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1. Introduction

“Quantitative determination is nothing more than a comparison with a known amount
of reference material.” * In analytical practice, obtaining reference material, in most
cases, does not pose a challenge to the analyst. My thesis focuses on the smaller
proportion in which obtaining reference material is fraught with obstacles, forcing the
analyst to resort to alternative methods to perform quantitative analysis.

The focus of my assessment is the flame ionization detector (FID), which I used in a
capillary gas chromatography (GC) system. Since the invention of the FID in 1957, it
has been the most widely used detector in gas chromatography practice. Its structure
is simple, easy to maintain, and has a large linearity range (up to 7 orders of
magnitude). Although it is not suited for measuring inorganic compounds, it is widely
applicable with volatile organic compounds, barring a few exceptions. Its uniqueness
lies in its “carbon counting” ability with a response signal approximately proportional
to the carbon content of the hydrocarbon introduced, regardless of its molecular
structure. However, this carbon counting mechanism is “damaged” in the presence of
heteroatoms. The extent of the response decrease depends not only on the quality of
the heteroatom but also on the bond in which it appears. To represent signal reduction,
Sternberg? defined in 1962 the so-called effective carbon number (ECN), which
expresses the molar response of a molecule containing a heteroatom expressed in
“hydrocarbon carbon numbers”, i.e. how many carbon atoms are effective in signal
production. In the literature, we find compound class-specific signal modifying
increments (AECN), which reveal, for example, how far the oxygen in an ether or a
primary alcohol reduces the response of the carbon number of the compound. These
are reported as “universally applicable” characteristic constants which primarily serves

1 J. Balla, “A mennyiségi mérés definicidja,” Szébeli informacidatadas, 2006.

275 C. Sternberg, W. S. Gallaway, and D. Jones, “The mechanism of response of flame ionization detectors,” in 3rd
international symposium of Gas Chromatography. New York, N. Brenner, J. Callen, and M. Weiss, Eds., Academic
Press, 1962, pp. 231-67.



the practical purpose of making the quantitative determination of so-called CLASS
(Compounds Lacking Authentic Standards or Surrogates®) compounds feasible based
on cumulative measurement experience about individual functional groups. These are
components for which the standard for quantitative determination is not available, that
is, “comparison with a known amount of reference material” is not possible!. In these
cases, the response of the component to be examined can be determined only by
calculation in which the analyst reduces the carbon number of the molecule by the
literature increments of the functional group in the molecule.

Our group researched the effective carbon numbers in the early 2000s and examined
the dependence of ECN values on different experimental conditions 4. In my thesis, to
some extent, I continue along this path and seek answers to two questions. One is
whether the linear flow rate of the carrier gas in the capillary GC-FID system affects
the ECN value when using the flame ionization detector as a mass flow-sensitive
detector. The other one is whether the detector signal - the ECN value measured -
depends on the quality of the stationary phase of the capillary column used.

In my thesis, I present the ECN values of two groups of compounds for which there
was no previous literature data or for which there was no data for all of the group
members. These two groups are the chlorobenzenes (mono-, di-, tri-, tetra-, penta- and
hexa-derivatives) and the group of straight-chain carboxylic acids. I also give the ECN
increment of the Cl attached to the aromatic ring and the carboxyl group, in the
capillary GC-FID system applied.

Finally, in my thesis, I present a self-developed quantitative determination method,
which, given the ECN wvalues of chlorobenzenes, can be performed using only 2
standards instead of 12 authentic standards. I would also like to show an example of
how the information obtained as to the relationship between molecular structure and
detector response can be used to apply the ECN method not only in the case of CLASS

components, but also in cases where the analyst has access to authentic standards.

2. Literary background

Evidence that the response of the flame ionization detector is proportional to the carbon
number of the measured component was provided for the scientific community by
McWilliam and Dewar® barely a year after its invention. McWilliam® identified the
critical point of ion formation as the step before the oxidation of carbon atoms to
carbon dioxide; however, he did not provide details of this assumption.

3] E. Szulejko and K. H. Kim, “Re-evaluation of effective carbon number (ECN) approach to predict response
factors of ‘compounds lacking authentic standards or surrogates’ (CLASS) by thermal desorption analysis with GC-
MS,” Anal. Chim. Acta, vol. 851, no. C, pp. 14-22, 2014, doi: 10.1016/j.aca.2014.08.033.

4 M. Kéllai, V. M4té, and J. Balla, “Effects of experimental conditions on the determination of the effective carbon
number,” Chromatographia, vol. 57, no. 9-10, pp. 639-644, 2003, doi: 10.1007/BF02491742.

