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Abstract

Detector response of carboxylic acids (C2–C12, straight and branched chain) were investigated using a flame ionization detector (FID) 

in a capillary gas chromatographic system. The response of the FID for hydrocarbons is almost directly proportional to the carbon 

quantity introduced into the flame. Heteroatoms in the molecule reduce signal magnitude, depending on their quality and on the 

bond they are involved in. We expressed this reduced response with the effective carbon number (ECN). We determined the ECN 

contribution (ΔECN) of the carboxyl group on the alkyl skeleton. We examined how the responses of carboxylic acids change if 

trimethylsilyl derivatives are evaluated and we compared the ECN of the neat and derivatized form.
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1 Introduction
1.1 The FID operation principle
The capillary gas chromatography system with flame ion-
ization detection has become a routine separation technique 
successfully applicable for qualitative and quantitative 
analysis. Relatively easy construction and maintenance, 
extremely wide linear range (107 ), and near-universal 
response for carbon-containing compounds contributed 
to flame ionization detector's (FID) holding such a distin-
guished place among the gas chromatographic detectors [1].

In the FID there is an 1500-2200 °C temperature dif-
fusion hydrogen flame that ensures energy for converting 
the neutral compounds to charged particles. As a result of 
combustion, the analytes arriving at the detector after leav-
ing the column with the carrier gas, transform into ions 
and electrons. There are two electrodes with a voltage dif-
ference, which moves around (attracts or repels) charged 
particles, in the presence of which current is measurable 
in the circuit containing the two electrodes. The radical 
chain mechanism that takes place in the flame also releases 
ions and electrons when only detector gases (hydrogen, 
air, make-up gas) and carrier gas are present; therefore, 
a low-intensity background current is detectable even if 
there are no analytes in the flame. However, the response 

increases by orders of magnitude if carbon-containing 
compounds reach the flame. Signal producing mechanism 
starts with molecule cracking followed by pyrolysis and 
finally ends with ionization. In 2008, Schofield [1] in his 
publication summarized in detail the principles and results 
of the investigations in relation to the FID's operation since 
its invention. According to his study, in terms of electri-
cal signal production the radical chain mechanism's key 
compound is the ground state CH radical which arises in 
quantities proportional to the carbon content [1]. This is the 
"one-carbon-quantum" of FID. Consequently, the resulting 
ions and electrons provide an electrical signal proportional 
to the carbon content (Eq. (1)) [1]:

CH O CHO e� � �� �
.  (1)

To reflect this observation, it is often called a "car-
bon-counting detector". (One mole of octane produces 
very nearly the same response as two moles of butane or 
eight moles of methane [2].) However, this carbon-counting 
ability is compromised in the case of molecules containing 
atoms different from carbon and hydrogen. The presence of 
the heteroatom mostly causes a decrease in the signal since 
a carbon atom connected to a heteroatom cannot participate 
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to the fullest possible extent in signal production, although, 
in some cases, an increase was also observed [2].

The effort to uniformize the response of molecules con-
taining heteroatoms appeared soon after FID began to be 
used. Relative responses characteristic to different compound 
groups have been published in the literature to quantify the 
response relative to different reference materials [2–15]. 
This classification not only accounted for the respective het-
eroatom that appeared in the molecule, but also the type of 
bond it was involved in and the molecular structure. Relative 
responses were defined as relative molar or relative weight 
responses. As reference material, mostly normal alkanes 
were used; however, in some cases, benzene [2, 13, 15], 
naphthalene [10], and even one chosen member of the inves-
tigated homologous series occurred [4, 6].

The effective carbon number as a relative molar response 
was introduced by Sternberg et al. [2], who published the 
effective carbon number (ECN) concept in his 1962 paper, 
which served as a basis for later ECN studies (Eq. (2)):
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where i is the investigated compound, s is the standard 
compound, n denotes the actual carbon number, A stands 
for the peak area, m is the weight of the compound, M is 
the molar mass, and f is the relative response, respectively.

