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1. INTRODUCTION 

The qualitative analysis of organic compounds. particularly of their comples 

mixtures, is often carried out by gaschromatography (GC). Retention indices’. which 
express the relationship between retention behaviour and molecular structure. are 
commonly used for this purpose. However, as the differences between retention in- 
dices determined on two stationary phases of different polarity result from the com- 
bined effects of different structural increments of the molecules, they do not n2c2ss- 
arily characterize the substances under analysis unambiguously so that th2 practical 
applications of this procedure remain Limited. 

These are the reasons why combinations of GC with UV, IR, Raman, mass 
and NMR spectroscopy are also signifcant. These combinations are expensive, how- 
ever, not only with respect to the cost of the instruments but also the need for 
specialist operators_ It is therefore desirable to supplement them with a method based 
on cheaper instrumentation that is less exacting as far as the interpretation of the 
results is concerned and commonly available. In this respect. a combinatioo of GC 
with e!emental analysis (EA) deserves attention_ 
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As EA is still one of the most commonly used identiftcation methods in organic 
chemistry and biochemistry, its combination with GC has already been studied, par- 
ticu!arly after the introduction of automated instrumentation. Several procedures 
have been suggested, but only one has found commercial realization’4. A number of 
difficulties are involved, e.g., the isolation of the separated components leaving the 
chromatographic column and the unacceptable precision of EA for l-100 PS of 
substance with the use of different methods. The whole problem of combining GC 
and EA is thus worth analysing in further detail. It is justified to assume that this 
combination may become a useful and inexpensive tool for the identification of un- 
known compounds and may find a wider range of application_ 

2 ASALYSIS OF THE PROBLEM 

The fo!lowing information can be obtained by ccmbining GC with EA: (a) the 
percentage compcsition of a compound after its separation by GC; (b) the empirical 
or molecular formula of the compound after its separation by GC and thus also its 
molecular mass; :c) the number of doubIe bond equivalents’; (d) the parameter that is 
related to the molecular mass and Kovats retention index’ or the molecular retention 
index’.“. 

2.1. Derermirrarion of percenrage composition 

For the determination of the percentages of varicus elements, the precise mass 
of the sample under analysis usualiy must be known. Even in the simplest case of the 
separate application of GC and EA, Le., separation of the substance by GC, its 
isolation, weighing and subsequent EA, the problem sometimes appears to be as- 
sociated with the isolation of an amount of the sample compound sufficient for 
precise weighing- If a modern electronic balance is used, this level is 100 ,~g of the 
compound at the minimum. With an on-line GC-EA combination, a quantitative 
signal from the gas chromatographic detector can be utilized. usually with a precision 
substantiahy lower than that of weighing. 

The isolation of a component represented by a peak at the outlet from the GC 
column assumes, except if the total efiluent trapped in the loop has a sticiently large 
volume, that the partial pressure of the eluate after it has entered the condensation 
device is much lower than that at the column outlet_ Usually this is achieved by 
decreasing the trap temperature, by dissolvin, a the eluate in a solvent with a low 
vapour tension. by adsorption or by reaction with a suitable reagent. When selecting 
a particular procedure, it is necessary to take into consideration that the condensation 
is followed by phenomena associated with the kinetic properties of the gaseous mix- 
ture at the outlet from the GC column, such as the passage of the eluate through the 
trap in the form of a supersaturated vapour or an aerosol. The optimal percentage 
efficiency of the trap, 5, is given by the relationship’ 

where p is the partial pressure of the eluate at ambient temperature and P that at the 
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temperature of the trap in the absence of the condensate. During the peak elution the 
partial pressure of the eluate varies with time so that the total eficiency, E, at time. t, 
is given by 

0 

It follows that it is impossible in principle to trap the component represented 
by the peak merely by cooling. Further. with small peaks for uhich p will be smaller 
than P throughout the whole peak. E = 0; however. this will apply even whenp at the 
peak maximum @,,,) is equal to P and also when it is greater. In the last case, the 
isolation of the component can be performed only nearp,,,. so that re-eva+ration of 
the condensate will not occur_ In practice. the situation is further complicated by the 
formation of a supersaturated vapour or aerosol. as mentioned earlier. This may be 
avoided to a considerabIe extent if a trap of a suitable type is selected. 

An unpacked U-trap is the simplest device. suitable for the isolation of larger 
amounts of sample only, beins available on semi-preparative and preparative scales; 
ail of the preceding considerations apply to it. 

The formation of aerosols can be avoided by various procedures. involving 
temperature gradient, turbulent ilow of electrostatic precipitators’. The formation of 
aerosols is suppressed considerably if the U-trap is packed with an inert material Lvith 
a large surface area, e.g.. 1%.ith glass-\v-ool, crushed material. or deactivated support 
for the GC column. so that the adsorption of the isolated component may be re- 
versible. 

A suitabie support coated with a stationary phase. as suggested by Descy er 
trl.‘“. is the most elI!cient GC column packin,. * Under suitable conditions. no loss of 
the isolated material occurs with these traps and. moreover. the material is con- 
centrated_ Ahhough cooling is not applied. a considerable decrease in the vapour 
tension occurs as a result of the distribution of the eluate between the gaseous and the 
liquid phases. When the length of this trap is selected. it is necessary for the fact that 
the substances \vith short retention times and narrow peaks occupy. as consequence 
of low solubility in the liquid phase. a longer section on the column. to be considered. 
This method is suitable for trappin, = microgram or even smaller amounts of sam- 
ples’ l; packed capillary columns have been used to trap amounts sample down to 
10-i’ mol”. 

As a rule. the procedure starts vvith the trapping of the component of the peak 
in the trap with cooling and continues with its retention. followed after a suitable 
period by its release for subsequent analysis by heating the trap in a stream of the 
carrier gas. An examp!e of a suitable device is shovvn in Fig. I (Ret 13) 

By selecting a suitabie material and with appropriate connection of the trap, an 
arrangement is obtained that permits ditFerentia1 weighing before and after the iso- 
lation of the component, Le., it makes it possible to determine its amount. which is of 
importance in EA_ 

A trap represented by a large free volume (a coiled tube of stainless steel. glass 
or PTFE) for trapping the entire peak together with an appropriate volume of the 
carrier gas or for trapping a peak section near its maximum is also of interest for EA. 
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A trap isoIntion B. tm C. injectii 

Fig. 1. Device for the isolarion and samplin, 0 of GC cluates. GCC = GC column. 

