under the conditions of gas chromatogra-
phy. Other gases or vapors have been used in some special cases, like steam (see
Chapter 7) or anhydrous ammonia. The chemical composition of the carrier gas has
only a very small effect on the retention of compounds and on their resolution. This
effect is due to the variation of the second virial coefficient of interaction in the gas
phase and can be neglected, except when working with very high efficiency open
tubular columns.

On the other hand, the physical properties of the mobile phase, and especially the
large compressibility of gases, the large value of the diffusion coefficient and the
major difference between partial molar volumes in the mobile and stationary phase
have a profound influence and are the reason for the considerable differences
between gas chromatography and liquid chromatography.

[1I. SCHEMATIC DESCRIPTION OF A GAS CHROMATOGRAPH

There have been many implementations of the principles of gas chromatography,
but all GC equipment is very similar in its basic principles (1-4). A schematic
description 1s given in Figure 1.1 (see also Chapter 9, Section I). The basic
components are as follows:
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Figure 1.1. Schematic of a modular chromatograph.

1 — Source of carrier gas, at constant flow rate or constant pressure.
2 — Introduction of the sample into the carrier gas stream.

3 — Chromatographic column.

4 — Detection system.

5 — Temperature controlled oven.

6 — System for data collection and handling.

— A carrier gas supply unit, which delivers a steady stream of the carrier gas
selected. The most popular systems use a flow rate controller. The mass flow rate of
the carrier gas through the controller is kept constant. In other words, the number
of moles of gas passing through the column per unit time is constant.

- A sampling system, which permits the injection in this stream of gas, just
upstream of the column, of the proper amount of sample. This sample must be
vaporized in a short enough time and introduced into the column as a cylindrical
plug of vapor diluted by the carrier gas.

— The column, which is contained in a temperature-controlled oven. The temper-
ature selected usually lies in the range ambient temperature to 350°C, although
analyses have been reported in the much larger range (—180°C to +1000°C).

— A detector, which delivers a signal function of the composition of the carrier
gas. Ideally this signal is zero when pure carrier gas exits from the column and is
proportional to the concentration of any compound different from the carrier gas.
Such a detector is called linear. If the proportionality coefficient is the same for all
compounds the detector is called ideal. In practice, an ideal detector does not exist.

The components of a mixture, known as solutes, injected at the column inlet are
carried downstream by the carrier gas. They migrate at a speed which is propor-
tional to the carrier gas velocity, but is slower, and depends on the strength of the
interaction of each of these components with the stationary phase. Accordingly, if
the stationary phase has been properly selected, each component exits or, is eluted,
at a different time and is resolved from the other ones. The signal of the detector
permits the identification of each component from the time of elution of its band
{also called its retention time), and its quantification from the size of the detector
signal (its height or area).
~ This is the ideal situation, which is rarely encountered in practice without
strenuous efforts, but is one which all chromatographers strive to achieve.

The chromatographic process is thus a sequential one. To every injection corre-
sponds a separation followed by a detection. Whatever the implementation, the
response time of the analytical system cannot be shorter than the retention time of
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the compound one is interested in. If the control of a unit in a chemical plant
depends on the concentration of a certain component of the exit stream, the
retention time of this compound on the process control chromatograph must be
shorter than the response time required for the control loop. The transfer time
between the unit and the sampling system of the chromatograph must also be taken
into account. -

IV. CHROMATOGRAPHIC MODES

There are three different modes of chromatography: elution chromatography,
frontal analysis and displacement chromatography. The first is used only for
analytical applications; its implementation is discussed in detail in subsequent
chapters (1-4). The principles of the other two modes are briefly described.

1. Elution Chromatography

In elution chromatography, the sample is injected just upstream of the column
inlet, as a cylindrical plug of vapor which is diluted in the carrier gas. Each
component of the mixture migrates as if it were alone, and elutes as a narrow band.
If the conditions of the analysis are properly chosen, all these bands are resolved
from each other, each compound is separated from the other ones, but its dilution in
the carrier gas has increased.

The time width of the plug must be small compared with the distance between
the two most closely eluted bands of the mixture, so that these bands do not
interfere. In fact, during their elution through the column, the bands of the mixture
components do broaden and their maximum concentration decreases, so the plug
width needs to be rather small compared to the average width of the two closest
bands. Band broadening is due to molecular diffusion and to resistance to mass
transfer, which is discussed further in Chapter 4, while dilution results from band
broadening, and is required by the Second Principle of Thermodynamics: the
chromatographic separation of the mixture components is accompanied by their
simultaneous dilution in the carrier gas, so there is no net decrease of entropy
during the chromatographic process.