Sternberg et al. applied normal heptane and propane as 
a reference material [2].

The signal modifying effect caused by a specific func-
tional group can be characterized by the ΔECN value 
(Eq. (3)):

�ECN ECNi i in� � .  (3)

Table 1 lists summarized data [2, 10–15] on the charac-
teristic ECN contribution of the carbon and heteroatoms 
(O, N, Cl, Br, I, Si) specified for the different functional/
compound groups.

The present study focuses on the effect of oxygen on the 
effective carbon number.

1.2 ECN of carboxylic acids
Although several authors provide different relative response 
values for carboxylic acids [4–8], characteristic ΔECN 
data are not available in the literature, only ECN data 
recalculated from previously published relative response 
data [10]. Furthermore, the investigators published the 
relative response data for only a few carboxylic acids or 
provided summarized results originating from different 

authors, consequently from different experimental condi-
tions [4, 6, 7]. In addition, the relative responses published 
mostly came from a packed column gas chromatographic 
system [5, 6] or from a specific apparatus [3] and for the 
calculations, instead of alkanes, usually one of the carbox-
ylic acids was chosen as the reference compound [4, 6].

Although Sternberg et al. [2] did not report characteristic 
ΔECN for carboxylic acids, he investigated the signal-mod-
ifying effect of single and double-bonded oxygen in differ-
ent species. According to his experience, the signal loss 
caused by the oxygen for primary, secondary and tertiary 
alcohols is −0.6, −0.75, and −0.25 respectively. He observed 
greater signal loss at etheric oxygen and at double-bonded 
oxygen in aldehydes, ketones, and esters, where the oxygen 
eliminated the signal of one entire carbon atom [2].

His explanation for response loss is based on that CO 
and CO2 are released during the cracking step from the 
molecules; consequently, they cannot produce CH radicals 
and signal [2].

During his mass spectrometric investigation focus-
ing on the ion formation in the hydrogen flame Nicholson 
and Swingler [16] came to the conclusion that decreased 
response of oxygen-containing molecules is due to the 
slowness of the CH formation reaction. For these species, 
the reaction rate of CO and H2CO formation is higher.

In 1962, Ettre [4] in his short communication processed 
and interpreted data measured by others based on new 
aspects. He approximated the relative responses of acetic, 
propionic, butyric and valeric acid with a linear relation-
ship (Emery and Koerner [17]). However, these responses 
were related not to a normal alkane but to one member of 
the same 4-element series, the propionic acid. He estab-
lished that in the case of butyric and valeric acid, the 
responses of isomers are higher than in the case of corre-
sponding straight-chain fatty acids.

Ettre in his further investigation, carried out with Kabot [5] 
measured the four straight-chain fatty acids (C2–C5 ) on 
a capillary column. The molar responses calculated were in 
good agreement with Emery and Koerner's [17] outcomes. 
They extended their measurements to even more carbox-
ylic acids ( C2–C5 , C7 , C8 , C10 , C12 ). However, they were 
measured only on a packed column. The carbon number 
relative to molar response was approximated with a linear 
straight line. However, acetic acid and propionic acid gave 
notably lower responses than the line. They attributed 
this to the significant effect of the carboxyl group on the 
relatively short alkyl chain, which is weaker on longer 
chains. Perkins et al. [3] investigated the relative molar 
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responses of numerous homologous series. However, they 
did not provide the specific numerical values, only dia-
grams, based on which conclusions were drawn on the 

characteristic ECN increments of the compound groups 
by the authors. The ECN contribution of the acids deter-
mined by the method presented was −1.