Isoiation of this type is suitable for methods involving dilution of the products from 
the sample reaction after the reactor under defined conditions; it is less suitable for 
dynamic systems based on elution GC or selective absorption. 

If there is a possibility of performin, 0 EA on all the eIements contained in the 
molecule of a sample substance, a method in which it is not necessary to know the 
mass of the sample substance’*-i6 can be used. but of course it requires the use of a 
reference substance with a known composition_ As the determination of C. II, N. 0 
and S, Thich represents the composition of most of the substances that can be ex- 
amined by GC, can thus be carried out relatively easily, as will be shown later, this 
procedure is of great importance for combined GC-EA. At the same time, the de- 
termination of the empirical or molecular formula of the sample compound and of its 
molecular mass can also be effected_ 

The procedure is based on the determination of the empiricial formula 
C,H,N,O,S,. by a common method, Le., by determining the mutual ratios of the 
various eIements (stoichiometric coefficients r. p, q, zt and v) by substituting per- 
centage contents of the sample and the reference substances from eqn. 1. 

where K, is the response factor obtained with the aid of a reference compound with a 
knov+n composition: 

E is the height of the frontal step or the peak, or is the area of the peak of the 
corresponding element, e is the corresponding response of a blank experiment and IV 
is the sample weight. 

In the classical procedure, t5e determined percentage contents of various ele- 
ments are divided by the corresponding atomic weights and the results are divided by 
the smallest value or by one of the smallest values and, if it is necessary, they are then 
multiplied by a small integer (2 and 3 are the most frequent) in order to obtain 
stoichiometric coetficients of +&e empirical formula practicatly in the form of integers. 
In the present case, using eqns. I and 2, the sample weight. W, is cancelled out- Atomic 
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ratios are derived for the analysed samples directly From the corresponding signals 
and by means of the response Factors dstermined with the aid of a reference sub- 
stance. Hence in the analysis of carbon and hydrogen. if r = 1 then p is given by the 
relationship 

and because 

then 

r=l 

6 - eH) %3Lf(Ec - eCLcC 
’ = ’ lmg’ - (EC - ec) y,GC,,,(E, - e& 

Similarly. in C. PI and N analysis (related to N \vhich usually possesses the lowest 

stoichiometric coeficient in the empirical formula). 

r = 1.17 
Cc” - d 9S,,dEs - edrcf 
(Es - 4 ‘%N,AEc - eck 

p = 13.90 

q=l 

It is more advantageous. of course. to relate to C ecen in C, H, N determi- 

nations. as the programming is simplified when a mini- or microcomputer or a pro- 
grammable calculator is used (this also applies to the determination of C, H and C. H_ 
N or C, N, S and C, H. N. S). Then. 

r=! 

4 = 0.86 -(Es - es) %%Fc - &P 

(EC - 4 %Cr,& - 4cf 

AS one reference compound is mostly used, the calculatioc is simplified con- 
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siderably as the parameters concerning the reference compound are transferred into a 
numerical constant, so that 

r=l 

p = k, _tEH - ed 
(EC - ec> 

LG - es) 
y = L-‘-(Ee) 

c- c 

The same procedure is applied in C, H, S and C, H, N, S determinations: 

(Es - 4 oi,S,,A& - e& 
’ = o375 _ (EC - e,) %C,,,(E, - e& 

so that eventually 

v = k _ (ES - 4 
3 (EC - +I 

ard 

r = 1 

p = 11.92- 
(EH - 4 %K,f(--Fc - e& 
US - +I %CreAE~ - e& 
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1’ = k3 _ (ES - es) 
(EC - 4 

As the determination of 0 is based on a different reaction principle. I?.. hydro- 
genation pyrolysis of the sarnp!e or its reductive conversion on a carbon packing. it is 
necessary, if coefficient IC is to be determined_ that together with 0 one of C, H, N or 
S elements is also determined simultaneously. As C and 3 are present in almost all 
sample compouods. they are of the greatest practical interest. If O/C or O/H atomic 
ratios and, simultaneous!y, C/H, C/H/N, C/H,B or C/H/N/S is known, 44 can be 
determined. 

The simultaneous determination of0 and C can be achieved by hydrogenation 
pyrolysis of the sample over a nickel catalyst. C being determined as CH, and 0 as 
H,O (ref. 15); 0 and H are then determined by the reductive conversion of the sample 
pyrolysis products on a carbon packing (the best is that catalysed with nickel or 
platinum) and by subsequent o_xidation, e.g.. over CuO, so that 3 is determined as 
CO2 and H as K10)‘6. 

In the first case (related to C): 

and, as foilo~s from the above considerations, 

u = C o_75 _ (Eo - e0) TWrct (EC - e&f 
(EC - e,-) FLCref (E, - e,-& ‘K~.‘;’ 1 

or 
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where f(CHx) is the value of the empirical coefficient r determined in the C, H, N 
determination (it is unity if related to C). 

In the second case (related to ?I): 

p=I 

so that 

or 

LI = k _ (Eo - 4 
5 

EH 1 
&HI) 

where ptCHhb is the value of empirical coefficient p determined in the C, H, N determi- 
nation_ 

In the simultaneous determination of C, N, S”*“, the calculation can be car- 
ried out as in the determination of 0. When related to C: 

F=! 

where I-,,-~.) is the value of the empirical coeEcient r determined in the determination 
of C. H, N, or 

r 

r= k,. I ES 
(EC - ed 1 

r(CHV, 
- 

The calculation of the percentage contents of various elements starts from the 
ratio of the empirical coefficien&ti obtained by the described procedure and the corre- 
sponding molecular mass. If the compounds under analysis also contain other eie- 
ments (e.g.. halogens and P) the contents of these must be known or determined by 
another procedure_ in association with this, the utilization of the response of selective 
detectors’ is promising_ 

2.2. Determination of empirical and mo!ecuia: formulae 

The determination of a molecular formuia by multiplying the coet5cients of the 
empirical formula by a small integer is possible in the present instance by comparing 
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the retention data of the analysed compound with the retention data of a compound 
of similar composition the molecular massI of which is &own. 

The requirement of the precision of the determination of the empirical formula 
is governed by the requirement of the rmambiguity of the determination of the 
number of atoms of individual elements, and it is not identical for all of them. ht is the 
most exacting for H, which has the lowest atomic mass. In questionabLe cases, the rule 
that a compound that contains in its molecule an even number of atoms with odd 
valency cannot contain an odd number of H atoms is valid. 

