
: -- A c&id revieU, lof the current situation in glass ca&&ry column chromato- 
graphy With co&erciaI in+ruments is presented preferably in rhe light of experience 
and exp&ri&ents in oui l&boratori&: Pro&es in production; connection and advanced 
apphcatio~ns of.$ass capillary cohunns is surveyed. Various sampling methods (spht- 

: ting, Splitless injeCtion, selective sampling) *th regard to different types of samples 
have been studied; The use of selective detectors (nitrogen and phosphorus flame 
ionization, electron capture, gas chromatography-mass spectrometry) is discussed 
qd a sim&e automated doubiecolumn set-up for back-%shing in routine capiIlary 
ch&rnatography is considered. 

Aithough successful and high-efficiency capillary calm separations were 
achieved more than 15 years ago, discussion sti.lI continues on the verszti2iry and use- 
fulness_ of capillary columns in practical,~ and especiahy in routine gas chromato- 
pphic (Gc) ana&is. Some workers argue that they do not need the resolving power ‘- 
ofs@Iary coiumns for-the simple quantitative analytical problems that they have to 
solve, the. pm&ion and accuracy of quantitative analyses-with capiihuy columns are 
uot.sufEcient, mainly owing to unreliable sampling techniques, and capillary column 
technology, i.e., production of good columns and the’f connection to and-installation 
in .~ommercial instruments is sophisticated. 

Jn the-last five years, considerable progress has been made especially in glass 
capilfarr cotumn te~hnology~:‘~ and ad&&d methods for their apphc&ion.The com- 

: meici@ dC $&ument&tat are now availa@l&however, have en deveIoped sever&l 
y&s ago. mai& for packed cohmtns, i.e., -for colum& that are .operated at much 

:-higher &.&jet g@s fkw-ratss, ii @igher..sqmp,fe-loads and therefore tiuch lotier resolu- 
f tion. -It Can-easily be appre+ed .&at the .com+nents of the instruments (san&ing 
devi&& ‘&&s, . . d&&or+ including. the facihties for parameter control- and measu- 

--G&x& (tem&~mteS, &w$au& and-p&&es) have tobe. r&&n&d when high- 
r&Oiriti~fi a&/or,. lj&h+erfo~ti& an$yse&ir~ gener+,+ to.. be performed*. Fe 

.- . :- -_ : 
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-- td++&atiati of mi-+o@~rs an< e&~pnterte@nique~;-is n&.-difarsseb he+. 
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Fig. 2. Separation of C,, Csd, Cs and C8 triglycetides with a cap;Tary column. Column: 
Zl+ PoIySi79. Temperature: 3OWKIO” programmed at 4”/min. Carrier gas: Hz (2 bar). Peaks: 
I-= tri-C&lauryQ-triglyceride: 2 = di-Cl~mono-C,,-triglyceride (?); 3 = mono-C,-di-C,,-bigly- 
ctxide (?); 4 = triX~4-(myristyl )-triglyceride; 5 - di-C,,-mono_C16trigiyceride; 6 = mono-C&i- 
C&trigIyceridk~(?j; 7 = tri-C&palmityI)4rigIyceride; 8 = di-Cls-monQ-ClgtTiglyceride (?); 9 = 
mono-Cs-di-&-triglyceride (?); 10 = tri-C&stearyl)-triglyceride. 
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(4) ?r&Ge and accurate quantitative analyses at maximum detecmbility. 
The advantages and disadvantages that become evident~ when considering the 

methods and techniques of capillary column GC have to be discussed in terms of 
dZferent aspects that depend on the characteristics of *he complex -mixtures to be 
analyzed. Complex mixtures may contain components (a) with a-wide ran@ of con- 
centrations and especially with large amounts of solvents or excess of derivatiz&ion 
reagents (see Fig. 3); (b) with a wide range of polarities: (c) with a wide range of 
chromato,oraphic vofatilities (see Fig. 3); (d) with different thermal and catalytic 
stabilities; (e) that appear in the chromatogram with numerous random overlappings 
(see Fig. 3); and (f) that belong to the same group- of isomers (see Fig_ 3). Which of 
-these aspects is the most important is dependent on whether partial or total quantita- 
tive or qualitative analysis is required. No simple chromatographic procedure is 
conceivable by which most of the above properties can be dealt with satisfactorily. 
Capillarr columns, with their high separating efficiency, may facilitate the analysis of 

,compIex mixtures but require the application and further development of modified 
and/or new methods and techniques. The latter can be realized only in new chroma- 
tographic systems because of the characteristic parameters of capillary columns such 
as carrier gas flow-rate, sample capacity and pressure drop. In this paper, we report 
on our experience with known and new methods and techniques of capillary column 
GC, including: 

(1) Sampling procedures for standard and trace analysis with quantitative and .-- 
qualitative purposes. 