5 1. G. Mcwilliam and R. A. Dewar, “Flame Ionization Detector for Gas Chromatography,’
Symposium, Gas Chromatography, D. H. Desty, Ed., London: Butterworths, 1958, pp. 142-152.

5 1. G. McWilliam, “Linearity and Response Characteristics of the Flame Ionization Detector,” J. Chromatogr. A,
vol. 6, pp. 110-117, 1961, doi: 10.1016,/S0021-9673(61)80229-X.
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The first mention in the literature that the molar response of organic compounds is
proportional to the number of carbon atoms is based on the reaction of the CH radical
and the O radical comes from Calcote’®:

CH+O0=HCO" +¢ &l s =-12,0 £8 kJ/mol (1)
HCO" +H,0=H,0" +CO &l ygs=-111 +10 kJ/mol (2)
Although until 1980, what Calcote described could only be supported by indirect
experimental results, the scientific community accepted the above reactions as a
description of the characteristic signal formation of the FID. The main role of the
equations described in 1961 (Eq. 1 and 2) in the carbon counting mechanism of the
FID has not been refuted since then. The research results related to the “enigmatic” ®
carbon counting mechanism of the flame ionization detector were reviewed by
Schofield® in his summary study published in 2008, in which he presented relevant
scientific publications from the invention of the FID (1957) until the end of the 2000s
- including his own research results - and did not neglect to discuss the flame chemistry
results before the invention, which date back to the end of the 1940s.

Based on Schofield's findings, we can say that - regardless of molecular structure - the
carbon content of the hydrocarbons entering the FID is converted into several types of
C-containing radicals of a particle population formed after extremely rapid decay and
is distributed. Among these radicals, the ground-state CH radical - the amount of which
is proportional to the original carbon content, as is the case for all members of the
population - produces a stoichiometric amount of electrons with the CH radical in an
oxidation-ionization step.

The need for a method for the normalisation/uniformisation of the molecular structure-
dependent response of the flame ionization detector emerged very early. This actually
arose from the fact that while in the case of the quantitative determination of
hydrocarbons the detector response signal - the peak area - could be easily corrected
with the percentage carbon content of the introduced component - thus providing the
analyst with the mass percent composition of the sample - this correction did not help
gas chromatographers in the case of compounds containing heteroatoms.

The effective carbon number, as a molar response, introduced by Sternberg>®, describes

the response of the component containing the heteroatom:

ECN,=n ———=n A 3
7 ref Av'(f./‘ m; Mr(;/‘ ref fz Mn;/‘ ’ ( )

where A is the area under the peak, m is the weight, M is the molar weight, fis the

relative sensitivity, n is the actual carbon number, ¢ refers to the i. compound, and ref

refers to the reference compound.

" H. F. Calcote, “Ion production and recombination in flames,” 184-199, vol. 8, pp. 184-199, 1960.

8 K. Schofield, “The enigmatic mechanism of the flame ionization detector: Its overlooked implications for fossil fuel
combustion modeling,” Prog. Energy Combust. Sci., vol. 34, no. 3, pp. 330-350, 2008, doi:
10.1016/j.pecs.2007.08.001.

9 M. Kéllai, Z. Veres, and J. Balla, “Response of Flame Ionization Detectors to Different Homologous Series Key
Words Gas chromatography Flame ionization detection FEffective carbon-atom number Effective carbon-atom
number increment,” vol. 54, no. 7, pp. 511-517, 2001, doi: 10.1007/BF02491209.
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In his 1962 publication, Sternberg® determined ECN; values for 35 model compounds.
For some of his measurements, he used a packed column gas chromatography system
(Beckman GC-2); in others, he introduced the binary gas mixtures directly into the
FID without an analytical column. Based on his results, he determined compound-
class-specific response modification contributions (AECN), which are shown in Table
1. However, in some cases, he determined the increment valid for the entire compound
class based on the response of a single component.

While in the early 1960s, Sternberg et al were among the pioneers in studying the
operation of FID with their studies, Scanlon and Willis®® published their latest results
on effective carbon numbers in the mid-1980s, at a time when the use of GC-FID
systems was already widespread (Table 1). In their work, they did not aim to determine
the ECN values of “ordinary” compounds with which Sternberg had mapped the basic
signal-producing mechanism of FID (acetone, i-propanol, toluene, etc.), but rather
investigated compounds that were largely unavailable as commercially available
authentic, pure standards. They compared the responses of the neat and derivatized
forms of the investigated compounds. They dealt with alcohols, straight-chain
carboxylic acids, carbohydrates and aromatic compounds containing a carbonyl group,
of which trimethylsilyl, trimethylsilyl oxime and methoxime derivatives were prepared.
However, in many cases, while the responses of the derivatized form were determined
based on their own measurements, responses of the neat components used for
comparison were taken from literature sources. They also reported the ECN values of
polycyclic aromatic hydrocarbons.

