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ABSTRACT: Quantification of the gas streams from chemical systems such as catalytic reactors are routinely performed by on-line 

chromatography. Gas chromatographs used for this purpose are typically provided with a combination of thermal conductivity (TCD) 

and flame ionization (FID) detectors to be able to detect and quantify both permanent gases and hydrocarbons. However, the accuracy 

of the quantification is hindered by the intrinsic limitations of each type of detector. Namely, TCD has low sensitivity and FID does 

not detect permanent gases; COx, N2, H2, etc. Therefore, modern gas chromatographs include methanizer units to partially overcome 

this shortcoming by converting COx to methane. However, as far as these authors know, the literature has not presented an analytical 

method to characterize gas streams with high accuracy by the simultaneous use of a combination of a TCD-FID detection system 

provided with a methanizer. In this work, we developed analytical methods for this purpose. Our approach consisted on formulating 

a mathematical model for the well-known external and internal standard quantification methods in gas chromatography. We specifi-

cally applied the methodology to the analysis of the gas streams from a catalytic reactor performing the combustion of methane. We 

found that the commonly applied external standard method leads not only to inaccurate quantification but also to physically mean-

ingless conclusions on the behavior of the selected model system. In contrast, the internal standard method led to a highly accurate 

quantification with a physical meaning. Considering these findings, our contribution also draws attention to the need for a thoughtful 

application of chromatographic methods when studying the reactivity of gas systems. 

1. INTRODUCTION 

On-line chromatography is the most used technique to quanti-

tatively characterize the gaseous streams from chemical reac-

tors and certain unit operations.1–3 By “on-line,” it is implied 

that the gas chromatograph (GC) is connected to the outlet 

stream of the corresponding process unit. The gaseous samples 

must be introduced into the GC by intricate arrangements of 

valves. Fig. 1 sketches a basic six-way valve system that allows 

the automatic injection of the samples into the instrument. In a 

typical run, the outlet gas stream from the given process contin-

uously passes through a loop, placed in the injection port of the 

chromatograph, and discharges in a vent (Fig. 1 top). When a 

sample is to be analyzed, the valve is switched to a position in 

which the gas flowing by the loop is injected to the GC by pass-

ing the carrier gas of the instrument through the loop in order to 

carry the analyte into the chromatograph (Fig. 1 bottom). In 

most conventional on-line GC systems, the atmospheric condi-

tions, namely, temperature and pressure, can affect the quantity 

of analyte collected by the loop to a degree where reproducibil-

ity between runs becomes a stringent constraint of the analysis.4 

To correct this issue, internal standards are added to the gaseous 

samples during each sample injection.2; alternatively, some re-

searchers have opted for implementing statistical methods for 

assessing the uncertainty in the quantity of analyte that is in-

jected in the runs of their on-line GC systems.4,5 After accom-

plishing the automatized injection of the sample, the carrier gas 

carries the analyte through the separation columns, where each 

gaseous compound is partially retained and separated and fur-

ther eluted before reaching the detection system of the instru-

ment. 

Most on-line GC detection systems used for the analysis of gas-

eous streams from hydrocarbon or biomass related processes 

are typically configured with one or several detectors such as: 

i) one Thermal Conductivity Detector (TCD) able to detect gas-

eous compounds as a function of their differences in thermal 

conductivity and whose concentration is higher than ~100ppm; 

ii) one Flame Ionization Detector (FID) that detects hydrocar-

bons in concentrations higher than ~0.5ppm, but cannot detect  

permanent gases like O2, N2, CO, CO2, and H2O.2 Due to this 

limitation, most GC systems are provided by iii) a serial TCD-

FID arrangement that allows detecting permanent gases with 

the TCD and hydrocarbons with the FID; and iv) TCD-

methanizer-FID arrangements that allow detecting concentra-

tions of CO2 and CO below the 10ppm limit of the TCD, by 

hydrogenating CO2 and CO to methane after passing a fraction 

of the analyte through a small catalytic reactor; called the 
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methanizer, and further submitting the outlet of the methanizer 

to the FID.6 Despite the implementation of TCD-methanizer-

FID arrangements, on-line GC systems still have other draw-

backs when aiming to make a complete characterization of a 

gaseous stream containing both hydrocarbons and non-hydro-

carbon gases. 

