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Abstract

Gas chromatography is widely used to analyze volatile compounds. However, quantitative analysis
needs special consideration. Depending on the containing functional groups and heteroatoms the signal
intensity of a flame ionization detector differs. Response factors that consider this can be determined
experimentally or calculated via an increment system. A comparison between experimental determined and
calculated response factors was done for different compounds. Furthermore, a method for quantitative
analysis using a mass selective detector is proposed. A calibration for every substance in the certain
concentration range needs to be done since a prediction of the response behavior is impossible.

Keywords: effective carbon number, response factor, gas chromatography, GC-MS, GC-FID,
MSD, FID, ECN

l'azoBass xpomaTorpadusi MMPOKO HCIONB3YETCS B aHAIM3€ JETYydHX coeAnHeHui. OmHako
KOJIMYECTBEHHOE OIPEJCIICHNE BEUIECTB HYXXIAETCS B CIEIHMAIPHOM paccMOTpeHHH. OTMedeHo, 4To
MHTEHCHBHOCTH CHTHAJIA IIIAMEHHO-MOHU3ALMOHHOTO IETEKTOPA MEHACTCS B 3aBUCHMOCTH OT COJECP)KaHHS
(YHKIMOHANBHBIX TPYyNI W TeTepoaToMoB. Koa(@HIMEHTHl 4yBCTBHTENBHOCTH, pacCMaTpUBAaeMble B
JlaHHOW pabote, MOTYT OBITH ONpEJeNICHbl YKCIIEPUMEHTAIBHO MM PACCUUTAHBI C MOMOIIBIO CHCTEMBI
npupamenuii. [IpencraBieHO CpaBHEHHE OKCIICPUMEHTAJIBHBIX M PACYETHBIX KOA(PHUIHCHTOB
YyBCTBUTEIBHOCTH ((haKTOPOB OTKIIMKA, IPATyHPOBOYHBIX KOA(PQUIIMEHTOB) AJIs pa3IMYHbIX COSTUHEHHUH.
[TpennoxkeH crocob KOIMYECTBEHHOTO aHAJIM3a C IOMOIIBIO MacCc-CeJIEKTUBHOTO feTekTopa. [lokaszaHo, uto
HeoOxoauMa KalnnOpoBKa JUIS BCEX BEIIECTB B ONPE/ICICHHOM JMAaNa30He KOHIEHTPAIMH, YTO CBSI3aHO C
HEBO3MOXHOCTBIO NTPECKA3aHMs BEIMUMHbI OTKIIHKA.

KioueBble caoBa: »>3ddexkruBHoe uumcmo aromoB yraepoma (ECN), koaddummeHT
YyBCTBUTEIHHOCTH, (PaKTOP OTKIHMKA, IPaAyHPOBOYHEIN KO3 GHUIHEHT, ra3oBas xpomarorpadpus, I X-MC,
I'X-IT1 /1, macc-cenexTuBHBIN AetekTop (MSD), mmamenHO-noHN3anoHHBIN netextop (FID)

Introduction

Gas chromatography (GC) is a standard technique both for offline and online
analysis, as used in catalysis research. It can be combined with a wide range of detectors and
thus be tuned to the specific analytical problem. Whereas qualitative analysis is well
established quantitative analysis is under debate in recent literature [1].

The flame ionization detector (FID) detects ions formed during combustion of
hydrocarbons in an oxyhydrogen flame. Hydrocarbons have molar response factors that are
equal to the number of carbon atoms in the molecule. Whereas molecules that contain
heteroatoms tend to have lower response factors. Thus the signal of an unsaturated
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hydrocarbon or a hydrocarbon with heteroatoms can be multiplied with a factor. The
approach of effective carbon numbers (ECN) is used to calculate this factor. By that it is
possible to compare this recalculated signal with the signal of the corresponding aliphatic
hydrocarbon.

