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This review surveys developments in the field of gas 
chromatography since publication of the last review in 
this series (178) and covers the years 1972-73. Gas chro- 
matography continues to be one of the most active areas 
in analytical chemistry. In the 1973 Directory of Member- 
ship of the ACS Division of Analytical Chemistry (356), 
those listing their research specialty as “gas chromatogra- 
phy” were second in numbers only to those listing the 
specialty, “general analytical.” The most recent report by 
the American Chemical Society (720) of specialty choices 
of 84,925 chemists and chemical engineers who reported to 
the 1970 National Register of Scientific and Technical 
Personnel shows that 20.9% of analytical chemists list 
chromatographic analysis as their first specialty choice. 

The sale of chromatographic equipment is also an in- 
dicator of activity in this field. There are 35 major manu- 
facturers of gas chromatographic equipment with 138 dif- 
ferent models currently available (580). We estimate that 
2700-2800 articles directly involved with the theory, appa- 
ratus, and novel applicatioiis of gas chromatography were 
published during each year in the 1972-73 biennium. This 
estimate may be compared with a more accurate count of 
2665 papers in 1971 and 2555 in 1970. Because of this vast 
literature, considerable selection was necessary in prepar- 
ing this review. Technique-centered aspects are mainly 
considered and most such publications through November 
1973 are noted. 

BOOKS AND REVIEWS 
Books on gas chromatography published during this 

biennium include, “Techniques of Combined Gas Chro- 
matography/Mass Spectrometry: Applications in Organic 
Analysis,” by McFadden (577) which, in addition to dis- 
cussions of GC and MS, contains material on vacuum 
technology, computer methods, and approximately 15 
“mini-papers” on applications; Volume I1 of “New Devel- 
opments in Gas Chromatography” edited by Purnell 
(698); a second edition of Jeffrey and Kipping’s text, “Gas 
Analysis by Gas Chromatography” (426); “Chromato- 
graphic Systems; Maintenance and Troubleshooting” by 
Walker, Jackson, and Maynard (904), covering trouble- 
shooting of both GC and LC equipment; and “Identifica- 
tion of Organic Compounds with the Aid of Gas Chroma- 
tography” by Crippen (182) emphasizing the combination 
of classical qualitative organic functional group analysis 
with GC retention data and solubility studies for the iden- 
tification of organic compounds. “An Introduction to Sep- 
aration Science” is a new monograph by Karger, Snyder, 
and Horvath (458). Extensive literature references and an- 
alytical details for the chromatographic (primary GC, 
T L C ,  and paper) determination of the environmental tox- 
icants, carcinogens, mutagens, and teratogens are con- 
tained in a recent monograph by Fishbein (260) which 
forms Volume I of a series on the “Chromatography of En- 
vironmental Hazards.” An English translation of a Rus- 
sian monograph entitled, “Gas Chromatographic Analysis 
of Trace Impurities” by Berezkin and Tatarinskii (75) was 
just published. Volume VI in the series, “Analytical 
Methods for Pesticides and Plant Growth Regulators” en- 
titled, “Gas Chromatographic Analysis” by Zweig and 
Sherma (955) contains 128 individual chapters, each de- 
voted to the analysis of a major insecticide, fungicide, 
herbicide, plant growth regulator, nematicide, or soil fum- 
igant. “Advances in Chromatography, 1973,” the proceed- 
ings of the 8th International Symposium held in Toronto, 
Canada, in April 1973 has appeared (951), and the 66 pa- 

pers in this symposium may also be found in the April, 
May, and June 1973 issues of Analytical Chemistry. A 
Russian Advances in Chromatography series includes re- 
views on selectivity in adsorption chromatography (482), 
trace analysis (442), zeolites in gas adsorption chromatog- 
raphy ( @ I ) ,  preparative GC (847), and the analysis of 
gases (421). A number of Russian review monographs were 
published in 1972 on the subjects: gas chromatography in 
polymer chemistry (70) listing 826 references; chromato- 
graphic applications in catalysis (723) with 629 references; 
methods for the determination of pesticides in biological 
materials (935) with a bibliography of 460 references in- 
cluding 117 Russian papers; GC in investigations of natu- 
ral gases, petroleum, and condensates (495) with 220 ref- 
erences including 148 in Russian, partly from inaccessible 
sources; and automatic detectors for gases (249) with 143 
references, a number from less accessible Russian papers. 

The proceedings of the 6th International Symposium on 
Chromatography and Electrophoresis held in Brussels, 
September 14-16, 1970 is now available (67) as is an En- 
glish translation of “Aspects in Gas Chromatography” 
edited by Struppe (824), the proceedings of the 6th Sym- 
posium on Gas Chromatography held in East Berlin in 
1968. 

A short summary (299) of the Symposium on Chroma- 
tography and Computers-An Economical Approach for 
Every Laboratory, held a t  the 162nd National Meeting of 
the American Chemical Society in Washington, D.C., ac- 
companied papers from this symposium published in the 
December 1971 and January 1972 issues of the Journal of 
Chromatographic Science. Summaries of three informal 
symposia of the British Gas Chromatography Discussion 
Group (222, 223, 318) and of the 5th All-Union Seminar 
on the Theory and Application of Stationary Phases in 
Gas-Liquid Chromatography (500) have also appeared. 

Several monographs were published during the 1972-73 
biennium containing useful reviews of GC. These include 
the gas chromatography of phosphorus compounds (242), 
of triglycerides (533), and air quality instrumentation 
(748). 

Review papers were published on the determination of 
thermodynamic functions (499), the application of glass 
capillary columns in GC (795), applications of capillary 
columns with special attention to papers of Russian au- 
thors (790), relationships between molecular structure and 
retention indices (842), GC applications in forensic toxi- 
cology (181), cannabis constituents in smoke and body 
fluids (586), local anesthetics and other applications in 
pharmacy (116), the problems involved in trace analysis 
in the range 10-2 to lO-3% (74), multistage separation 
schemes such as parallel and combined columns and 
backflushing (889), the physical properties and character- 
istics of porous polymer sorbents including Porapaks P, Q, 
N, R, S, T, Chromosorbs 101, 102, 103, 104, 105, PAR-1, 
PAR-2, the Czech sorbent Sinachrom, and the Russian 
sorbent Polisorb (743), methods for multicomponent hy- 
drocarbon analysis (681), steroids (650), applications of 
GC in Russian space research (106), volatile inorganic 
compounds (25),  the experimental aspects of Molecular 
Sieves (20), and the status of glass as a GC support mate- 
rial (258), the discussion of which includes the elimination 
of surface active sites, etching, the application of surface 
textures and wide-pore diameter glass beads. 

The May 1972 special issue of the Journal of Chromato- 
graphic Science on the Analysis of Drugs of Abuse in- 
cludes a bibliography of 467 references on the analysis of 
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drugs compiled by the editorial staff (423) and articles on 
applications of GC in alcohol analysis (41 7),  hallucinogen- 
ic drugs (818), the analysis of narcotic analgesics and am- 
phetamines (622), barbiturates (446), and phenothiazine 
drugs (158). 

The February 1972 and the January 1973 issues of the 
Journal of Chromatographic Science are devoted to a 
complete listing of over 500 manufacturers of chromato- 
graphic instrumentation, accessories, supplies, and ser- 
vices (424, 425). 

The 1973 applied review issue of Analytical Chemistry 
cites several hundred references to applications of gas 
chromatography published during 1971 and 1972 in the 
fields of air pollution (621), clinical chemistry (305), coat- 
ings (834), essential oils and related products (345), food 
(934), pesticide residues (854), petroleum (480), pharma- 
ceuticals and related drugs (1 72), high polymers (597), 
rubber (898), and solid and gaseous fuels (376). 

The Preston Technical Abstracts Co. continues its in- 
valuable service to workers in the field of gas chromatog- 
raphy by issuing abstracts of all papers published in the 
field (690). The abstracts are available in bound booklet 
form, issued monthly, and carefully referenced to aid in 
literature searches. Approximately 2400 abstracts are pub- 
lished per year. The thirteenth issue each year is an in- 
depth subject and author index of the literature abstract- 
ed during the year. Both 16-mm and 35-mm microfilms of 
the abstracts are also available for use with a microfilm 
reader. A computerized information retrival system of the 
gas chromatography literature allows searches of over 
26,000 abstracts. Magnetic tapes updated annually are 
available (690) and are designed for use on an IBM Type 
360/DOS computer. 

COLUMNS 
Column Theory. A great deal of research was published 

in a continuing effort to better understand the complex- 
ities of column behavior. Often this work resulted in the 
development of new chromatographic techniques, which 
were reviewed by Zhukhovitskii (947). Impulse-hydrody- 
namic circulation chromatography (151, 152), diffusion- 
sorption analysis (476), chromatography using the method 
of fixed concentrations (948), flat disk columns (230), de- 
rivative gas chromatography (740), and continuous surface 
chromatography (829) are a few examples. Macnaughton 
and Rogers (559) applied a principal component analysis 
to the deconvolution of two or more overlapped peaks. 
However, high precision GC is a prerequisite in order to 
reproduce the synchronous timing required. 

A mechanism was postulated by Deans (196) for the 
phenomena observed with trace components when the GC 
column is overloaded with sample. It was shown that col- 
umn overloading a t  the column inlet will cause the sam- 
ple to act as a stationary phase for components eluting 
after the major component. Guiochon (352) described the 
theoretical and experimental considerations in the analy- 
sis of low volatility materials. Micro-packed columns of 
Spherosil in 0.6- to 0.8-mm i.d. columns generated 50,000 
theoretical plates a t  moderate inlet pressures (179). Tech- 
niques such as countercurrent continuous GC (26, 27) and 
frontal GC analysis (712) were well developed in principle 
and in practice to increase the feed rate and for organic 
elemental (C, H, N)  analysis, respectively. On the other 
hand, an increasing number of groups sought to compare 
GC and liquid chromatography with the objective of de- 
veloping a unified theory (201). 

From a study of distribution equilibria in heterogeneous 
mixtures, Gerritse and Huber (295) measured the adsorp- 
tion ‘isotherms of two components simultaneously. Liao 
and Martire (527) developed an alternative approach to 
treating concurrent solution and adsorption phenomena. 
Other measurements of physicochemical parameters in- 
cluded the determination of infinite dilution relative vola- 
tilities (848) and permeability coefficients by using sor- 
bent heating in a fluid layer (878). A detailed treatment 
of diffusion in GC was developed from an exponential 
function utilizing median time and a new parameter de- 
scribing the concentration us. time relationship in cases 
where diffusion is the principal spreading factor (372). A 
generalized equation was developed to predict the diffu- 

sivity of binary systems as a function of pressure and tem- 
perature on the basis of diffusion coefficient measure- 
ments by GC (402). The effect of natural convection on 
retention times was noted (12) and a study of columns 
with flow maldistribution indicated that flow mixing de- 
vices or baffles can improve the efficiency (595). Flow pat- 
terns in columns were shown by Hawkes (379) to be of in- 
terest because they determine the flow rate, the mecha- 
nism of mass transfer, and zone dispersion. Thus, extend- 
ed HETP models were developed, correlated with experi- 
mental data, and shown to be superior to the original van 
Deemter equation (77). 

Statistical moments are a sensitive method of peak 
shape analysis and were used in a number of modeling 
studies because they have physical significance. A bi- 
Gaussian distribution served as an empirical model in 
predicting lower statistical moments and for describing 
the relationship between impurity fraction and resolution 
(126). Grubner and Underhill (335) found the first mo- 
ment to be independent of mass transfer while skew and 
excess vary as 1 1 4  and 1/N,  respectively, where Ai is 
the number of theoretical plates. The effect of a particle 
size range on mass transfer was characterized by a mo- 
ment analysis of elution curves (868). An empirical bi- 
Gaussian distribution was used to predict lower order mo- 
ments by Buys and De Clerk (127) for the case of nonlin- 
ear elution chromatography. Grushka (336) characterized 
exponentially modified Gaussian peaks by moment analy- 
sis to examine the theoretical behavior of strongly over- 
lapped peaks. In order to measure diffusion and adsorp- 
tion effects, and variables such as the geometry of the sta- 
tionary phase or the contribution of a substituent group 
on the adsorbate from statistical moments, Dwyer (234) 
used Fourier analysis to deconvolve the column profile 
from experimental curves. 

The significance of interpreting statistical moments has 
been limited by the accuracy with which they could be 
measured. Grubner (333) employed inflection points to 
derive the moments, while Cheder and Cram (149) de- 
rived an eight-parameter function for iterative curve fit- 
ting by nonlinear residual least squares analysis. Both 
methods are applicable for asymmetric peaks. Kelly and 
Harris (472) showed that all information in a chromato- 
gram is available in a section centered a t  the mean of the 
peak with a length equal to eight standard deviations of 
the peak plus the autocorrelation width of the base-line 
noise by the maximum posterior probability technique. 
McNair and Cooke (581, 582) pointed out the oversimpli- 
fication of using Gaussian peaks in their treatment of col- 
umn overloading by moment analysis. 

Instrumental effects contribute to the deterioration of 
peak shape and should be accounted for in making accu- 
rate measurements (640). An in-depth study of the effect 
of dead volume on efficiency by Maynard and Grushka 
(572) concluded that the diameter of connecting tubing 
should always be less than the column diameter. Equa- 
tions were derived to describe hydrodynamic band broad- 
ening (153). Band shape was also described in terms of 
column processes for frontal analysis (751). 

Mobile phase contributions to the plate height showed a 
nonlinear dependence upon fluid velocity and therefore 
confirmed “coupling” according to Knox and Saleem 
(492). At the same time they showed that the stationary 
phase contribution to plate height obeyed the equation H, 
= C,a and that C, does not decrease with retention as 
much as theory predicts for column capacity ratios ex- 
ceeding unity. The relationships governing the nonideality 
of the chromatographic process cause a shift in peak max- 
ima which was explained in terms of the mobile phase ve- 
locity (919). 

In a GC study of donor-acceptor complexes, Eon, Pom- 
mier, and Guiochon (244) calculated equilibrium con- 
stants, taking into consideration the activity coefficients 
and entropic effects resulting from the difference in mo- 
lecular sizes between an inert solvent and the complexing 
agent. Their experimental work demonstrated the sensi- 
tivity and precision for studying molecular interactions 
(245). GC was found to be more reliable than either XMR 
or spectroscopic methods for determining small stability 
constants of 7-complexing in organic solvents (699). The 
results of the measurement of complex association con- 
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stants were interpreted in terms of the electronic and ste- 
ric effects of substituent groups to  give some indication of 
the type of bonding occurring between substituted alkenes 
and silver ions (530). Activity coefficients a t  extreme dilu- 
tion were measured by Popescu et al. (687) by using sol- 
vent mixtures as stationary phases. A method was de- 
scribed for the determination of group contributions to 
activity coefficients through homologous series trends 
(752). Hussey and Parcher (404) applied a modified Wil- 
son's equation for excess free energy to a number of chro- 
matographic systems and showed that a single limiting 
activity coefficient may be used to predict the composi- 
tional dependence of the activity coefficient. Applicability 
of Hammett's rule for relating retention time and u values 
was found to be poor because only inductive effects have 
been considered to date (656). 

Theoretical analysis of chromatographic microreactor 
theory showed the possibility of using nonstationary im- 
pulse methods for determining adsorption and desorption 
velocity constants for starting compounds as well as for 
products from catalytic conversions (931). The interac- 
tions between polymers and low molecular weight com- 
pounds were evaluated by sorption-desorption thermody- 
namics (877), and Raoult's law activity coefficients were 
obtained on polymer systems such as bacteriostatic agents 
(877). Elution profiles with excessive skewness enabled 
Schep and De Clerk (753) to obtain polymer reorganiza- 
tion rates by GC. The importance and prospects of GC in 
catalytic research were reviewed and special interest was 
noted in the study of kinetics of heterogeneous catalytic 
reactions (722). A comprehensive review of the applica- 
tions of GC to catalytic studies was made by Choudhary 
and Doraiswamy (154), and the chromatographic behavior 
of fixed bed reactors was predicted when axial dispersion, 
particle to fluid diffusion, interparticle diffusion, adsorp- 
tion, and surface reactions may all affect the results (832). 

A statistical study of GC operating conditions reported 
in literature publications shows an increasing tendency 
toward GSC, separations of multicomponent mixtures, 
decreased analysis time, and high sensitivity detectors 
(72). Studies involving the factors affecting separation 
conditions on HETP showed that while the square of the 
amount of liquid phase is always significant, an interac- 
tion term between the sample size and the liquid phase 
loading was statistically significant only some of the time 
(78). Basic equations relating the separation time to oper- 
ational parameters were derived by Smuts and Pretorius 
(802). Deans and Scott (200) described the theory and 

practice of' adjusting the contributions of columns to 
mixed systems in terms of pressure control. In cases where 
two columns containing different stationary phases were 
connected in series and used as one column, artificial 
change in the gas-velocity ratio in the columns caused a 
change in the relative retention times of the eluted com- 
pounds. 