On-line GC systems are fundamental for the study and monitor-

ing of gaseous catalytic reaction units. Within this context, very 

accurate and reliable quantification of the concentration of each 

reactant is a must when assessing the performance of either the 

reaction unit or of the catalyst itself. Within this context, achiev-

ing closed mass balances from the input and output gaseous 

streams of the reaction systems is a necessary condition for pro-

cess design and monitoring. Mass balances must be calculated 

from the relative concentrations quantified by the TCD and FID 

detectors of the on-line GC. However, such a task can be chal-

lenging up to a point where many process operators and even 

researchers either consider it helpless or tend to ignore it. The 

problem of achieving closed mass balances is associated with 

the inherent limitations of each type of detector as described 

before and with the fact that one needs to devise a reliable 

method for relating the concentrations of the different com-

pounds from more than one detector at the same time. 

Fig. 1. Scheme of the injection mechanism in on-line gas chro-

matography, in the normal position (top) and the injection posi-

tion (bottom). 

 

As particular examples of the hurdles of measuring concentra-

tions and closing mass balances from data read from more than 

one detector in an on-line GC, we may cite processes in which 

relatively simple reactions such as the total (Eq. 1) or partial 

(Eq. 2) combustion of methane, and the reforming of methane 

with carbon dioxide, a.k.a. dry reforming, (Eq. 3), must be fol-

lowed by on-line GC. 

CH4  + 2O2  →  CO2  +  2H2O    (1) 

CH4  + 
3

2
O2  → CO  +  2H2O      (2) 

CH4  + CO2  →  2CO +  2H2       (3) 

To do so, the instrument must be at least provided with both one 

TCD and one FID since the outlet gas stream is composed by 

CH4, O2, H2, CO2, CO, and H2O.7–10 These reactions are tradi-

tionally studied as alternatives for the abatement or valorization 

of methane which is a 21 times more potent greenhouse gas than 

carbon dioxide.11–13 At the research level, many scientists de-

vote efforts towards the development of low-cost stable cata-

lysts able to activate methane at the lowest possible tempera-

ture.11,12,14–17 For this purpose, the studies are most often carried 

out in fixed bed catalytic micro-reactors whose output is moni-

tored by on-line GC with input streams whose composition is 

about 0.1-10 vol. % of methane, 2-50 vol. % oxygen diluted in 

nitrogen, argon or helium.11 Let us consider the lower concen-

tration of reactants and assume 80% conversion of methane to 

CO2 (Eq. 1), and 10% conversion to CO (Eq. 2); the output 

stream would be composed for ~100 ppm CH4, ~800ppm CO2, 

and ~100ppm CO. If only a TCD is employed for quantifica-

tion, the results would be 100% conversion of methane to CO2, 

i.e., an overestimation of 10% in conversion and selectivity, 

which is due to such hydrocarbon together the CO are in con-

centrations hardly detected by the TCD. 

For the above, it is usually preferred a GC with at least a serial 

TCD-FID arrangement for detection. However, most investiga-

tors report quantification either by only the TCD or the FID or 

from an uncorrelated combination of both detectors. Further-

more, they seldom neither report statistics on the reliability of 

their measurements nor the mass balances for the analyzed gas-

eous streams of their catalytic set-ups.18–22 Besides the compli-

cations inherent to handle quantification with more than one de-

tector, on-line GC analyses of the products from these reaction 

systems is complicated by the selection of an adequate internal 

standard. For example, the internal standard to be added must 

be more stable than the reactants under the usually harsh reac-

tion conditions employed to test the catalysts.23,24 Consequently, 

only gases such as N2, He, and Ar are suitable as internal stand-

ards for methane combustion and dry reforming. However, 

none of these gases is detected by the FID hence hampering the 

analysis of the fluctuations in the amount of analyte injected af-

ter taken each sample. Under such circumstances, the analysis 

must rely on the response from the TCD even if the GC is also 

provided with a methanizer. As already mentioned, a TCD is 

two orders of magnitude less sensible as compared to an FID; 

hence relying solely on the former also harms product quantifi-

cation. 