Table 1 Contributions to the effective carbon number published by different authors

Atom Type Sternberg 
[2]

Scanlon and 
Willis [10] 

Jorgensen 
et al. [11]

Morvai et al. 
[12]

Kállai et al. [13], 
and Kállai and 

Balla [14]

Mátyási et al. 
[15]

Recent work 
(2023)

C Aliphatic 1 – 0.88 – 0.98 – –

C Aromatic 1 – 1.09 – 0.46/−0.12 – –

C Olefinic 0.95 – – – – – –

C Acetylenic 1.30 – – – – – –

Cl Chloroalkanes −0.12 
each – – – −0.55 – –

Cl On aromatic C – – – – −0.14 −0.2−(−0.3)/Cl –

Cl On olefinic C +0.05 – – – – – –

Br Bromoalkanes – – – – −0.25 – –

I Iodoalkanes – – – – −0.14 – –

O Primary 
alcohols −0.60 – −0.42 – −0.72 – –

O Secondary 
alcohols −0.75 – −0.58 – – – –

O Tertiary 
alcohols −0.25 – – – – – –

O Phenols – – −0.83 – – – –

O Ethers −1.0 – −0.75* – – – –

O Furans – – −0.82 – – – –

O Aldehydes −1.0 – – – – – –

O 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 – −0.58* – −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(CH3)3
Alcohols, 

TMS – 3.69–3.78 – – – – –

−CO2−Si(CH3)3 Acids, TMS – 3.0 – – – – 2.34

−CH=N−O−Si(CH3)3 Silyl oximes – 3.3 – – – – –

−CH=N−O−CH3 Methoximes – 0.92–1.04 – – – – –
*   Only ethers/amines containing minimum 1 aromatic rings as substituents.
** The values are the increments of ethyl/i-propyl/n-propyl/i-butyl/n-butyl esters.
      In the case of red colour marking, the provided contribution applies only to the red-marked atoms specifically only in that functional group.
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As subsequently noted by Ackman, contrary to 
Sternberg's results Perkins' figure showed that the sig-
nal-reducing effects of the carboxylic acids and aldehydes 
were different [7]. The relative molar response of alde-
hydes was found to be higher than acids. The difference is 
more significant in longer-chain acids. Ackman assumed 
there is a variation in the ion formation and signal produc-
tion procedure between the aldehydes and acids [7].

Ackman and Sipos [6] compared his earlier published 
data (carboxylic acids C2–C6) complemented with a few 
new measured values (carboxylic acids C9 , C10 ) to Kabot 
and Ettre's responses [5]. He did not experience a different 
behavior in the molar responses of low-chain fatty acids. 
Furthermore, he found that there is no significant differ-
ence between branched and straight-chain isomers' molar 
responses [6].

In the 80's Scanlon and Willis [10] investigated the ECN 
of different polycyclic aromatic hydrocarbons and oxy-
genated organics. They compared the neat and derivatized 
forms for different species, like alcohols, n-acids, carbohy-
drates and aromatic carbonyls. They prepared trimethylsi-
lyl, trimethylsilyl-oxime (TMS) and methoxime derivatives. 
However, they did not measure ECN for neat carboxylic 
acids. For comparison, they used ECNs calculated based 
on Dietz's [8] earlier published response factors (1.01, 2.07, 
2.95, 5.11, 5.55, 6.55 for acetic, propionic, butyric, hexa-
noic, heptanoic and octanoic acid, respectively). Scanlon 
and Willis determined ECN for TMS-derivatives of hex-
anoic, heptanoic, octanoic and nonanoic acids to be 8.00, 
8.80, 9.94, and 10.83, respectively. The ECN of the whole 
–CO2–Si(CH3)3 group was measured to be 3.0 [10].

In the case of alcohol's TMS-derivatives, where there is no 
carbonyl oxygen, they determined a higher 3.69–3.78 con- 
tribution in the case of the H–C–O–Si(CH3 )3 group [10].