The above procedure provides some advantages that are v<orth mentioning: 
(a) precise weighing and careful manipulation of the sample are eliminated; 
(b) as the error due to weighing is avoided. EA can be performed with ad- 

vantage on the microgram scale; 
(c) provided that short-term significant changes in physical parameters of the 

analyser do not arise. it can b, L _ qssumed that the results of the determination are not 
influenced by their changes as the ratio of the detector signals for various pairs of 
elements remains the same. 

The number of double bond equivalents, i.e.. the unsaturation number. R, is an 
aid in the deduction of the structural formula from the empirical formula. It is 
determined according to the relationship 

where 12~ are the numbers of individual atoms in the empirical formula. vi is the 
valency of element i (the concept of valency here denotes the sum of homopolar and 
heteropolar bonds) and IV is the total number of the atoms present. 8 = Ei izi_ A 
double bond corresponds to one ring and a triple bond to two double bond@. 

A method for the identification of an unknown compound has recently been 
described that, combines retention increments compatible with the empirical formula. 
with the retention of this compound ‘_ The parameter W, relating the molecular mass. 
M. and the Kovats retention index. I. or molecular retention index. Me. is defined as 

Ln this way the limits of the value of W’ can be determIned for certain structural 
groups on dithereat stationary phases. 

3. COMBINATION OF GAS CHROMATOGRAPHY AND ELEMENTAL AX_L\LYSES 

GC and EA can be combined by (a) separate use of GC and EA. necessariiy 
involving the isolation of the sample compound (trapping) or (b) on-line connection 
of GC and EA w<th or without the trapping of individual peaks 
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The former procedure offers universal application without particular require- 
ments for special instrumentation; however, it assumes that a gas chromatograph 
and an automated eIementa1 analyser, permitting C, H, N, 0 and also S determi- 
nations, are available_ It is the type of elemental analyser applied that determines the 
amount of sample that must be isolated. Usually, this amount is much larger than in 
an on-line combination. but it represents 100 pg of the sample at the minimum. The 
problem of the selection of the type of trap is closely associated with the principle of 
the elemental analyser used”. systems involving a dilution chamber between ‘the reac- 
tor and the separation part can make use of traps of any type, whereas those working 
under continuous dynamic conditions require the compound to be isolated in the pure 
state. 

However, the weighing. which in generai follows the isolation of the compound 
(with the exception of the procedure without weighing), again restricts the procedure 
of trapping to isolation in the pure state or to isolation in the packing with a suitable 
sorbent (differential weighing before and after desorption, which is more suitable with 
a classical type of microbalance owing to the considerable weight of the trap). 

A number of variants of the fundamental arrangement offer in the latter in- 
stance an on-line GC-EA combination_ They can be classified, with regard to the 
function of the GC column. into the following systems: (a) with the GC column 
operating without changing the carrier gas flow; and (b) with the GC column operat- 
ing as “stop flow” system”.“. 

In the former instance, the GC column outlet must be equipped with a suitable 
trap if the EA proper is not to be limited to the only peak from the whole chromato- 
gram, whereas in the latter the peaks following the peak under analysis are “pre- 
served” in the GC column after the interruption of the chromatographic process by 
switching off the carrier gas feed; more attention will be devoted to the realization of 
individual variants later. Hence the “stop-flow” system does not require any trap and 
makes it possible to continue chromatographing or subsequent EA after the analysis 
of the selected peak. 

Both chromatographic versions can be connected to different EA systems. As 
these do not provide results with the same accuracy and may differ in other parame- 
ters. it is necessary that these circumstances should be taken into consideration when 
the type of EA is selected. Tlle following systems can be considered_ 

1. ELE.MENTAL ANALYSIS SYSTEMS FOR ON-LINE CONNECTION WITH THE GAS CHRO- 

MATOGRAPHIC COLUMN 

The continuously operating GC column is connected to either (a) reactor- 
elution GC; (b) reactor-detector-selective absorberdeiector; (c) reactor-dilution 
chamber-combination of detectors and selective absorbers; (d) reactor-dilution 
chamber-frontal GC; (e) reactor-dilution chamber-sampling loop-elution GC. 

The following is charachteristic of individual combinations: 

Cl 01 R c2 c2 

- 

Fig. 2_ Flow dia_gan of a GC column - reactor - EA system by elution CC. 
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4. I. Reacror-ehrrion gas chromarograplz~- 

The simplest arrangement’3 is obvious from Fig. 2. 

The carrier gas passes through a GC column, Ct. a non-destructive detector. 
D,, a reactor_ R, a second chromatographic column_ C,. and a detector, D,. The 
analysed peak is thus reccrded in the detector D, first. allowed to react (e.g., osida- 
tion). in reactor R. and the reaction products are separated in column C2 and detected 
by detector D,. Disadvantages of this arrangement are obvious. The direct depen- 
dence of individual parts of the arrangement on the flow-rate of the carrier gas 
restricts this procedure to well separated peaks’*-” leaving the GC column within 
relatively short elution times. Sorption phenomena and diffusion then occur in the 
reactor and, as a result. the zones of reaction products are broadened with adverse 
effects on the subsequent chromatographic separation_ 

The system with independent control of the flovv-rate of the carrier gas in boih 
the chromatographs and reactorZ6. suggested initially for pyrolysis GC, is of greater 
practical interest_ However, even here peaks that follow each other clos2ly cannot be 
ana!ysed without using a trap or “stop flow” conditions. The function of this de\ ice is 
shown in Fig. 3_ 

Fi p. 3. .-\rran~_emrnt of GC column - ~IZICIO~ - elurion GC shsrem with independenl conrrol of the Iloa- 
XiIes of gases. 