When the sample is not diluted enough in the carrier gas, the assumption of the
independence of behavior of the different components of the mixture does not hold
any longer, and the retention time of one compound depends to some extent on the
amount of the other ones (see Chapter 5). Except in some cases encountered mostly
in trace analysis, this situation, described as non-linear chromatography is carefully
avoided in analytical applications.

2. Frontal Analysis

In frontal analysis, the stream of pure carrier gas is replaced suddenly, at given
starting time, by a stream of gas containing diluted sample vapor. If the vapor is
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diluted enough the behavior of each component can again be considered to be
independent. At the column exit the composition of the eluted gas changes by
successive steps, until the composition of the eluate is the same as that of the
mixture entering the column. It can be shown that, within the framework of linear
chromatography, the signal recorded is proportional to the integral of the signal
obtained in elution chromatography. The advantage of this method over elution
chromatography is the larger signal. The drawbacks are the requirement of a very
much larger volume of sample, the difficulties in vaporizing it and preparing a
mixture of constant composition, and difficulties in handling the data with the
conventional methods using a strip chart recorder and a digital integrator. The
sampling problems remain quite cumbersome, so the method finds use only in the
determination of equilibrium isotherms; in this case, the requirement that the
sample be dilute, which is necessary in analytical applications, in order to work in
linear chromatography no longer applies.

3. Displacement Chromatography

In displacement chromatography an amount of sample, more-or-less dilute, is
introduced into the column and the carrier gas stream is immediately replaced by a
stream of a mixture of this gas and of a vapor which interacts with the stationary
phase more strongly than any component of the mixture. This vapor pushes the
sample in front of it and each component of this sample displaces the components
which interact less strongly than itself with the stationary phase. At the column exit,
the successive elution of the bands of the mixture components takes place. These
bands closely follow each other, with some interference between each neighbor. For
proper displacement behavior, a relatively large concentration of sample is required.
For these reasons, the method is more suited to preparative applications than to
analytical ones. Furthermore, regeneration of the column, with elimination of the
displacement agent, is required before a second run can be made. This may need
time.

As the present book deals only with analyses carried out by gas chromatography,
we do not discuss further the problems of frontal analysis or displacement chro-
matography, nor those of preparative chromatography.

V. THE CHROMATOGRAPHIC PROCESS

There are three different approaches to account for the chromatographic process:
(1) the stochastic method which uses probabilities to describe the behavior of the
molecules of a compound during their elution and is best illustrated by the random
walk model (see Chapter 4), (ii) the use of mass-balance equations, the classical
method of chemical engineering (see Chapter 5), (iii) the analogy with the Craig
machine, which is a cascade of liquid-liquid extractors.

Each of these approaches is best suited to a different purpose. The analogy to the
Craig machine, although it is somewhat arbitrary, illustrates very well some of the
basic concepts of chromatography. The random walk approach permits an excellent,
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although somewhat elementary, discussion of the influence of the resistance to
mass-transfer on band broadening. The analytical solution of the set of mass-bal-
ance equations is not possible in cases which are of real practical interest, so the
method can give only the necessary numerical solutions, but does not supply the
concepts or images which are required to understand the chromatographic processes.

In this section, we give an outline of the Craig machine, in order to illustrate the
basic concepts of chromatography (5-11). We do not give a detailed presentation of
its theory, however, as it does not really apply to chromatography and does not
readily extend to it.

6m 160] I | [ s
T N R S ‘ T
oT—— -
¢ (emwo[ ] [ [o
|8- L | ! — t
. I ] LBI 160] ] [ e
sm T
©) , ,
. Tam 4@ 160 G
[am  Tam | | [ [
. T Tam T4am 1807 S
[2m | 4m T I |
(3)
o/
4 | w60l T o
¢ (2@ [4am Tom 60 _ [ [ o
om | am om i L
T T T
L om | am %72- 160 I
om im om ‘ L
@)
T T = T
L -‘j!k,, L | !“3‘3? I
m EL] EL [ Tt
r L [m Tsm Tsm  [imowenl e
m | 3m | 3m . ‘ [
®
°m | 3m [2m [ 60| &
E 1 J S .. S o *1_1. =
BT | 3m 2m ol L

Concentration

Figure 1.2. Schematic of the chromatographic process, considered as an automatic Craig machine.
Suceession of transfer steps (T) and equilibrium steps (E).