This contribution presents an alternative method for quantifying 

the composition of gaseous streams by on-line GC. Particularly, 

we successfully implemented a method that, using N2 as an in-

ternal standard, allows correlating the responses from a serial 

TCD-FID arrangement for compounds quantification while 

checking for mass balance closure during the analysis of the 

gaseous effluents from a catalytic reactor. As an example, we 

show how this method was implemented to monitor the efflu-

ents from a lab-scale reaction set-up performing the catalytic 

combustion of methane. The mathematical deduction of a pa-

rameter called sensitivity factor allowed for the combined use 

of both the signals from the TCD and the FID for quantification 

despite their strong differences in sensibility. In general, the de-

veloped method can be applied to the on-line GC monitoring of 

any gaseous stream. 
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2. ANALYSIS OF THE PERFORMANCE OF CATALYTIC 

SYSTEMS FROM THE GC QUANTIFICATION OF 

GASEOUS STREAMS 

Before presenting the mathematical fundamentals of the 

method, we detail how the performance of catalytic systems is 

assessed by GC quantification of gas effluents. 

According to IUPAC recommendations,25 the catalytic perfor-

mance of a catalytic system can be assessed by calculating the 

conversion of reactants (𝑋r) and the selectivity toward the prod-

ucts from the reaction. For continuous reactors; which are those 

most often monitored by on-line GC, the conversion of reac-

tants is calculated in terms of the molar flow of the feed (reac-

tants) that inlet (𝐹𝑟
0) and outlet (𝐹𝑟) the reactor following Eq. 4. 

Conversion is thus defined as a parameter that describes the 

fraction of a given reactant that is chemically converted into a 

given product. Therefore, conversion is the first metric for ana-

lyzing the catalytic activity of a given material. On the other 

hand, the selectivity to any given reaction product (𝑆𝑝) is calcu-

lated as a function of the molar flow of products detected at the 

inlet (𝐹𝑝
0) and outlet (𝐹𝑝) of the reactor multiplied by the ratio 

between the stoichiometric coefficients of the reactants and 

products (𝜈), as shown in Eq. 5. Selectivity is a critical metric 

for the assessment of the catalytic properties of a material since 

it is directly related to the cost-benefit ratio of the process. 

𝑋𝑟 =
𝐹𝑟

0−𝐹𝑟

𝐹𝑟
0    (4) 

𝑆𝑝 = 𝜈
𝐹𝑝−𝐹𝑝

0

𝐹𝑟
0−𝐹𝑟

   (5) 

Within this context, the challenge when quantifying conversion 

and selectivity by on-line GC thus consists of measuring the 

molar flow of all species that participate in the reaction as a 

function of the detector signal with the highest precision possi-

ble. 

There are two possible methods for a high accurate quantifica-

tion of molar flows with GC. They are the so called external and 

internal standard methods. 

2.1 External standard method 

In the case of chromatographic analysis, the concentration of 

the i-th compound (reactant, r, or product, p) in a gaseous sam-

ple (e.g., the ratio between the molar flow of the i-th compound, 

𝐹𝑖 , and the total molar flow, 𝐹𝑇) can be related to the area of its 

peak (𝐴𝑖) in the corresponding chromatogram by way of a pro-

portionality constant named response factor (𝛾i), as shown in 

Eq. 6. The value of this constant must be calculated for each 

species by a calibration curve obtained from plotting different 

known molar flows and their respective signal. By replacing the 

Eq. 6 in Eqs. 4 and 5, and assuming that the total molar flow is 

constant (𝐹𝑇
0 = 𝐹𝑇), the conversion and selectivity in terms of 

the chromatograph response can be obtained as shown in Eq. 7 

and 8. By correlating the 𝐹𝑖 𝐹𝑇⁄  ratio with the chromatographic 

peak areas, the fluctuations of the gas flows, mostly caused by 

the contraction of the gases due to thermal gradients, can be 

normalized. 