In 1985 Scanlon and Willis [2] defined the ECN as:

ECNRs ECNRs
ECN; = = 7Mgs Ags M) >
RFmolar (M)
Ml--Ai-mRS
_ ECNRps _ MRs-Aps-m;
RFmolar - -

ECNi Mi-Ai-mRS i

ECNgs - Effective Carbon-Atom Number of the reference substance; RFmolar - Relative molar
response factor; M;, Mrs - Molar mass of the analyte and the reference substance;
m;, mrs - Mass of the analyte and the reference substance; Ai, Ars - Peak area of the analyte
and the reference substance.

The response factor (RF) that is normalized to the aliphatic equivalent is:

RF; = L

ECN;
RF - Carbon content specific response factor; N - Number of carbon atoms in the molecule;
ECN; - Effective Carbon-Atom Number of the analyte.

The ECN; can be calculated from the relative detector signal, the molar mass M; of
the analyte and a reference substance:

M; M; A; mgs
ECN; = Ngs'~—"fi = Nps*——"—=—>=,
MRs Mps Agrs-m;

Nrs - Number of carbon atoms in the reference substance. Nrs = ECNgrs for aliphatic
hydrocarbons; fi - Response factor of the analyte relative to the reference substance.

The relative response factor fi is determined by the quotient of the slope of the
calibration lines of the analyte and the reference substance:

fi

Thus, the ECN can be experimentally determined using the following equation:

__Aj-mgs __ slope (i)

T Ags-m; slope (RS)’

_ M; slope (i)
ECNi,experimental - NRS Mgs slope (RS)’

Using the molar response factor the molar amount of a substance x; can be estimated
with good accuracy.

4
x: = RFmolar,i'Ai _ECN;
L - - .
X (RFmoiar,i*Ai) E( Ai ) ’
ECN;

Additionally, it is possible to determine the injected mass of an unknown substance
even though the pure substance is not available. Fig. 1 illustrates this procedure. Only a
calibration line of an aliphatic hydrocarbon is needed to determine the detector sensitivity.
Using the response factor the peak area of the analyte (Aanaiyte) 1S compared with the peak
area of the reference substance. To do this Aanayte needs to be multiplied with the analyte’s
response factor. Because a calibration line of the reference substance is available the
corresponding mass can be concluded.
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However, if the analyte is not available as pure substance, it is impossible to figure
out its ECN. Sternberg et al. developed an ECN increment system in 1962 [3].The
contribution to the ECN depends on the functional group the corresponding atom can be
assigned to (see table 1).
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Fig. 1. Determination of injected mass of an analyte using its response factor
and a calibration line of a reference substance

Table 1. Contributions to the effective carbon number [2, 4]

Atom Type ECN contribution
C Aliphatic 1.00
C Aromatic 1.00
C Olefinic 0.95
C Acetylenic 1.30
C Carbonyl 0.00
C Carboxyl 0.00
C Nitrile 0.30
O Ether -1.00
0 Primary alcohol -0.60
0 Secondary alcohol -0.75
0 Tertiary alcohol -0.25
O Ester -0.25
O Carbonyl 0.00
N Primary amine -0.60
N Secondary amine -0.75
N Tertiary amine -0.25

GC is often combined with mass selective analysis (GC-MS) and can be used to
identify volatile organic and inorganic compounds. In the mass selective detector (MSD) the
substance is ionized, most commonly using electron impact ionization (EI):

M+e - MY +2e”,
M - Molecule; M* - Molecule ion; e - Electron.
The resulting ions can be separated by the ratio of mass to charge (m/z), most

commonly by using a quadrupole mass spectrometer. A continuous spectrum equally to a
gas-chromatogram, the Total Ion Chromatogram (TIC) and an ion chromatogram are
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obtained. The ion chromatogram in figure 2 shows the characteristic fragmentation of
methanol. The M signal is the highest obtained mass in the ion chromatogram, e.g. m/z =32,
whereas m/z = 33 is a satellite peak due to naturally occurring '*C content in the sample. The
base peak ion in methanol is the m/z = 31, which can be attributed to a H;COH" fragment
and is characteristic for primary alcohols.
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Fig. 2. Ion chromatogram, M" =32, fragmentation pattern of methanol, split 1:10

Modern database software can compare the resulting M and fragmentation pattern
with a database and identify the substance directly.