(2) Improvement of column preparation with regard to temperature stability 
.and tailing behaviour; comparison of various procedures of surface pre-treatment 
and coating. 

(3) Selective detection with capillary columns [nitrogen and phosphorus 
flame-ionization detectors (N- and P-FID), electroncapture detector (ECD), gas 
chromatography-mass spectrometry (GC-M§)]. 

(4) Multidimensional chromatography involving valveless flow switching i 
and intermediate trapping to perform back-flushing, cutting, enrichment of trace 
components and multidimensional identification by retention. 

As pointed out previously lo, the characteristics of ideal columns are: 

Important for: 
High separation efficiency in Rapid anaiysis 
terms of effective theoretical 
pIates per metre \ 

High total separation &ciency DifEcuIt separations ffiat require high 
of long columns, prefkrably resolution 
with high permeability 

Small amount of stationary Low retentions and/or cohunn tem- 
liquid in the column with excel- peratures. Minor risk of decomposition 
lent film homogeneity 

Optimal tailing behaviour, es- UnsOphisticated selection of a suitable. 
pecially for strongly polar com- column, precise determination of peak 
pounds in various stationary position, undisturbed quantitative- 
liquids evaluation 



High long-term temp&ature 
stability, low baseline noise and 
drif.~ 
High sample capacity and wide 
range of sample load with regard 
to detection and/or retention 
determination ~. 
Preparation of reproducible col- 
umns with regard to separation 
efI?ciency and po1arity must be 

easy 

High detectability of trace compo- 
nents, optimal evaluation, wide tem- 
perature range of application 
High concentration of component in 
carrier gas and reIiab1e identification by 
retention 

Easy operation of columns in general. 
Time saving and low-cost execution of 
routine analyses 

With the exception of the sample capacity aspect, capillary columns, even of 
the thin-film type, meet ali of these requirements better than other types of columns. 
The requirement of a smaIl amount of stationary liquid in the column and high sample 
capacity are contradictory because the sampIe capacity decreases proportionahy with 
the amount of stationary liquid in the column. Assuming that at the same temperature 
and sensitivity of the detection system and with the same stationary Iiquid the base- 
line noise and drift of a capillary and a packed column are of the same magnitude, 
the minimum detectable amount of a trace component is lower for capillary columns, 
because much higher solute concentrations at the peak maximum are obtained with 
capillary coiumns for peaks of the same amount of solute owing to much lower peak 
spreading during the chromatographic separation. 

SAMPLE INTRODUCTXON ON TO CAPILLARY COLUMNS 

In terms of the minimum detectable amount, capillary columns are superior 
to packed columns because of their higher resolution, i.e., they give peaks with a 
much higher ratio of height to width at half-height. Sample introduction, however, 
is easier and can be carried out with Iess care with packed columns because of their 
much higher sample capacity. Using special sampling techniques with capillary col- 
umns for the various kinds of samples, the superiority ofxapillary columns can ef- 
fectivety be appkd in routine analysis. 

A typical sample toad per component for a capillary co1umc with average 
solubility of the solute in the stationary liquid is in the ng range. The sample load for 
typical packed cohrmns may be more than 200 times -mater without a decrease in their 
much lower resohrtion. Direct sampling of nanograms of a certain component is not 
possible with the classical syringe technique, even when the sampIe consists of a large 
number of constituents, but may be attained with dilute solutions of the sample. In 
practice, samples have to be analyzed that frequently contain trace components 
(~0.1 %), main components (I-50 73 and solvents (>90 “A. The decision on the 
amount of sample to be introduced has to be a compromise and depends, of course, 
on the aim of the analysis, Le., which of the components are to be determined and 
what resolution may be required for the kind of sampIe to be separated. 