𝐹𝑖

𝐹𝑇
= 𝛾𝑖 ∗ 𝐴𝑖 (6) 

𝑋𝑟 =
𝐴𝑟

0−𝐴𝑟

𝐴𝑟
0        (7) 

𝑆𝑝 = 𝜈
𝛾𝑝

𝛾𝑟

𝐴𝑝

(𝐴𝑟
0−𝐴𝑟)

      (8) 

Closure of the mass balance in the reaction system allows vali-

dating the calculated conversion and selectivity. Herein, we de-

fined mass balances, 𝐵𝑧, as the ratio between the total mass of 

the atomic species z (i.e., carbon, oxygen or hydrogen) at the 

outlet and the inlet of the reactor, as shown in Eq. 9.  

𝐵𝑧 =
∑ (𝛾𝑖 𝐴𝑖 𝑁𝑍,𝑖)𝑖

∑ (𝛾𝑖 𝐴𝑖
0 𝑁𝑍,𝑖𝑖 )

    (9) 

Where, 𝑁𝑍,𝑖 is the number of atoms of the z species present in 

compound i-th. 

2.2 Internal standard method 

The methodology featured in the precedent section is com-

monly known as the external standard method. One of the prob-

lems of this method is the change in the total molar flow of gas 

stream after passage through the catalytic reactor. Under such 

circumstances, the installation of a detection system able to 

measure the 𝐹𝑇
0 and 𝐹𝑇 molar flows would be a must. Another 

problem is that the natural fluctuations of the atmospheric con-

ditions (pressure, P, and temperature, T) can vary the total 

amount of injected moles (𝑛𝑇) into the GC, although the instru-

ment has an injection loop of constant volume (𝑉𝑙𝑜𝑜𝑝), see Eq. 

10. Because of this, variations of the recorded peak areas which 

are due to random errors, introduce uncertainty in the quantifi-

cation. 

𝑛𝑇 =
𝑃 𝑉𝑙𝑜𝑜𝑝

𝑅 𝑇
  (10) 

A means to control the fluctuations in both the total amount of 

moles injected by the loop of the GC and the total molar flow 

of the gaseous stream is to add an internal standard. Therefore, 

Eq. 6 is modified as shown in Eq. 11. In this case, the ratio be-

tween 𝐴𝑖 and the chromatographic peak area for the standard 

(𝐴𝑠) can be related to the ratio between 𝐹𝑖  and the respective 

molar flow of the standard (𝐹𝑠), using a response factor (𝛽𝑖). 

This normalization procedure counteracts the fluctuations in the 

amount of sample injected to the GC. 

𝐹𝑖

𝐹𝑠
= 𝛽𝑖 ∗

𝐴𝑖

𝐴𝑠
     (11) 

For the method to be successful, the standard must remain inert 

under the reaction conditions employed in the corresponding 

catalytic tests. If this condition is fulfilled, the molar flow of the 

standard is constant. Therefore, using the internal standard 

method, we can calculate the conversion of the reactants with 

Eq. 12, which is obtained by replacing Eq. 11 into Eq. 4 and 

making 𝜔 = 𝐴𝑠
0 𝐴𝑠⁄ . Likewise, the selectivity, Eq. 13, is calcu-

lated by replacing Eq. 11 into Eq. 5 while the mass balance can 

be calculated with Eq. 14. 

𝑋𝑟 =
𝐴𝑟

0−𝐴𝑟𝜔

𝐴𝑟
0     (12) 
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𝑆𝑝 = 𝜈
𝛽𝑝

𝛽𝑟

𝐴𝑝𝜔

(𝐴𝑟
0−𝐴𝑟𝜔)

    (13) 

𝐵𝑧 =
𝜔 ∑ (𝛽𝑖 𝐴𝑖 𝑁𝑍,𝑖)𝑛

𝑖

∑ (𝛽𝑖 𝐴𝑖
0 𝑁𝑍,𝑖)𝑛

𝑖

   (14) 

3. EXPERIMENTAL 

3.1 Catalytic tests 

The GC quantification of the gaseous streams from a catalytic 

reactor for the combustion of methane was used to test the ana-

lytical methods presented herein. The catalytic tests were car-

ried out in a continuous flow fixed bed reactor made of stainless 

steel with an inner diameter of 10.4 mm. The bed was made of 

100 mg of MnO2, supplied by Erachem Comilog (LOT 622),26 

diluted with 500 mg of SiO2, both with a particle size of 75-180 

µm. The amount of diluent and the bed particle size were se-

lected in order to satisfy the criteria presented in Table 1. Plugs 

made of quartz wool were placed before and after the catalytic 

bed to ensure isothermal conditions and plug flow. 