The separation proper proceeds in column C,, and indiv-idual peaks are regis- 
tered by means of a non-destructive detector. D, (this can be replaced Lvith a splitter 
and a destructive detector) and pass through a valve, T,, to ambient air. At the same 
time, the carrier gas is introduced from a source B. via valve T,, free voiume of a 
delay coil, X, a reactor, R, a nondestructive detector, D2, a multi-port valve, T1, and 
a transfer coil Y, a valve, Ta, again to detector D2 and to ambient air_ In addition, the 
carrier gas streams from a source, C, via Ta, a column. C2, and a detector, D,. If the 
peak that has just been registered by means of detector D, is to be analysed, valve I, 
is turned and the component of the peak together with the carrier gas is introduced 
into the coil X, reactor R, detector Da, valve Ta, transfer coil Y, valve T2 and through 
the reference section ofdetector D2 and out. After completion of the peak registration 
by detector Dr, valve T, is again tumedt and further transport of the peak into the 
reactor is executed by the carrier gas from source B. Detector D, plays an ausilidry 
role, serving to indicate reaction products leaving reactor R or to prevent their elution 
from transfer coil Y. It can therefore be omitted as it is suEcient if the carrier gas 
flow-rate from B and the free volume of circuit X, R, Y are known. The anaiysis 
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proper of the reaction products is performed by turning valve T2 and sampling the 
contents of the coil Y into the column C1. 

4.2. Reactor--detector-seiectiw absorber-detector 

A flow diagram of a typical arrangement applied to the determination of C/H 
ratio” is sho\n in Fig. 4. 

C R Dt A 02 

I 

Fig. 4. GC coIunn - reactor - detector - selective absorber - detector system. 

The peaks leaving the GC column, C, pass through a reactor. R, where they are 
oxidized to carbon dic.xide and water and the latter is converted to hydrogen_ The 
mixture passes through a detector, D,, and an absorber, A, where carbon dio?cide is 
trapped, and then through a detector, D2, where hydrogen is determined. The 
amount of carbon dioxide is determined from the difference of the responses of the 
two detectors_ 

It is obvious that by selecting a suitable packing and temperature of the reactor 
and using a selective absorber or by inserting more detector-absorber coupIes, vari- 
ous elements, e.g., C, H, N, 0 and S, can be determined. _4n advantage of this 
arrangement is that it is not necessary for a trap or a “stop flow” arrangement of the 
GC column to be used, provided that the peaks leaving the column are well separated. 

The same does not apply, however, to the different arrangement shown in Fig_ 
5, used for the determination of C, H, N’**“. It differs from Fig. 4 in that the 
component represented by the peak is oxidized in the reactor into a mixture nitrogen, 
carbon dioxide and water and freed from water in the absorber, where it is retained 
until carbon dioxide or nitrogen is detected (by the same procedure as shown in Fig. 
4) and only then thermally desorbed and registered with the aid of a detector, D,. 
Carbon dioxide is absorbed in an absorber, AB, and nitrogen is regstered by a 
detector D2. The amount of carbon dioxide is determined from the difference between 
the data from detectors D, and D,. 

C R A 4 AB DZ 

Fig. 5. GC column - reactor - absorber - detector - absorber - detector system. 

To compare the dynamic systems described so far, based on separation by 
elution GC and selective absorption, it must be taken into consideration that compo- 
nent S passes the GC column under repeatedly established equilibrium and that its 
concentration in the gaseous phase varies 30_ If Ns is the number of moles of compo- 
nent S, then its instantaneous concentration at the column outlet can be expressed as 

Ns cs = - 
Y t, &&-exP[- &(I - $1 

where Y is the volumetric flow-rate of the gas, t the elution time (the time period 
during which concentration cs is eluted), tR the retention time, L the column length 
and H the height equivalent to a theoretical plate. 
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For the masimal concentration of the eluted component I = rR. so that 

and the integral of the time function of the concentration distribution of the &ted 
component satisfies the condition of the Gaussian random distribution 

-J 

I c& = Y 

-, 

and has a maximum cyx at time I = r, and t\vo points of inilection at time rinf_ 
situated symmetrically on both the sides of I~: 

The separation of the eluted component in the column is influenced by simul- 
taneous dissolution and absorption processes_ shifts in the equilibrium in the presence 
of inert components and by the amounts of the eluate and the eluted component. 

With a change in the concentration of the eluted component a chan,oe also 
occurs in the concentration of the carrier gas. These chanses can be expressed in 
terms of variations in partial pressures as the total pressure in an open chromato- 
graphic system remains constant. As long as the pure carrier gas C streams in the 
column, its partial pressure at the column outlet is pc = p. After the introduction of a 
substance S into the column. the partial pressure of the carrier gas is changed. As the 
total pressure remains unchanged. then 

P = PC + Ps 

With all the dynamic systems described so far, component S. leaving the GC column. 
passes through the reactor where it is converted into the mixture of reaction products. 
e.g.. nitrogen, carbon dioxide and mater if C, PI, N are determined and. in the next 
step, this mixture is separated either chromatographically or by selective sorption_ 

In GC separation, all of the preceding considerations are valid. Frovided that 
the chromatographic separation is good, in the course of the analysis with a defined 
time sequence the following relationships are valid for the total pressure at the 
column outlet and in the measurin,o section of the sensing element: 

P = PC 

or 

P = PC +- Ps2 
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7 = PC + Pco, 

or 

P = PC + P&O 

With selective sorption the situation is different. Having left the reactor, the 
whole mixture of reaction products passes through the sensing element so that 

P = PC + Ps= + PLO= + P&O 

After the conversion of water into hydrogen, 

P = PC + Ps: + Pco: + PH, 

and having passed the absorption layer. where carbon dioxide is trapped. the mixture 
enters the second sensing element at the total pressure in the profile of the zone of the 
reaction products: 

P = (PC + Ps2 + Pco, + PI-i21 - Pco, 

i.e.. the initial partial pressure of the carrier gas does not change and, as a con- 
sequence, the individuaI partial pressures of the components present vary. 

From the viewpoint of the use of the detector of the concentration type (katha- 
rometer), in the profile of the peak bein g analysed concentration changes occur. 
which are not negligible. particularly in carbon dioxide absorption (carbon dioxide 
concentrations in the carrier gas of the order of 10% should be taken into account). 
These changes are the reason for the non-linearity of the detector response, which can 
be defined only with difficulty as it is affected by a number of factors: (1) variations in 
the concentrations of the components present; (2) non-linearity of the dependence of 
the change in the thermal conductivity on the concentration of the components pres- 
ent; (3) non-linearity of the dependence of bridge unbaIance signal on the change in 
the *&ermal conductivity; (4) variations in the flow-rate of the gaseous mixture in the 
peak profile and thus aiso the non-linearity of the detector response depending on the 
flow-rate of -be analysed mixture; and (5) changes in the viscosity of the gaseous 
mixture in the proHe of the peak being analysed. 