25 years after Sternberg's paper, Jorgensen [11] reexam-
ined and extended his ECN data. In every case, he mea-
sured lesser ΔECN values. However, the differences were, 
for the most part, insignificant. The maximum deviation 
obtained between the two data series was for ethers, with 
ΔECN = 0.25. Jorgensen found the differences surprising 
since there have been significant changes in instrumenta-
tion in 25 years. For carboxylic acids or their TMS deriva-
tives no data was reported [11].

In 2001 and 2002 Kállai et al. [13], and Kállai and 
Balla [14] published the ECN of different homologous 
series. These papers were the reexamination of earlier 
studies and at the same time they were the extension of 

literature on the ECN of ketones, aromatic and halogenated 
compounds. Comparison of the ECN values obtained to 
earlier data in some cases revealed significant differences, 
which can be partly attributed to modern instrumentation. 
Although they did not investigate carboxylic acids or their 
TMS derivatives, in connection with the examination of 
esters, they stated that the ECN contribution of the OH 
group in a carboxyl group is different from that of the OH 
group in alcohol. Furthermore, the double-bonded oxygen 
and the hydroxyl group in the carboxyl group bonded to 
the same carbon atom; consequently, the ECN contribu-
tion of the carboxyl group cannot be identical with the sum 
of ECN increments of =O and −OH groups [13, 14].

1.3 ECN in practical use
These increments give an idea of the effect of the molec-
ular structure on the FID signal, despite the fact that, as 
pointed out in our previous publications [18, 19] and in 
agreement with the experiences of other authors [9, 20], 
they are subject to the experimental conditions in which 
they take place. Although these ECN modifying con-
stants (Table 1) are very useful when our target compound 
is a so-called CLASS compound (Compounds Lacking 
Authentic Standards or Surrogates [21]) whose FID-
response can only be established by calculation based on 
the ECN method rather than by experimental means.

Another efficient application of ECN values is using 
them for column tests [10, 22]. The decreased ECN of the 
test compounds indicates active points on the stationary 
phase which cause irreversible adsorption.

The ECN loss can show the thermal decomposition of 
substance in the injector or the purity of the standards [10].

The ECN method is a useful tool for monitoring the 
efficiency of derivatization too.

1.4 Neat and derivatized form
The application of derivatization techniques is beneficial 
for many reasons. It provides thermal stability for com-
pounds that would not be measurable with gas chroma-
tography (GC) due to their thermal sensitivity. With deri-
vatization, active hydrogens are replaced; consequently, in 
some cases, the boiling points will be reduced. In addition, 
by replacing polar groups for more apolar substituents the 
excess sorption on the stationary phase will be eliminated, 
and eluted peaks will be more symmetrical. With derivat-
ization, the sorption difference between the analytes can 
be increased, resulting in improved separation [23].
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For a GC analysis assisted by an FID detector, the deri-
vatization technique has an extra benefit. For neat het-
eroatom-containing compounds, we expect a reduced 
response caused by the heteroatom's negative ECN con-
tribution. Consequently, the addition of extra functional 
groups containing carbon atoms to the analyte results in 
an ECN increase compared to the neat form.

The purpose of the present paper is to determine the 
effective carbon number of carboxylic acids (C2–C12 ) and 
their trimethylsilyl derivatives not least because there is 
no complete data series in the literature in this regard.

2 Experiment
2.1 Reagents
2.1.1 Preparation of carboxylic acid solutions
The solvent and the standards were purchased from Sigma-
Aldrich. Purity of standard was controlled before using. 
Approximately 20–25 mg from each compound was dis-
solved in hexane or methanol in a 20 mL volumetric flask 
to make stock solutions separately for alkanes and acids. 
From stock solutions working standard solutions were made 
to obtained concentrations of about 200–250 µg mL−1. 
We analyzed the working solutions immediately after 
preparation. Five parallel measurements were carried out.

2.1.2 Silylation procedure
100 µL of the acid working solution was measured into 
a 1.5 mL glass vial with a glass insert. After the vial was 
crimped, 30 µL N,O-Bis(trimethylsilyl)trifluoro-acetamide 
(BSTFA) was added. After vortexing, the mixture was ther-
mostated at 70 °C for 30 min.