28 years after Sternberg's paper, Jorgensen (1990)™ re-examined the 1962 ECN data
and even expanded the range of components examined (Table 1). In all cases, he
measured smaller AECN values than Sternberg, but he did not consider the differences
to be significant. The largest difference (0.25) was measured for ethers.

Similar to the work of Scanlon and Willis, Morvai et al. (1992)* also reported the
responses of derivatized compounds routinely prepared in daily gas chromatography
practice. They presented the ECN values of ethyl, i-propyl, n-propyl, i-butyl, n-butyl
esters of carboxylic acids, dicarboxylic acids, benzoic acid and o-phthalic acid (Table 1).
Their measurements were obtained from a packed column gas chromatography system.
Ten years later, in their studies, Kallai et al. published ECN contributions, which were

determined in a modern capillary gas chromatographic system”34,

10 3. T. Scanlon and D. E. Willis, “Calculation of flame ionization detector relative response factors using the
effective carbon number concept,” J. Chromatogr. Sci., vol. 23, no. 8, pp. 333-340, 1985, doi:
10.1093/chromsci/23.8.333.

1A D. Jorgensen, K. C. Picel, and V. C. Stamoudis, “Prediction of Gas Chromatography Flame lonization Detector
Response Factors from Molecular Structures,” Anal. Chem., vol. 62, no. 7, pp. 683-689, 1990, doi:
10.1021/ac00206a007.

12 M. Morvai, L. Palyka, and . Molnér-Perl, “Flame ionization detector response factors using the effective carbon
number concept in the quantitative analysis of esters,” J. Chromatogr. Sci., vol. 30, no. 11, pp. 448-452, 1992, doi:
10.1093/chromsci/30.11.448.

13 M. K4llai and J. Balla, “The effect of molecular structure upon the response of the flame ionization detector,”
Chromatographia, vol. 56, no. 5-6, pp. 357-360, 2002, doi: 10.1007/BF02491945.
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In their publications, they presented the responses of homologous series of alkanes,
chloro-, bromo-, iodoalkanes, primary alcohols, methyl esters and ketones, based on
which results they determined increments characteristic of the compound class
(Table 1). In most cases, they used the average of the values determined for the
members of the homologous series with lower carbon atoms. They also measured a
smaller number of aromatic compounds. Their main goal was to re-examine the ECN
values determined by Sternberg and Jorgensen on the capillary gas chromatography
system, which was considered modern in the early 2000s.

In the years following the invention of the FID, several series of experiments were
initiated to map the factors influencing detector sensitivity that arise from the
geometry of the FID or the operating settings. The subjects of the investigations
included, among others, the following: electrode arrangement, applied potential
difference, jet diameter, quality of detector gases and their volume flow rate ratio,
detector cell size, jet material, etc.>146:151617.18

It is worth being aware of how each parameter can influence the magnitude of our
detector signal, beyond satisfying theoretical interest, from the point of view of daily
analytical problem solving. However, in the case of today's modern gas
chromatographs, the influencing effect is not relevant for every factor, since it is not
possible to change all parameters in the compact devices on the market (e.g. electrode
material and shape, electrode distance, etc.).

Another crucial difference is that while a considerable proportion of the studies
conducted in the 1960s examined the FID response signal alone, in current gas
chromatography practice, the FID signal can only be interpreted in conjunction with
the injector and the analytical column. (The injector and capillary column connected
in series can be considered as a special sample introducing unit of the FID.)
Accordingly, conclusions drawn on the sensitivity of the FID will be conclusions drawn
on the sensitivity of the GC-FID system. This also applies for the ECN as a relative
molar response signal.

Our research group has performed previous studies on this topic *** in a modern
capillary gas chromatography system. Based on these, we concluded that the FID
response depends on the injector, detector and column temperatures, the injection

method, the quality of the reference material and the analyte concentration®.

14, Ongkiehong, “The hydrogen flame ionization detector,” Technische Hogeschool Eindhoven, 1960. doi:
10.6100/IR70383.