If trace amounts are to be determined with a sufEicient1y high signal-to-noise 
ratio and under suitable drift condititins, the size of the sample injected has to be so 
large that the system may be overloaded for other components that are present at 



Zgher_ concentrations. ikteriorat5on_ OF 2esoIutfon and]& 8: &~a~~ from linear&y 
oF detectrOn tir the maru components may be the cou_sequeuce._ At a -g&n saqk 
size a sample load which is optimal with regard to the requiredde~ectability and reso- 
rution can omi be achfeved in ii smgfe cbrom2togmm for components that are con- 
tained in the mixture -in a certain but limited range of concentrations. In other in- 
stances, several- suc&ssive~ chromatograms - can be me&ix& v&h vtious sample 
sizes in order to utilize ideal sample loads for each constituent of interest. ~’ 

With capillary columns, so-called “splitters” (Fig. 4) are norr&lly used, the 
injected sample being divided into a small portion that enters the column and a itiger 
portion that is vented. Splitting ratios between 1:20 and 1 :looO are common. In most 
instances, ‘these splitters allow only the optimal sample load for the main components 
ad not for the trace components. For trace analyses, very krge sample volumes 
have to be injected. and vaporized. The standard splitter design was described, for 
example, by Hal&z and Schneider” (see Fi g. 4), and several similar and improved 
vxsions have since been published. Slight modifications have also been made by our- 
sdve9. 

In the present work we iuvestigated the performance of our splitter with 
regard to the precision and accuracy of the chromatomphic analysis of artificial but 
typical samples. Some minor improvements in design and a careful selection ofcertain 
operational parameters are proposed as a consequence of the results in Table II. 

b 

4 
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Fig. 4. Svnpling dew&s for capillary columns. (2) Splitter for isothermal atid temperaturepro- 
grammed zn2lyses, ins&icient heatirg of spIitting region for high-boiling mixtfires, easy comxction 
of cap-, straighteoingof colamll inkt not necessa ry. (b) Extra heating of splitter: suitable for high- 
booiling CornpoUnds, sti&easy caxktion~of capillary,. (c) Grab-type *‘spIitteP : splitting r&on inside 
weli hea+%d is#cticm blcck, suitable for hig&boi$5g compounds, difE&xlt came&ion of capillary 
‘i3ecase of long strzighteuexl end of tipilkry. 1 = Heated injection bkck; 2 =-g&s t&k; 3 = car- 
r35.r gas ii&t; 4 = to needlle vi&e; 5 = ihsw%Goti; 6 = extra &a&g; I = capi&ry coiunn; 8 = 
_& - 



Qyantitative anafyses of three c3iffbeit i3rtiEciaf miktures contitig homologous n- 
alk&es,_fatty acid esters and alcohols have been per%rmed i$otherma@, ffie splitter 
being at a tem&x&nre ciose to that ofthe cohnmr oven. TIrespEtter was tested in the 
usnat ma&e+ by determination of the sampb composition and the deviation from 
the ex&zfedvahres ofthe peak areas caused by discrimination according to mofecuktr 
weight, polarity and ~concentration of the constituents and its independence ofsample 
size; sphtting ratio, temperature of -the injection port and splitting rugion, and 
whether the column operation was isothermal or temperature programmed. Results 
for the’repeatabiiity and reproducibility of peak area percentages are given, together 
with the errors involved. The same mixtures of known composition were also analyzed 
with a packed cohtmn, i.e., without splitting and with the same detector. 

The following conclusions can be drawn on the basis of the results in Tables 
I-XII. 

(1) The average normalized peak areas determined with isothermal column 
operation and with the splitter at the column temperature were found to be in excellent 
agreement with the values obtained without splitting in a packed column system. 

(2) The variance of repeatability of normalized peak areas was dependent on 
the following factors. (a) The type and condition of the syringe used: lower errors 

TABLE I 

COMPARJSON CF REPEATAMLITY OF RELATIEVE PEAK AREA DETERMINATLON 
WlTH DIFFERENT SYRINGES 

Sample: 0.1 pl (splitting ratio 1:2OO) of even-numbered wIs fatty acid esters. Results given are 
reIative standard deviations (“4 from 12 measurements. 