Guiochon and Jacob (354) explicated the theory of sepa- 
ration of mixtures using separation factors to investigate 
mass exchange between mobile and stationary phase, 
transfer of mobile phase, influence of discontinuity, diffu- 
sion, temperature, and the evaluation and selection of 
constituent factors in determining the physical model of 
GC. The theory of zone spreading under conditions of 
nonequilibrium in helically coiled columns was not possi- 
ble directly because of angle dependent velocity profiles 
found in the columns (857). Bogdanchenkov and Vigder- 
gauz (95) proposed that  a correction coefficient equal to 
the square root of HETP be used for characterizing col- 
umn efficiency with multicomponent separations. In addi- 
tion to the improvement in separation under conditions of 
overloading by multiple thermoadsorption concentration 
(940), theoretical and experimental studies were pub- 
lished on exponentially loaded packed columns (118) and 
the prediction of the average film thickness in capillary 
columns (353). The yield in chromatographic separations 
was obtained from the difference between the sum-abun- 
dance values of the two fraction limit volumes involved 
(913). 

Two aspects of overlapping peaks were investigated the- 
oretically by Grushka (337). The peak shape was analyzed 
with statistical moments in order to discern double peaks 
and then the resolution was optimized by a length-tem- 
perature normalization. Buys and De Clerk (128) used ex- 
pressions for the statistical moments in nonlinear chroma- 
tography to formulate an expression for the resolution 
function in terms of column parameters. A graphical anal- 
ysis of three overlapping peaks was carried out by the 
peak height ratio method (616), and a peak-to-valley ratio 
method was proposed which was stated to be applicable 
even to severely tailing peaks (183). Strongly overlapped 
peaks ( R  < 0.5) were recognized with the aid of a slope 
analysis employing the second derivative extreme ratios 
(342). Swingle and Rogers (837) predicted the resolution 
of pairs of n-alkane homologs by assuming that the HETP 
and resolution were relatively independent of carbon 
number a t  a constant capacity ratio. 

The validity of maximizing resolution in a given analy- 
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sis time by length-temperature time normalization was 
verified by Grushka and Lo (341). The capacity ratio and 
amount of stationary phase was also optimized in time 
normalization chromatography (338, 339). McCoy and 
Cram (575) extended the time normalization theory of GC 
to predict optimum separation conditions and applied 
these equations to  the high speed separation of metal 
beta-diketonates. Nomographs were computer-generated 
for optimizing chromatographic separation schemes of 
multicomponent samples (569) and a new criterion for the 
separation of multicomponent mixtures was proposed 
(932). The latter method was based on the resolution coef- 
ficient of all component pairs in the mixture as well as the 
total analysis time. In this manner, the optimum operat- 
ing method can be selected with respect to complex col- 
umn efficiency and analysis time relationships. 

Liquid Phases. The effect of the molecular weight of 
the liquid phase on the retention index and other solution 
parameters a t  infinite dilution was investigated by Fritz 
and Kovats (279). Surface tension and its relationship to 
polarity was also studied (682). A review covering the de- 
velopment and application of Rohrschneider constants for 
rapidly characterizing liquid phases and correlating mo- 
lecular structure with retention behavior has appeared 
(361). An equation was derived (369) extending the earlier 
work of Rohrschneider and allowing the prediction of the 
specific retention volume of n-octane on 65 liquid phases 
with an average error of only 9%. 

A number of papers were published on the characteriza- 
tion and selection of preferred liquid phases (383, 469, 
517, 566, 725, 774, 912). Keller (469) summarized the vari- 
ous recommendations and the responses to them for 
standardizing and limiting the number of liquid phases in 
use in GC. Isenhour and coworkers (517) suggested a set of 
12 preferred liquid phases and a nearest-neighbor substi- 
tution for most of the phases in current use. Mann and 
Preston (566) propose that the initial preferred liquid 
phases for determining retention data consist of Apiezon 
L, methyl silicone polymers, methylphenyl silicone poly- 
mers, trifluoropropyl silicone polymers, polyethylene gly- 
col 20M, diethylene glycol succinate polyester, or the 
equivalent of these materials. A relationship between fre- 
quency shifts in the infrared spectrum of a solute dis- 
solved in a liquid phase and its retention on the liquid 
phase in gas chromatography was reported (236). Eighty- 
one liquid phases were characterized by the partition 
coefficients of selected solutes (octane, toluene, ethanol, 
methyl ethyl ketone, dioxane and nitromethane) by 
Rohrschneider (724), and the suggestion was made that 
retention of other substances should be predictable from 
the partition coefficients of these standard substances. 
Two other significant papers involving polarity and the 
chromatographic characterization of liquid phases and so- 
lutes for column selection and identification were au- 
thored by Rohrschneider (725) and by Novak et al. (649). 
The latter considered a definition of polarity said to be 
based unequivocally on physical principles, and recom- 
mended the difference between values of (RT/0.434) log 
VG" for butyl acetate and amyl acetate, or two other suc- 
cessive acetate homologs, to be used to determine the po- 
larity of the liquid phases, the polarity being expressed in 
units of calories/mole -CH2- group. p o  in this expression 
is the saturation vapor pressure, and the other terms have 
their usual significance. The Mchynolds system for char- 
acterization of stationary phase polarity was considered by 
Takacs and coworkers (840). Molecular interactions, po- 
larity and other selectivity parameters, affecting solute re- 
tention as described by test solutes, or functional probes, 
were reviewed by Keller (468). A piezo-quartz microbal- 
ance was used to determine the volatility of tricosane, 
squalane, dotriacontane, and tetratriacontane liquid phas- 
es a t  temperatures up to 400 "K (413). A pre-column con- 
taining the same liquid phase as the analytical column, 
when maintained a t  the analytical column temperature, 
effectively saturates the carrier gas with the stationary 
phase and prevents chan e in liquid phase weight on the 
analytical column (484). %xidation of PEG 4000 and squa- 
lane occurs when air is used as the carrier gas (28). 

Several studies were made on electron donor-acceptor 
complexes formed between the solute and the liquid hase 
such as heterocyclic derivatives with dibutyltetraclloro- 

phthalate (245) and aromatic amines with 2,4,7-trini- 
trofluorene dissolved in a stationary phase (186, 187). 

A table of equivalent liquid phase loadings for Chromo- 
sorb P, W, and G was prepared (233) considering differ- 
ences in packing density of the various supports, Nikelly 
(639) studied the advantages of dual-loaded columns in 
which the inlet end of the column is more heavily loaded 
with liquid phase than the outlet end and concluded that 
such columns were superior in trace analysis where the 
volume of injected sample is large. 

A number of authors reported studies on chemically 
bonded stationary phases in gas chromatography (38, 284, 
343, 457, 536, 537). Locke (536, 537) reviewed the com- 
mercially available silicas useful in making chemically 
bonded phases, the principal methods now used for pre- 
paring bonded phases, and the retention mechanism of 
these substrates. A permanently fixed, or bonded, cross- 
linked polymer may be formed within the surface pore 
structure of the support by first coating the support with 
a solution of a monomer (such as divinylbenzene, ethyl- 
vinylbenzene, or styrene) and an initiator followed by gen- 
tle heating to product the porous copolymer on the surface 
of the support (284). Porous silica, when condensed with 
primary alcohols to form ESiOR type bonded phases 
deactivates the surface but a significant amount of activa- 
tion remains from unreacted silanol groups (457). Grushka 
and Scott (343) prepared a permanently bound stationary 
phase of polyglycine peptide bound to (a) resin coated 
glass beads, (b) Porasil C, and (c) Corasil I1 for use in the 
liquid chromatographic separation of certain amino acids 
with water as the mobile phase. Poly(ester-acetals), such 
as those obtained by co-polymerization of methyl azela- 
aldehyde pentaerythritol acetal (a spiro acetal diester), 
dimethyl 1,3-cyclohexanedicarboxylate and diethylene 
glycol, cross-linked and bonded to silanol groups of an aci- 
dic siliceous support were recommended as polar station- 
ary phases for use from -60 to 200 "C (632). The in situ 
polymerization of silicone liquid phases from monomers of 
octadecyltrichlorosilane, dimethyldichlorosilane, and 
phenylmethyldichlorosilane on Chromosorb G and W sup- 
ports was also reported (375). 

Other materials evaluated as liquid phases for gas chro- 
matography include a series of tetrachloroterephthaloyl 
oligomers (514), a variety of substituted polysiloxanes (32, 
360, 939), bis-(2-ethylhexyl)- and di-n-butyl-tetrachloro- 
phthalates in the separation of C7 to C ~ O  olefins (739), a 
series of 3-alkoxypropionitriles (563), silanized and unsila- 
nized Dexsil 400-GC (686) and Dexsil 300-GC, 700-8-73, 
and 700-8-95c for high temperature capillary column work 
(651), and n-heptyl hypophosphorous acid for the separa- 
tion of high boiling paraffins, aromatics, and nitriles (16). 
The tetragonal clathrate, [Ni(4-MePy)4(NCS)2].0.6 hydro- 
quinone, was found to be better than any other column 
packing material for the separation of 0, m, and p-xylene 
a t  temperatures less than 90 "C and gave an elution se- 
quence opposite to that obtained on other packings (838). 
Amines, Lewis bases, and phosphites are readily sepa- 
rated using nickel(I1) dithiophosphinato complexes as the 
stationary phase (205). 

Dilute aqueous solutions of free carboxylic acids may be 
rapidly determined with columns packed with 10% SP- 
1200 plus 1% H3P04 or in a glass column packed with the 

olymer, Chromosorb 101 (662). The best column 
for reso P ving phenols is said to be a capillary column coat- 
ed with a mixture of 90% dodecyl phthalate plus 10% 
H3P04 (216). Nujol was recommended for the analysis of 
bis(trimethylsily1)acetamide (BSA), hexamethyldisiloxane 
(HMSO), and trimethylsilylacetamide (MSA) mixtures 
(800). A brown, viscous oil, believed to be 4-dodecyldi- 
ethylenetriamine succinamide (DDTS), is effective in the 
analysis of amines and aminoesters (429). Unreacted vinyl 
groups in Chromosorb 102 are the active sites giving rise 
to the extreme tailing observed with amine peaks (385). 

Several authors reported the special selectivity of or- 
ganometallic liquid phases. Rhodium(I1) benzoate in 
squalane is selective for compounds such as ethers, ke- 
tones, esters, and olefins (764). Dicarbonyl rhodium P-di- 
ketonates dissolved in squalane are said to show marked 
selectivity in their interaction with olefins (298). The sil- 
ver-olefin charge transfer complexes are well known (349). 
Cobalt phthalocyanine coated on graphitized carbon black 
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is a specific adsorbent for aromatic compounds (887). Al- 
kali metal salts of benzenesulfonic acid are claimed to af- 
fect retention through hydrogen bonding, clathration, and 
interaction with the metal ion (80).  Russian workers also 
used alkali metal (509) and alkaline earth (782) halides 
and nitrates as column packing materials. 

Interest in the application of liquid crystals as liquid 
phases continues. The 4,4'-di-n-alkoxyazoxybenzene ho- 
mologs (23);  p,p'-azoxyphenetol and its eutectic mixture 
with p,p'-azoxyanisole, and p-heptoxybenzoic acid (888, 
893); hexyloxycinnamic acid and two azo compounds 
(466); 4-butyl-N-(4-ethoxybenzylidene)aniline (504); p -  
phenylene-bis-3-n-heptyloxybenzoate, p-(p-ethoxyphenyl- 
azo)phenyl crotonate, and cholesteryl cinnamate (688); 
and seven derivatives of 2,5-diphenylpyrimidine (505) are 
among the liquid crystal phases studied in some detail. 
The liquid crystalline phase, 4,4'-dimethoxyazoxybenzene, 
was used to coat a 300-ft stainless steel capillary column 
allowing almost complete separation of m- and p-xylene 
(344). Serpinet and coworkers (776, 777) noted that nor- 
mal paraffins applied in a light load to kieselguhr gives 
rise to two rapid transitions in the retention of solutes, 
one of which is situated below the melting point, but this 
phenomena is absent when silanized kieselguhr is used. 
Rogers and coworkers (849) found that an electric field 
applied across a capillary column coated with a cinna- 
mate ester liquid crystal phase produced a more symmet- 
rically shaped peak with increased retention. 

The application of mixed stationary phases for resolving 
complex mixtures of compounds continues to be studied. 
A thorough study has been reported in a series of papers 
in Japanese by Mitooka (598-608). A linear relationship 
was found between the retention indices of solutes and the 
weight fraction of the mixed phase provided the difference 
in relative polarities is less than 30 (600). Some deviation 
from linearity occurred with larger differences in relative 
polarity, and this was studied thermodynamically (603). 
Other studies include the effect of mixed packings on col- 
umn efficiency (602), the superiority of columns with 
mixed packing compared with columns with mixed liquid 
phases (605) and coupled columns (683), and optimum 
packing composition determined with a digital computer 
(606). 

The ureide of L-valine isopropyl ester has been used in 
the separation of enantiomeric secondary amine deriva- 
tives, and the GC behavior of a series of systematically 
substituted, optically active, peptide derivatives were 
evaluated as liquid phases (1 71).  N-Trifluoroacetyl-L-nor- 
valyl-L-norvaline cyclohexyl ester is useful as a liquid 
phase for the enantiomeric separation of N-trifluoroacetyl- 
D,L-amino acid isopropyl esters (671). N-caproyl-L-valine- 
n-hexylamide and N-trifluoroacetyl-L-phenylalanyl-L-leu- 
cine cyclohexyl esters (332), N-trifluoroacetyl-L-a-amino- 
n-butyryl-L-a-amino-n-butyric acid cyclohexyl ester (672) 
and N-trifluoroacetyl-L-alanyl-L-alanine cyclohexyl ester 
(669), and optically active dipeptide phases also proved 
useful for the separation of derivatives of amino acid en- 
antiomers (670). 

The chemistry of polyethylene glycols was described by 
workers a t  Union Carbide Corp (678). When Carbowax 
20M is coated on Chromosorb W, heat-treated a t  280", 
and exhaustively extracted, the remaining support per- 
forms chromatographically as a highly efficient, well- 
deactivated GLC packing (39) .  The physical properties of 
commercial samples of Apiezon L, M,  and N were also re- 
ported (630) and evaluated as liquid phases (135) at  tem- 
peratures up to 300 "C. A new Russian stationary phase, 
VNII NP-300A, substitute for Apiezon L, M, or N, was 
compared with these liquid phases and with silicone FM- 
1322 (629). The chemistry of methylsilicones (859), other 
silicones (167), and polyester liquid phases (19) including 
the synthesis, the purification, and the chemical and 
physical properties has been reviewed. 

Solid Supports. The factors contributing to the prepa- 
ration of an efficient column and the structure and sur- 
face properties of chromatographic supports were reviewed 
by Ottenstein (661) and Rotzsche (731), who also de- 
scribed various methods of deactivation. Reactivity of 
solid supports was found with materials such as Chromo- 
sorb 102 which depolymerizes in the presence of oxygen a t  
high temperatures (634). Sorptive interactions of water- 

modified soil, silica, and Chromosorb W were studied by 
Okamura and Sawyer (655) ,  who found that GC could 
thereby provide new insights into the nature of water 
binding to these materials. 

An evaluation of 25 different supports reported their ef- 
fects on the separation of fatty acid methyl esters (508). 
Polish workers roposed a mechanism for support surface 
adsorption in EC on the basis of adsorption isotherms 
(900). They also used a method for the determination of 
the adsorption potential to estimate the energy hetero- 
geneity of adsorbents and support surfaces (901). A 
unique GC method was developed for characterizing par- 
tial isotherms of multiphase sorbent and adsorption iso- 
therms on liquid stationary phase-solid adsorbent surfaces 
(71).  An approximation of the contribution of adsorption 
effects to the retention volume in the presence of concur- 
rent solution and adsorption phenomena showed the ef- 
fects of support silanization (826). Suprynowicz and co- 
workers (828) also demonstrated the influence of silaniza- 
tion on the mechanism of support-surface adsorption. An 
improved vacuum silanization treatment was reported 
which reduced the effect of traces of moisture on the re- 
tention indices (403, 786). Modification of solid support 
surfaces with surface active agents lead to marked de- 
creases in retention volumes due to reduced absorption on 
interfaces (403, 555). Chromatographic supports were 
graded according to particle size in gas and liquid streams 
(SI), and a device for preparing column packings by 
spraying solid supports with clouds or fogs of solutions 
was described (53).  