15 R. A. Dewar, “The flame ionization detector a theoretical approach,” J. Chromatogr. A, vol. 6, no. C, pp. 312
323, 1961, doi: 10.1016/s0021-9673(61)80265-3.

6D H. Desty, C. J. Geach, and A. Goldup, “-,” in Third Symposium on Gas Chromatography Edinburgh 1960, R.
P. W. Scott, Ed., London: Butterworths, (not included in preprints), 1961, pp. 46-66.

'y Y. Tong and F. W. Karasek, “Flame lonization Detector Response Factors for Compound Classes in
Quantitative Analysis of Complex Organic Mixtures,” Anal. Chem., vol. 56, no. 12, pp. 2124-2128, 1984, doi:
10.1021/ac00276a033.

18 P, Boctek and J. Janak, “Flame ionisation detection: (Flame ionisation phenomena),” Chromatogr. Rev., vol. 15,
no. 2-3, pp. 111-150, 1971, [Online]. Available: https://doi.org/10.1016/0009-5907(71)80016-9
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Table 1 Contributions to the effective carbon number published by different authors, AECN

Kallai et al.

Sternberg ~ Scanlon, Willis Jorgensen Morvai et al. L, Matyasi et al. Matyasi et al.
Atom Type Kallai és Balla
19622 19851 1990* 199212 2001°,2002% 2023% 2023%
C Aliphatic 1.0 - 0.88 - 0.98 - -
C Aromatic 1.0 - 1.09 - 0.46/-0.12 - -
C Olefinic 0.95 - - - - - -
C Acetylenic 1.30 - - - - - -
Cl Chloroalkanes -0.12/db? - - - -0.14 - -
Cl On aromatic C - - - - -0.55 -0.2-(-0.3)/Cl1 -
Cl On olefinic C +0.05 - - - - -
Br Bromoalkanes - - - - -0.25 - -
I Iodoalkanes - - - - -0.14 - -
(0] Primary alcohols -0.60 - -0.42 - -0.72 - -
(0] Secondary alcohols -0.75 - -0.58 - - - -
(0] Tertiary alcohols -0.25 - - - - - -
(0] Phenols - - -0.83 - - - -
0) Ethers -1.0 - -0.75° - - - -
(0] Furans - - -0.82 - - - -
O Aldehydes -1.0 - - - - - -
(0] Ketones -1.0 - -0.80 - -0.99 - -
-COOH Acids - - - - - - -1.20-(-2.90)
-COOR Esters -1.25 - -1.27 -1.49 - -
-COOR Esters - - - 1.1/1.73/2.23/3.23 /3.34¢ - - -
N Primary amines -0.60 - -0.582 - -0.79 - -
N Secondary amines -0.75 - - - - - -
N Tertiary amines -0.25 - - - - - -
N Nitriles -0.7 - - - - - -
N Nitrogen heterocycles - - -0.62 - - - -
H-C-O-Si(CHs)s Alcohols, TMS - 3.69-3.78 - - - - -
-CO2- Si(CHs)s Acids, TMS - 3.0 - - - - 2.34
-CH=N-0O-Si(CH3)3 Silyl oximes - 3.3 - - - - -
-CH=N-0O-CH; Methoximes - 0.92-1.04 - - - - -

* from the 2. Cl atom; ® Only ethers/amines containimgninimumof 1 aromatic ring as substituentsincrements of ethyl/i-propyl/n-propyl/i-butyl/n-butyl esters of straight-chain carboxylic acids



We also observed differences in the response depending on the quality of the carrier
gas'®.

One such difference can be highlighted among the above-mentioned chromatographic
parameters concerning ECN: the effect of the injection method. The compound group-
specific ECN increments provided in Table 1 were determined using different injection
techniques. Sternberg® used an analytical column for some of his measurements, and
carried out other measurements without a column; Jorgensen'' used on-column
injection with a capillary column, Morvai et al.'? used splitless injection with a packed
column system, Scanlon and Willis!’, Kéllai et al.’, Kallai and Balla'®, and Matyéasi et

al.?%? used a split/splitless injector in split mode with a capillary column GC system.

3. Experimental methods

The measurements discussed in my thesis were performed in modern capillary gas
chromatography systems using flame ionization detection (Shimadzu GC2010 and a
Shimadzu GC2014, the autosamplers used: AOC-20i and AOC-20s).