Volime of Concentration of sample (w-i.%) 
xwiiae (PO 0.92 1.45 229 5i.JI 22.28 13.61 7.94 

IO (Birnilton) Al 2.7 1.5 0.4 0.5 1.4 1.2 
10 (other) 6.9 5.0 3.2 1.2 0.8 2.4 32 

5 (other) S-8 5.2 4.5 0.8 0.7 2.1 2.7 

TABLE iX 

COMPARISON OF THREE DIFFERENT TYPES OF VAPORIZATION TUBES 

SampIe: 0.1 pl (spIitting ratio 1 :ZoO) of even-numbered C&Z,, fatty acid esters. Results given are 
mean concentrations found (wt. “A, with relative standard deviations of repeatability in parentheses, 
from 7 me.asurements. Similar results were obtained with splitting ratios between I:70 and 1:700. 
____- 
Tube Chxwtr~ion of artificiaal mixiure (xX%) 

092 I.46 2.29 51-U 22.28 i3.61 7.94 

EnPty.glass tube 1.03 I .55 236 52.16 2243 It.66 7.81 

(4.1) (2.7) (1.5) (0.4) (0.5) (1.4) (1.2) 
With sikmized 034 1.45 2.31 51.69 22.36 13.55 7.71 
glass-wool plug (0.% (O-3) (0.1) (0.1) (0.1) (0.1) (0-I) 
Tube witk deformation 0.99 51.59 22.40 13.52 7.70 

of cross-section (4.1) (O-2) (0.2) (0.4) (0.8) 



Known wt. % concentration in 31.92 29.13 12.64 14.16 12tS 
mixture 

Follnd mean value of gxak areas ;it 
sp!itGng ratio 

1:7Oo 
1500 32.42 29.19 12.41 13.81 11.81 
1:2so 
1:200 
1:70 
150 
Found mean value of peak m 32.13 28.93 12.33 13.88 1208 

corrected with respnse factors’ 
Relative s*ndard devi2tion”~“’ (2) 1.1 1.3 1.6 

Re!ati\re systematic error (aocumcy) 2.4 0.7 2.4 1.9 0.6 
Response facto,r (relative to 1.00 1.01 1.02 1.04 1.06 

ZZ-deXIle) 

0.92 I.46 229. 5lSl 

0.75 1.30 2fS 50.94 

0.74 1.31 2-19 50.85 
0.74 1.30 918 5lB4 

094 l-45 i31 51.69 

2.1 0.7 0.9 0.4 
1.60 1.41 1.34 1.29 

* Fatty acid methyl esters: splitting ratio 1930; alcohols: splitting ratio 1950, empty v2potition tube. 
== Alkaues: R = 6, fatty acid methyl esters: see TabIeII; alcohoh: n = 5. 

*** For alkanes two values are given, the iirst of which is for an empty v2porizxtion tube(2), whiie the value 
below (b) is for a vaporization tube with a silanized gJ.ass-wool plug. For akohok, the values are for 2 kxpor- 
ization tube with a si&ized glass-wool plug treated with OV-101. 

were found, for example, with a Hamilton syringe (see Table I). (b) The homogeneity 
of the sample-carrier ,,g mixture: optimal homogeneity was achieved with a short 
plug of gtass-wool inside the vaporization @ass tube of the splitter. The variance of 
repeatability using a speciahy shaped vaporization tube (see Fig. 4) was also Iower 
than with the standard vaporization tube I4 but not as good as with the glass-wool 
plug (see Table II). {c) The temperature of the injection port and the vaporization 
tube in relation to the volatility of the high-boiig components in the mixture. (d) The 
splitting ratios, but only beyond the range between 1:75 and 1 :lOOO when 0.1 ,A of 
sampIe was injected. 

(3) By coating the surf&es of the vaporization u&e, the &+A symmetry could 
be improved, eqpeciahy for more polar sampkcomponents. Improved repeatability 
and reproducibility {dependent oa-splitting ratio) of peak area detefmiriation was ob- 
served when QV-lOl-coated glass-wool was used for the pfug in the vaporization 
-tube~Coating w&h the polar Carbowax, however, had a negative elect on precision 
and accurrcy. We also-expect that the catalytic’ decomposition of sensitive compo- 
nents is reduced by this provision (see Table III). . 

(4) The average normalized peak agas did not exhibit signScant difkenccs 
in the various &es of experiments. In the extended range from 0.1 to- LO j61 -of in- 
jected sample at-a constant~spIitt.ing ratio, only a$&ted &3portionality c+& be as- 
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ever, when the splitter was heated to a temperature close to that of~the iizjecrion port. 
Therefore, splitters must not be operated at temper&ures that are as low as those 
used wi’ih capillary columns (generally lower than with packed columns)_ Theseef- 
t’ects &so place a severe restriction on the appE?ation ot’coIumn -f&settes for So- 
thermal and temperature-programmed work as proposed by ours&e@ and IQ&errs, 
in which *he splitter and make-up gas connections to the de’etor are integrated within 
the column unit. 