2.2 Experimental conditions
A Shimadzu GC-2010 gas chromatograph containing a flame 
ionization detector was used to carry out chromatographic 

measurements. In every case, 1 µL of test solution was 
injected by a Shimadzu AOC-20i autosampler. The sample 
compounds were separated on a Zebron ZB-5HT column 
(length = 30 m, internal diameter = 0.32 mm and film thick-
ness = 0.25 µm). The applied column temperature program 
was 40 °C for 1 minute, thereafter increased to 330 °C at 
the rate of 10 °C min−1. The injector and detector tempera-
tures were 395 °C and 400 °C, respectively. Hydrogen was 
used as a carrier gas at 50 cm s−1 in constant linear veloc-
ity mode. Detector gases were: hydrogen 40 mL min−1, 
air 400 mL min−1 and nitrogen (make-up gas) 30 mL min−1. 
The split ratio was 100:1. To eliminate loss caused by 
excess sorption we silylated the liner before use.

3 Results and discussion
3.1 The effective carbon number of carboxylic acids
We investigated the straight chain carboxylic acids' (C2–C12 ) 
ECN values related to normal alkanes. The calculated ECN 
values were approached with a linear relationship (Fig. 1).

The determination coefficient of the fitted line was 
R2 = 0.999. The nominal values listed in Table 2 show 
that the presence of the carboxyl group in the molecules 
resulted in a loss in response. In every case we measured 
lower ECN than the actual carbon number of the aliphatic 

Table 2 ECN and ΔECN values of straight chain carboxylic acid and their TMS derivatives (C2–C12)

Neat form TMS derivative
ECN difference between 

TMS and neat formCarbon 
number ECN ΔECN Reference Carbon 

number ECN ΔECN ECN contribution of  
–CO2–Si(CH3)3 group

Acetic acid 2 0.80 −1.20 C7 5 3.58 −1.42 2.58 2.78

Propionic acid 3 1.62 −1.38 C7 6 4.44 −1.56 2.44 2.82

Butyric acid 4 2.51 −1.49 C8 7 5.55 −1.45 2.55 3.04

Valeryc acid 5 3.19 −1.81 C9 8 6.21 −1.79 2.21 3.02

Hexanoic acid 6 4.14 −1.86 C10 9 7.10 −1.90 2.10 2.96

Octanoic acid 8 5.94 −2.06 C12 11 9.63 −1.37 2.63 3.68

Decanoic acid 10 7.68 −2.32 C14 13 11.30 −1.70 2.30 3.62

Dodecanoic acid 12 9.10 −2.90 C14 15 12.89 −2.11 1.89 3.79

Average – – – – – – – 2.34 –

Fig. 1 Relationship of effective carbon number and actual carbon 
number, straight chain fatty acid (C2–C12 )
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acid. The ECN contribution of the sum of =O and −OH 
groups (characteristic for carboxylic acid) was measured 
to be in the range from −1.20 to −2.90. We observed an 
increasing tendency in ΔECN as a function of the increase 
of carbon number, a phenomenon in accordance with other 
researchers' findings with other homologous series [11, 13]. 
Relative standard deviations (RSD%) of the five parallel 
measurements were under 3.0%.

The ECN loss for carboxylic acid is higher than for 
esters, although they also contain 2 oxygens (=O and –O–).

3.2 The effective carbon number of carboxylic acids' 
trimethylsilyl derivatives
ECN values of carboxylic acid were observed after the 
formation of their trimethylsilyl derivatives as well. 
The ECNs plotted against the carbon number are dis-
played in Fig. 2. We fitted a straight line to the data the 
determination coefficient of which was 0.996. In accor-
dance with our findings with the neat acid form, we 
observed a slightly increasing tendency in the ΔECN 
values compared to the actual carbon number (Table 2). 
The measured ECN loss was in the range from −1.37 to 
−2.11. RSD% was under 1.2% in every case.