4. Results

4.1 Effect of the linear velocity on the ECN value?®

Although the flame ionization detector is a mass flow rate sensitive detector, the area
under the peak, molar response and ECN also show a tendency depending on the
applied linear velocity value on the investigated gas chromatographic system. The
response of the detector is not the same, even with the same amount of substance
injected into the separation system. This observation was unanticipated in that the
response of a mass flow-sensitive detector theoretically depends only on the total sample
amount introduced, but is independent of the sample residence time in the detector.?®
With all the investigated compounds we observed a maximum response in the linear
velocity range 30-80 cm - s'. The response is minor above or under this velocity range,
which is the daily gas chromatographic working range. At low linear velocities (10 cm

s1-30 cm s') the baseline width is greater than at higher velocities. In these cases, the

19 J. Matyési, K. Somogyvari, C. Uhrin, and J. Balla, “The effect of linear velocity on the sensitivity of temperature
programmed gas chromatographic separation,” in 1I1thBalaton Symposium on High-Performance Separationn
Methods, Siétok, Hungary: Magyar Elvalasztastudomanyi Tarsasig, 2017, p. 120.

2 J. Matyasi, G. Nyerges, and J. Balla, “The Effective Carbon Number of Chlorobenzenes Quantitative
Determination with the CBs-ECN Method,” Period. Polytech. Chem. Eng., vol. 67, no. 3, pp. 435-441, 2023, doi:
10.3311/PPch.22100.

2L J. Métyési, G. Nyerges, and J. Balla, “Increasing Flame Ionization Detector Response by Silylation: The Effective
Carbon Number of Carboxylic Acids,” Period. Polytech. Chem. Eng., vol. 67, no. 4, pp. 565-572, 2023, doi:
10.3311/PPch.22827.

27. Matyasi, D. Zverger, B. Gadl, and J. Balla, “The effect of the linear velocity on the detector response and
effective carbon number: The role of the experimental conditions in the quantitative analysis,” Period. Polytech.
Chem. Eng., vol. 65, no. 2, pp. 158-166, 2021, doi: 10.3311/PPch.16130.

2 1. Haldsz, “Concentration and Mass Flow Rate Sensitive Detectors in Gas Chromatography,” Anal. Chem., vol.
36, no. 8, pp. 1428-1430, 1964, doi: 10.1021/ac60214a009.
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Fig. 1 Shape of the peak of normal octadecane ot different linear velocity levels in the range of 10 - 170 cm - sec’’;
concentration: 60.84 ug - mL”' (Peaks are aligned to the same retention interval.)

loss upon the integration error is higher than at narrower baseline width (Fig. 1). There
is another loss in the case of high linear velocities (80 ¢m s'-170 cm s'). We assume it
is a result of the reduced residence time of substances in the hydrogen flame during
which the signal producing process cannot be completed; the production of the charged
particles for the molecule is not stoichiometric. Flame capacity diminishes due to
insufficient time. In this case, the carbon counting ability of the flame is retained
because the sum of aCN values do not increase but the signal size decreases. This
effect on peak area is more significant in the case of alkanes with longer chain length.
By increasing the carrier gas velocity, the slope of the linearly approximated molar
response-carbon number and ECN-carbon number correlation decreases; the straight
lines “flatten” above 20 cm s (Fig. 2).
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Fig. 2 Variation of the slope (a) of the molar response-carbon number and ECN-carbon number linear

relationship as a function of linear velocity, 10-170 cm s



4.2. Effect of the stationary phase on the ECN value ?4?°

[ investigated seven 624-type columns from four manufacturers (Tables 2 and 3). My
primary goal was to compare how much the stationary phase, as a chromatographic
condition, influences the effective carbon number determined for a given component. I
performed my measurements on theoretically “equivalent” columns: columns with the
same stationary phase (6%-cyanopropylphenyl-94%-dimethylpolysiloxane) and
identical dimensions (30mx0.32mmx1.8um); I examined the effect of two factors that
can influence the quality of the stationary phase: the manufacturing technology of the
column and the “pre-life” of the column. I applied two test mixtures (Tables 2 and 3),
which contained compounds that can form all of the second-order interactions
(dispersion, dipole-dipole, dipole-induced dipole, and Hydrogen-bond) with the
stationary phase that occur in gas chromatographic systems, as well as irreversible
acidic and basic interactions. Measurements were carried out at four different linear
velocities: 50, 100, 150 and 200 c¢m s

Table 2, 624-Test mizture I, 100 cm s

Rtx-624 Rtx-624 CP-Select CP-Select Elite- .