The benefits in qualitative analysis are obvious though quantitative analysis is
cumbersome. Henkel [5] developed a method for quantitation in routine GC-MS analysis
and it will be shown that it is necessary to derive the calibration factors for each compound
in the expected concentration range independently.

In this work the ECNs and RFs of different substances with different functional
groups were experimentally determined and compared to the results obtained by Sternberg’s
increment system. Moreover, we investigated whether a prediction of the responsive
behavior is not only possible for a FID but also for a MSD.

Experimental

For determination of response behavior the chemicals in table 2 were used. Their
purity was verified by GC analysis.

Table 2. Purities of the used chemicals

Substance Purity [Mass-%] Source
1 2 3
Acetone 99.98 VWR BDH Prolabo
Acetonitrile 100.00 VWR BDH Prolabo
Butanal 87.99 Riedel-de Haén
1-Butanol 99.90 BASF AG
2-Butanone 99.86 Roth
m-Cresol 99.97 Merck
Cyclohexane 99.95 Fischer Scientific UK Ltd.
Cyclohexene 99.74 J. T. Baker B. V.
Ethanol 100.00 VWR BDH Prolabo
2-Ethylhexanol 99.28 Fluka A
n-Hexane 99.63 Acros Organics
1-Hexanol 98.01 Sigma-Aldrich
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1 2 3
1-Hexene 99.95 Merck-Schuchardt
Methanol 100.00 VWR BDH Prolabo
n-Pentane 99.55 LAB-SCAN analytical sciences
1-Pentanal 96.48 Sigma-Aldrich

Pentanenitrile 98.00 GFS Chemicals
1-Pentanol 98.78 Sigma-Aldrich
2-Pentanon 97.60 Sigma-Aldrich
1-Pentene 76.40 Sigma-Aldrich
1-Propanol 95.50 Roth
2-Propanol 99.99 Sigma-Aldrich
Propionitrile 99.98 Sigma-Aldrich
Tetrahydrofuran 99.99 Fischer-Scientific
Toluene 99.87 VWR BDH Prolabo
Valeric acid 98.54 Sigma-Aldrich

For GC-FID analysis two solutions with different concentrations of the analyte and
the reference substance were analyzed using a HP 5890 Series 2 gaschromatograph with a
HP 7673 automatic liquid sampler. The mass fraction @ of these substances in the solvent
varied between 0.0014 and 0.0250. Different volumes of 0.4 puL, 0.6 pL, 0.8 pL and 1.0 pL
were injected twice into the GC. The GC parameters are listed in table 3.

Table 3. GC-FID parameters

Gaschromatograph Column
Inlet temperature 290 °C Name Optima-5 MS
Detector temperature 300 °C Stationary phase 5% diphenyl /
Carrier gas flow (H2) 1.1-1.3mL/min 95% dimethylpolysiloxane
Split ratio 1:43 - 1:50 Polarity Nonpolar
Makeup flow rate (N2) 26 mL/min Inner diameter ~ 0.25 mm
Hydrogen flow rate 32 mL/min Film thickness  0.25 um
Air flow rate 413 mL/min Length 30 m
Injected volume 0.4 uL, 0.6 uL,
0.8 uL, 1.0 pL

Table 4. GC-MS parameters

Gaschromatograph Column
Inlet temperature 230 °C Name Optima-1 MS Accent
Detector temperature 150 °C Stationary phase 100%
Detector source temp. 230 °C dimethylpolysiloxane
Carrier gas flow (H2) 1.0 mL/min Polarity Nonpolar
Split ratio 1:10/1:100 Inner diameter  0.25 mm
Mode Electron impact ~ Film thickness ~ 0.50 pm
Scan range 12-550 amu @  Length 60 m
2.72 scans/sec
Injected volume 0.02 uL-0.1 pL

GC-MS analysis was done on a HP 6890 GC equipped with a HP 5973 MSD. The
exact parameters can be found in table 4. For the determination of response factors alcohols
in the range of C1 - C6 and a broad range of C5 compound classes were injected by hand
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(see table 2). Volumes of 0.02 uL, 0.04 pL, 0.06 uL, 0.08 uL and 0.1 pL were injected at
least six times per concentration and compound. Split ratios of 1:10 and 1:100 were applied
to determine the dynamic range of the MSD. To quantitate the data an ion extraction was
performed (see table 5) and an average area was calculated for each point.