G denotes the gas phase, L the stationary phase in a chromatographic column.

The lower curve gives the concentration profiles of the two compounds in the Craig machine.



Let us divide the column into a series of short reactors, each of unit volume. In
each of these reactors, equilibrium of the sample composition between the two
phases takes place. The continuous chromatographic process is thus replaced by a

"succession of a number of two-step processes. In the first step, a volume of gas is

transferred from each reactor to the next one; the first reactor is filled with pure
carrier gas. In the second step, the reactors are left still, so that equilibrium can be
reached in each of the reactors. The sequence is repeated a suffictent number of
times to permit elution of all sample components.

Although we somewhat arbitrarily introduced a discontinuity in the process, this
model correctly identifies the two basic phenomena which underlie chromatogra-
phy: downstream transfer by the mobile phase and equilibrium between the two
phases.

If we assume, for example, that we have (cf Figure 1.2) 32 molecules in a sample
of a mixture, 16 black ones and 16 white ones, with partition coefficients 0.5 and 0.0
respectively, a very crude assumption indeed, the process takes place as follows (cf
Figure 1.2).

First step

During the first transfer, the 32 molecules are introduced into the first reactor.

During the first equilibrium, the white molecules are not soluble in the liquid
stationary phase. They all stay in the gas phase, while the black molecules partition
between the two phases, and at equilibrium there are 8 black molecules in the gas
phase, 8 in the stationary phase.

Second step

Second transfer: The gas phase of the first reactor is transferred to the second
one, with the 16 white molecules and the 8 black ones it contains. The other 8 black
molecules stay in the stationary phase of the first reactor. The proper volume of
pure carrier gas is introduced into this reactor.

Second equilibrium: In the first reactor there remain no white molecules. The
black ones equilibrate between the two phases, 4 molecules on average are in the gas
and 4 in the stationary phase. In the second reactor the 16 white molecules remain
in the gas phase, while the 8 black ones partition between the two phases. At
equilibrium there are 4 black molecules in the gas phase and 4 in the stationary
phase.

Third step

Third transfer: The gas phase of the second reactor is transferred to a third one
with the 16 white and 4 black molecules it contains, the gas of the first reactor is
transferred to the second one with the 4 black molecules it contains, and the first
reactor is filled with pure carrier gas.
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Third equilibrium: In the first and second reactors there are no white molecules.
They are all in the third one, where they stay in the gas phase since they are not
soluble in the liquid phase. The first reactor contains 4 black molecules and at
equilibrium there are 2 in each phase. The second reactor is already at equilibrium,
with 4 black molecules in each phase. The third reactor also contains 4 molecules, 2
in each phase.

Fourth step

Fourth transfer: The gas phase of the third reactor is transferred to a fourth one,
with the 16 white molecules and the 2 black ones it contains. The gas phase of the
second reactor is transferred to the third one, with its 4 black molecules and the gas
phase of the first reactor is transferred to the second reactor with the 2 black
molecules it contains. The first reactor is filled with pure carrier gas.

Fourth equilibrium: Only the fourth reactor contains the non-soluble white
molecules. The black molecules are now distributed between the four reactors as
follows: 2 in the first one (1 in each phase), 6 in both the second and third reactors
(3 in each phase, in each reactor), and 2 in the fourth reactor (1 in each phase).

A distribution curve of the two compounds is given in Figure 1.2. The progressive
dilution of the retained compounds, their separation when their distribution coeffi-
cients are different and the shape of their distribution among the different reactors
now appear clearly. Their profile is given by the binomial distribution (5). When the
number of reactors is large this distribution tends towards the Gaussian law.

Assuming a large number of reactors and a Gaussian distribution, it is possible to
relate the number of reactors to the properties of the profile. This number is given
by the classical relationship:

5

N=16(%‘) (1)

where 7; is the time of the maximum of the distribution and w its base width. By
analogy to distillation columns and other systems where continuous separation
processes take place, this number has been called the number of equilibrium stages
or, more classically, the number of theoretical plates.

VI. DIRECT CHROMATOGRAPHIC DATA

From the data recorded during a chromatographic analysis, five parameters can
be measured for each peak, assuming it is well enough resolved from its neighbors
(cf Figure 1.3). From these parameters, which vary a great deal when experimental
conditions are changed, a number of more fundamental data can be calculated (cf
next section).