a b 624 a 624 b DB-624 Z7ZB-624 Volatiles A (MAX-MIN) A (MAX-MIN) %
Butyraldehyde 3.71 3.52 3.58 3.40 3.17 3.63 3.82 0.7 17 %
1-Chloropentane 5.21 5.16 5.16 5.14 5.17 5.17 5.17 0.1 1%
1-Pentanol 4.75 4.75 4.79 4.78 4.72 4.72 4.76 0.1 1%
Methyl pentanoate 4.84 4.83 4.86 4.78 4.78 4.81 4.74 0.1 2%
Ethylbenzene 8.50 8.37 8.40 8.39 8.3/ 8.37 8.54 0.2 2%
N,N-Dimethylacetamide — 2.53 2.47 2.55 2.56 2.53 2.53 2.98 0.2 7%
Valeric acid 3.90 3.46 2.95 0.59 3.02 2.80 3.65 3.3 85 %
2,6-Dimethylphenol 7.54 7.29 7.7 7.96 7.68 7.55 7.91 0.7 8 %
o-Toluenesulfonamide  6.17 6.02 6.42 6.03 6.19 5.98 6.29 0.4 7%
Caffeine 4.33 4.36 4.59 4.40 4.43 4.46 4.49 0.3 6%

ECNuivy marked with italic, ICNuax marked with bold.
Table 3, 624-Test mixture II, 100 cm s

Rt":"% R’“‘:’M CI;;:E” C’I;’Qi"ll‘;"t DB-624  7ZB-624 Vil;‘ﬂ“ A (MAX-MIN) A (MAX-MIN) %
1,4-Dioxane 2.20 2.23 2.19 2.19 2.19 2.19 2.15 0.1 4%
Pyridine 4.81 4.67 4.75 4.81 4.64 4.46 4.66 0.4 %
1,2-Propanediol 1.75 1.32 2.03 2.04 1.91 1.96 1.95 0.7 35%
Anisole 6.28 6.34 6.26 6.32 6.23 6.26 6.38 0.1 2%
Heptylamine 6.12 3.40 4.72 5.94 4.92 2.54 4.39 3.6 59%
Nitrobenzene 5.70 5.76 5.67 5.74 545 5.66 5.81 0.4 6%
2,6-Dimethylaniline 7.62 7.71 7.61 7.70 7.50 7.58 7.86 0.4 5%
2,6-Dimethylnaphtalene 11.14 11.49 11.24 11.31 11.12 11.16 11.20 0.4 3%

ECNuiv marked with italic, ICNuax marked with bold.
There were significant differences between the ECN values calculated for the same
components. The most extreme deviation was A(MAX-MIN)%= 85% measured for

ayel Nyerges, J. Matyasi, and J. Balla, “Comparison of 624-type Capillary Columns ‘Equivalent Columns’ Deviation
in the Quantitative Analysis,” Period. Polytech. Chem. Eng., vol. 67, no. 3, pp. 427-434, 2023, doi:
10.3311/PPch.21611.
%5 J. Métyéasi, G. Nyerges, and J. Balla, “Comparison of 624-type Capillary Columns II. ‘Equivalent Columns’
Deviation in the Quantitative Analysis,” Period. Polytech. Chem. Eng., vol. 68, no. 4, pp. 630-638, 2023, doi:
10.3311/PPch.37088
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valeric acid (ECNuax=3.90, ECNuw=0.59). It is noteworthy that instead of ECN=4,
which is expected based on the literature and was relatively well approximated by 3
columns, the ECN value measured on one of the columns could misleadingly suggest
that the signal-reducing effect of the carboxyl group is greater than 4 effective carbon
atoms. More pronounced ECN loss occurred only when the peak of valeric acid did not
even appear on the chromatogram at a flow rate of 50 cm s' or when the heptylamine
was indicated by a barely noticeable baseline increase lasting for minutes.

The decrease in the ECN value of the component (compared to the ECNyax measured
in the sequence) indicates irreversible excess sorption on the stationary phase, which
can stem from two sources: column manufacturing technology and the history of the
column; however, from a practical point of view, the underlying cause is unfortunately
irrelevant. To be able to select the most suitable column for the analytical problem at
hand, it is advisable to test the potential columns with a homemade test mix. Taking
into account the ECN losses calculated based on the tests, we can determine what
character of components the given column is suitable for measuring: acidic or basic,
aldehydes or alcohols, etc.

In light of the measurement results, the term “column-to-column reproducibility”
advertised by the manufacturers is also thought-provoking, however, the history of the
columns tested was not identical. In view of the above, in our case, the
interchangeability of columns within the laboratory is certainly impracticable. By using
our home test mix, the deterioration of the condition of our columns in continuous use

can also be monitored.