Filbert (258) described glass bead technology from the 
standpoint of the elimination of surface actives sites, 
etching, methods for improving efficiency, and the use of 
wide pore diameter glass beads which are effective be- 
cause of their uniformity of pore structure. Zoccolillo and 
Liberti (953) deposited a thin layer of carbon on glass 
beads by pyrolyzing CH2C12 a t  550 "C, and found them to 
be superior to untreated glass beads. Both Russian clay 
(475), and an Indian attapulgite (56% silica) (646) were 
found to be satisfactory for nonpolar separations of light 
hydrocarbons. Special precautions were reported for pack- 
ing highly uniform columns of Chromosorb T (Teflon 6) 
( 4 ) .  

Schwartz e t  al. established the GC behavior of dendritic 
salts as solid supports (768) and porous attrition-resistant 
spherical supports for high speed analysis (767). Poly(cis- 
butadiene) was coated onto a conventional support to act 
as a controlled surface adsorbent (14).  Similarly, tereph- 
thalic acid was prepared as a solid support for trace anal- 
ysis of SO2 and H2S in HZ (607). New solid supports were 
reported for the separation of aliphatic alcohols (635) and 
A1 and Sn supports gave the best separation of aromatic 
amines among the metals investigated (308). Eleven dif- 
ferent diatomite supports were compared for the analysis 
of phenols (825). 

Adsorption Columns. In his treatment of adsorption 
phenomena in gas solid chromatography (GSC), Berezkin 
(69) reviewed topics such as the contribution of interfacial 
adsorption to retention, Gibbs adsorption coefficients, and 
thermodynamic properties of adsorbent surfaces. Adsorp- 
tion in GLC was also treated in terms of its effect on re- 
tention (292). However, Eon, Chatterjee, and Karger (243) 
pointed out that liquid-solid adsorption is not an impor- 
tant contributor to GLC. 

The molecular theory of adsorption in chromatographic 
separations was interpreted in an  extensive review by Ki- 
selev (482). Special attention was given to selectivity, as 
interpreted on a molecular basis. 

Other thermodynamic studies determined Henry's law 
constants, isosteric enthalpies, potential energies of ad- 
sorption, surface areas of adsorbents (102), differential 
heat of adsorption for cases where the gas phase is not 
ideal (91),  and the internal diffusion activation energy 
(879). MacDonald and Habgood (557) determined internal 
diffusivities in zeolite crystals by comparing the peak 
spreading in two different carrier gases. The observation 
that the log of the surface area of adsorbents varies linear- 
ly with changes in retention times for homologous series 
led to the development of a simple and rapid GSC meth- 
od for the determination of surface area (296). An experi- 
mental verification of Haarhoff's (Anal. Chem., 38, 573, 
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1966) treatment of adsorption, taking into account nonlin- 
ear isotherms, showed the theoretical solution to be appli- 
cable to parabolic isotherms (438). The temperature de- 
pendence of selectivity coefficients in adsorption were 
measured for ortho- and para-hydrogen and correlated 
with quantum theory (87). Distribution coefficients were 
measured by GSC and compared to static measurement 
methods (190). Equations were derived to express the ef- 
fect of adsorption of carrier gas in GSC in order to predict 
the improvement in peak symmetry, reduction in reten- 
tion volume, and the independence of relative retention 
on the type of carrier gas when an inert gas is replaced 
with an adsorptive gas as carrier (747). A new method for 
evaluating the third virial coefficient in physical adsorp- 
tion by GC was described (736). I t  was then shown that 
the surface area of adsorbents could be obtained from the 
third gas solid virial coefficient (737). 

Nonspecific interactions on salt-modified aluminas and 
silicas confirmed the validity of the King-Benzon theory 
(Anal. Chem. 38, 261, 1966) (291). Isbell and Sawyer (410) 
used salt-modified silica in their studies of adsorption 
thermodynamics of functional groups on substituted hy- 
drocarbons. Sodium chloride impregnated, sodium hy- 
droxide modified alumina was characterized by the sepa- 
ration of polycyclic aromatic hydrocarbons (883). Proton 
magnetic resonance studies of salts on chromatographic 
gels indicated that the mechanism for separation of salts 
was by selective adsorption (679). Experimental problems 
associated with the use of inorganic salts as column mate- 
rials were discussed (509). High temperature treatment of 
Bas04  improved its selectivity for separations of aromatic 
hydrocarbons, alkylaromates, polyphenyls, and condensed 
nucleii hydrocarbons (68). Hydrocarbon separations of the 
chlorides of V(II), Mn(II), and Co(I1) were studied to as- 
certain the effect of the differences in the availability of 
their “3d” electrons (329). 

Kiselev (481) outlined basic methods for developing and 
improving adsorbents for GSC to ensure their high geo- 
metrical and chemical homogeneity, thermal stability, 
and controllable specificity. The selectivity and efficiency 
of clay minerals with a porous lattice, such as sepiolite 
and attapulgite, was found to be dependent upon differ- 
ences in surface geometry and homogeneity (564, 565). 
Deactivation of a wide pore silica gel was reported by cal- 
cination, depositing a nonextractable polymer layer, and 
by adding small amounts of a polar compound to the car- 
rier gas (43). Modification with steam or alcohols resulted 
in an increased selectivity as the length of the alkyl chain 
in the alcohol molecule increased (902). The differential 
heat of adsorption, specific surface area, and mean pore 
radius were calculated from the adsorption isotherms of 
these modified silicas, and showed evidence of water on 
the esterified silica gel of a polymolecular nature (899). A 
systematic study of the silica adsorbent, “Spherosil,” in- 
dicated that the activation temperature, specific surface 
area, porosity, and sample size were instrumental in af- 
fecting the retention, resolution, and other chromato- 
graphic properties (351). Because of the hydroxyl groups 
on its surface, it  interacts specifically with molecules that 
contain a dipole or pi electrons (255). Criteria for selecting 
the optimum stationary phase thickness for modification 
of Spherosil were discussed (350). 

New adsorbent surfaces can be produced by coating 
graphitized carbon black with various phthalocyanines 
and thereby new tailored selective adsorbents (886). By 
modification of the carbon black surface by paraffins (776) 
and acetic acid and propylamine (214), even hydrogen 
bonding compounds were eluted (213). General consider- 
ations for the preparation of surface-layer sorbents, their 
chromatographic properties, and applications were re- 
viewed (73). These materials were characterized and 
shown to have little dependence of HETP on the carrier 
gas velocity or on the grain size of the solidsupport. 

A new 0.5-nm Molecular Sieve was described for the 
separation of C02 and N20 (573). Separation factors of 
binary mixtures on zeolites were discussed in terms of the 
presence of pi electrons (117). The role of cations and an- 
ions in adsorption separations, both by zeolites (839) and 
by alkali metal halide salts (541), was investigated with 
respect to selectivity. Positive changes in the specific re- 
tention volumes of some aromatic hydrocarbons were 

noted as the Na+ content on zeolite and the pretreatment 
temperature were increased (571). Introduction of water 
into the system caused a reversible change in retention 
volumes. Other ion exchange forms of zeolites were stud- 
ies (96), and a review of zeolite adsorption separations ap- 
peared in Russian (861). 

“Synachrom,” a new macroporous styrene-divinylben- 
zene copolymer, was reported to be stable to 340 “C and 
comparable in efficiency to other porous polymer column 
packings (231). Two polyimide-based polymer sorbents 
were evaluated and found to be highly specific because of 
the presence of imide and carbonyl functional groups on 
the surface (742). Porous polyacrylates were characterized 
by a high nonspecific interaction energy with aromatic hy- 
drocarbons and are specific for molecules with high dipole 
moments (483). The Russian copolymer “Polysorb” was 
used for the analysis of glycols and glycerol in the pres- 
ence of water (865). Other new porous polymers contain- 
ing phosphorous and nitrogen showed very specific reten- 
tion behavior (665). 

Sakodynsky and Panina (743) reviewed the properties, 
chromatographic characteristics, and applications of po- 
rous polymer sorbents. The lot-to-lot reproducibility and 
the effect of different methods of conditioning for Porapak 
were established on the basis of reproducibility of reten- 
tion data and separation factors (227). Gough and Simp- 
son (316) measured the reliability of porous polymer beads 
for water-alcohol analysis and attributed variations in the 
results to preferential losses by adsorption of water in the 
columns. 

A brief note described a method to rectify the variabili- 
ty in performance of Porapak Q in the determination of 
acetic acid in water (313). Similar problems were correct- 
ed by the addition of formic acid vapor for the analysis of 
free fatty acids without altering the retention times or col- 
umn life (3 ) .  Abnormalities in the chromatographic be- 
havior of isometric compounds (225), methyl branched ke- 
tones, and fatty acids (2) were detected in certain Pora- 
pak materials (225), and the oxidation of porous polymers 
by samples containing oxygen was noted (806). The use of 
polar Porapaks was found to be critical for the resolution 
of polar mixtures, such as formaldehyde/H20 (869), and 
Porapak Q was evaluated a t  cryogenic temperatures for 
the separation of 3He, Ne, and 2H in 4He (909). The ver- 
satility of the Porapak columns was demonstrated by 
Deans et al. (199), in their separation of complex gas 
mixtures with a single injection by employing column 
switching. Various fluorinated porous polymer sorbents 
were significantly effected by samples such as UFs and 
other corrosive volatile compounds (36). 

Extensive application of GSC has been made to all of 
the adsorbents described here. Continuous chromatogra- 
phy of hydrocarbon gases also used adsorbent beds ( 5 2 ) .  
Bruner and coworkers (1 12) separated deuterated and tri- 
tiated propanes and butanes in columns packed with car- 
bon black which had been treated with 0.2% squalane. 
Sulfur-containing atmospheric pollutants were determined 
in the ppb range with carbon black modified with HsP04 
and Dexsil (1 15). Polynuclear aromatic hydrocarbons were 
separated on carbon black (280) and on carbon black de- 
posited on Chromosorb W (282). The graphitized carbon 
black adsorbent columns were also efficiently used for 
GC-MS of essential oils and food extracts (114). 

Deactivated or surface modified alumina and silica gel 
adsorbents were applied to the separations of hydrocar- 
bons (633), chlorinated hydrocarbons (574), and PCB’s 
(689). In these studies, it was noted that the most active 
sites on alumina columns, even after deactivation, were 
the aluminum atoms. An intercomparison of silica gel, 
charcoal, and Molecular Sieve columns was made for the 
analysis of smoke gases (785). 

Molecular Sieve chromatography may be applied to or- 
ganic and inorganic molecules in both aqueous and non- 
aqueous systems and a compendium of their commercial 
sources was given in a review (20). Several commercial 
Molecular Sieves were compared for hydrocarbon separa- 
tions (331). Separations of acetylenes and dienes in pro- 
pylene (949 ,  furnace combustion gases (98), isomeric 
triethylbenzenes (627), and cyclic hydrocarbons (287, 680) 
illustrated their capacity for handling a large sample mo- 
lecular weight range. 
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.4dsorption gas chromatography of n-alkanes (644) and 
high boiling hydrocarbons (645) was facilitated by using 
steam as the carrier gas. Steam containing formic acid or 
hydrazine hydrate was used for the separation of organic 
acids and amines on diatomaceous firebrick, porous glass 
beads, and other untreated adsorbents (643). Even pre- 
parative scale GSC columns were developed for a wide 
range of adsorbents, although the peak symmetry ap- 
peared to be affected by the carrier gas flow rate (942). 

Open Tubular  Columns. A review of 208 papers on ap- 
plications of capillary GC for the analysis of multicompo- 
nent mixtures has appeared in the Russian literature 
(790). Retention indices measured on packed and capil- 
lary columns were shown to be identical (789). Equations 
for the prediction of the average film thickness in capil- 
lary columns prepared by the dynamic method were de- 
scribed and evaluated by Guiochon (353). Grushka and 
Guiochon (340) have resolved differences reported in their 
earlier publications regarding the optimum value of the 
capacity ratio in time normalization chromatography. 

The use of glass open tubular columns received consid- 
erable attention during this biennium. A comprehensive 
review in Hungarian cites 155 references to the literature 
on glass capillary columns, their preparation and applica- 
tions (795). On-column injection is recommended by Ver- 
zele (885) with wider glass open tubular columns since (i) 
there is practically no loss in efficiency, (ii) quantitative 
results are more reliable than when a splitter is used, (iii) 
samples can be relatively large, (iv) the glass surface is 
less reactive toward thermally labile materials. Equip- 
ment and methods for direct injection into capillary col- 
umns were also described by Grob and Grob (328) and ap- 
plied for the analysis of tobacco smoke. The effect on the 
thickness and quality of the liquid phase film deposited, 
of the viscosity of the solvent, and the surface tension of 
the liquid phase, the solvent, and the glass surface was 
studied (631, 850). The efficiency and wettability of bo- 
rosilicate glass for polar liquid phases improves in the 
order: untreated glass, HF-treated, alkali-treated, chromic 
acid-treated, and graphitized (290). Modifying the inner 
surface of glass tubes used in the preparation of capillaries 
and improved static coating techniques are proposed by 
Verzele and coworkers (99). An apparatus was developed 
for dynamic coating of open tubular columns with a con- 
stant meniscus velocity allowing the coating of columns of 
all lengths and diameters with solutions of wide viscosity 
range (873). Also described was an apparatus for the re- 
producible coating of liquid phases on glass capillary col- 
umns either in the pure form or in admixture with fine 
particles of solid support with simultaneous silylation of 
the liquid phase and column inner surface (406). Capillary 
columns silanized with dimethyldichlorosilane prior to 
coating with liquid phase are said to form a film on the 
surface that does not break up into microdroplets (294). 
Compounds with molecular weights as high as 800, in- 
cluding cholesterol esters, were analyzed at  temperatures 
up to 350 "C using the carborane liquid phases, Dexsil 
300GC, 700-8-73, and 700-8-95C (651). 

Porous-layer open tubular (PLOT) GC columns may be 
prepared by passing a plug of a solution of the liquid 
phase and a suspension of a solid support in a volatile sol- 
vent through a coiled capillary tubing (637). Dynamically 
coated PLOT columns can be made nearly equivalent in 
efficiency and capacity to those made by the static meth- 
od (638). Silanox 101 (Cabot Corp.), a colloidal dispersion 
of a hydrophobic silica with particle diameter of 7 x 10-7 
cm, was recommended for the preparation of PLOT col- 
umns (93). A PLOT column containing cobalt phthalocy- 
anine on Sterling FTG carbon black separated aromatic 
amines, pyridine, picolines, and lutidines when a hydro- 
gen and ammonia mixture was used as carrier gas (271). 

Mon (613) recommended a cleaning procedure for open 
tubular columns which consists of washing solutions used 
in the order: chloroform, acetone, water, concentrated ni- 
tric acid, potassium hydroxide in 1: l methanol-water 
mixture, water, concentrated nitric acid, water, concen- 
trated ammonium hydroxide, water, acetone, and chloro- 
form. A U.S. patent has been issued on a spiral capillary 
column consisting of a pair of separable surfaces which 
define the capillary passage and which may easily be dis- 
engaged to  permit recoating of the liquid phase on its 

grooved surface (745). A frame was developed for capillary 
columns which will accommodate 1200 ft of 0.0625-in. 0.d. 
tubing in 28 tiers so as to minimize thermal gradients 
(906). An all-glass solid sampling device, capable of being 
connected to  any chromatograph, is designed for the anal- 
ysis of trace quantities of high-boiling compounds such as 
steroids in body fluids (874). A flame photometric detec- 
tor was coupled to a capillary column and used to detect 
trace amounts of sulfur compounds (315). By using high- 
speed differential pumping of the source and analyzer of a 
mass spectrometer, helium flow rates in the range 0.1 
ml/min can be tolerated in the direct coupling of a capil- 
lary column gas chromatograph to a mass spectrometer 
without special interfacing (382), and oxygenated steroids 
and triterpenoids in the Cz7 to C32 range may be ana- 
lyzed. 

Open tubular columns have been used for the chroma- 
tography of human urinary steroids (293, 738), all posi- 
tional and geometric isomers of c8 to c11 n-olefins (589), 
olefins from Cg to  C14 (808), 69 saturated C5 to  c8 hydro- 
carbons from petroleum naphtha (609), and the resin 
acids in rosin fluxes (374). 

DETECTORS 
In a review of the principles of detection in chromatog- 

raphy and the analytical characteristics of detectors, Kel- 
ler (470) emphasized the importance of technique repro- 
ducibility and the use of control samples in analysis. An 
extensive and detailed review of detectors was also pub- 
lished in Polish (907). The importance of the need for 
basic studies in detection was shown by Kelley and Harris 
(471) who statistically characterized detection base-line 
noise with a power-density spectrum. Peak parameters 
were established in the frequency domain of the Fourier 
transform of the chromatogram. Russian workers have 
proposed a method of determining the absolute and rela- 
tive sensitivity of chromatographic detectors without mea- 
suring peak areas (250,251). 