Table 1. Analytical criteria used to reduce intra-reactor limita-

tions. L is the length of the bed, 𝑑𝑝 is the particle diameter, 𝑑𝑡 

is the internal diameter of the tube, 𝑏𝑚𝑎𝑥 is the maximum volu-

metric dilution ratio (inert volume/total volume of solids), ∆𝑥𝑟𝑒𝑙  

is the acceptable relative deviation of the conversion (e.g., 

0.05), and 𝑥𝑑𝑖𝑙 is the conversion obtained with the diluted bed.27 

Criteria Expression 

Negligible axial dispersion 
𝐿

𝑑𝑝
> 20 − 50 

Negligible radial dispersion  
𝑑𝑡

𝑑𝑝
> 8 − 10 

Maximum volumetric dilution of the bed 
𝑏𝑚𝑎𝑥 =

∆𝑥𝑟𝑒𝑙

∆𝑥𝑟𝑒𝑙 + 0.5𝑥𝑑𝑖𝑙

𝑑𝑝

𝐿

 

 

The reaction feed was a mixture of 7.7 vol. % of methane and 

15.4 vol. % of oxygen diluted in nitrogen. The space velocity 

was 78000 mL g-1 min-1. We used mass flow controllers (MFC, 

Alicat Scientific) with an accuracy of ±0.1 % of full scale to 

feed the reactor. The outlet pressure of the reaction system was 

set at 110.3 kPa using a back-pressure controller (PC, Alicat 

Scientific) with an accuracy of ± 0.3 % of full scale. The cata-

lytic reactor was heated to the reaction temperature, 500 °C, by 

placing it inside a concentric tubular furnace controlled by a 

programmable logic controller (PLC, Rockwell Automation) 

with a heating ramp of 5 °C min-1. The temperature of the cata-

lytic bed was measured by inserting a Type K thermocouple 

provided with stainless steel sheath and an external diameter of 

3.2 mm in the middle of it. Before the tests, the catalyst was 

dried at 120 °C with a flow of 100 mL min-1 of N2 for 1 h. Fig 

2 shows a scheme of the reaction system. 

Fig. 2. Schematic representation of the reaction system. MFC: 

mass flow controller; PC: pressure controller; PLC: program-

mable logic controller; GC: gas chromatograph. 

 

The feed and reaction products were analyzed by on-line chro-

matography using a GC-2014 instrument (Shimadzu Corpora-

tion). The internal configuration of the detectors and the set of 

packed columns used for the chromatographic analyses is pre-

sented in Fig. 3. The reactor outlet gases flowed continuously 

during the reaction by the 1 mL chromatograph injection loop. 

Every so often, the ten-way valve named valve 1 (Valco Instru-

ments) switched its position to inject the sample from the gas 

stream of the reactor passing by the loop. Simultaneously, the 

carrier gas, argon, 20 mL min-1, flowed through the loop and 

carried the sample to column 1 (80/100 Hayesep N, 1.5 m × 2.1 

mm ID) where heavy hydrocarbons and water were retained and 

evacuated by backflushing. The remaining gases passed to col-

umn 2 (80/100 Hayesep Q, 3 m × 2.1 mm ID) that retains CH4 

and CO2, and then sent to the detectors by changing the position 

of the six-way valve (valve 2, Valco Instruments). The lighter 

gases: O2, N2, H2, and CO flowed to column 3 (60/80 Molecular 

Sieve 5A, 3 m × 2.1 mm ID) for further separation and subse-

quent detection. Table 2 summarizes the position of the valves 

during a typical GC run, and Fig 4 shows a tipically recorded 

chromatogram from a catalytic run. 

Table 2. Summary of valve position during the GC analysis. 