Table 5. GC-MS analysis, extracted ions for selected compounds

Compound Extracted ion Compound Extracted ion
Methanol 31 Pentanal 44
Ethanol 31 Pentanenitrile 41
Propanol 31 1-Pentene 42
Butanol 31 n-Pentane 43
Pentanol 31 Pentanone 43
Hexanol 31 Valeric acid 60

Results and discussion

For the GC-FID analysis the peak area was plotted against the injected mass m; of
the analyte. The slope was obtained by linear regression.

m; = Vinj " Psol " Wi

mi

(,()i - 9
mi+mMsol
Vinj - Injected volume; psol - Density of the solution; w; - Mass fraction of the analyte.

The experimental ECN and RF were determined by this equation:

M;  slope (i)

ECNi.experimental = Ngs - Mps  slope (RS)’
N.
RFi =—= N
ECN;

At first, the purity of the chemicals was approximately determined by the respective
peak area. This is afflicted with a systematic error, if the substances that are responsible for
the impurities are not isomers. This would result in different response factors. Because the
substances usually have a purity of more than 99 % this error can be neglected.

In contrast to the described behavior of a FID, a MSD does not show a linear but a
2" order polynomial response curve (see figure 3 for methanol). A strong characteristic ion
needs to be found and extracted from the total ion chromatogram (TIC) (see figure 2, table 5).
The obtained chromatogram shows only the selected ion and the area is calculated by
integration. The resulting data is fitted and from the polynomial regression the coefficients
A and B could be derived.

These can then be transposed to give the amount of compound (n;) from a detected
area.

A; = Ays;nf +Bys;-n +C,

Ar - Area of compound I; Awms; - Calibration factor A for compound I;
Buws,i - Calibration factor A for compound [; C - Constant (neglected); n; - Amount of
compound 1.
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Fig. 3. Response behavior of methanol in MSD, split 1:10,
full line represents polynomial regression

As it can be seen in figure 4, a homologous behavior in most classes of substances
could not be observed. In this example of C1 - C6 alcohols from C3 the graphs seemed
consistent, but methanol and ethanol showed strong aberrations. A variation in sensitivity
was also observable when comparing different classes of molecules as shown in figure 5.
The response signal differed in absolute numbers and in slope. Furthermore, the MSD
showed a very narrow dynamic range. This can be seen, by comparison of pentanol in
figure 4 and figure 5. At a lower concentration (split 1:100) the graph was almost linear but
ata 10! concentration (split 1:10) the graph is polynomial. In contrast, the dynamic range of
an FID reaches over 10° concentration units.

Response factors or increment systems for homologous compound classes could not
be derived and thus the response of an individual compound needs to be calibrated in the
expected molar range.
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Fig. 4. Response behavior of homologous alcohols in MSD, Split 1:10
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Fig. 5. Response behavior of C5 compounds in MSD, split 1:100

Conclusion

Although both techniques have their individual advantages it can be concluded, that
for routine quantitative analysis the FID is much better suited. It was shown, that the
experimentally determined ECN are in good agreement with the calculated values for the
most molecule types. However, the deviations for alcohols and amines cannot be neglected.
The dynamic range of an FID is very high and by calibration of one compound or internal
standard (ISTD) the transformation via the ECN concept for uncalibrated compounds is
possible and easy. In contrast, the MSD has to be calibrated for every compound in the
expected concentration range. A prediction of response behavior cannot be done. The
qualitative analysis of unknown compounds on the other hand is very easily done with
modern GC-MS systems and database software. Both techniques can be efficiently
combined to solve complex analytical problems.
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