A number of new concepts and principles have been re- 
ported for detection of column effluents. A thermocataly- 
tic detector for detection at  low temperatures was con- 
structed by coating alumina and Pt Pd catalyst layers on 

moderately sensitive. A diaphragm-type detector was pat- 
ented for operating at  high temperatures (812). A reaction 
of the column effluent on the surface of a seignettoelectric 
material gave a pyroelectric effect where the pyroelectric 
charge was proportional to the rate of temperature change 
(347). As an example, the authors used a lead zirconate- 
titanate sensing element coated with silver for the detec- 
tion of diethylether in a He and 0 2  mixed carrier gas. 

Janghorbani and Freund (429) described the develop- 
ment and characterization of a piezoelectric digital trans- 
ducer for monitoring sulfur compounds in pulp mill stack 
effluents. The piezo-quartz microbalance measured the 
volatility of GC stationary phases by the difference effu- 
sion method (413). Another adsorption detector using 
thermocouples to measure the heat of adsorption (and de- 
sorption) in gas and liquid chromatography was investi- 
gated in detail by Stafford (819). 

Colorimetric tests for organic functional groups at  the 
microgram and submicrogram levels were achieved by 
Cronin and Gilbert (185). In order to realize this sensitivi- 
ty ,  they trapped the GC peaks on short lengths of glass 
porous layer open tubing containing a layer of activated 

Thermal Conductivity. The status and recent develop- 
ments in thermal conductivity detectors (TCD) as re- 
viewed by Johns and Stapp (432) showed that a minimum 
detection limit of 1 ppm is possible under ideal condi- 
tions. They described significant improvements in the 
areas of flow geometry, total cell volume, temperature 
control, sensing elements, and electronics. DeLew (203) 
stated that a constant current source would extend the 
linear dynamic range of the TCD by a factor of three. In 
addition, the detector sensitivity was improved by a factor 
of ten by use of higher resistance filaments and by reduc- 
ing the distance from the filament to the cell wall and 
thereby reducing the cell volume. The influence of tem- 
perature on the detector sensitivity under conditions of 
constant current was studied theoretically by Soloviev 

a Pt spiral (31). The detector was s h own to be stable and 
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(814). New design considerations to minimize thermal ef- 
fects were patented (496) as was a system for eliminating 
the influence of changes in carrier gas flow rate on the de- 
tector response (946). The latter employed a sensing ele- 
ment with a negative temperature coefficient of resistance 
in the reference cell so that the detector operated as a 
thermoanemometer. 

In a novel modification of the TCD, a thermosensitive 
dielectric wire was positioned such that a higher tempera- 
ture element was run parallel to it to increase the sensi- 
tivity and exclude the influence of gas channel volume on 
detector response (125). A comparison of the analytical 
characteristics of a TCD and a TCD with constant fila- 
ment temperature showed that the constant filament 
temperature detector had a larger linear dynamic range, 
higher sensitivity, lower time constant, and comparable 
lower limit of detection (783, 923). The limitation of sen- 
sitivity in the TCD was overcome by using a palladium 
transmodulator between the column and detector to  in- 
crease the gas phase concentration of the solute (546). 
Wade and Cram (897) used a thermistor sensor as a flow- 
sensing protection system to avoid burning out filament 
type thermal conductivity detectors. The properties of 
thermistors as chromatographic detectors were expressed 
in terms of the mass, specific heat capacity, resistance, 
and temperature coefficient of the thermistor (532). One 
study even reported the feasibility of increasing the sensi- 
tivity of a thermistor TCD by lowering its block tempera- 
ture (596). Transistors may also function as the sensor in 
a TCD a t  temperatures <200 "C, although they are also 
flow sensitive (660). The development of an AC or square 
wave TCD was continued by Ediz, van Swaay, and 
McBride (237). 

Rosie and Barry (727) discussed quantitation of thermal 
conductivity detectors and tabulated a large number of 
relative response values. Williams and Carritt (921) gener- 
ated 0 2 ,  H2, or N2 and H2 in a coulometer for accurate 
calibration of thermal conductivity detectors. Various 
methods of calculating the relative molar response of ther- 
mal conductivity detectors has been reported by Monfort 
(614) and Barry and Rosie (56, 58, 59). From physical 
properties such as the thermal conductivity coefficients 
and molecular weights of both the solute and the carrier 
gas, the response of the TCD can be predicted to approxi- 
mately 10%. Relative molar response factors were success- 
fully predicted on the basis of the molecular diameter ap- 
proach for the anomalous response of halogenated com- 
pounds (57). It was also suggested that critical volumes 
could be estimated from a knowledge of relative molar re- 
sponse data (60). Other aspects of quantitation by ther- 
mal conductivity such as the variability of response fac- 
tors for light gases (Hz, 0 2 ,  N2, and He) (787), differential 
detection systems (97), and pyroelectric effects (348) have 
been treated. 

The gas density balance has realized an enhanced im- 
pact through the determination of the molecular weight of 
chromatographic solutes. The variables which contribute 
to  the response characteristics (195), the accuracy of the 
detector (894), and calibration techniques (882) have ap- 
peared recently. 

Flame Ionization. Reviews of the characteristics and 
operational variables of the flame ionization detector 
(FID) (302), the mechanism of flame ionization, types of 
flames commonly used, and factors affecting production of 
ions (94) reflect the continued interest in the development 
of ionization detectors. Blades (85) published a definitive, 
although inconclusive, paper on the mechanisms of ion 
formation with evidence for the CH-0 mechanism. He 
pointed out the conflicting hypotheses of oxidative and re- 
ductive determination of equal per carbon response and 
proposed that this arises in the complete conversion of el- 
uants to CH3 prior to entering the oxidative zone of the 
flame. 

New features in flame detectors have been reported 
which claim new electrode configurations for increased 
linearity, even a t  very high concentrations (462). Aue and 
Hill (40-42) reported the use of a hydrogen-rich flame for 
the detection of tin compounds while repressing the car- 
bon signal. Additional selectivity can be obtained with a 
dual channel detector for measuring both flame ionization 
and emission. Aerodynamic disturbances and flame vitia- 

tion by recirculating chamber gases in flames a t  reduced 
pressures have been avoided by incorporating a flame 
shroud and an exhaust port of high pneumatic resistance 
to the detector (551). This improved performance may 
have a particular impact in atmospheric environmental 
monitoring. The behavior of a high pressure FID estab- 
lished the detector response dependence on pressure in 
the 1-100 bar range (92). By separating the jet and col- 
lecting electrodes by 4 meters, a restrictor was not re- 
quired between the column outlet and the detector. A 
chemical amplifier for the FID in which the combustion of 
substances over cos04 and the interaction of C02 and 
H20 with the alcoholates of alkali metals was proposed 
(741). 

Grant and Clarke (319) investigated the quantitative 
effects of the chromatographic and detector conditions on 
the analytical precision of the FID and found that the use 
of a carefully chosen internal standard appears to be es- 
sential for achieving high precision. Novak et al. (648) 
showed that the background detector signal (carrier gas 
plus stationary phase vapor) causes a decrease in the net 
response of the detector, even when it is operated in the 
linear range. That the sample size can be increased by a t  
least two orders of magnitude beyond the limit of the lin- 
ear range of the FID has been shown by Rossiter (730), as 
the logarithm of the sample size and the peak area are 
linearly related. Pan (664) took the approach of measuring 
components in the nonlinear region relative to a minor 
component and obtained similar results. A steady-state 
calibration method for flame ionization detectors demon- 
strated a standard deviation of 1.8% (134). Quantitative 
studies have shown the relationship of molecular structure 
and the number of ionizable carbon atoms in substituted 
picolenes to the relative molar response factors of substi- 
tuted picolenes (502). Binder and Lindner (82) deter- 
mined that the low molecular weight esters give the ex- 
pected relative molar responses for mono- and dicarboxyl- 
ic acid esters. Other detailed studies have included het- 
eroaromatic compounds (159). 

The lack of response or anomalous response of the FID 
to certain compounds has been studied in detail by many 
groups. For example, the low response to fluoroalkanes 
was found to be due to both the initial bond breaking pro- 
cess and in the subsequent conversion of the fragments to 
the ion precursor, CH (86). Although the response to CF4 
was very low, the response of large carbon number per- 
fluoroalkanes approached that of their hydrocarbon ana- 
logs (34). This variation in response values was attributed 
to the bond strength and molecular structure of the per- 
fluoroalkanes. Karmen and Kelly (461) exchanged fluorine 
functional groups for chlorine by combustion in a hydro- 
gen flame to HF which passed through CaCl2 where HC1 
was released and detected with an enhanced sensitivitv in 
an alkali FID. 

Askew (33) detected inert molecular such as C02, SOz, 
Nz. and He bv using an ionizable carrier gas, CFI. The 
dilution of the ionizing carrier gas stream- by the inert 
sample appears to decrease the ion current produced in 
the FID and thus create negative peaks for the inert sam- 
ples. The method was shown to be sensitive to 1 x 10-6 
gram mole of Nz and nonlinear for hydrocarbons. A study 
of the response of the FID to nitrogenous compounds pos- 
tulated the ion formation processes for inert compounds 
such as C2N2, "3, NO, Nz0,  and PH3 (84). 

As little as 2 x 10-9 gram of NO2 was detected by 
reacting with styrene and using FID to measure the reac- 
tion products (334). Schaefer (749) obtained FID re- 
sponses to 0 2  and N2O by using a partially premixed 
flame. The FID can also be used satisfactorily for the 
analysis of CO or C02 by increasing the background cur- 
rent with a trace amount of hydrocarbon or by operating 
the detector with a hot burner. This response has been ex- 
plained in terms of temperature changes in the diffusion 
flame of the FID and their influence on the hydrocarbon 
response (750). An 18% reduction in the sensitivity was 
observed for an FID burning in 0 2  containing 12.3 mole 
per cent H2O vapor. It was also noted that a signal change 
of 4.7% was found as the relative humidity in the atmo- 
sphere varied from 50 to 10070, which should be noted for 
environmental monitoring applications (550). Eggertsen 
and Stross (238) determined organic carbon in water by 



vaporization and pyrolysis into a FID. 
Alkali flame ionization detectors (AFID) may be readily 

constructed according to the specifications of Stewart 
(821) or attached to conventional hydrogen flame ioniza- 
tion detectors (460). Karmen and Haut (460) found that 
electrical heating of the alkali metal source produced an 
increase in specificity, presumably because the tempera- 
ture of the source was less affected by an increase in tem- 
perature during the passage of the solvent peak. Reduced 
background current and noise can be achieved by provid- 
ing a sealed top for the detector chimney, an exhaust pas- 
sage for combustion products, and an excess air supply at  
the base of the chimney (371). 

A nitrogen selective thermionic detector described by 
Riedmann (714) reduced the amount of sample prepara- 
tion required for biological samples and detected ppm- 
ppb concentrations of nitrogen-containing compounds. 
Optimization of the operating conditions of an AFID for 
the analysis of nitrosoamines gave the highest sensitivity 
when a Pt-Ir coil was coated with KC1 (463). The re- 
sponse of the AFID in both the positive and negative 
modes to various hetero elements in organic compounds 
was shown to be proportional to the amount of the hetero 
atom introduced (37). Other analytical studies reported 
the selectivity of the detector to fatty nitrogen compounds 
(418), the response to HMDS derivatives from urine (174), 
group IV (Si, Sn, Pb)  compounds (226), and the determi- 
nation of amino acids in wort and beer (50). 

A chemical ionization detector was reported by Scolnick 
(770) which can be operated in a specific detection mode 
for sulfur, nitrogen, and phosphorus in the presence of hy- 
drocarbons. A nonhydrocarbon constituent of the sample 
was reacted with an alkali metal vapor. A chemi-ioniza- 
tion reaction occurred in the absence of 0 2  with certain 
nonhydrocarbons of the sample and resulting ions were 
collected in an electrostatic field. 

Electron Capture. The theory and detection mecha- 
nism of the electron capture detector (ECD) were de- 
scribed by Zlatkis and Fenimore (952), and Bothe (101) 
described experimental aspects of ionization detectors 
which use radiation sources. Dependence of the ECD re- 
sponse on the pulse interval was based on a kinetic model 
for the electron attachment processes which assumed that 
the positive ion concentration was constant (915). Love- 
lock and Maggs (545) observed that with intensely elec- 
tron-absorbing substances, more than 90% of the mole- 
cules entering the ECD may be ionized. They also noted 
that when operated coulometrically, thermal electron at- 
tachment is a sensitive, accurate, and absolute method of 
analysis. In his treatment of electron attachment for small 
molecules, Freeman (276) reported the development and 
characterization of a detector which was capable of func- 
tioning as either a “universal” photoionization detector or 
as a selective ECD. 

Maggs, Joynes, Davies, and Lovelock (560) reported one 
of the most significant developments in the last biennium 
for electron capture detectors. They varied the frequency 
of the applied pulses to the ECD under constant detector 
current, such that the change in pulse frequency was pro- 
portional to the sample concentration. Operated in this 
manner, the detector behaved as a concentration depen- 
dent rather than as a mass sensitive detector. I t  was found 
that the detection limit and linear dynamic range varied 
with the reference current but offered improved perfor- 
mance over the conventional mode of operation. Some of 
the present complications and controversies with the ECD 
stem from the fact that a given detector may or may not 
be flow, concentration, and/or temperature sensitive, de- 
pending on the type and amount of solute and the elec- 
tron concentration (44). In this regard, Chen and Went- 
worth (146) pointed out that whenever ECD response data 
are given, the temperature of the detector must be speci- 
fied and the optimum temperature for the analysis should 
be determined. The ECD was found to be virtually inde- 
pendent of the temperature and flow rate if the carrier gas 
did not contain electronegative contaminants such as 0 2  
(875). The reduced sensitivity and linearity of the detector 
in the presence of 0 2  was explained on the basis of the 
formation of reactive negative ion-molecular complexes 
(452). This effect is greatest a t  lower temperatures and is 
related to the water vapor concentration in the air. 

Comparative studies of new ionization sources indicated 
that 147Pm can be electroplated on gold foils and heated 
to 400 “C without appreciable loss in activity (548). When 
compared under identical conditions and in the same de- 
tector geometry, the background current due to the ‘j3Ni 
source was 2.4 times greater than for the 147Pm source 
(549). The titrated scandium source can be operated to 
325 “C and offers a life expectance four times longer than 
conventional detectors (370). 

A comprehensive review of EC detectors for the deter- 
mination of halogenated derivatives of polar compounds 
was published by Cummins (189). For nitrogen-containing 
compounds, the ECD sensitivity to nitrobenzene was only 
16 ng (393). Therefore derivatives are often used such as 
perfluorobenzene (610), heptafluorobutyramide, pentaflu- 
orobenzamide, and peniafluorobenzylidine (568). Sulfur 
analyses have been reported to be sensitive to 5 x 10-370 
SO2, 1 x lo-% HzS, and 2 x CS2 by EC (516), 
which is also 20 times more sensitive to soluble elemental 
sulfur than the flame photometric detector (823). Dietz 
and Cote (215) were able to detect 4 x part by vol- 
ume of SF6 with EC by eluting SF6 before the air peak. 

Lukac and Sevcik (553, 554) discussed the detection 
mechanism of the helium ionization detector using meta- 
stable atoms or rare gases, and the response characteris- 
tics of the detector. Generally, the helium detector should 
have a higher sensitivity for substances with a low ioniza- 
tion potential and is stated to be the most sensitive detec- 
tor for permanent gases, although it is highly sensitive to 
air contamination of the helium. This was illustrated by 
Bruner et al. (113) in their analysis of 50 ppb of CO in air. 

A small volume (-1 ml) flow proportional counter for 
monitoring ‘%-labeled CO2 in He carrier gas has been re- 
ported with 80% counting efficiency (924). Improved per- 
formance of the flow proportional detector for 3H- and 
I4C-labeled compounds was obtained by passing the col- 
umn effluent through a hydro-cracking tube and counting 
the 14CH4 produced (88). A system for continuous detec- 
tion by liquid scintillation dissolved radioactive effluents 
in a stream of scintillation solution and pumped them 
through a helical cell in the counter (765). Alternately, 
the effluent was condensed and adsorbed onto small glass 
beads coated with silicon fluid and eluted into scintilla- 
tion vials. The overall recovery of radioactive fatty acid 
methyl esters and TMS derivatives of glycerol and glucose 
was greater than 90% (908). 

Mass Spectrometry. The basic principles, modes of op- 
eration (766, 820), methods of sampling and interfacing 
(%I), computerization (450), and relative merits of 
GC-MS interfacing have appeared in a number of re- 
views. Many authors have emphasized direct coupling of 
the GC and MS for total effluent analysis. For example, 
Schulze and Kaiser (762) detected quantities as small as 
10-10 gram from open tubular columns with flow rates up 
to 10 ml/min without loss in spectral resolution. 