For comparison, the perfoirmance of a slightly modified Grob-typo injection 
system” was investigated, in which the capillary column is inserted into the end of. 
the vaporimtion tube, which is a part of the injection-block The splitting region is 
therefore at l Je same temperature as that of the vaporization tube in the injection 
block. During the injection, the splitting valve is closed for a period during which the 
injected sample is transferred from the vaporization chamber into the capillary col- 
umn. The original reference samples were diluted w&h a solvent (heptane) and the 
sample size was chosen such that the same sample load for the diluted sample com- 
ponents was achieved. The absolute peak areas obtained confirmed this assumption. 

Precise (i.e., repeatable) and accurate relative peak areas or concentrations 
could not be obtained for the higher components of a mixture of n-alkanes up to C, 
even at ternpekatures above 300” in the injector, although no splitting was involved. 
The discrimination of high-molecular-weight components is caused by the incomplete 
transfer of the vaporized sample into the cold inIet of the column by the carrier gas 
Bow, which is, of course, low for capillary columns in comparison with the volume 
of the injector. If the solvent is very volatile and the trace components of interest are 
involatile, the column can be held at an initial temperature at which the solvent can 
easily migrate through the cohunn. In this way, the solvent is removed before the 
temperature programme is initiated. With this procedure, deterioration of the coating 
or film homogeneity in the first part of the column may occur. Uncoated and even 
activated surfaces will aSect the tailing behaviour and the performance of the column 
in general. The direct insertion of the straightened inlet of the glass capillary into the 
vaporization tube of the injector provides an opthal temperature proHe between the 
injection port and the column inlet. The necessity for straightening the column inlet 
is, of course, a disadvantage because decomposition of the stationary liquid in this 
section of the column is a consequence of the heating procedure in a small flame. 
Accumulation of volatile decomposition products and incompletely coated column 
walls may arise, the latter also causing the above difhculties. The method of splitless 
iujeetion described by Grob and Grobl’ can be used in isothermal chromatography 
when heavy overloading of the solvcni or main component peak does not lead to 
overlapping with the peaks of si_&&ant components With lower retentions. If pos- 
sible, the solvent can be selected according to the volatility of the constituents to be 
determined. In isotherm4 separations, the solvent cannot be removed selectively and 
thus prevented from entering the main separation without using a double column 
system, including intermediate trapping. The Grob method, with temperature program- 
ming and using a pre-separation in short column lengths, is a-special case of what we 
propose to call ‘%elective” sampling. Concerning the splitless injection technique, it 
seems to he not very consequent that the sample is evaporated in the injector block, 
then transferred to the cold coiumn inlet, condensated and vaporized again by initia- 
ting the programmed heating of the column. Using a double column systems with 
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intermediate trapping; a sharp “cutting” OF pre-separation of significant peaks can 
be accomplished. Only the seIected components of interest, among them an internal 
standard of known sample concentration, are allowed to enter the main column via a 
specially constructed double-T connector”. 

CONNECTION TECHNIQUES FOR GLASS CAPILLARIES 

The connection of the inlet of the column to the injection block splitter unit 
and of the column outlet to the detector (preferably mass flow-dependent types) has 
to be made with minimum dead volame, Le., considering the low carrier gas ffow- 
rates in such columns, and avoiding unnecessary contact of the sample with bare SUF- 
faces of the chromatographic system. If the column inlet itself acts as the high ffow 
resistance part of the splitter, no dead volume of the sampling device influences the 
broadness and symmetry of the sample plug because of the very high gas flow-rates 
in the low-resistance part of the splitter_ In spite of the short residence times of the 
sample, the adsorption of high-boiling and polar components may depend on the 
temperature and surface activity of the vaporization tube. Even more difficulties of 
this nature can be expected to arise with the splitless injection technique because of 
the low flow-rates in the injection ‘port when the splitter is closed. Only in tem- 
pcrature-programmed chromate-aphy does partial or complete trapping of the 
sample in the cool column inlet probably compensate for discrimination of com- 
ponents of low volatility, especially when the injector unit cannot be heated to 
a sufliciently high temperature because of decomposition of significant components. 