The phenomena mentioned above are responsible for the fact that this method 
is suitabIe for semi-quantitative applications only. The same factors arise in systems 
using the dilution chamber. However, in this instance the concentrations of the reac- 
tion products being determined are lower by an order of magnitude, and also the 
resulting errors in the determination caused by non-linearity of the detector response 
are negligible_ A more detailed discussion of these phenomena is given in the sections 
dealing with individual methods. 

Finaiiy, a combined case28*2g can be considered, which is mentioned, e.g., in 
Fig. 5. where the considerations concerning GC apply to the determination of water. 
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4.3. Reactor-dihtriotz ci~mnber-cotnbitlatiorl of detectors ad seiectise absorbes 

In this instance the possibility is considered of connecting a GC column on-line 
to elementai analysers of the Perkin-Elmer Model 2&I and Yanaco types3’-35. which 
diEer in the shape and function of the dilution chamber. Le., the former uses a glass 
flask with an aur:!!iary samplin, = loop and the latter a cylinder with a mechanically 
controlled piston. 

In the first instance, as follows from the flow diagram in Fig. 6. the components 
from the GC column pass through valve T, into ambient air or. in peak analysis. into 
reactor R. via the three-way valve S, into dilution chamber CH, where the reaction 
products are diluted and homogenized under steady-state conditions after closing the 
chamber with the aid of valves S, and S1. 

M 

Fig. 6. Arrsngemenr of GC column - reac:or - dilution s>srem: separxion of individual componenx b> 
srlccrixe absorprion and differenrial measurement of thsrmal conducririrics. 

After finishing the peak samp!in,, 0 the system is fed with the pure carrier gas 
(helium) via T,. R and S, and the pressure is increased to an overpressure. dete_mined 
in advance, by means of a manometer. M. After finishing the homogenization. the 
mixture from CH is allowed to expand via S,, a samp!ing loop. X, and a valve. T,. 
and out. Meanwhile, the car&r gas streams via T2 into a system of absorbers and 
thermal conductivity detectors D,, D1 and D3 (the baseline is registered). Sub- 
sequently- by switchin,o valves S, 2nd T1 the contents of loop X are purged vi2 T2. into 
the system of detectors and absorbers_ In C. H. N determination, water is trapped in 
the frrst absorber (packed with Anhydrone) and the difference in the corresponding 
thermai conductivities is registered by a detector. Id,. carbon dioxide is trapped in the 
second absorber (Ascarite) and D- again re$sters the difference in the therm21 con- 
ductivities of the mixtures. The d%erence between the thermal conductivity of the 
remaining mixture and the pure carrier gas is measured in 2 third detector. D3. When 
the analysis is finished, chamber CH is washed with the carrier gas via S, and S, and 
out. 

The second case, using the cylindrical dilution chamber and the mechanically 
controlled piston, is analogous. 

The dilution chamber, which apparently makes the whole process complicated 
and affects adversely the time of analysis (dilution of the reaction products and their 
homogenization for about 1.5 min), in addition to some smaller drawbacks [adsorp- 
tion on the v.aiis, particulariy in the analysis of small amounts of the sample (below 
50 pg). or the dead volume]. has a number of important advantages: 

(1) It acts as an integrator and thus simplifies the electronic components of the 
analyser. 
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(2) It virtually eliminates difficulties associated with sorption of the reaction 
products in the reactor, or those complicating the subsequent separation. 

(3) It makes it possible to vary the flow-rate through the reactor almost at will 
(4) It permits the use of larger amounts of sampIe compound for the analysis 

as it makes it possible. to a considerable extent. to avoid non-linearity ofthe katharo- 
meter response caused by its concentration dependence_ 

(5) It makes it possible to use large-volume traps of any type. 
(6) The frontal GC technique can be used in connection with the dilution 

chamber, gtving higher column efficiency. and enables shorter columns to be used. 
y-ielding shorter analysis times. thus compensating for the time necessary for homoge- 
nization of the gas mixture in the dilution chamber. 

It is the following three factors that contribute to the errors caused by non- 
iinearity of the detector with the systems described above: 

(a) The relationship between the component concentration and the change in 
thermal conductivity is linear at low concentrations or in a narrow range of the 
concentrations_ The effect of the non-linearity can be neglected provided that the 
molar fraction is less than 0.01; hence follows one of the advantages of the dilution of 
the components. 

(b) The other source of error is associated with the presumption of direct 
proportionality between the change in the therma conductivity and the signal of the 
bridge unbalance_ It was provedzs that the reiationship between the moIar fraction. s. 
of the compcnent and the signal of the bridge unbalance. 4E, has the following form 

AE - _Y (1 - s) 

and. in contrast to the case of elution GC, it is therefore very small with dilution and 
gives rise to errors that do not esceed 0.05 “/: if it is diluted to s d 0.01 (ref. 31). 

On the other hand, with systems using e!ution GC a function-generating device 
must be used to obtain a linear appro_ximation and thus also the possibility of per- 
forming the analysis with a wider range of the weighed amounts. 

The application of a later version ef the kathaiometer. operating with a con- 
stant temperature of the filaments, provides a wider range of linearity of response3’. 

(c) With the systems described above it is necessary to take into account the 
third deviation from the linear relationship between the amount of the component of 
interest in the sample, and hence the concentration in the dilution chamber of the 
products of its specific reaction and the change in its thermal conductivity in a separa- 
tion section after absorption of individual components_ The deviation takes the form 
of an increase in the initial concentrations of the reaction products after homogeni- 
zation in the dilution chamber as soon as one of the components of the mixture is 
absorbed_ 

If the most frequent application, Le., C, H, N determination, is taken as an 
example. then, provided that the Pregl-Dumas reaction system is used, after reaction 
of the sample and equilibration of the mixture of the reaction products the mixture of 
hehum, nitrogen, carbon dioxide and water remains in the dihuion chamber, so that 

-THE + -ys2 + -&-Ol + -xH$-, = 1 
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where xi is the molar fraction of an individual component and is calculated according 
to the relationship 

GJ--22.4-760 
-‘;i = MivP-273 

- Io-3 

where Mi (.ug) and Gi (pg) are the molecular mass and the mass of component i. 
respectively, and r(ml), T(OK) and P (Pa) are the volume, temperature and pressure. 
respectively, in the dilution chamber. 