Time (min) 
Position 

Valve 1 Valve 2 

0.0 OFF OFF 

0.1 ON OFF 

3.0 OFF OFF 

3.5 OFF ON 

7.5 OFF OFF 

 

The temperature of the oven of the GC was kept constant at 100 

°C. A TCD and an FID connected in series were used for meas-

urements. The TCD was heated at 160 °C using argon as a ref-

erence gas (20 mL min-1). The FID was operated at 200 °C and 

fed with hydrogen (45 mL min-1) and air (400 mL min-1). Before 

entering the FID, the gaseous analytes passed through a 

methanizer formed by a catalytic bed of metallic Ni. The 

methanizer converts CO and CO2 into methane (according to 

Eqs. 15 and 16) at 375 °C, hence allowing the indirect quantifi-

cation of the former with the methane signal detected in the 

FID. The TCD-methanizer-FID configuration was implemented 

to validate the measurements of CO and CO2 in the TCD detec-

tor.  
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CO2  + 4H2   →  CH4  +  2H2O   (15) 

CO + 3H2   →  CH4  +  H2O     (16) 

Fig. 3. Schematic representation of the GC-2014 instrument 

used in this work. The instrument has a serial TCD-methanizer-

FID system. 

 

Fig. 4. Chromatograms collected for the FID (green) and TCD 

(blue) in the analysis of CH4 combustion products. Dashed ver-

tical lines indicate switching in the position of the valves.  

 

3.2 Catalyst activity calculation by different configurations 

of the detection system 

The expressions developed previously for calculating the con-

version, selectivity, and the mass balances were adjusted con-

sidering three configurations of the detection system: TCD, 

TCD-FID, TCD-Methanizer-FID, as is shown in Table 3. Only 

for the TCD, we rewrote equations 7-9 and 12-14 as a function 

of the areas of the signals read with the TCD (𝐴𝑖,𝑇𝐶𝐷). For the 

TCD-FID system, the term 𝐴𝑖,𝑇𝐶𝐷 from the equations developed 

for the single TCD was put as a function of 𝐴𝑖,𝐹𝐼𝐷, hence allow-

ing to integrate the signal from the FID. In this last case, we 

postulated the hypothesis that the signals from the FID (𝐴𝑖,𝐹𝐼𝐷) 

and the TCD (𝐴𝑖,𝑇𝐶𝐷) are proportional given that there is no flow 

split between the TCD and the FID. Such a proportionality was 

expressed by a coefficient named sensitivity factor (𝛼i), as it is 

described by Eq. 17. 𝛼i can be calculated after comparing the 

TCD and FID peak areas of an i-th compound from different 

molar flows. For the TCD-FID system, 𝛼i was calculated for 

CH4, whereas for the TCD-methanizer-FID configuration, 𝛼i 

can also be calculated for CO2 and CO. 

𝐴𝑖,𝐹𝐼𝐷 = 𝛼𝑖 𝐴𝑖,𝑇𝐶𝐷   (17) 

Besides the expressions summarized in Table 3, estimations of 

the production of water can be made via the hydrogen and oxy-

gen mass balances. For the combustion of methane, the hydro-

gen from the methane fed to the reactor froms water in stoichi-

ometric proportions. Meanwhile, a mass balance for oxygen fol-

lows the stoichiometry of the reactions producing CO2, CO, and 

water. Considering a closed mass balance, the ratio of the water 

production calculated by hydrogen and oxygen (𝐵𝐻2𝑂 =

 𝐹𝐻2𝑂,𝐵𝐻
𝐹𝐻2𝑂,𝐵𝑂

⁄ ) must equal 1. Therefore, we wrote 𝐵𝐻2𝑂 for 

the external and internal standard method using the TCD, TCD-

FID, and TCD-mehanizer-FID configurations as presented in 

Eqs. 18-23. 