The average ECN contribution of the whole –CO2–
Si(CH3)3 group was determined as 2.34. This value is 
lower than Scanlon and Willis' result (3.00) [11], although 
they investigated TMS derivatives in fewer numbers.

The carboxylic group in TMS derivative forms a higher 
ECN increment (2.34) than in i-propyl (1.73) or n-propyl 
(2.23) ester derivatives, despite the fact that these alkyl 
esters groups also contain 3 carbon atoms.

With the addition of the carbon-containing TMS group to 
our target compounds, increase was observed in the detec-
tor response in every case. Fig. 3 represents the responses 
of the neat and derivatized straight-chain carboxylic acids 

investigated in comparison. ECNs were plotted against to 
carbon number of the neat acid in both cases.

It is spectacular that there is an ECN gain on the detec-
tor response using TMS derivatives in comparison to the 
underivatized form. There is a slight tendency; the longer 
the chain the bigger the ECN gain.

3.3 The effective carbon number of straight 
and branched chain carboxylic acids and their 
trimethylsilyl derivatives
In the case of butiryc, valeric and hexanoic acid we have 
also measured the ECN of their branched chain isomers. 
When observing the underivatized form's responses we 
experienced, like Ettre [4], a higher ECN for the branched 
chain than the straight chain acids (Fig. 4).

In the case of TMS derivatives the differences were 
more moderate. With the butyric and valeric acid, the ECN 
values were within 0.1. For hexanoic acid bigger difference 
was observed.

4 Conclusion
The effective carbon number of straight and branched 
chain carboxylic acid was determined in the C2–C12 carbon 
atom range. We established an ECN contribution (ΔECN) 
range characteristic of open-chain carboxylic acids from 

Fig. 2 Relationship of effective carbon number and actual carbon 
number, trimethylsilyl derivatives of straight chain fatty acid (C2–C12 )

Fig. 3 Relationship of ECN and actual carbon number, red: straight 
chain fatty acids (C2–C12 ), yellow: trimethylsilyl derivatives of straight 

chain fatty acids (C2–C12 ), black: alkanes (theoretical values)

Fig. 4 ECN of carboxylic acid isomers (C4–C6), neat and TMS 
derivatized form
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−1.20 to −2.90. This is a higher negative effect on response 
than the effect of alkyl esters. We found a linear relation-
ship between carbon number and ECN.

We also investigated the acids' responses after replacing 
the active hydrogen of the carboxyl group with a trimeth-
ylsilyl group. The derivatized form produced in every case 
a higher molar response; the ECN gain range was 2.78–3.79 
compared to the non-derivatized form. With these results, 
we demonstrated that the advantage of silylation, beyond 
the general gas chromatographic benefits earlier discussed, 
is its increasing effect on the detector response. In the case 
of silylated acids, we also observed a linear relationship 
between carbon number and the ECN of TMS derivatives.

We determined the ECN contribution of the whole  
–CO2–Si(CH3)3 group the value of which was 2.34. Based 
on this finding we established that in the TMS ester group, 
the signal production is more efficient than in alkyl esters, 
which also have 3 carbon atoms (propyl and i-propyl esters).

Although the ECN depends on the experimental con-
ditions [9, 18–20], it contributes to collecting increasingly 

more information for compound classes on the nature of 
the processes taking place in the flame ionization detec-
tor. If we know the approximate responses of our target 
compounds, we can detect anomalies in our separation 
system, like decomposition in the injection port, excess 
sorption on the stationary phase, or insufficient efficiency 
of derivatization.

By measuring the members of a specific compound 
class, we can reduce the number of analytical standards to 
be purchased [15].

In the case of CLASS compounds, to which the silylated 
compounds also belong, the ECN method is the only way 
to determine the expected FID response, relying on the 
experimental molecular response data accumulated so far.
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