4.3 The effect of chlorine substituents on the ECN value of the aromatic
20

ring
In the course of my work, I examined all 12 chlorobenzene (mono-, di-, tri-, tetra-,
penta- and hexachlorobenzene) signal response measured with a flame ionisation
detector following separation by capillary gas chromatography. I determined the signal
reducing effect of chlorine against the number of chlorine atoms appearing on the
aromatic ring (AECN). I expressed the detector response signal in effective carbon
number. In previous literature no ECN relating to all 12 chlorobenzene derivatives was
to be found.

I observed a monotone response decrease with the increase in the number of chlorine
atoms on the aromatic ring. The appearance of the first chlorine atom resulted in a -
0.30 ECN decrease. The contribution of 1 additional chlorine to the ECN value was &etw
-0.12 and-0.51. Averaging the signal modifying effect of the isomers, we can say that
the Cl modifying effect is (-0.2)-(-0.3)/Cl atom. Based on these results I established
that for aromatic compounds 1 chlorine connected to a carbon atom has a significant
effect on ECN in contrast to alkyl chlorides, in which case chlorine has a negligible
effect. I approached the pattern of CBs' ECN values with a linear relationship. The
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determination coefficient of the fitted line was R*> = 0.999. Bearing in mind the signal-
modifying pattern of the chlorine atoms on the benzene’s response, I developed a
quantitative measurement method for the 12 CBs, called CBs-ECN method (Fig. 4).

This method does not require a 12-component calibration, because the calibration

ECN;/M; - n,/M; @

0,08 c

O

y = 1.090x - 0.007
R? = 0.999

ECN;/M;[mol/g]
Han

001 g © 0,05 0,07 0,09
’ n;/M; [mol/g]

Fig. 3 ECN values relative to the molar mass of chlorobenzenes against the actual carbon number relative
to molar mass

solutions contain only hexachlorobenzene in addition to the reference benzene. I tested
the new method by measuring an artificial sample containing all 12 CBs. I compared
the results obtained with outcomes determined with a classic 3-point calibration
method. The differences were under 4.5% for 11 CBs. Only in one case was it 7%: for

1,2,3-trichlorobenzene.
4.4 The effective carbon number of neat and sylilated carboxylic acids*

I determined the effective carbon number of straight- and branched-chain carboxylic
acids in the C»-Ci2 carbon atom range. I established an ECN contribution (AECN)
range characteristic of straight-chain carboxylic acids from -1.20 to -2.90. This is a
higher negative effect on response than that of of alkyl esters. I approximated the
relationship between the carbon number and ECN with linear correlation (R? = 0.999)
(Fig. 5).

I also investigated the acids' responses after replacing the active hydrogen of the
carboxyl group with a trimethylsilyl group. The derivatized form produced a higher

molar response in every case; the ECN gain range was 2.78-3.79 compared to the non-

derivatized form. With these results, I demonstrated that the advantage of silylation,
beyond the general gas chromatographic benefits, is its increasing effect on detector

response. In the case of silylated acids, I also observed a linear relationship between
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c [ng/ml]
Samplel Sample2 Sample3 Average SD RSD% ECN

Chlorobenzene 189 186 186 187 2 1 Chlorobenzene 5,7
1,3-Dichlorobenzene 195 191 192 192 3 1 1,3-Dichlorobenzene 5,4
1,4-Dichlorobenzene 242 237 237 239 3 1 1,4-Dichlorobenzene 5,4
1,2-Dichlorobenzene 197 192 192 194 3 2 1,2-Dichlorobenzene 5,4
1,3,5-Trichlorobenzene 175 171 171 173 2 1 1,3,5-Trichlorobenzene 5,1
1,2,4-Trichlorobenzene 346 339 339 341 4 1 1,2,4-Trichlorobenzene 5,1
1,2,3-Trichlorobenzene 329 321 322 324 4 1 1,2,3-Trichlorobenzene 5,1
1,2,3,5-Tetrachlorobenzene 160 155 154 157 3 2 1,2,3,5-Tetrachlorobenzene 4,8
1,2,4,5-Tetrachlorobenzene 176 172 169 172 4 2 1,2,4,5-Tetrachlorobenzene 4,8
1,2,3,4-Tetrachlorobenzene 214 205 207 209 5 2 1,2,3,4-Tetrachlorobenzene 4.8
Pentachlorobenzene 313 299 300 304 8 3 Pentachlorobenzene 4,5
Hexachlorobenzene 181 169 172 174 6 3 Hexachlorobenzene 4,2

Fig. 4 The successive phases of the CBs-ECN method; A: Delermination of the calibration line using benzene and hexachlorobenzene; B and C: Determination of the ECNi/M; values

of the other chlorobenzenes based on the line of step A; D: Determination of the chlorobenzene concentrations of an unknown sample based on I4q. 3
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Fig. 5 Effective carbon numbers against the actual carbon numbers; straight-chain carbozylic acids,
TMS' derivatives of straight-chain carboxylic acids, normal alkanes (y = x)

carbon number and the ECN of TMS derivatives (R* = 0.996) (Fig. 5).