𝐵𝐻2𝑂 =
2𝛾𝐶𝐻4(𝐴𝐶𝐻4,𝑇𝐶𝐷

0 −𝐴𝐶𝐻4,𝑇𝐶𝐷)

2𝛾𝑂2(𝐴𝑂2,𝑇𝐶𝐷
0 −𝐴𝑂2,𝑇𝐶𝐷)−2𝛾𝐶𝑂2𝐴𝐶𝑂2,𝑇𝐶𝐷−𝛾𝐶𝑂 𝐴𝐶𝑂,𝑇𝐶𝐷

𝐹𝑇

𝐹𝑇
     (18) 

𝐵𝐻2𝑂 =

2𝛾𝐶𝐻4
𝛼𝐶𝐻4

(𝐴𝐶𝐻4𝐹𝐼𝐷
0 −𝐴𝐶𝐻4,𝐹𝐼𝐷)

2𝛾𝑂2(𝐴𝑂2,𝑇𝐶𝐷
0 −𝐴𝑂2,𝑇𝐶𝐷)−2𝛾𝐶𝑂2𝐴𝐶𝑂2,𝑇𝐶𝐷−𝛾𝐶𝑂 𝐴𝐶𝑂,𝑇𝐶𝐷

𝐹𝑇

𝐹𝑇
     (19) 

𝐵𝐻2𝑂 =

2𝛾𝐶𝐻4
𝛼𝐶𝐻4

(𝐴𝐶𝐻4,𝐹𝐼𝐷
0 −𝐴𝐶𝐻4,𝐹𝐼𝐷)

2𝛾𝑂2(𝐴𝑂2,𝑇𝐶𝐷
0 −𝐴𝑂2,𝑇𝐶𝐷)−

2𝛾𝐶𝑂2
𝐴𝐶𝑂2,𝐹𝐼𝐷

𝛼𝐶𝑂2
−

𝛾𝐶𝑂 𝐴𝐶𝑂,𝐹𝐼𝐷
𝛼𝐶𝑂

𝐹𝑇

𝐹𝑇
        (20) 

𝐵𝐻2𝑂 =
2𝛽𝐶𝐻4(𝐴𝐶𝐻4,𝑇𝐶𝐷

0 −𝜔𝐴𝐶𝐻4,𝑇𝐶𝐷)

2𝛽𝑂2(𝐴𝑂2,𝑇𝐶𝐷
0 −𝜔𝐴𝑂2,𝑇𝐶𝐷)−2𝜔𝛽𝐶𝑂2𝐴𝐶𝑂2,𝑇𝐶𝐷−𝜔𝛽𝐶𝑂 𝐴𝐶𝑂,𝑇𝐶𝐷

𝐹𝑠

𝐹𝑠
  

(21) 

𝐵𝐻2𝑂 =

2𝛽𝐶𝐻4
𝛼𝐶𝐻4

(𝐴𝐶𝐻4,𝐹𝐼𝐷
0 −𝜔𝐴𝐶𝐻4,𝐹𝐼𝐷)

2𝛽𝑂2(𝐴𝑂2,𝑇𝐶𝐷
0 −𝜔𝐴𝑂2,𝑇𝐶𝐷)−2𝜔𝛽𝐶𝑂2𝐴𝐶𝑂2,𝑇𝐶𝐷−𝜔𝛽𝐶𝑂 𝐴𝐶𝑂,𝑇𝐶𝐷

𝐹𝑠

𝐹𝑠
 

(22) 

𝐵𝐻2𝑂 =

2𝛽𝐶𝐻4
𝛼𝐶𝐻4

(𝐴𝐶𝐻4,𝐹𝐼𝐷
0 −𝜔𝐴𝐶𝐻4,𝐹𝐼𝐷)

2𝛽𝑂2(𝐴𝑂2,𝑇𝐶𝐷
0 −𝜔𝐴𝑂2,𝑇𝐶𝐷)−

2𝜔 𝛽𝐶𝑂2
𝐴𝐶𝑂2,𝐹𝐼𝐷

𝛼𝐶𝑂2
−

𝜔 𝛽𝐶𝑂 𝐴𝐶𝑂,𝐹𝐼𝐷
𝛼𝐶𝑂

𝐹𝑠

𝐹𝑠
 

(23)  

 

 



 

 

6 

Table 3. Equations set to follow the methane combustion reaction in different detection systems, using both the external and the internal standard method. 