Interesting differences in the direct inlet and GC inlet 
mass spectra have been noted (206). Direct coupling with 
a cold trap offers the advantages of a high enrichment fac- 
tor and successive collection of several fractions from a 
single run (523). 

A 15+l porous silver membrane separator used with 
open tubular columns operating in the range of 2-7 cm3/ 
min gave yields of 25-6070 and enrichments from 2-10 
(525). Comparison of the GC peak widths from the FID 
and total ion monitor showed no detectable peak spread- 
ing in the molecular separator. Recent data showed that 
the conductance of the membrane and pore volume are 
the most important design parameters of the porous silver 
membrane separators and that a wide range of flow rates 
can be handled (320). For low background spectra, sliding 
valves of gold-plated tungsten were developed (512). 

Work in chemical ionization (CI) GC-MS has just 
begun to appear with the advent of commercial instru- 
mentation. Arsenault, Dolhun, and Biemann (30) de- 
scribed an instrument with an electron impact (EI) and 
chemical ionization source such that both spectra can be 
obtained from a single injection. The system permits 
rapid and repeated shifting from one mode to the other 
without interrupting the GC separation and without a loss 
in sensitivity. Modifications of a high resolution mass 
spectrometer for both E1 and CI studies (937) and details 
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of the CI technique for GC-MS have been reported (756). 
Chemical ionization GC-MS was used to identify noncan- 
nabinoid phenols in marijuana smoke (256). 

Samuelsson, Hamberg, and Sweeley (744) found the ad- 
dition of deuterium to the carrier gas enabled them to 
quantitatively measure prostaglandin by isotope ratios a t  
the nanogram level. A novel means of elemental analyses 
of sub-microgram quantities of GC effluents emplpyed a 
combined MID-peak matching technique (364). An excel- 
lent review of MID with GC-MS in biological research 
emphasized the application of MID as a specific GC de- 
tector (314). The picomole sensitivity of the technique is 
indicative of its applications (501). 

To  realize the full power of coupling GC and MS, new 
data systems were implemented, generally with dedicated 
computers and large bulk storage facilities (109, 144, 799, 
880). There was a noticeable lack of new algorithms for 
data handling, peak sensing, etc. The real time selection 
and correction of mass spectra is one exception (384). 

For GC-MS identification of ketones, intensity ratios, 
ZJZz, have been used where I ,  is the sum of the line in- 
tensities for oxygen containing ions having mass units of 
31, 45, 59, etc. and Zz is the sum of all line intensities 
(701). Mass ratios of Z39/Z41 and 4 1  143 were evaluated for 

The principal applications of GC-MS have included 
clinical biochemistry where it has been applied to serum, 
urine, and biopsy materials (427), the study of human 
metabolic profiles (397), the analysis of steroids (709), and 
environmental samples (286) such as organomercury com- 
pounds (63), lead (24), polycyclic aromatic hydrocarbons 
of air-borne pollutants (515), and aromatic hydrocarbons 
in river water (390). 

One of the most exciting new developments was the im- 
plementation of a Plasma Chromatograph reactant ion 
chamber with a quadrapole mass spectrometer. Horning 
et al. (398) reported picogram sensitivities with the atmo- 
spheric pressure ionization source. Reactant ions reacted 
with biological compounds through charge transfer or pro- 
ton transfer, and both positive and negative ions were 
seen. 

The first coupling of a gas chromatograph and Plasma 
Chromatograph (PC) was re orted by Cram and Chesler 
(177). They discussed the 8C-PC interfacing in detail, 
showed the analogy of GC-PC to GC-MS for identifica- 
tion, and compared the sensitivity of a series of Freons to 
the FID. Karasek and Keller (454) used the same system 
for the detection of musk ambrette but their sensitivity 
was severely limited by column bleed. The validity of ion 
mass assignments for a series of polynuclear hydrocarbons 
based on mobility measurements in PC reported the effect 
of substituted functional groups and showed that mobili- 
ties may be used as identification aids in GC (325). 

Basic patents in PC were issued to Cohen and cowork- 
ers covering ion formation and ion drift (164), the en- 
hancement of sensitivity of ion measurements in a drift 
cell (166), the methods and apparatus for resolving ion 
molecules (133), a high temperature method (165), and 
means of improved signal to noise ratios (916). The re- 
sponse of the PC to alcohols and PCB’s showed the speci- 
ficity of the technique through the availability of both 
positive and negative ion spectra (449, 451, 453). The sen- 
sitivity of the PC appears to be a t  least comparable to 
that of the ECD; further, the PC promises to be a power- 
ful tool in understanding the behavior of the ECD (456). 

Spectrosco ic. Selucky’s (772) review of specific chro- 
matographic fetectors described various designs and mod- 
ifications for making the flame photometric detector 
(FPD) specific for sulfur, phosphorus, or hydrocarbons. A 
more specific treatment of the FPD for continuous S O i  
monitoring also appeared (396). The response of the de- 
tector was reported to be nonlinear to SO2 and H2S be- 
cause of self-absorption (324). 

A dual flame photometric detector allowed simulta- 
neous and selective determination of phosphorus, sulfur, 
and chlorine containing compounds from a GC column 
(884). The molecular emission HPO (526 nm) and Sa (394 
nm) bands were measured in the lower flame, while after 
reaction of chlorine with In, the InCl emission (360 nm) 
band was measured in the upper flame. By using a mono- 
chromator or selective filters, the indium flame photomet- 

identification of homologous series ( d 00). 

ric detector was found to be specific for column effluents 
containing chlorine, bromine, or iodide (620). The selec- 
tive detection of sulfur, chlorine, and nitrogen in organic 
compounds was enhanced by the presence of a copper salt 
tip fitted to the flame jet (778). All organic compounds 
containing a heterocyclic atom could be detected under 
oxidative flame conditions. The response from an alkali 
flame photometric detector was predominently negative- 
i .  e. ,  the alkali emission decreased when chromatographic 
solutes were burned in the flame (45, 619). 

The utility of the FPD was seen to be primarily in the 
identification of crude oils through the use of a dual FID 
and FPD (6),  sulfur containing air-borne pollutants a t  the 
ppb level such as H2S and COS (358), and sulfur contain- 
ing compounds in coal (194), cigarette smoke (346), and 
diesel exhaust (315). The selectivity of the FPD was illus- 
trated with a single-step cleanup procedure for pesticides 
and their metabolites in foods and biological tissues (579) 
and the detection of Cr in urine a t  425.4 nm (729). A 
lower limit of detection of 0.71 n of BIOHll with a FPD 
was observed a t  546 nm (816). Ffame photometric detec- 
tors selectively determined organometallics (388) and flu- 
orine down to 43 ng by the formation of CaF (357). Vola- 
tile metal fluorides were spectroscopically detected using 
a low temperature, hydrogen diffusion flame on a capil- 
lary burner (191). 

The resurgence of interest in microwave discharge de- 
tectors was stimulated by the need for more sensitive 
methods of gas analysis, the need for qualitative identifi- 
cation of chromatographic effluents, and the lack of defin- 
itive operational, spectroscopic, and analytical data. The 
sensitivity of such high frequency discharges for sulfur- 
containing compounds was 5 x lo-’ vol. % (781). Carbon, 
nitrogen, and/or sulfur emission in the vacuum ultraviolet 
from a 2450-MHz microwave source was described by 
Braun et al. (105) a t  the National Bureau of Standards for 
the detection of air pollutants. A helium photoionization 
detector utilizing an electrodeless microwave discharge 
produced an intense 21-eV ionization source of high sta- 
bility and reliability. Freeman and Wentworth (277) 
found the detector sensitivity to be 1.3 x 10-11 gram/ml 
(Ar) and a linear dynamic range of lo4. 

The major contribution of microwave-excited detectors 
may be in elemental analysis as they may be operated to 
give sensitive, simultaneous, selective, and nonselective 
response (193). A combination elemental selective micro- 
wave detector and FID eliminated deposition of carbon 
within the plasma tube by introducing a permanent bleed 
of air, 0 2 ,  or N2 (578). Chromatographic identification by 
the use of inter-element ratios required two atomic lines 
to determine the relation between the heteroatoms and 
the number of carbon atoms in a compound (192). The 
measured ratios were found to be independent of carrier 
gas flow rate, concentration, and chromatographic peak 
shape. A 30-MHz plasma was compared to the 2450-MHz 
source at the same power levels and found to be more sen- 
sitive for phosphorus (917). Another radio frequency dis- 
charge source (8 MHz) was limited to ppm detection lim- 
its because of instability and a high background from Nz, 
NH, NO, and OH band emission (100). A direct current 
glow discharge detector was developed to detect traces of 
C02 in purified air (626), and a point discharge detector 
using Ar as a carrier gas detected less than 0.1 ng of or- 
ganic solvents (755). 

A scanning fluorescence GC detector system which gen- 
erated both the emission and excitation spectrum, demon- 
strated sensitivities to anthracene and pyrene of 1 x 
and 5 x 10-12 gram/sec, respectively (275). The basic 
principles and instrumentation for gas phase fluorescence, 
and their potential application to the analysis of polynu- 
clear arenes were described by Burchfield, Wheeler, and 
Bernos (119). They discussed the differences in intensity 
between the gas and liquid phases and various techniques 
for increasing the sensitivity. 

Absorption spectroscopic methods for organomercury 
compounds in GC effluents require reduction of all mer- 
cury to the elemental state before measurement. Hey 
(387) reduced organic mercury compounds by passing 
them through a 20% &S04-10% SnClz aqueous solution 
before introducing the mercury vapor into an atomic ab- 
sorption spectrophotometer. Longbottom (539) employed 
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W absorption a t  254 nm after reduction by the CuO ni- 
trogen oxidation method or with a flame. 

Schomburg and Henneberg (759) discussed the applica- 
tions and limitations of MS, NMR, and IR to the identifi- 
cation of chromatographic components. Although an 
NMR flow cell for C X  was developed (862) and Raman 
spectra were obtained on nanoliter fractions (652), the 
major emphasis and application of absorption methods 
was IR. 

The advantages of using a cholesteric system for sepa- 
rating sample from carrier gas in a GC/IR system over a 
gas phase system are that (1) solution spectra are more 
readily comparable with reference spectra, ( 2 )  color shifts 
occurring on adsorption and desorption onto the liquid 
crystal film can be monitored to trigger the IR scan, and 
(3) the delay time errors of gas cells is avoided (522). Fou- 
rier transform IR spectra were recorded from flowing and 
from trapped ( 10-2-10-3 pl) samples (521, 547). Column 
effluents were also condensed in CC14 and fed into an IR 
flow cell (409). Because one-minute scans were required, a 
stop flow technique was used. A new double beam, ratio 
recording grating IR that scans from 2.5 to 15 pm in 6 sec. 
was designed especially for GC analysis (677). The accura- 
cy of determining components in mixtures by GC/IR was 
evaluated by Janik (420). Thermal gravimetric analysis 
and GC/IR were also applied to such complex mixtures as 
photo-resist remover, ceramic tapes, and protective coat- 
ings (188). Other GC/IR applications of current interest 
included the determination of hydrocarbons in water (428, 
464 ,  drugs (519), and anaerobic bacteria species (142). 

Electrochemical. In his review of specific chromato- 
graphic detectors, Littlewood (534) contrasted electro- 
chemical methods to ionization and servomechanisms. 
Pretorius (692) and Pretorius and Hahn (691) were issued 
patents for solid electrode detection systems for gas and 
liquid chromatography. Using a reference electrode, any 
concentration dependent electrical quantity can be mea- 
sured such as conductivity, current, capacitance, zeta po- 
tential, etc. The use of ion selective electrodes for detect- 
ing fluorine, chlorine, and sulfur containing compounds in 
GC was developed in detail (297). 

Selucky (773) discussed the design, specificity, oxida- 
tive mode, catalyzed oxidative mode, reduction mode, re- 
sponse; sensitivity, and applications of the electrolytic 
conductivity detector. A specially treated nickel catalyst 
was used to implement a conductivity detector with a 
sensitivity between that of FID and ECD (435). Russian 
workers measured the conductometric changes on the sur- 
face of polar adsorbents of gels during adsorption of gases 
and referred to this as the sorption conductometric detec- 
tor (252). 

The errors and interferences associated with the electro- 
lytic conductivity determination of chlorine and bromine 
from pyrolysis of halogenated compounds was found to be 
due to the formation of CN2 (156). The selective response 
of the detector to chlorinated pesticides in the presence of 
PCB’s was achieved by precise control of the furnace tem- 
perature and the H2 flow rate (220). The response of a 
number of sulfur-containing pesticides, some of which also 
contained chlorine and nitrogen, were investigated using 
both the pyrolytic and oxidative modes (162). Precautions 
were given for measuring nitrogen containing pesticides 
such as s-triazine, substituted urea, carbamate, and mis- 
cellaneous herbicides (161). One of the results of two com- 
parative studies of the electrolytic conductivity and alkali 
flame ionization detectors showed that the former is spe- 
cific to nitrogen compounds while the AFID responds to 
various hetero atoms (323, 663). 

An improved construction of the flow-through coulomet- 
ric detector resulted in higher reliability and limits of de- 
tection ranging from 1 0 - 5  to lo-’ vol. 70 for HzS, SO2, 
CS2, “3, etc. (822). High selectivity of the coulometric 
detector for the above gases was obtained with an oxida- 
tive microreactor (506). The major advantages of the de- 
tector in air pollution analysis were reported to be lineari- 
t y  and specificity. Its major disadvantages are slow re- 
sponse and relatively low sensitivity (479). DDT and 
PCB’s in soils were found to give a nonlinear response 
curve (414). 

Computerization. The rapidly increasing importance 
and development of laboratory data systems for GC re- 

sulted in a large number of symposia, general and descrip- 
tive papers, and publication of innovative experiments 
which would not otherwise be possible. Excellent intro- 
ductory papers and overviews of computer automation in 
GC were published by Gill (299, 300), Derge (210), Ander- 
son (21, 22), Ford (265), and Dessey (211). In discussing 
design philosophies, Deans (198) made the point that a 
data system should be developed towards the end objec- 
tive-the utilization of the analytical results. Looking to 
the future, Anderson (21) pointed toward the increased 
availability of lower cost hardware and bulk storage, an 
increasing shift toward firmware and software control, and 
in-house development of software in the future. The im- 
plementation of hierarchial computer systems was also 
foreseen for collection and processing chromatographic 
and laboratory data (492). An example of a hierarchial 
system handling 20 GC’s was given (355). 

The details of hardware and software considerations 
have been prerequisite to a thorough understanding of the 
effects on chromatographic data. Analog us. digital data 
transmission was evaluated with respect to the properties 
of data acquisition components (754). Busch (123) evalu- 
ated the relative merits of analog multiplexing to an ana- 
log-to-digital converter (ADC) and dedicated ADC’s with 
digital multiplexing. Hardware and software errors, sys- 
tem linearity, and the importance of system design were 
objectively discussed in a paper by Fozard et al. (267). 
The importance of developing accurate and meaningful 
algorithms was shown by Chesler and Cram (147, 148) in 
their treatment of the effect of peak sensing, digitization 
errors, and random noise on the precision and accuracy of 
peak shape analysis. Both Gaussian and asymmetrical 
peaks were considered, and the accuracy of measuring 
peak areas using different truncation limits, data acquisi- 
tion rates, and ADC’s was given. Reproducibility was 
shown to be limited by the effects of low frequency noise, 
regardless of the method of peak area apportionment 
(266). Although it is possible to obtain results which are 
not limited by the computer system but by the technology 
of chromatography, the effects of the sampling interval 
(485, 487), smoothing parameters, signal-to-noise ratio, 
deadband limits, peak shape, etc. must be minimized 
(830). 

Annino and Bullock (24) used a pseudo-random sample 
switching function and successfully developed correlation 
chromatography. Although their work was directed toward 
process control, their “proof of principle” will stand as a 
landmark in the next generation of GC. For highly precise 
thermodynamic characterization of chemical species and 
for parameter optimization, an on-line, dedicated GC sys- 
tem dramatically illustrated the concept of “new informa- 
tion” from chromatographic signals (836). The first 
closed-loop computerization for optimization of experi- 
mental conditions was reported which included real-time 
control of the sampling system, carrier gas flow rate, and 
temperature (855, 856). This work of Thurman and Burke 
also represents the enhancement of the power and poten- 
tial of all chromatographic studies and analyses. Statisti- 
cal moment analyses of asymmetrical GC peaks can only 
be measured accurately with digital data systems in order 
to reflect the time significance of phenomena such as col- 
umn overloading (169). 