Then, with a simplifying assumption31-3’ of linear additivity of the katharo- 
meter response to the concentrations of individual components in the case of multi- 
component mixtures and of the estimate or the calculation of the corresponding 
thermal conductivity. 2, it is possible to start from the presumption that after the 
absorption of the first component. i.e.. water. 

and 

so that in the measuring section of the katharometer (viz.. Fig. 6) 

and in the reference section 

iR - 
-Q: -‘-co= - - 

1 - SHzO 
- is2 i- 

I - “Hz0 
- ‘-co2 

and from the difference between the two thermal conductivities. before and after the 
absorpiion of water. 

and analogously after the absorption of carbon dioxide. 

Ai,, = 
-koz 

2 (1 - xH1o) [I - (s,, + xco,)] - (-ss=Lx= 

f -~&i.,,) 

and finally, by comparing with pure helium. 
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Strictly, generally linear additivity of the thermal conductivity cannot be as- 
sumed for multi-component mivtures of gases and therefore for the calculation of the 
thermal conductivity in the individual katharometer ce% after the absorption of the 
components of the mixture it is more exact to use more complicated reIationships. 
the best being that according to Lindsay and Bromley36: 

p. 
3-i 

%I = 
- c 

-~ - 

i= 1 1 f- _Li i$l Aij -\-;- 

j-1 

where 

where _ui and pj are viscosities of gases i and j, respectively, -\-ii and Mj are the 
molecular masses of i andj, respectively, Si and _“i are the Sutherlacd’s constants of i 
and j, respectively, A:; and _\;- are the molar fractions of i and j. respectiv&y_ zsd r is 
absolute temperature (‘fo. 

For practical reasons, it is advantageous that correction factors, f;. can be 
calculated for the conditions given for the analyser and that the differences in the 
thermal cor.ductivities measured for individual components. 4i.i. can be corrected 
with the respective factors. The values obtained in this way vary Iinearly x.vith the 
change in concentration i (ref. 32): 

di- 
-j+ = 4Li,,,,,_ = 4j-i_r 

For a binary system with thermal conductivities Ai and iHe (carrier gas) it is 
possible to write. as 3 particular case. 

4iiet = xi (ii - iHc) 

The deperrdence between 4iiVL arid _Q is linear. so that from the above relationships 
we have 

_fi 
_ 44 - Aii 

AjqL xi (ii - LHe) 

Factors A can be calculated from the corresponding relationships, which is imprac- 
tical. It is more advantageous to tabulate them in relation to the amounts of other 
components present, which is valid to a first approximation. These corrections need 
not be performed in practice because, as a rule, the errors that arise do not exceed f 
0.2”/,; absoIute for each eiement to be determined. 
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Fig. 7 shows a flow diagram of a device suitab!e for the realization of reaction 
frontal GCt5.“. and also reaction elution GC. OF a combination of bothls. 

Jhe substance under analysis, leaving the C-C column. C,. OF having been 
captured in a trap first, is introduced into a reactor, R. via a valve. V,. reacts with the 
formation of the defined products. which are carried by the ca_rrier gas via a valve, V2. 
into a cylindric dilution chamber, K, equipped with a loosely moving piston. P. At the 
same time, the piston slides towards the opposite face with a valve. V,. opened to the 
atmosphere_ The piston havin, (1 reached the face, the pressure in the chamber in- 
creases to a value adjusted in advance. then the chamber is closed for about 1.5 min in 
order to allow for homogenization of the gaseous mixture by diffusion. Simul- 
taneously valve V3 is switched and the carrier gas is introduced behind the Giston 
under an overpressure which is at the inlet of the chromatographic column. Valve V4 
is switched, the entry of the carrier gas into a GC column. C2. is interrupted and. at 
the same time, the inlet into the dilution chamber is opened_ ?&e piston of the cham- 
ber purges the equilibrated mixture from the dilution chamber into the GC cohmm. 
filled with a suitable sorbent (e.g.., Porapak Q or QS). Frontal chromatographic 
development occurs prov<ded that the sampling is performed for a sufhciently long 
period. By selection of the sampling time, combined frontal elution separation’s. 
having some advantages over a purely frontal process, can be achieved. The residue 
from the dilution chamber is blown off into the ambient atmosphere and the next 
analysis can be started. 

This system combines some properties of all of the above arrangements. A by- 
pass arrangement of the reactordilution chamber system provides ail the advantages 
of the dilution chamber. as mentioned earlier_ 

On the other hand, some disadvantages of the application of the dilution 
chamber, particularly in the analysis of amounts of sample less than 50 ,~g. cannot be 
disregarded: (1) existence of dead volumes and large surface areas (surfaces of the 
piston, inside walls of the dilution chamber), the dimensions and the so ption proper- 
ties of which must be suppressed (e-g., by silane treatment); and (3’ demands on 
smooth piston sliding. 
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Strictly_ no direct linear proportion exists in frontal GC between the concentra- 
tion of the component in the dilution chamber after the equilibration and the corre- 
sponding katharometer response in the course of the adsorption chromatogaphic 
process. The concentration established in the dilution cham’ber initially varies during 
the adsorption development. 

If C. H, N determination is considered. the concentrations of carbon dioxide, 
nitrogen and water in helium (carrier gas) reach s = 0.001-0.01 when competitive 
sorption in the chromatographic process can be neglected. This mixture is led from the 
dilution chamber into the ChromatoSraphic column packed with Porapak Q or QS 
and individual components are sorbed until equilibrium is established. The least 
sorbed compcnent. nitrogen, appears at the column outlet first as a concentration 
step, the height of which should correspond to the concentration introduced from the 
dilution chamber. In fact. it is higher as the remaining components. carbon dioxide 
and W;dter. were sorbed from the initial mixture_ The molar fractions of nitrogen and 
heiium are therefore changed. The situation is similar after the elution of carbon 
dioxide. Only after elution of water do the initial concentrations established in the 
dihrtion chamber leave the column. 

These concentration changes are equivaIent to those described in further detail 
in the preceding section. on separation by selective absorption. 

rMoreov-er. the concentration changes in this instance result from desorption of 
the Iess sorbed component by the com~onsnts proceedins more sIow!y (in the present 
instance by carbon dioside and water). It ;s a new establishment of the sorption 
equilibrium. based on the concentration changes over the sorbent, that is relevant 
here. With respect to low concentrations of substances, this phenomenon can be 
neglected. 

The situation is different in the desorption part of the frontal chromatographic 
process. Here no concentration changes occur and the component eluted by the 
sorbent is immediately replaced with the same molar fraction of helium (carrier gas). 