Similar but iess severe problems arise at the column outlet. By mixing the eluate 
Bow with about a 20-fold flow of make-up ,W (which can be done, of conrse, only 
when using mass flow-dependent detectors), a decrease in resolution caused by too 
large a volume and a poor flow geometry of the connections is avoided. The 
hydrogen flow for the FID has a suitable rate and can also be used as make-up gas, 
by inserting the column outlet into the jet of the detector. This arrangement, however, 
is not conducive to rapid and easy column changes. In any event, cold make-up gas 
connections should be avoided in order to prevent adsorption OF condensation. In 
general, the maximum component concentrations in the carrier gas are much lower 
at the column outlet than at the inlet of the column. Nevertheless,.sufficient heating 
of the make-up gas unit equivalent to that of the detector is desirable. Furthermore, 
the above-mentioned properties of bare surfaces of the connection unit between 
the column outlet and the detector affect the chromatographic performance and 
shouId be kept at a minimum. 

SELECTIVE DlZEC-fORS (ECU, N- AND P-FID, GC-MS) 

DiflIculties with connections arise when too high effective detector volumes 
are iuvolved in relation to the carrier gas flow-rates in capillary columns. Especially 
for the EC13’8-z’, the effive detector volume is much larger than in the FID, so 
that high &&-up gas flow-rates may be necessary, which, however, cannot be ap- 
plied because the ionization characteristics of the detector are adversely affected. The 
geometry of the detector cell probably has to be changed in order to achieve a better 
compromise between sensitivity and effective detector volume. This conclusion was a 
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resuk of measurements with a Hewlett-Packard 18713A ECD connected with a0.25-mm 
I.D. glass capiilary column. Varian”’ aud Perkin-ElmerU report similar experiences. 
Argon contaiuiug 5 % of methane was used as the scavenger gas at the coIumn outlet 
and for the necessary purging of the detector volume (see Fig. .5)_ A cbromatogram 
of halogenated hydrocasbons shows that the tailing caused by poor cell geometry or 
by adsorption in the cell could not be removed completely. With the N-FID, no 
speci& problems of this zzature have been observed by several workers (e.g., Hart&au 

(a) 

(b) 

ii L '1 

Fig. 5. EC33 detection of chlorinated hydrocarbons separated by capillary column. Scavenger gas 
flow (Ar t 5% CHJ: (a) 100 ml;(b) 1Oml. Column: PPG, !00m(0.27mmI.D.).Temperature: 80”. 
Carrier gas: Ar (1 bar). Sampk: 1 pl. Splitting ratio: 1:60. Peaks: 1 = dichlorometlxme; 2 = l,l,l- 
trichloroethae; 3 = tetnxhioromethane; 4 = trichioromet!urIe; 5 = l&iichloroethane; 6 = tet- 
rachloroethylene; 7 = 1,1,2-tricldoroethane; 8 = 1.1,2,2-tetrachloroethule; 9 = unknown. 
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PRODUCBON AND STANDARD OF PERFORMANCE OFGLASS CAPILLARY COLUMNS 

The procedure for the preparation of glass capillary columns applied in our 
laboratories is rapid and simpk+ 9. Typical features of the procedure, which in some 
regards is similar to that described by Alexander and Rutten~, are: 

(1) Soft alkaline glass tubes are drawn to give capillaries of preferab!y 0.25 
mm I-D. and 0.8 mm 0-D. using an HP drawing machine, the principle of which was 
described by Desty et aLz6. 

(2) Glass capillaries are treated with flowing dry hydrochloric acid at a pressure 
drop of up to 5 atm at 450” for 2-3 h. Typical surface structures obtained by this 
procedure can be seen in the scanning electron microscope photograph in Fig. 6. 
These surfaces are more pronounced than those obtained using the fluorinated ether 
etching method proposed by Novotny and Tesari$. Therefore, we expect difficulties 
to occur when coating the latter surfaces with stationary liquids of variable polarity. 

Fig_ 6. Scanning erectron microscope photograph of HCI-treated soft glass. 

(3) The coating is carried out dynamically with column lengths of up to 170 m 
and with concentrated solutions of the stationary liquids using the “mercury drop 
method”. The coating procedure can easily be executed in 1 day or simply overnight, 
even with long columns. Before coating with non-polar stationary liquids, the capillary 
surfaces are deactivated with very dilute solutions of thermally stable, strongly polar 
stationary liquids such as Carbowax 20M. The excess of, Le., the non-adsorbed, de- 
activation reagent is subsequently removed by fiushing the cohmm with a large vol- 
ume of the pure solvent. Deactivation of surfaces for amine separations in Carbowax 
20M columns is commonly effected with sodium hdroxide. Fig. 7 iilustrates the 
effect of this procedure in glass capiharies. 