Chesler and Cram (149) convoluted Gaussian, exponen- 
tial, and hyperbolic tangent functions to chromatographic 
peaks by iterative curve fitting. They pointed out that  the 
method can be extended to the resolution of overlapping 
peaks and the analysis of complex elution profiles, such as 
for the measurement of the rate of on-column chemical 
reactions. The curve fitting program of Clough, Gibb, and 
Littlewood (160) gave results repeatable to 0.2 to 0.3%. 
The role of computerization of GC for qualitative analysis 
by on-line interactive processing of GC-MS data incorpo- 
rated the experimentalist into the loop to make judgments 
regarding the selection of data and the mode of data re- 
duction (274). Peak identification by Kovats retention in- 
dices and adjusted relative retention times were compared 
and by means of a satellite IBM 1800 processor into an 
IBM 360-65, Kovats retention index system was found to 
be the method of choice (129). 

Peak area deconvolution of unresolved peaks remain a 
difficult problem because of the vast variability of peak 
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shapes. One algorithm was based on the minimization of a 
multi-parameter functional form by a combination of de- 
scent and linear least squares methods (732). The proce- 
dure was highly efficient, even in the case of strongly 
asymmetrical overlapping peaks. Fitting Gaussian curves 
(104) is easily done but neither accurate nor valid in prac- 
tice. Carle (231) derived an equation for calculating the 
resolution between adjacent peaks for peak heights which 
vary as much as the dynamic range of the instrument. 

Automation of GC should add system reliability as well 
as ease, speed, and precision of data handling. The former 
was accomplished by designing a programmable timer 
which used pre-cut program cards to select the computer 
program and automation time for each analysis (197). The 
software capabilities and limitations of data acquisition 
with digital integrators were compared for time share 
(415) and on-line mini-computer (83) data reduction. A 
precision of 1% in the peak area with an analog integrator 
and digital readout system was developed by eliminating 
the dead time between measurements (405). Klatt and 
Carr (488) built a low cost digital integrator, and pro- 
grammable calculators were shown to be an inexpensive, 
versatile, and easily programmed data handling system 
(540). 

The rapid development of GC computerization and con- 
stantly changing electronic technology has led to a prolif- 
eration of descriptions of systems in the literature. The 
relative merits of off-line systems using time-share com- 
puters were described with either fixed program pre-pro- 
cessors (301, 570), ADC’s and high speed paper tape 
punches (380, 556), or hybrid systems with mini-comput- 
ers (561 ) .  System configurations for on-line data handling 
predominated, perhaps largely because of availability. 
Large chromatographic laboratories ( >8 instruments) 
were serviced by an IBM 1800 (322) and an IBM 1130 with 
8K of core which included feedback control for activating 
valves, auto-injectors, etc. (180). A 40-channel multipur- 
pose EAI system (693), real-time batch monitoring SIGMA 
2 system with core resident peak area allocation programs 
(513), the Varian Data System acquisition unit which 
eliminated common-mode voltage effects (905), and the 
Siemanns System 300 which is capable of monitoring 60 
GC’s with 16K of core (62, 590, 666) were described, and 
all are indicative of large in-house systems presently in 
use. The flexibility of the large Mulheim PDP-10 on-line 
computer system allowed both extended off-line computa- 
tions and interactive multi-user time sharing (760, 761, 
949). A German hierarchial computer system was devel- 
oped to efficiently use satellite computers for on-line data 
acquisition in real-time (910). Smaller “mini’s” handled 
GC’s which incorporated as many as three detectors and 
pressure and temperature transducers (140), and were 
used to automate (391), control (914), and configure total 
systems (674). 

The first commercial application of large scale integrat- 
ed (LSI) circuits in analytical chemistry evolved the new 
concept of computing integrators (386). Random access 
and read-only memories permit the implementation of so- 
phisticated programs such as nonhorizontal base-line cor- 
rections. tangential peak splitting, and maintenance of 
optimum peak and base-line detection sensitivity and 
noise rejection in a laboratory size package for up to four 
GC’s. 

Some of the very interesting analytical applications of 
GC-computer systems included Burke and Ackerman’s 
(122) surface area measurements by frontal analysis, the 
determination of the temperature dependence of Kovats 
retention index (611), the use of simultaneous parallel col- 
umns (696), pesticide analysis (863), and Kaiser’s (440) 
ppb trace analysis a t  the *3% (relative standard devia- 
tion) error level. 

QUALITATIVE AND QUANTITATIVE ANALYSIS 
Qualitative Analysis-Retention Considerations. 

Qualitative analysis in gas chromatography in the classi- 
cal approach consists largely of comparison of the reten- 
tion of an unknown component with that of an authentic 
sample. Another major approach to qualitative analysis 
involves the combination of GC with other instrumental 
techniques such as mass spectrometry and infrared spec- 
troscopy. Both approaches will be covered in this review. 

The authors have noted a great increase in interest in 
the use of Kovats retention indices during the past two 
years for designating the position of an eluted peak in a 
reproducible manner and for studying the effect of molec- 
ular structure on retention. Berezkin (69) reviewed the 
state of the theory of retention indices and included con- 
sideration of Gibbs absorption coefficient. Lorenz and 
Rogers (542) caution that many factors affect the reten- 
tion index, and therefore it is not always a dependable 
means for the characterization of GC behavior. An equa- 
tion representing the errors from various sources was de- 
veloped by Takacs et al. (841). The dependence of the re- 
tention index on temperature is one consideration (218, 
611). Thermodynamic proof for Kovats system of reten- 
tion indices and the relation between retention time and 
carbon number were outlined (47).  The relationship be- 
tween retention data and molar volume can be used for 
the identification of organic compounds (929). The need 
for a polar retention index system based on a polar homol- 
ogous series was expressed by Grobler (330), and a series 
of mono-n-alkylbenzoles was used by Louis (544) as stan- 
dards in a “Quasi-Kovats” system for the reliable identifi- 
cation of aromatic compounds. A retention index system 
based on homologs of dimethylcyclopolysiloxane was de- 
vised (288), and it was found that there is a linear relation 
between the indices and the number of silicon atoms in 
the linear and cyclic dimethylsiloxane homologs. 

Useful tables of Kovats retention indices were published 
by several authors. These include a list of 195 commer- 
cially available non-olefinic hydrocarbons on Lukopren G 
1000, a liquid phase manufactured in Czechoslovakia 
(543); 109 organosilanes and siloxanes on Apiezon L, sili- 
cone oil DC 550, and di-(2-ethylhexyl)sebaccate columns 
(928); 56 substituted chlorosilanes on polymethylsiloxane 
PMS-20000 and polymethyltrifluoropropylsiloxane FS-303 
columns ( 9 ) ;  32 aromatic isothiocyanates on the non-polar 
and polar columns UCW-98 and DEGS (497); n-alkenes, 
cyclopentenes, and cyclohexenes on squalane, Apiezon L, 
and polyethyleneglycol 4000 columns (241); permethylated 
peptides on OV-1 and OV-17 (130); 26 saturated and un- 
saturated alcohols on 25 liquid phases (911) and 14 di- 
amines on Pennwalt 223 (365). 

Interest has been renewed in the use of retention indices 
in structure determination, the application originally sug- 
gested by Kovats for retention indices. Correlations be- 
tween retention indices and molecular structure were 
made for benzene and benzene derivatives (168); essential 
oils (950); mono- and sequiterpenic hydrocarbons (552); 
positional isomers of monofunctional, straight-chain C ~ O  
alcohols, acetates, ketones, epoxides, ethers, and olefins 
(81); branched-chain paraffins (137) and dimethyl paraf- 
fins (400); and olefins, cyclic hydrocarbons, and homologs 
of benzene (844). Retention indices for widely different 
mono- and poly-functional compounds may be predicted 
using the assumption that contributions from individual 
groups are additive (465, 535, 758). 

A correlation between chemical structure and retention 
of CIS steroids was reported in terms of “steroid numbers” 
(254). The Rohrschneider concept was recommended by 
Takacs et al. (448, 843), as an extension of retention index 
measurements since it was shown that the interaction be- 
tween a solute and the liquid phase can be characterized 
not only by the difference in retention indices but also by 
quotients of their indices. The concept of retention boiling 
point was introduced and suggested as a supplement to 
Kovats structural identification method (#), and the re- 
lationship between boiling points and retention indices of 
closely similar hydrocarbons was reported in two other 
publications (807, 809). Retention indices for normal 
chloro-, bromo-, and iodoalkanes with halogen substitu- 
tion in the 1-, 2-, and 3-positions were measured on Apie- 
zon L, tricresyl phosphate, and Carbowax 20M (136). The 
identification of sulfur constituents in crude oil was ef- 
fected by retention index measurements ( 7 ) .  Stereochemi- 
cal configurations of various terpenic mono- and di-alco- 
hols were established through retention index measure- 
ments (668). 

A thorough study of systematic errors in the determina- 
tion of retention times was made by Goedert and Guio- 
chon (307), and the effect of temperature gradients and 
fluctuations on gas chromatographic retention data was 
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reported separately (306). The influence of sample size on 
the retention of solutes for the case of a variable partition 
coefficient, or non-linear isotherm has also been tested ex- 
perimentally (520). Retention times were reported for 45 
saturated aliphatic esters on SE-30 (142), for fifty 2- and 
4-alkyl and alkenylpyridines on SE-52 (658), and for 23 
trimethylsilyl disaccharides on OV-1, OV-17, and OV-25 
(378). The separation of nine straight chain undecenes 
was effected and the components were individually identi- 
fied on purely chromatographic retention considerations 
(810). 

Qualitative Analysis-Ancillary Techniques. Recent 
developments in GC/IR, GC/MS, and GC/MS/computer 
were reviewed by Plant (684), and it was noted that such 
combinations as GC/thermal analysis/IR and GC/MS/IR 
are also in use. By far the most used ancillary instrument 
during the past two years has been the mass spectrometer 
with applications of GC/MS being now published a t  the 
rate of approximately 200 papers per year. The increased 
interest in GC/MS is exemplified by its use within just 
one governmental agency, the Environmental Protection 
Agency. It is reported (143) that the success of the first 
GC/MS installation in 1970 for the identification of pollu- 
tants resulted in a proliferation of such systems within the 
EPA with 19 units operating in August 1972 and an ex- 
pected increase to 50 units by 1975. The papers reviewed 
here will be limited largely to those in which fundamental 
developments in GC/MS and the other ancillary tech- 
niques were reported. 

Karasek (450) reviewed the interfacing of GC and MS, 
vacuum and system considerations, computerization, and 
commercially available units. The complete GC/MS/ 
computer system developed a t  Cornel1 employing a Digi- 
tal Equipment Corp. minicomputer was described by 
Venkataraghavan and McLafferty (880). A portable, self- 
sustaining GC/MS system developed by scientists a t  the 
Jet Propulsion Laboratories for the 1975 Mars lander with 
its unique hydrogen carrier gas recycling system was also 
briefly described (408). More complete details of the hy- 
drogen recycling system are given elsewhere (207). Other 
GC/MS/computer on-line (109, 384, 395) and off-line 
(709) systems were reported. 

Picogram amounts of drugs may be quantitatively mea- 
sured with GC/MS and the aid of a computer by scanning 
the magnetic field repetitively over a narrow mass range 
of 20-30 amu (49). Computer control of the accelerating 
voltage allows the determination of isotopic abundance 
ratios (395). A channel separating device that provides an 
analog signal for each ion independently was recommend- 
ed to adapt a low-cost mass spectrometer to a “slave de- 
tector” for GC (473). The construction, operation, and 
practical experience of an accelerating voltage alternator 
system which provides independent focusing for each 
mass, magnet stabilization, and a sweep option were de- 
scribed by Klein et al. (489), and gave accuracy in carbon 
isotope ratios of 1 part in 10,000. Comparison was made of 
selective ion monitoring us. repetitive scanning during 
GC/MS (592) with the conclusion that selective ion moni- 
toring is capable of greater sensitivity, but the greater 
versatility of repetitive scanning renders it superior for 
many applications. A palladium-silver alloy separator and 
hydrogen carrier gas may be used routinely for analysis of 
gaseous mixtures in the ppm range (805). The combina- 
tion of GC and chemical ionization mass spectrometry 
provides a new mass spectral technique (756). A double- 
focusing MS9 mass spectrometer was modified for use 
with GC to permit operation in both chemical ionization 
and electron impact studies (937). 63Ni was used as an ex- 
ternal MS ionization source allowing the detection of pi- 
cogram amounts of compounds of biological interest (398). 
The advantages of a quadrupole MS/GC unit was out- 
lined by Carrico (232), and a quadrupole mass filter was 
employed by Reeve as a sensitive and selective detector 
for direct gas chromatographic coupling (708). An im- 
proved polyimide ferrule for all-glass GC/MS systems 
made of Du Pont Vespel SP-1 resin has been used suc- 
cessfully for 12 months, does not cold-flow, and forms he- 
lium-tight seals when operating a t  50-70 psi pressure and 
300 “C temperature (567). A simple device for the intro- 
duction of mass calibrant into a GC/MS system was de- 
veloped (757). The direct coupling of a capillary column 

and a mass spectrometer was successful in the analysis of 
CII -CI~  reformed petroleum products (835). The means 
for circumventing the problem that molecular separators 
operate optimally at only one flow rate, are described in a 
study of flow programming GC MS (321). Small glass 

porous glass have adsorbing efficiency close to  100’7~ for 
GC fractions (447) and may readily be used for introduc- 
ing samples to the mass spectrometer. Details are given 
for the construction and performance of a membrane mo- 
lecular separator (327), a porous silver membrane separa- 
tor accommodating a wide range in flow rates (320), and a 
fritted-glass molecular separator fitted with a remotely 
operated high-temperature valving system to provide 
venting of unwanted GC effluent (593). 

Fundamental developments of GC/IR include a Ph.D. 
dissertation by Lephardt (521) in which an IR Fourier 
transform spectrometer was applied to the analysis of GC 
effluents. A double-beam, ratio-recording, grating-IR 
spectrometer that scans from 2.5-15 Fm in 6 seconds and 
can repeat every 8 seconds was designed for “on-the-fly” 
GC/IR research (677), and a novel “on-the-fly” GC/IR 
technique proposed by Lephardt and Bulkin (522) traps 
the solutes on a thin film of a cholesteric liquid crystal 
mixture coated on the face of an IR cell. Each component 
is adsorbed as it is eluted from the column, producing a 
zone that moves across the film, and the spectrum of each 
effluent is recorded as its zone traverses the film. The 
combination of preparative GC and micro-infrared spec- 
troscopy was evaluated for the analysis of phenothiazine 
and related drugs (202). Syn and anti isomers of acetal- 
doxime were separated by GC, and the IR spectra for the 
two isomers were determined (432). 

Other instrumentation which has been coupled with a 
gas chromatograph includes centripetal thin-layer chro- 
matography (422) and other forms of TLCiGC coupling 
(89, 268, 531). A flame photometer for ppm ’levels of alkyl 
lead compounds in gasoline (623), a plasma chromato- 
graph (454), NMR with flow cell inlet coupled to a gas 
chromatograph (862), and a laser-Raman spectrometer 
with trapping of nanoliter quantities of GC fractions in 
glass capillary tubes for use in the coaxial (180”) mode of 
a Cary 81 spectrometer (652). 

Quantitative Analysis. Fundamental research on new 
quantitative methods has been rather sparse during the 
pase two years. Derge published a two-part article in 
which the effect on the reliability of quantitative results 
of (I) sample preparation, sample introduction, the col- 
umn characteristics, and detector design and electronics 
(209) and (11) electronic data acquisition, integrators, and 
recorders (208) are reviewed. A method was proposed for 
determination of the full area of chromatographic peaks 
extending beyond the limits of a recorder chart which is 
based on a Gaussian curve approximation to the peak 
shape recorded (733). Barry and Rosie (56, 59) reported 
that the relative molar response factors for the thermal 
conductivity detector may be accurately predicted from 
thermal conductivity coefficients and other physical prop- 
erties of the chromatographic fraction and the carrier gas. 
A decrease in the net signal response owing to the back- 
ground signal in the flame ionization detector from liquid 
phase bleed was reported by Novak e t  al. (648). 

Solid organic compounds, mostly aromatic hydrocar- 
bons, were studied as internal standards for quantitative 
measurements by determining their retention times on 
five different columns a t  temperatures ranging from 125- 
275 “C (257). The contribution of an overlapping peak to 
the peak height may be subtracted by a manual method 
(615). Grushka and Monacelli (342) employed a slope 
analysis method for recognizing strongly overlapping dou- 
ble chromatographic peaks. Mch’air and Cooke (582) 
monitored peak symmetry as a function of increasing 
sample volume by determination of the statistical mo- 
ments of skewness and kurtosis. A rapid, easily pro- 
grammed technique requiring only two data points per 
peak was developed for resolution of overlapping peaks 
(718), but the method assumes a Gaussian shaped peak. 
An algorithm and FORTRAN program for the evaluation 
of the area of unresolved chromatographic peaks, even 
those strongly asymmetric, have also been published 
(732). Other authors have also considered computer de- 
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convolution of overlapping peaks, resolution of peaks, and 
peak area measurement (131, 160, 266, 559). The inherent 
errors involved in computer and integrator methods that 
simply drop a perpendicular to the base line in allocating 
areas of overlapping peaks have also been emphasized 
(486). 