A combined frontal elution separation is obtained if the contents of the di- 
lution chamber are sampled into the GC column within a shorter pericd of time. It is 
advantageous as any eventual concentration corrections. discussed above, will be 
omitted for the last component (in the present instance this is water) and the total 
analysis time will be shortened by about 2 minis. 

The resulting precision of the determination by the above method, as with all 
other instrumental methods. is complex. In addition to the separation process proper, 
the parameters of various elements of the instrument, such as the precision of the 
temperature control in the thermostat_ the precision of the stabilization of the katha- 
rometer filament volta_ee and of the carrier gas pressure, the sensitivity and the preci- 
sion of the pressure establishment in the dilution chamber. the perfectness of the 
reaction process. the ma@tudes of the dead volumes of the valve system. the sorp- 
tion properties of the inner surface on the connections and the walls of the dilution 
chamber affect this precision_ 

Practical experience suggests that the main sources of errors are sorption of 
reaction products on the inner surface of the dilution chamber and in the inlets (bore 
holes towards membrane valves in the face of the dilution chamber) and the concen- 
tration changes that occur in the course of adsorption-frontal GC development. 

The precision of the results also depends, to a considerable extent, on the initial 
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amount of the sample. A precision of & 0.2 “/A absolute can be obtained for individual 
elements with samples of 100-1000 f+ With decreasing amounts of sample, the 
efiicts associated with concentration changes and non-linearity of the katharometer 
response lose their si~ificance and sorption phenomena predominate_ The smallest 
amount of sample that can be analysed is about i0 ,QS for systems with a diltition 
chamber, and about i pg for based on elution GC. 

More precise results are obtamed with larser amounts of sample ( 100 & when 
the conditions are optiimal for easy and rapid selective reactions and the ratio of the 
sample signal to the blank value for a given element remains sufiicientlv Oreat_ & -_ 

4.5. Reacror-dilrrtion chanlher-su~ilplirlg Ioop-ehrion gas chrontnrogruph~~ 

A suitable instrumental arrangement for this case can be based, e.g._ on Fig. 6. 
the only difference being that the samplin g tube X is repiaced with a loop and the 
system of absorbents and detectors with a chromatographic column and one detector_ 
The advantage of tiis arrangement over that described in Section 4.1 is the possibility 
of performing an independent reaction and eliminating sorption phenomena in the 
reactor. On the other hand. the sampling itself with the aid of the loop sufTers from an 
error that is not negligible and restricts the practical applicability of this arrangement. 

Use of a loop with a sufficiently !arge volume is a particular case vvhen the 
sampling into the chromatographic coiumn is prolonged; during the chromatograph- 
ic process, the initial concentration in the centre of the zone of the component being 
separated will be maintained until leatin g the chromatographic column. and the 
resulting chromatogram [vi11 consist of stepwise peaks. the height of which will cor- 
respond to the concentrations established originally in the dilution chamber”. How- 
ever. this presumes that a simple mixture of gases is produced by the reaction and that 
the individual components are separated well with a suthcient reserve vvith respect to 
elution time. This case does not sutTer from the error caused by the sarmpling loop and 
is advantageous in practice. It is substantially identical with the case described in 
Section 4.4. 

- 2_ ELEXIESTAL .SX%LYSIS SYSTEMS FOR OS-LINE CONSECTIOS WITH THE G_-VS CHRO- 

XIATOGRAPHIC COLUMN, USING A --STOP FLOW” SYSTEM 

EA systems for connection to the GC column operating as a “stop flow’- 
system differ only in that they do not require trapping. The interruption of the carrier 
zas ffow through the GC column for 8 min. which is necessary to perform, e.g.. C. H, 
N analysis, is said’ not to have any negative effects on the subsequent separation. 

6. REACTION COXDITIOSS FOR INDIVIDUAL DETERMINATIONS 

6.1. Determination cf C, H, N 

iMost instrumental methods determine C, Ii, N simultaneously_ The reaction 
principle is wry simple and can be expressed schematically as follows: 

Organic N compound ----+ (O) co L 
2 t H,O i N2 +- N oxides v (Cu) CO 

2 ’ 

E&o t N1 
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In general. however, the mechanism of the oxidation process is complicated and it is 
not always easy to satisfy the requirements of the reaction scheme. in the reaction of 
chromatographic e&ems, however, the situation is usually much simpler as com- 
pounds are involved that are relatively volatile or convertible into the gaseous state 
and. moreover. have a relatively simpie qualitative composition_ 

Sample compounds are mostly combusted with addition of oxygen and the 
gaseous reaction products pass additionally through an o?ridative packing (mostly 
oxygen donors) in order to be completely oxidized_ Copper (II) oxide still has a wide 
range of application. although a number of others. such as the decomposition prod- 
uct of AgMn0,35, CO,O,~~ and others, described in detail in testbooks on organic 
elemental analysi?-. have been proposed. 

In separate determination by GC-EA. the reaction conditions of EA are de- 
termined by the instrumentation that is applied. 

Various commercial analysers operate on the basis of different reaction prin- 
cipfes, which are usually optimal for the given system’f?-d’. Zatenrisc of r;nreacted 
oxygen and reduction of nitrogen oxides are generally performed over copper at 500- 
65O’C. whereas the oxidation packings and pyroiysis scc:io;: are ZZ;;;;~ a~ 350- 
105O’C. 

Various forms of metallic silver (siiver-wGs!, silver deposit4 nn zs inert sup- 
port. mixture of silver with Co,O,. Sn02, etc.) at 500-SOO’c1°J’ are used to absorb 
interfering elements, such as halogens and sulphur. 

All of these methods employ relatively high temperatures (1000 & SOr-C) in the 
p>-rolysis section and the combustion packing in order to efiect virtual!y instan- 
taneous destruction of all types of substances; however, significant corrosion of the 
quartz tube should not occur_ This also results from the fact that, in contrast to 
classical elemental analysis, reactions are mostly carried out in an inert medium of the 
carrier gas (helium) with the addition of only a smali amount of oxygen in order to 
prevent rapid exhaustion of the copper packin g. Classical donors of oxygen. such as 
CuO, Co,O, and decomposition product of AgMnO,, are no longer used because at 
these temperatures they have a high oxygen tension and lose their efficiency (the 
maximum usable temperatures are 550-900.750-800 and 500-550°C fcr CclO, Co,O, 
and the decomposition product of AgMnO,, respectively). With on-line connection 
of the GC column to EA. however, it is advantageous to use classical oxygen donors 
for the o_xidative conversion of the sample compound, CuO being the best, or no 
addition of oxygen_ particularly if smaller amounts of compounds (100 pg and less) 
are analysed. 

