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INTRODUCTION 

A flame ionization detector (FID) is the most commonly 
used detector for gas chromatography due to its high sensi- 
tivity for organic compounds, wide linear dynamic range, and 
almost zero dead volume. The FID responses of homologues 
are proportional to the number of carbon atoms or molecular 
weight. The relative weight response factors are very similar 
for a variety of hydrocarbons regardless of compound type 
or molecular weight. Thus, the weight percentage can easily 
be calculated from the area percentage. However, FID still 
has its own limitations. If the hydrogen atoms in hydrocarbons 
are substituted by some functional groups or heteroatoms, the 
FID responses of the substituted ones will decrease. That is, 
the FID responses are very dependent upon compound 
structures and the presence of heteroatoms ( I ) .  As a result, 
in quantitative determination of different components, it  is 
necessary to calibrate them with the known compounds. In 
this paper, the FID relative weight response factors of hy- 
drocarbons and those of organic compounds containing het- 
eroatoms, such as oxygen, chlorine, and bromine, have been 
determined. Furthermore, when the FID relative weight re- 
sponse factors obtained by the authors and by Tong et  al. (2) 
are converted into relative carbon weight response factors, 
surprisingly good carbon-regularity resulted. 

EXPERIMENTAL SECTION 
Determinations of the FID responses of standard compounds 

were carried on a 1OOlGC gas chromatograph equipped with a 
FID (Shanghai Analytical Instruments Works, Shanghai, People's 
Republic of China). A 30 m X 0.32 mm i.d., 0.25-pm film thickness 
DB-5 fused silica capillary column and a 30 m X 0.315 i.d., 0.25-wm 
film thickness SE-52 fused silica capillary column (J&W Scientific, 
Inc.) were used. FID signals (peak areas) of compounds were 
recorded by 3390A integrator (Hewlett-Packard). 

The FID relative response factor and relative carbon response 
factor of a compound are calculated as follows: 

FID relative response factor = 
FID response factor of compound 
FID response factor of reference 

where 
peak area of compound 

quantity of compound injected FID response factor = 

and 
FID relative carbon response factor = 

FID carbon response factor of compound 
FID carbon response factor of reference 

where 
FID carbon response factor of compound = 

peak area of compound/ [quantity of compound injected 
(total C at w t  in compd/mol wt)] = 

molecular weight 
total C at w t  in compd FID response factor X 

RESULTS AND DISCUSSION 

The FID relative weight response factors and FID relative 
carbon weight response factors for a variety of hydrocarbons, 
chlorohydrocarbons, bromohydrocarbons, and oxygenated 
hydrocarbons are tabulated in Table I. Table I shows that 
compounds with various structures have very different FID 
relative weight response factors and the quantitative deter- 
mination is rather laborious because a number of calibration 
factors must be introduced. However, when FID relative 
responses are converted into relative carbon responses, a good 
linear regularity is found. The FID relative carbon response 
factors are negligibly affected by the presence of heteroatoms. 

When the results of FID response factors obtained by Tong 
and Karasek (2) are converted into FID carbon response 
factors (Table I), good carbon regularity is also found. The 
FID relative carbon responses of dimethyl and diethyl 
phthalates (Table I) are much smaller than those of others 
due to the higher percentage of oxygen atoms in the two 
compounds. 

One of the possible mechanisms in the flame ionization 
detection scheme suggests that every hydrocarbon is degraded 
to the same distribution of single-carbon radicals before 
ionization takes place. The response of the FID to an organic 
compound is due to the generation of ion via the chemical 
ionization process when an organic sample containing -CH, 
groups is introduced into the flame (3). 

CH' + 0' - CHO+ + e- ( 5 )  

This flame process generates ions in proportion to the 
number of oxidizable carbon atoms in the eluting compound. 
For compounds substituted by halogen atoms, it is supposed 
that when halogen atoms leave the compound, the decom- 
position of the remainder of the compound should be the same 
as that of the pure hydrocarbons. That is 

C,H,X, - C,H, + X, (or yX) 

C,H, - CH, (7) 

That the strength of chemical bond C-H (X is chlorine or 
bromine) is weaker than that of the C-C bond (4) also supports 
the above proposition, which has explained why the com- 
pounds containing chlorine or bromine atoms have good FID 
carbon regularity. For this reason, a new calculation method 
for FID quantitative analysis is recommended, i.e. 

AiMi/C, 
Wi% = , x 100 

where Wi is the weight percent of the compound determined, 
Ai is the peak area of the compound determined, Mi is the 
molecular weight of the compound determined, and Ci is the 
total atomic weight of carbon in the compound determined. 