METHODOLOGY 
Carrier Gases. The influence of carrier gas pressure on 

column efficiency and stationary phase selectivity has 
been treated by Russian workers (892). They considered 
the role of pressure gradients along the column, the effects 
of turbulent flow, and the measurement of physicochemi- 
cal properties under supercritical conditions. A mercury 
displacement pump was used to Jentoft and Gouw (430) 
to obtain supercritical pressures with C02 as the mobile 
phase in their separation of a mixture of C&220 n-alkyl 
bromides. Further experimental work using supercritical 
mobile phases has been described by Rijnders, Bleumer, 
and van Krevelen (715). 

Unconventional mobile phases such as 0 2 ,  for the deter- 
mination of small quantities of N2, H2, and He in reactive 
propellants (628), and ligand vapors for minimizing disso- 
ciation of metal chelates during separation have been re- 
ported (283). Mixtures of alcohols, organic acids, and 
amines were separated on adsorbent columns (GSC) with 
a minimum amount of tailing by using steam as the car- 
rier gas (642). One group has even used steam with capil- 
lary and preparative scale columns to suppress sorption, 
and thereby elute sharp symmetrical peaks, and to 
prolong the life of the column packings (734). 

Theoretical studies in chromathermography have de- 
rived equations to characterize the chromatographic pro- 
cesses for separations with a moving temperature field 
and in the absence of a carrier gas (788, 933). These 
theories consider the band broadening diffusion and, 
therefore, the equation for the concentration profile along 
the column can be derived. Russian workers demonstrated 
the analysis of low concentration components in mixtures 
on the basis of chromathermography under overloading 
(793). 

Sampling and Sample Preparation. The significance 
and importance placed on sampling in chromatographic 
analyses in recent years has culminated in the publication 
of new sampling systems, modifications of others for spe- 
cific analyses, and the development of devices which are 
based on chemical and physical phenomena. Thus, it is 
ex ected that an increased emphasis on precision, chemi- 

the sampling process, and applications will be of increas- 
ing importance in the future. In the latter case, Harris 
(368) showed by Raoult’s Law that the band width of the 
sample a t  the inlet should not contribute significantly to 
the effluent band width for best resolution of large sam- 
ples. 

The state of the art in precision sampling was reported 
by Bowen, Cram, Leitner, and Wade (103) in their de- 
tailed evaluation of injection peak profiles through a sta- 
tistical moment analysis. Using computer control of sever- 
al automated sampling valves, they achieved relative 
standard deviations of *0.1% in the peak area and a re- 
producibility of 1 part in 120,000 for retention data. Selec- 
tivity and sensitivity in sampling has been demonstrated 
by the use of pre-column concentration and separation 
techniques. For example, fatty acids in complex biological 
mixtures were preseparated by TLC in a closed system 
where the carrier gas swept the vaporized TLC fractions 
directly onto a GC column (531). A method for the deter- 
mination of sub-ppb amounts of lindane by centripetal 
thin layer chromatography combined with GC was de- 
scribed (422). Polycyclic aromatic hydrocarbons in auto- 
mobile exhaust were separated into naphthalene through 
fluoranthene and benanthracene through dibenzopyrene 
fractions on a Sephadex column prior to GC analysis (326, 
327). 

A study of the preservation of biological tissue for orga- 
nochlorine insecticide analysis showed breakdown of 
p,p‘-DDT to p,p’-TDE occurred in livers stored in formal- 
dehyde, resulting in major error in the analysis (278). U1- 
trasonic homogenization in the presence of a surfactant 

ca P selectivity, sensitivity, fundamental considerations of 

solubilized or stabilized hydrocarbons in water for GC 
analysis (312). Kaiser (439) enriched volatile compounds 
from gases by means of a temperature gradient tube. Sor- 
bent materials may be combined with the thermal focus- 
ing technique for application to a wider diversity of appli- 
cations. The method has the additional advantage of 
being a locally separated collection so as to prevent chem- 
ical reaction of the enriched traces with each other. 

Precolumns permitting septumless injection minimized 
the solvent effect by partially venting the solvent during a 
temperature program of the precolumn (246). A carbon 
adsorption column efficiently and reproducibly concen- 
trated 11 chlorine and 10 phosphorus pesticides from 
water (239). However, poor recoveries were reported when 
the pesticides were stripped with ethyl ether and hexane. 
Hydrocarbons up to toluene in crude oil were concentrat- 
ed on a Chromosorb W (20% Apiezon L) precolumn (503). 
Refrigerated silica gel columns preconcentrated C2 to Cs 
hydrocarbons in air (110), and headspace gases over or- 
ange juice were sorbed on Chromosorb 101 because it did 
not retain water vapor (763). Subtractive GC was useful 
in determining trace hydrocarbon impurities (636). The 
sample was injected through a precolumn of 5A Molecular 
Sieve which adsorbs the principal sample constituent and 
only the impurities enter the GC column. 

High pressure sampling devices were patented (401) and 
methods were published for vapor-liquid systems up to 
1000 psia (477). A sample valve for direct transfer from 
pressurized sources into the GC (927) and a “syringe grip- 
per” for syringe injection of high pressure gas samples 
were shown to offer improved performance (704). Other 
nonconventional sampling systems included a vacuum 
sample inlet system (381), a method for low pressure 
sources (538), a vaporizer which was unaffected by pres- 
sure changes of the carrier gas or temperature changes of 
the sample (373), a gas-liquid equilibrium system (562), 
and sealed source injectors (224). 

Wade and Cram (896) illustrated fluidic logic for auto- 
mated GC sampling. The unique aspect of this injection 
system was that there were no moving parts. Valves pat- 
ented by Harris and Harris featured a receiving chamber 
for high accuracy (366) and a Teflon tube with a recipro- 
cal plunger (367). However, Roper (726) pointed out that 
the permeability of polytetrafluoroethylene can cause er- 
rors in GC analysis by diffusion of materials into the car- 
rier gas and absorption of permanent gases. 

Innovations in syringe techniques described sampling 
moderately pressurized gases and liquids (647), gas sy- 
ringes heated to 300 “C (478), a syringe dilution method 
for exponential calibration (263), and an autosampler for 
solids, liquids, and gases (659). Capsule injection systems 
for solvent-free operation ( 5 ) ,  and other solid sampling 
systems were developed for biological materials. These in- 
cluded an all-glass system for steroids in body fluids 
(874), a means of micro-functional group analysis of dried 
extracts (459), and systems described specifically for ste- 
roids (303), steroid hormones (706), and barbiturates in 
urine (705). Reproducibility of light hydrocarbon analyses 
with the indium tube technique was found to be superior 
to syringe sampling (232). The injector of Pease (675) pro- 
vides for on-column injection of solids without interrup- 
tion of column gas flow and may be precooled if required. 
Sealed ampule methods were particularly valuable in 
avoiding fractionation and loss of volatiles for radiolysis 
(29) and reaction kinetics studies (392). A new injector 
design which prevented contamination from the septa 
proved especially valuable in air pollution, aroma, and 
trace analysis studies (657). Two methods were described 
for establishing septum bleeding. In addition to septum 
conditioning (943), a water cooled septum holder exhib- 
ited negligible bleed a t  temperatures as high as 450 “C 
(876). 

Thermal techniques for sampling ranged from cryogenic 
concentration and enrichment methods for air samples 
(703) and head space vapors of food aromas (707, 712) to 
programmed temperature sample vaporization of low vol- 
atility compounds (588). Thermal pyrolysis oxidized sulfur 
compounds in the ppb range to SO2 for detection by mi- 
crocoulometry (235). 

Pyrolysis, Photolysis, and Reaction-GC. A bibliogra- 
phy of vapor phase thermal fragmentation was prepared 
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by Sarner (746) and the pyrolysis GC of polymers re- 
viewed (18). Two detailed comparisons were made (15, 
903) of the various pyrolyzer types for polymer character- 
ization-vapor-phase, boat, filament, Curie point, ribbon, 
and laser pyrolyzers-with the conclusion that there is no 
single design that  is optimum for all polymeric samples 
(903). US. (925) and Russian (17) patents have been filed 
on pyrolysis devices. The Curie-point pyrolysis method is 
adaptable for the analysis of biological samples such as 
bacteria, but further development will be necessary for 
achievement of a useful degree of interlaboratory repro- 
ducibility (592). The temperature rise time and a new 
method of measuring the “true pyrolysis temperature,” a 
value below the final equilibrium temperature of the heat 
source and related to the power supplied to the pyrolyzer, 
was reported by Levy et al. (524). Merritt and Robertson 
(587) proposed that  a development of set theory-namely, 
the Khinchine entropy function-can provide unique di- 
agnostic characteristics when applied to the quantitative 
distribution of pyrolysis products, but functions calculat- 
ed in different laboratories vary owing to the interlabora- 
tory nonreproducibility of pyrolysis. Pyrolysis on a tung- 
sten filament using current pulses from a 3000-pf condens- 
er provide an impulse energy of 1.35 joules and a pyrolysis 
time of 0.01-0.1 sec (936). Studies of laser pyrolysis of 
polymers have continued with the sample applied as a 
thin film on the surface of a blue cobalt glass rod to facili- 
tate absorption of the laser beam energy (247), and the 
effects of experimental variables such as laser beam ener- 
gy and sample film thickness on the distribution of degra- 
dation products were determined. In order to absorb light 
energy, carbon power was mixed with the sodium salts of 
aliphatic carboxylic acids and subjected to laser thermal 
degradation (494). Carbon loading, however, affects prod- 
uct distribution of laser-induced degradations (716). 

Juvet et al. (437) proposed photolytic degradation as a 
more reproducible substitute for all techniques dependent 
upon thermal degradation and showed that, in addition to 
polymer identification, trace additives of antioxidants and 
plasticizers in polymers may be identified and quantita- 
tively determined. Photochemical degradation was shown 
to be an ideal approach for the determination of trace 
pesticide residues on food products (304), where all pesti- 
cides investigated-heptachlor, heptachlor epoxide, trans- 
chlordane, 1-hydroxychlordene, chlordene, nonachlor, 
dieldrin, aldrin, p,p’-DDT, p,p’-DDE, and p,p‘-DDD- 
gave characteristic degradation patterns. The photolytic 
degradation of triglyceride esters (735) and of ethyl fluo- 
ride at  147 nm (138) were also reported. 

Novel applications of pyrolysis GC include differentia- 
tion of normal and pathological microbial cells (710), 
pathogenic microorganisms (359, 585), and other com- 
pounds of biological interest such as proteins, carbohy- 
drates, blood components, glandular secretions, muscle, 
nut oils, and pollen (624); the identification of surfactants 
by cleavage of hydrophobic groups (526); the determina- 
tion of combustible carbon in carbonaceous chondrites 
(248); the identification of flame retardant textile finishes 
(170) and fiber analysis for forensic purposes (780); other 
forensic determinations such as the analysis of adhesives, 
plastics, soils, drugs, fibers (918), and thermosetting 
acrylic resins used in automotive enamels (558); the py- 
rolysis of the organometallic compounds, tetramethyltin 
(433) and trimethylantimony (694); the direct determina- 
tion of organic carbon in water by reductive pyrolysis 
(845); the determination of chlorine and bromine (156) 
and oxygen (676) in organic compounds; the pyrolysis of 
copolymers with methods developed for distinguishing be- 
tween copolymers and their homopolymer mixtures (13, 
363); and the pyrolysis of sterols (289). 

Advances in reaction GC include the combination of GC 
and reaction microchemistry for the determination of car- 
bon, hydrogen, nitrogen, and oxygen, functional groups, 
and heteroatoms present (529); the analysis of difficulty 
saponifiable esters (272) and polymeric amides, urea, and 
nitriles using alkali-fusion (273), the analysis of sulfur 
compounds (269, 864), the location of double bonds by 
means of ozonolysis (407, 4341, the quantitative determi- 
nation of active hydrogen in organic compounds based on 
reaction with a Grignard reagent (412), the analysis of 
SO2 and SO3 mixtures (219), the analysis of aqueous 

phosphate by reaction with bis-(trimethylsily1)trifluoroa- 
cetamide-1% trimethylchlorosilane to form the volatile 
trimethylsilyl derivative (922) ; and the determination of 
alkoxy groups (157) and of primary amino groups (411) in 
organic compounds. 

Precolumns have been used for the selective removal or 
subtraction of alcohol and carbonyl compounds (184), al- 
dehydes and ketones (362), and nitrogen bases (282). Sub- 
tractive methods were used in the determination of sever- 
al functional groups by reaction of the unknown with 
chemical reagents within a syringe and analysis of the sy- 
ringe head space vapors by GC (444). 

Temperature and  Flow Programming. In a review of 
the basic principles and effects of temperature and flow 
programming in preparative scale gas chromatography, 
Kaiser (441) concluded that the combined use of locally 
limited temperature programming/pressure programming, 
together with column switching, heart cutting, and back- 
flushing produced the most effective results. 

Experimental studies on the optimization of the pro- 
gram rate in temperature programming (155) and the ef- 
fect of temperature gradients and fluctuations on reten- 
tion data were reported (306). A cryogenic trap installed 
between the flow control system and the injection port 
was effective in eliminating spurious peaks in sub-ambi- 
ent programming (594). The use of an equivalent isother- 
mic index, ITo,~, was proposed for the identification of 
members of homologous series in linear temperature pro- 
gramming (311). Series of alkanals, 2-alkenals, 2-alka- 
nones, and 2,4-alkadienals were identified on this basis in 
fish. 

A linear relationship between relative retention program 
temperature data and the logarithm of isothermal relative 
retention data for adsorption gas chromatography was de- 
rived by Takemura (846) in a continuation of his earlier 
studies. Franck et al. (270) showed that evaporation 
enthalpies could be determined by linear temperature 
programming with an  error of less than 2% when the car- 
rier gas flow rate is held constant. 

Longitudinal temperature gradients in programmed 
temperature gas chromatography were studied theoreti- 
cally and experimentally. Effects of the rate of change of 
the gradient, program rate, column length, and initial 
gradient temperature on retention times were investigated 
and found to agree with theoretical predictions (1 73, 253). 

The dependence of retention indices, peak heights, and 
peak areas on the carrier gas flow rate showed that quali- 
tative and quantitative analysis can be carried out under 
conditions of flow programming gas chromatography (52).  
Retention indices were found to be independent of carrier 
gas flow rates up to 500 ml min. but because peak heights 

flow rate, an internal standard was required for quantita- 
tion. Grayson, Levy, and Wolf (321) cited the use of flow 
programming in GC-MS where column bleed is normally 
a deleterious effect. In order to circumvent the problem of 
a change in molecular separator efficiency with flow rate, 
they suggest various splitter arrangements and means of 
providing an auxilliary carrier gas supply. 

Trapping. Condensing glass capillary tubes (111) and 
electrostatic precipitating devices (90) have been granted 
patents as fraction collection devices for gas chromatogra- 
phy. A vapor phase collection system reported by Verdin 
(881) prevents contamination by solvents or adsorbents by 
trapping the effluent in a 50-ml glass coil a t  room temper- 
ature. 

On-line coupling of gas chromatographs and mass spec- 
trometers has largely eliminated the need for fraction col- 
lection and trapping. The necessity for identification in 
trace organic analysis obviates off-line methods which are 
not effective for quantities less than 10 pg, such as cryo- 
genic trapping (804) and adsorption on porous glass traps 
(447, 455). The latter method has the additional disad- 
vantage of increasing the back pressure on the column 
and causes an imbalance in non-destructive detectors 
such as thermal conductivity. 