6.2. Deterntirration of 0; C, 0; H, 0 

Oxygen determination is theoretically possible by two reaction procedures: 
(a) By pyrolysis of the sample in an inert gas and reductive conversion of the 

pyroiysis products by passing them through the layer of carbon packing, or nickelized 
or pIatinized carbon packing. at a sufficiently high temperature (1120,95O-1050 and 
9OO’C with non-catalysed. nickel-containing and 50 y0 of platinum-containing 
packings. respectively). Oxygen from the sample is converted quantitatilvely into 
carbon monoxide, which is determined as such -3r converted into carbon dioxide prior 
to the determination proper. Hydrogen, nitrogen and also methane (if the conversion 
is performed at temperatures below 1050”C’6~“c*“‘) are by-products of the reaction_ 
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(b)By pyrolysis of the sample in the stream of hydrogen or hydrogen in a 
mixture with helium and by conversion of the pyrolysis products on a nickel catalyst 
at a relatively low temperature 45OC”. Oxygen is converted into water and carbon 
into methane. -4s the interfering elements, such as halogens and sulphur. poison the 
catalyst, the application of this reaction procedure. in contrast to the above. is re- 
stricted to compcunds of qualitativeiy simple composition. 

It follows from the above that in classical elemental analysis. reductive conver- 
sion on a carbon packing is used explicitly to determine osygen. In the present in- 
stance it will be used analogousiy for separate applications of GC and EA, as ail the 
instrumental methods are also based on this princip!eaO*<‘_ 

With on-line systems, hydrogenation cleavage on a nickel catalyst is also 
possible, as substances that are simple from the viewpoint of qualitative composition 
are mostlv involved’5. If application to the determination of the empirical formula & 
without weighing is taken into consideration. it is necessary for simultaneous detenni- 
nation of oxygen and carbon. or osygen and hydrogen. to be obtained”-i6. 

In the first instance hydrogenation cleavage of the sample into methane and 
water can be used successfully, so that methane corresponds to carbon and water to 
oxygen_ This method is particularly suitable for on-line connection”. C’nreacted 
hydrogen can be removed by diffusion through a heated capillary made of paladium 
and si!ver. 

Reductive conversion of the sample on a carbon packing permits the simul- 
taneous determination of oxygen and hydrogen, preferably in the form of carbon 
dio.xide and water after oxidation of the reaction products16. With respect to reten- 
tion of hydrogen on the carbon packing, this procedure is suitable for E-4 systems 
with a dilution chamber_ 

6.3. Determination of S; C. H, X. S: C, X. S 

All contemporary instrumental methods can be used for the determination of S 
or the simultaneous determination of S, C. N or together with H upon total oxidation 
of the sample’i*z~s. In contrast to the reaction conditions in C. M. N determi- 
nations. it is necessary for some other problems to be solved_ Granular WO;-L’-‘y 
and SnOl” at 1000°C. which do not show substantial retention of sulphur osides. are 
suitable as combustion packings_ SuIphur o-tides must be converted into a uniform 
product. sulphur dioxide. A short layer of copper or copper(I) oxide at 850 5 20-C 
was suggested to this purpose. where sulphur trioside reacts to give copper(H) sul- 
phate in order that the latter may be decomposed into copper(H) oxide and suiphur 
dio.xide. This layer serves simultaneously for the absorption of unreacted oxygen and 
for reduction of nitrogen oxides. both reactions beins accelerated by the presence of 
sulphur dioxide<‘. It is probable that in this layer [in fact in a mixture of copper(I) 
end -iii) o_xides and copper] partiai sorption of sulphur dioxide occurs even at the 
optimal remperature; however, it can be suppressed to a considerable e_xtent by prac- 
tical measuresso. As the method is relative, suf%ientIy precise the results are obtained 
in this determination. 

With on-line connecrioa of GC and EA, reductive conversion of the sample in 
a stream of hydrogen over a platinum catalyst to give hydrogen sulphide, methane 
and x&er’r can be considered. as with the determination of osysen. This reaction is. 
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moreover. promising for the determination of phosphorus and arsenic as phosphine 
and arsine, respectively_ 

7. COKCLUSION 

In the identification of unknown compounds leaving the chromato,sraphic 
column. the determination of their empirical or molecular formulae and hence their 
mole=zular masses provides valuable information, which in most instances is sufficient 
if other chemical properties of the mixture under separation or relative eiution data 
are also known. In practice, combined GC-MS, which moreover provides further 
information on molecular fra_ments and thus also on the structure of the compound 
under study, is mainly used for this purpose. This instrumentation is, however. still 
expensive and not avaiIable in many Iaboratories. The aim of this present review has 
been to indicate different ways of acquiring the information mentioned above with 
the aid of much simpler and less expensive means. 

The separate application of GC and EA to the collection of the peak under 
analysis in a suitable trap can he recommended_ The procedure without sample weig- 
hing is applicable i9 most instances, especially in GC. The procedure involving 
sample weighing is limited to larger amounts of sample. (minimum 100 pig), as it is 
restric:ed by the sensitivity of currently available ultramicrobalances. 

On-line GC-EA connection can be achieved most easily in the form of an 
adapter for the gas chromatograph (such as a replaceabIe thermostat head, likewise in 
the case of exchangeable detectors), pro\-iding the possibility of using an electronic 
modulus of the GC katharometer. The concept usin, = a dilution chamber is advan- 
tageous, particularly for the determination of samples with a minimal mass of 50 pg; 
the possibility of using a trap of any type is an additional advantage. The combi- 
nation of U GC column operating as a “stop flow” system with elution GC is suitable 
for samples with masses less than 30 pg. 

The application of computers will make data processing and calculation of the 
empirical or molecular formulae substantially easie?2-54. 

General conditions and possibilities are discussed for the identification of GC 
efnuents by determining their elemental composition, thus making it possible to 
calculate empirical and molecular formulae. Attention is paid to the trapping of GC 
peaks. to various methods for the direct combination of GC and EA. to elemental 
analysis without weighing and to the reaction conditions for the EA of GC column 
effluents, especially for the determination of C,H,N; 0; C,O; H,O; S; C,N,S; and 
C,H,N,S. Individual instrumental methods of EA are discussed in detail, and sources 
of errors are pointed out. 
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