I determined the ECN contribution of the whole -CO»-Si(CHzs)s group to be 2.34. Based
on this finding I established that in the TMS ester group, signal production is more
efficient than in alkyl esters, which also have 3 carbon atoms (propyl ester contribution:
2.23; i-propyl ester contribution: 1.73'?).

5. Summary

In my thesis, I investigated the effect of linear velocity and column stationary phase
on ECN value. Based on my measurements, [ determined that the response of the mass
flow-sensitive flame ionization detector is not independent of either the linear velocity
or the quality of the stationary phase in a capillary GC-FID system.

In addition to the influencing effect of experimental conditions, I examined the AECN
value of functional groups for which there is no literature data or which were
determined based on the measurement of compounds with a small elemental number

(chlorobenzenes, carboxylic acids, trimethylsilyl derivatives of carboxylic acids).
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Even though it can be stated that ECN values and “universal” AECN increments
depend on the chromatographic experimental conditions, we cannot dispense with their
use. On the one hand, if we do not have an authentic standard, we have no other option
for quantitative determination than the approximation given by the ECN. On the other
hand, in cases where we have reference materials at our disposal, we can determine
ECN values for our own measurement system, which will carry all the influencing
effects of our own experimental conditions. In view of this, fewer standards are required
for future quantitative determinations performed on a given measurement system,
which not only reduces costs but also the hazardous waste generated during the analysis
and the chemical load on the analyst.

6. New scientific results

1. The response of a mass flow-sensitive flame ionization detector is not independent
of the linear velocity of the carrier gas in a capillary gas chromatography system. The
peak area, the molar response, and the effective carbon number also show a dependence
on the linear velocity. This dependence is also reflected in the response of normal
alkanes used as a reference when using the effective carbon number method.
(Publication I)

2. The relative molar response of the flame ionization detector, the effective carbon
number, is not independent of the quality of the stationary phase in the capillary gas
chromatography system. The quality of the stationary phase is determined by the
manufacturing technology and the impurities resulting from samples previously
measured on the column. Both effects can cause excess sorption, which appears in ECN

loss. The effective carbon number depends on the quality of the stationary phase used.
(Publication II, IIT)

3. I determined the ECN values of all 12 chlorobenzenes for which no data are available
in the literature. In a capillary GC-FID system, the appearance of a chlorine substituent
on the aromatic ring causes a decrease in the detector response: the AECN value varies
between (-0.2) and (-0.3) per Cl atom. This is greater than the signal-reducing effect
in aliphatic systems: AECN= -0.14/CI°. With the increase in the number of chlorine
substituents, the effective carbon number of the benzene ring decreases monotonically.
In the case of the 12 chlorobenzene compounds (mono-, di-, tri-, tetra-, penta- and
hexa-derivatives), the ECN;/Mi-n;/M; relationship can be approximated by a linear
relationship (M: molar mass; n: actual carbon number). Using the CBs-ECN method I
developed, the quantitative determination of the 12 chlorobenzenes can be performed

using only two standards instead of 12. (Publication IV)

4. I determined the effective carbon number of straight-chain carboxylic acids in the
Co-Ci2 carbon number range in a capillary gas chromatography system, for which there
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was no previous literature data for each member. The characteristic response decrease
of the carboxyl group is between (-1.20) and (-2.90). An increasing response decrease
is observed with increasing alkyl chain. I determined the effective carbon number of
the trimethylsilyl derivatives of straight-chain carboxylic acids in the C,-Ci2 carbon
number range. The characteristic ECN contribution determined by me for the entire -
CO2-Si(CHs)s group was AECN = 2.34. This contribution is larger than the
contribution of n-propyl or i-propyl ester formation (contributions: 2.23 and 1.73"),
which also increases the carbon number of the carboxylic acid by three. Based on these,
it can be stated that the carboxyl group converted to a TMS derivative provides a
larger signal than when converted to an n-propyl or i-propyl ester. (Publication V)
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