The concept of the effective carbon number (ECN) was 
introduced many years ago ( I )  to explain the observed flame 
ionization responses obtained from analyzing the isomeric or 
homologous series of organic compounds. It provides a way 
to calculate relative response factors for compounds whose 
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Table I .  F I D  Relative Response Factors and  F I D  Relative Carbon Response Factors for a Variety of Compounds 

FID FID 
FID relative FID relative 

relative carbon relative carbon 
molecular response resonse molecular response resonse 

compound formula factor factor compound formula factor factor 

ethylbenzene C8H10 1.05 0.99 octanol C8H180 0.84 1.04 
decene C1oHzo 1 .oo 1.00 nonanol C9H200 0.74 0.84 
chlorocyclohexane CeHliCl 0.64 0.95 ethyl heptanoate C9H1802 0.93 1.17 
chloronaphthalene CloH7Cl 0.89 1.03 ethyl caprylate C1oHzo02 0.94 1.08 
c hlorododecane Cl2HZ5C1 0.81 0.99 methyl undecanoate C12H2402 0.82 1.04 

l , l ,  2-trichloroethane C2H3C13 0.21 1.01 9-fluorenone C13H80 0.95" 1.03 

2,4,6-trichloromethylbenzene C7H5C13 0.48 0.92 2-fluorenecarboxaldehyde C14H100 0.85' 0.92 
1,1,2,2-tetrachloroethane C2H2C1, 0.18 1.06 phenanthrene-9-carboxaldehyde C15H10O 0.88' 0.95 
pentachloroethane C2HCI5 0.14 1.01 xanthone C13H802 0.87' 1.03 
hexachloroethane c2c16 0.13 1.02 anthraquinone C14H802 0.890 1.03 
bromoethane C2H5Br 0.24 0.95 phenanthrenequinone C14H802 0.73' 0.85 
bromopropane C3H7Br 0.31 0.91 benz[ a ]  anthracene- 7,12-dione C 18H1002 0.94" 1.06 
bromopentane C5Hl,Br 0.39 0.96 dibenzothiophene ClZH8S 0.87O 1.04 

bromobenzene C6H5Br 0.53 1.05 2-nitrobiphenyl C12HgNO2 0.75' 0.98 

o-bromomethylbenzene C7H7Br 0.52 0.93 9-nitroanthracene C14HSNO2 0.68" 0.84 
bromooctane C8HI7Br 0.61 1.05 2,7-dinitrofluorene C ~ ~ H ~ N Z O ~  0.51' 0.80 
bromodecane CloHzlBr 0.66 1.04 hexachlorobenzene c6c1S 0.31" 1.04 

dibromomethane CH2Br2 0.060 0.90 tetrachlorobenzene C6H2C14 0.38" 0.97 
1,2-dibromoethane C2H,Br2 0.14 0.92 dimethyl phthalate C10H10O4 0.54" 0.74 
1 ,2-dibromopropane C3H6Brz 0.17 0.99 diethyl phthalate Cl2H14O4 0.56' 0.74 

bromoform CHBr3 0.054 0.98 dioctyl phthalate C24H~04 0.91" 1.05 

rn-dichlorobenzene C,jH,C12 0.61 1.07 methyl laurate C13H2602 0.86 1.00 

1,2,3-trichloropropane C3H5C13 0.31 1.08 anthrone C14H100 0.85' 0.92 

bromoheptane C7H15Br 0.58 1.00 1-nitronaphthalene CLOH7N02 0.74" 1.00 

p -  bromomethylbenzene C7H7Br 0.58 1.01 2-nitrofluorene CL3HgN02 0.71" 0.90 

bromonaphthalene C10H7Br 0.68 1.01 pentachlorobenzene C6HC15 0.35" 1.02 

1,3-dibromopropane C3H6Brz 0.18 1.03 dibutyl phthalate CL6H22O4 0.73' 0.91 

tetrabromoethane C2H2Br, 0.073 0.91 
heptanol C7H1,O 0.86 1.02 

' Determined by Tong and Karasek (2). 

ECN is known or can be calculated from the contributions 
of the various groups in the molecule (5). Up to now, no 
successive work about the contributions of halogen atoms to 
the ECN has been carried out after Sternbere et al. (1). 

the use of known compounds for quantitative calibration. 
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Therefore only limited relative response factors of chloro- 
hydrocarbons can be calculated roughly. 

By comparison of FID relative weight response factors with 
FID relative carbon weight response factors, it  is shown that 
although the FID responses are affected by compound 
structures, the FID carbon responses remain nearly the same. 
These experimental results make it possible to quantitate 
multicomponents in a complex organic mixture by eliminating RECEIVED for review March 5, 1990. Accepted June 4, 1990. 