(4) The common thermal after-treatment is performed up to temperatures that 

are slightly higher than the prospective temperature limit for the practical application 
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(a) 
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Fig. 7. Separation of amines with Carbowax 20M capillary column. (a) Surface deactiv&ed with 

NaOH; (b) sm-fixce without NaOH deactivation. Peaks: 1 = isopropylamine; 2 = dietbylamine; 
3 = trietbylamine; 4 = n-propylatine; 5 = isobutylamine; 6 = n-butylamine; 7 = 4-a2~-(4)-oc- 
tene; 8 = tetrametbylethylemdiamine; 9 = n-pentyfamine. 

of a particular column. Before this treatment, the solvent is removed at temperatures 
up to 80”. 

(5) In recent experiments, columns could also be made without treating the 
surfaces with hydrochloric acid but by applying the mercury drop method. Cohzmus 
with a good standard of tailing behaviour, separation efficiency and temperature 
stability have been obtained with OV-101, polypropylene glycof and Carbowax 20M. 
The reliability of the coating procedure in terms of percentage of good columns is, 
however, not as good as after HCL-treatment of the surface. 

The separation efficiency, polarity and tailing behaviour of the columns after 
prepa*cation are checked by measuring cbromatograms of standard test mixtures. 
Optimal and reproducible resuits are obtained in most instances, the uumber of poet 
columus ob’tained with this coating procedure being negligible. The separation ef- 
ficiency of columns with polar stationary Squids in terms of theoretical pIate numbers 
at high K values arc, in general, W-30% lower than that of non-polar or weekly 
polar columus. No satisfactory explanation has been-given for this phenomenon to 
our knowledge. The thermal stability of columns coated with all types of stationary 
liquids with a wide range of polarities is excellent and is as good as that of packed 
columns in our experience with more thau 10&l coIumus. The thermal stability of 
columns made by our procedure de@ends only oh the stabihty of the stationary liquid 
itself. By removal of the volatile constituents of the origin~al st&ionary iiquid at tem- 



pera&res up to 350” under high vacuum before the caatin~7~28 and by thermal 
con@itioning of the coated cffhrmn itself~ temper&m-e limits for the application of the 
most usual cohmms have been found to be the following: OV-lOI, 300”; Dexsil, 
3063”; Carbowax 20M, 270”; polypropylene glycol, 240”; and Poly-S 179,400”. These 
-data differ from those which we published previousIf. For polypropylene glycdl, we 
previousiy reportedp a temperature limit of NW. 

The pre-treatment of stationary liquids proposed by various workers changes 
the original polarity of the phase in terms of the Kovr8.s retention indices of selected 
test compounds. It is disappointing that the simple procedure of thermal pre- 
treatment is not applied to each commercial stationary liquid by the manufac- 
ttU-W_ 

The column bleed at the given maximum temperatures is still low enough for 
no restricting background in GC-MS measurements to be observed2q. Figs. 2 and 3 
show chromatograms obtained with columns with new stationary phases or with 
improved standards of tailing behaviour and temperature stability. 

A-VTOMATED MULTI-DIMENSIONAL GAS CHROMATOGRAPW WITH CAPILLARY 
COLUMNS0 

in capillary column work, long columns with high reso!ution and limited sam- 
ple capacity are used. In general, the analysis of complex mixtures cannot be effected 
by a single chromatographic separation, even when temperature programming is 
applied. No adequate column temperature for optimal separation in all sections of 
the chromatogram can be established nor an optimal sample load for all significant 
constituents. For mixtures with a wide range of volatilities, very long chromatograms 
may be obtained when high resolution in long capillary cohmms is needed. Time can 
be saved by removing the components of high retentions by a pre-separation with a 
short column, which may also be operattd at elevated temperatures. The non-volatile 
components remain in the pre-column and are removed forwards or backwards (back- 
fleshing) by flow switching operations. 

Another important facility of a well designed double-column system is the 
removal of volatile components, preferably soivents and reagents, by pm-separation. 
The transfer of the eluate from the pre-column into the main column is started after 
the solvent has been vented between the pm-column and main column (cutting). If 
the pre-separation is adequate, the removal of solvent can also be performed when 
the components of interest have retentions similar to that of the solvent and are 
located on the tail of the solvent (heart cutting). For quantitative and qualitative 
analysis of very dilute solutions cf species of analytical interest, sefective samphng, 
Le., without splitting of these trace constituents, has to be carried out (splitless iujec- 
tion, “selective” sampling). 