MISCELLANEOUS 
Physical-Analytical Measurements. A number of 

studies have been completed related to the measurement 
of the heats of adsorption using gas chromatographic 

and areas are influenced L y a change in the carrier gas 
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methods. A new method was described and evaluated for 
the simultaneous determination of the adsorption iso- 
therms of two components in gas-solid systems (295), and 
a Russian patent was issued for a chromatographic meth- 
od for the estimation of adsorption isotherms of gases and 
vapors (860). Okamura and Sawyer (653, 654) studied the 
relationships between molar refraction, dipole moment, 
and specific interactions, and differential enthalpies, en- 
tropies, and free energies of adsorption on sodium sulfate 
modified alumina and silica columns. A non-static im- 
pulse method was used for determination of adsorption 
and desorption rate constants (931). Plots of the logarithm 
of the retention of hydrocarbons and fluorocarbons on par- 
affin and ester liquid phases us. the reciprocal of the abso- 
lute column temperature near the melting point of the 
liquid phase suggests an apparent increase in the melting 
point of the liquid phase film in direct contact with the 
support (775). A method was presented for evaluation of 
the contributions to solute retention of bulk liquid solu- 
tion, solid adsorption, and liquid-gas interface adsorption 
(827). Two methods for obtaining meaningful partition 
coefficients (or retention volumes) from chromatographic 
peaks which result from concurrent solution and adsorp- 
tion partitioning mechanisms were compared by Liao and 
Martire (527) and an alternative approach was suggested. 
Adsorption isotherms on a liquid phase-solid adsorbent 
surface have been measured (71). Measurements were also 
made of heats of adsorption for Cq, Ca, and c6 hydrocar- 
bons on cobalt oxide (619, heats of adsorption and Henry 
constants for cI-c6 alkanes, alkenes, alkadienes, alkynes, 
cyclanes, and cyclenes ( 4 3 ) ,  differential heats and entro- 
py of adsorption and the change in the chemical potential 
of C6-c30 alkenes (240) and the isotherms and isosteric 
heats of adsorption in the region of very low surface cover- 
ages for propylamine and acetic acid (214) on graphitized 
thermal carbon black. Henry's law constants, isosteric 
enthalpies, and potential energies of adsorption, and sur- 
face area of activated coconut shell carbon using nitrogen 
and methane (102) and the adsorption heats of carbon 
monoxide and benzene on various Zeolites (96) were also 
measured. 

Several workers have made use of frontal analysis chro- 
matography in physical-analytical measurements since 
this procedure is among the best chromatographic ap- 
proaches for studying solution effects in finite concentra- 
tion ranges (145). Surface areas and adsorption isotherms 
were measured by computer analysis of frontal analysis 
data by Burke and Ackerman (122). Liquid surface ad- 
sorption effects for the system 2-propanol in n-heptadec- 
ane (667) and adsorption isotherms and heats of absorp- 
tion of water and methanol on Porapak R (673) were 
among the investigations made using the frontal chroma- 
tography approach. 

Korol (499) prepared a comprehensive review in Russian 
citing 152 references to the determination of thermody- 
namic functions by GC and including such topics as the 
evaluation of molar entropies, heats, free energies, and 
activity coefficients, the frontal analysis method, and the 
thermodynamics of solution in medium and high concen- 
trations. The reliability of activity coefficients and partial 
molar excess enthalpies (920) and of heats of vaporization 
(222) measured by GC was evaluated using statistical 
methods. The variation of the free enthalpy of vaporiza- 
tion of the solute with the pressure of the carrier gas along 
the column was considered (1 ) .  Equations were derived in 
which partition coefficients, partial molar enthalpies, en- 
tropies, and free energies of solution, relative activity 
coefficients, and other thermodynamic quantities were es- 
timated using Kovat's retention index measurements 
(309). The accuracy of such determinations was consid- 
ered in another publication (310) and compared with the 
evaluation of these same functions using specific retention 
volumes. A new procedure was developed for the estima- 
tion of the surface area of adsorbents from the second and 
third gas-solid Virial coefficients measured gas chromato- 
graphically (737). The dependence of activity coefficients 
on concentration may be predicted using a simplified ver- 
sion of Wilson's equation for excess free energy (404). 
Roberts and Hawkes (71 7) claim current definitions of ac- 
tivity coefficient based on mole fraction are unsatisfactory 
for polymeric liquid phases, and they propose a definition 
independent of molecular weight of the liquid phase. 

Functional group contributions to liquid phase activity 
coefficients for binary systems have been established from 
retention measurements (752). The GC method for evalu- 
ating activity coefficients was simplified so that it may be 
used as an experiment for undergraduate physical chemis- 
try students (55) .  Sorption-desorption thermodynamics 
was evaluated for 13 low molecular weight compounds on 
two polymers used in packaging, polyethylene and polyvi- 
nyl chloride (877). AS", AF", and AH" of solution for 
c 5 - C ~  hydrocarbons in dinonylphthalate (890), the satu- 
ration vapor pressure of perfumes (895), and sorption 
thermodynamics for several solutes on various mixtures of 
the binary liquid phase system, 2,4,6-trinitrotoluene + 
1,2,3-tris-(?-cyanoethoxypropane (891) were measured by 
Russian workers. 

Purnell (697) has been granted a U S .  patent for the use 
of a mixture of two selected liquid phases a t  such a com- 
position that the apparent partition coefficient of a solute 
on the mixture is constant over an extended range in tem- 
perature. The aqueous solubilities of n-alkyl-p-aminoben- 
zoates were determined by GC in the evaluation of parti- 
tion coefficients of these materials in the silicone oil- 
water and the hexane-water solvent systems (930). The 
evaluation of equilibrium constants for complex-forming 
reactions between a volatile solute and a non-volatile re- 
agent dissolved in a stationary liquid phase was consid- 
ered in some detail by Eon, Pommier, and Guiochon 
( M ) ,  and the association constants of complexes formed 
between silver salts in ethylene glycol and substituted 
alkenes were measured (204). Vapor-liquid equilibrium 
constants for methane and carbon dioxide in the CH4- 
COz-n-octane system were measured a t  several subam- 
bient temperatures (477). Heats and entropies of isomer- 
ization and isomerization equilibria of positional and ste- 
reoisomers of hexene were evaluated (702). Diffusion of so- 
lutes in long-chain solvents was the subject of another in- 
vestigation (124) in which equations were developed relat- 
ing carbon number and temperature to diffusivities of n- 
alkanes in methyl silicones and n-alkanols in polyethylene 
glycols. The effect of salts on the diffusion coefficients of 
non-electrolytes in aqueous solutions (852) and the effect 
of lithium chloride on the solubility, AGO, AH", and AS" 
of alcohols, esters, and ketones in polyethylene glycol 400 
(79) was studied. 

Other physical-analytical studies include the thermody- 
namic stability of monoethylalkanes (618) and isomeriza- 
tion equilibria for methylpentanes and methylheptanes 
(721) over aluminum halides, the kinetics of the homoge- 
neous gas phase elimination of ethylene from triethylalu- 
minum (163), the kinetics and mechanism of the reaction 
of fluorine with trichlorofluoromethane (264), the deter- 
mination of the relative esterification rates of the isomeric 
hexanoic acids (803), and the kinetics for the decomposi- 
tion of tetraalkylammonium salts in chloroform and ace- 
tone (493). 

Inorganic GC.  The analysis of inorganic and organome- 
tallic compounds by GC continues to be a very active area 
of investigation. Anvayer and Drugov (25) reviewed the 
literature on the analysis of inorganic substances by gas 
chromatography and covered the metals and their oxides, 
hydrides, halides, chelates, solid non-metals, and isotopes. 
The direct determination of metals in alloys is not com- 
mon; however, a super high-temperature gas chromato- 
graph, which has operated successfully a t  temperatures up 
to 1350 "C, was applied to the quantitative determination 
of magnesium and zinc in aluminum alloys (811). Anion 
analysis (carbonate, sulfite, and sulfide) was also reported 
(576). 

Gas chromatographic separations of inorganic com- 
pounds are generally performed with the metals as ha- 
lides, hydrides, chelates, or organometallics. An electron 
capture detector (207) and a thermal conductivity detec- 
tor (108) were tried for inorganic chlorides and organome- 
tallic chlorides. GC has been used in the quantitative on- 
line analysis of chlorine, boron trichloride, and boron ni- 
tride (217). Two Russian groups (510, 518) independently 
studied the determination of trace organic impurities in 
AsC13. The nonideality of metal chloride vapors with a 
comparison of theoretical and experimentally measured 
second virial coefficients was examined by Zado and Juvet 
(941) in a study of the separation of SbC13 and MoC15 by 
GC. Cheder and Juvet (150) showed that anion exchange 
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of halides may be performed rapidly and quantitatively on 
a chromatographic column, and these authors investigated 
the advantages of metal iodide and metal bromide separa- 
tions. Deans and coworkers (191) reconfirmed the separa- 
tion of a number of metal fluorides using Kel-F oil as liq- 
uid phase and a flame photometric detector. The separa- 
tion efficiency, retention time, elution order, and other 
features for uranium hexafluoride and other corrosive 
compounds were shown (36) to be affected by the type of 
polymer support used-Chromosorb T ,  Fluoropak 80, So- 
reflon 5A, and Voltalef 300LD. Sulfur hexafluoride is elut- 
ed before oxygen using a 5A Molecular Sieve column at  23 
“C and was recommended by Simmonds, Lovelock, and 
coworkers (794) as a meteorological tracer. Xenon difluo- 
ride and xenon tetrafluoride were separated on Kel-F 10 
oil using PTFE or MgF2 as the solid support (11). Sokolov 
and Vakin (813) designed a flame ionization detector with 
quartz jet for use with metal chlorides and certain metals 
a t  temperatures up to 860 “C. The value of the flame pho- 
tometric detector for metal containing compounds was re- 
conirmed by Aue and Hill (40-42, 388), and operation 
with a hydrogen-rich flame in conjunction with a regular 
flame ionization detector was evaluated. Attempts to 
measure the ratios of chlorine, iodine, bromine, sulfur, 
and phosphorus emission to carbon emission and the fac- 
tors affecting these ratios with the microwave-excited 
emission detector was described by Dagnall et ul. (192). 
Mixtures of SiC14, Clz, CoC12, Ar, Nz, CO, and COZ were 
analyzed in a 7-minute period using three columns and 
three separate detectors (61). 

Several metal hydrides may also be eluted chromato- 
graphically. Two independent Russian groups have pub- 
lished on the determination of trace organic and inorganic 
impurities in arsine (612, 954). Decaborane, a substituted 
boron hydride, was eluted from an OV-1 column and de- 
tected in amounts of 0.71 ng using a flame photometric 
detector a t  546 nm (816). These same authors have sepa- 
rated BZH6, BsH9, B6H10, and B10H14 on OV-17 (815). 
Residues of phosphine present in sugar cane grown in soils 
treated with zinc phosphide rodenticide may be detected 
to the 20-pg level with a flame photometric detector (719). 

A number of papers were published this biennium on 
the separation of volatile metal chelates. The ternary iron- 
(11) and iron(II1) adducts of 1,1,1,5,5,5-hexafluoro-2,4- 
pentanedione and tri-n-butyl phosphate can be eluted 
(858). Thenoyltrifluoroacetates of beryllium(II), aluminu- 
m (III) , scandium (111) , vanadium (IV) , chromium ( In) ,  co- 
balt(II), nickel(II), and copper(I1) may be quantitatively 
eluted from 1% loaded columns of DC 710 (416). Other 
studies include the elution of 6-diketone, monothio-P-dike- 
tone. bidentate 8-ketoamine and tetradentate P-ketoam- 
ine complexes of copper, nickel, palladium, and plati- 
num (66); the determination of trace amounts of nickel, 5 
x 10-11 gram, as the monothiotrifluoroacetylacetonate 
(S), and the determination of chromium with a flame 
photometric detector a t  425.4 nm (729). The asymmetry 
of chromatographic peaks, often observed with metal che- 
lates and attributed to dissociation of the chelates in the 
liquid phase, may be eliminated by use of a carrier gas 
containing the ligand vapor (283). The separation of rare 
earth elements continues to receive interest with work re- 
ported on the thermogravimetry and GC of rare earth p- 
diketones (871), rare earth metal pivaloyltrifluoroacetono 
adducts of tributyl phosphate or trioctylphosphine oxide 
(872), the separation of the lanthanides, U022+, and 
Th(1V) complexed with mixed ligands, dodecafluoro-4,6- 
octanedione or decafluoro-3,5-heptanedione in combina- 
tion with organic neutral donors such as tri-n-butylphos- 
phate, tri-n-butylphosphine oxide, or di-n-butylsulfoxide 
(791, 792), and other lanthanide mixed-ligand complexes 
(120, 121). Meloan and coworkers (285, 641) report a di- 
rect and a differential method for determining the water 
associated with metal chelates and solvation numbers in 
various solvents. Ultramicro amounts of selenium in 
“pure” tellurium were determined by GC analysis of the 
4-nitro-o-phenylenediamine complex (784) and picogram 
amounts of chromium in blood plasma and serum and of 
beryllium in an environmental residue by GC/MS of a tri- 
fluoroacetyl derivative (926). 

The determination of methylmercury in fish by GC was 
the subject of several investigations. The procedure of 
Westdo was tested over a 1-year period and showed a limit 

of detection for methylmercury of 0.02 ppm using an elec- 
tron capture detector and certain modifications of the ex- 
traction and cleanup steps (445). Another procedure is 
said to be sensitive to 0.01 ppm (870). The procedure used 
for methylmercury at  the Pitlochry freshwater fisheries in 
Scotland was also described (394). Bacterial degradation 
of methylmercury in lake sediments was measured by an- 
alyzing headspace for methane, a degradation product 
(817). Inorganic mercury may be determined by GC by 
conversion to  a phenylmercury salt (436). When phenyl- 
mercury salts are injected into a gas chromatograph, they 
are converted in the injection block into diphenylmercury 
as the chief product (63, 228). A novel combustion-detec- 
tion technique which avoids the conversion of dialkylmer- 
curials to their salts for electron capture detection was 
developed for the analysis of raw river water (229) and ap- 
plied for the determination of four homologous dialkyl- 
mercury compounds. A mercury-specific detector making 
use of the absorbance of mercury resonance radiation at 
253.7 nm after conversion to the elemental state was ap- 
plied to GC (539). Exchange reactions were studied gas 
chromatographically of bis-triethylgermanyl/mercury with 
organotin halides (507). Organoarsenic compounds (1 75, 
176, 769) and organosilicon compounds (8, 139, 797, 798, 
831, 833) were eluted gas chromatographically, the vast 
majority of this work with organosilicone compounds 
being conducted by Russian scientists in the past two 
years. Automated purity control of chlorosilanes using an 
on-line Russian process control gas chromatograph was 
disclosed (46) and the gas-liquid critical temperatures of 
polydimethylsiloxanes with two to eight silicon atoms per 
molecule was reported (938). Umilin and coworkers (867) 
measured the temperature dependence of vapor pressure 
of bis-arenyl-r-complexes of vanadium and successfully 
eluted various ethylbenzoyl-molybdedenum organometal- 
lics gas chromatographically (866). Tin (584), selenium 
and tellurium (262), chromium (467), and thallium (695) 
organometallic compounds are among those which have 
now been evaluated gas chromatographically, and re- 
search on the elution of nitrogen oxides (76, 334) and or- 
ganophosphates, and other phosphorus esters was active 
(399, 771 ) . 

Finally, a few interesting and nova1 applications include 
the GC determination of penicillins (389), the identifica- 
tion and quantitative determination of microgram 
amounts of “street heroin” (212, 625), hallucinogens (779), 
and the drugs in opium extract (64), a GC/MS reference 
data system with M S  base peak index for 133 drugs of 
abuse (259), and a rapid f < 3  hr) analytical method for 
emergency drug analyses (796). The analysis of the C15- 
c36 n-alkanes in air particulate matter (377), the identifi- 
cation of spilled residual fuel oils (464), and the charac- 
terization of organic components in municipal water 
supplies (490) are representative of the many applications 
of GC to pollution studies. The artificial sweetening 
agents, saccharine, cyclamate, and dulcin, may be simul- 
taneously analyzed (498). Numerous steroids in umbilical 
cord blood plasma (511) and in Florida Spanish Moss (35) 
were separated by GC. Chromatographic methods have 
been developed (728) for the analysis of protein and pep- 
tide structures making use of the 2,4-dinitrofluorobenzene 
derivatives of N-terminal amino acids, and North Atlantic 
Ocean Waters provided a source for the analysis of nano- 
molar quantities of free amino acids (685). The volatile 
components in roast beef, roast beef drippings (528), and 
17 varieties of black pepper (713) were the subjects of 
other studies. Trimethylarsine (1  76), dimethylselenide 
and dimethyltelluride (262) are formed from the microor- 
ganism, Candida hurnicola, and a strain of Penicillium, 
respectively, found in raw sewage. The components of riot 
control agents may be separated and determined using 
GC methods (944). Gas chromatographic studies of the 
anal gland secretion of the red fox by Fox ( l o ) ,  the identi- 
fication of the components of the sex odor in pork (853) 
and the two synergistic sex pheromones of the summer 
fruit tortrix moth, adoryphes oranu (583), as well as the 
analysis of fluphenazine and its sulfoxide in the urine of 
chronic schizophrenic patents (474) and the identification 
of the malodorous component of a schizophrenic’s sweat 
(801) are ample examples of the great versatility and im- 
portance of this analytical tool in many fields of endeavor. 
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