By using an intermediate trap between the two columus, repetitive pre- 
separation of trace components in the trap (enrichment) is possible. Packed columns 
can be used as pre-cohrmns because of their _greater sample capacity. The main separa- 
tion is carried out subsequentiy with the accumulated material on a capillary column 
with a &&ch greater s&r+-to-noise ratio. By applying intermediate trapping, iso- 
thermal-main column separations with optimal reproducibihtyWof retentions and peak 
heights are achievable. The starting point of the separation is well defined for precise 
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Mention measurements. When tising_two cohmms of difEerent~ pdarityS- two sets of 
retention -data can be obtained from a Single sampfe introdutition into~-the dosed 
system, with the advantage that the speak correlation for the ~U‘caal+lation can be 
carried otit und&urbed by peak overlapping. The ffow switching &at is re@kecfin~ 
such pneumatic systems of multi-dimensional chromatographs in order to reverse the 
flow directions has to be vaiveIesP. These techniques can also be appiied in capiiiary 
column work (Schomburg and WeeI@). As described previouAy, -ai1 flow switching 
manipulations can easily be executed automaticaUy, for example by using solenoid 
valves that are located outside the heated chromatographic system. The-solutes never 
come into contact with heated valves. The cold trap can also he operated automatically 
by blowing cold or hot nitrogen on to the section of column that acts as trap. Further 
improvements in the versatility of the double-column system can be achieved by using 
separate column ovens for the pre-column and main columnTemperature program- 
ming of the precohunn may be of especial advantage for the analysis of mixtures 
with a very wide range of chromatographic volatilities. Typical examples of double- 
capillary column separations with different analytical objectives including cutting, 
back-flushing, trapping and enrichment have been given in our previous publications. 

In our opinion, complex mixtures may not, and in many practical cases cannot, 
be separated perfectly in a one-dimensional system. Very often representative portions 
of the eluate of the pm-separation could be analyzed and evaluated instead of the total 
mixture without losing important information. These sections of the chromatogram 
of the pre-separation should contain, however, internal standards of precisely known 
concentrations for quantitative analyses, i.e., for the determination of the absolute 
concentrations of the selected species in the originaI mixture, whereas the relative 
peak areas in the selected section can be determined without an internal standard. 

1 

Fig. 8. Sipb doubie-czpikwy column system for back-flushing 2nd for variable column polariw 
when using columns of difkrent polarity_ 1 = Pressure regulators; 2 = solenoid valves; 3 = sxedle 
vzhes;~ 4 = injector; 5 = splitter; 6 = adsorption t&x; 7 = pressure gauge; S = pre-colurnn 
(short section of main column or column with dif%reot pohrityj; 9 = comec@on piece; 10 = mein 
column; 11 = FlD; 12 = timer and switching unit. TX, period of normal fkw direction in pre-- 
column and main coIurm; 1;, period of reversed How direction in pre-column; 
- 

* di is the dih-ence of the Kov& indices in polar and ~&p&r st&ianary .iiquids (I,& ’ 
&QtL-,d 
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Especial&in &tie analyses, for process and product quality control, ey analyses 
per day have-to be executed with high precision and accuracy. The proper application 
of capillary cohxmns can help tg_sav& time and TV improve precision. Heart cutting 
and &ck4iushing can a&o be achieved by_ using simple automated versions, which 
we-have designed for appficati& in routine analysis (Fig. 8). 

The figures ill&rat6 the slmpIe set-up, which can 5e integrated easily into every 
commercial instrument_ A capillary column is divided into a short section that acts 
as the pre-cohunn and a longe; section that is the main column, and a simple T- 
connector to the main column allows the back-flushing of the involatiie components 
from the pre-column. Of course, these components can be detected for quantitation 
only by a second detector between the pre-column and main column and not 
together with the species separated in the main column. Considerable time can be 
saved because non-volatile species need not be eluted before the next chromatogram 
is started. In practice, no sample is really free of components with low volatility, and 
therefore the back-Gushing should be applied in every analysis in order to prevent the 
appearance of peaks with high retention ip the subsequent chromato&ms. If it is 
necessary to remove excessive amounts of solvents OF reagents, a double-T version of 
the connecting part between the two capillary columns has to be used. In this still 
simple system the solvent can be vented between the two columns and selective sam- 
pling with dilute solutions ok significant species can be carried out. 
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