Parameter Method 
Detection system 

TCD TCD-FID TCD-Methanizer-FID 

Conversion 

of CH4 
 

External Standard 𝑋𝐶𝐻4
=

𝐴𝐶𝐻4,𝑇𝐶𝐷
0 − 𝐴𝐶𝐻4,𝑇𝐶𝐷

𝐴𝐶𝐻4,𝑇𝐶𝐷
0  

𝑋𝐶𝐻4
=

𝐴𝐶𝐻4,𝐹𝐼𝐷
0 − 𝐴𝐶𝐻4,𝐹𝐼𝐷

𝐴𝐶𝐻4,𝐹𝐼𝐷
0  

 

Internal Standard 𝑋𝐶𝐻4
=

𝐴𝐶𝐻4,𝑇𝐶𝐷
0 − 𝐴𝐶𝐻4,𝑇𝐶𝐷 𝜔

𝐴𝐶𝐻4,𝑇𝐶𝐷
0  𝑋𝐶𝐻4

=
𝐴𝐶𝐻4,𝐹𝐼𝐷

0 − 𝐴𝐶𝐻4,𝐹𝐼𝐷 𝜔

𝐴𝐶𝐻4,𝐹𝐼𝐷
0  

Conversion 

of O2 
 

External Standard 
𝑋𝑂2

=
𝐴𝑂2,𝑇𝐶𝐷

0 − 𝐴𝑂2,𝑇𝐶𝐷

𝐴𝑂2,𝑇𝐶𝐷
0  

 

Internal Standard. 
𝑋𝑂2

=
𝐴𝑂2,𝑇𝐶𝐷

0 − 𝐴𝑂2,𝑇𝐶𝐷 𝜔

𝐴𝑂2,𝑇𝐶𝐷
0  

 

Selectivity 

to CO2 

External Standard 
𝑆𝐶𝑂2

=
𝛾𝐶𝑂2,𝑇𝐶𝐷

𝛾𝐶𝐻4,𝑇𝐶𝐷

𝐴𝐶𝑂2,𝑇𝐶𝐷

(𝐴𝐶𝐻4,𝑇𝐶𝐷
0 − 𝐴𝐶𝐻4,𝑇𝐶𝐷 )

 

 

𝑆𝐶𝑂2
=

𝛾𝐶𝑂2,𝑇𝐶𝐷𝛼𝐶𝐻4

𝛾𝐶𝐻4,𝑇𝐶𝐷

𝐴𝐶𝑂2,𝑇𝐶𝐷

(𝐴𝐶𝐻4,𝐹𝐼𝐷
0 − 𝐴𝐶𝐻4,𝐹𝐼𝐷 )

 

 

𝑆𝐶𝑂2
=

𝛾𝐶𝑂2,𝑇𝐶𝐷𝛼𝐶𝐻4

𝛾𝐶𝐻4,𝑇𝐶𝐷𝛼𝐶𝑂2

𝐴𝐶𝑂2,𝐹𝐼𝐷

(𝐴𝐶𝐻4,𝐹𝐼𝐷
0 − 𝐴𝐶𝐻4,𝐹𝐼𝐷 )

 

 

Internal Standard 
𝑆𝐶𝑂2

=
𝛽𝐶𝑂2

𝛽𝐶𝐻4

𝐴𝐶𝑂2,𝑇𝐶𝐷 𝜔

(𝐴𝐶𝐻4,𝑇𝐶𝐷
0 − 𝐴𝐶𝐻4,𝑇𝐶𝐷 𝜔 )

 

 

𝑆𝐶𝑂2
=

𝛽𝐶𝑂2
𝛼𝐶𝐻4

𝛽𝐶𝐻4

𝐴𝐶𝑂2,𝑇𝐶𝐷 𝜔

(𝐴𝐶𝐻4,𝐹𝐼𝐷
0 − 𝐴𝐶𝐻4,𝐹𝐼𝐷 𝜔 )

 

 

𝑆𝐶𝑂2
=

𝛽𝐶𝑂2
𝛼𝐶𝐻4

𝛽𝐶𝐻4
𝛼𝐶𝑂2

𝐴𝐶𝑂2,𝐹𝐼𝐷 𝜔

(𝐴𝐶𝐻4,𝐹𝐼𝐷
0 − 𝐴𝐶𝐻4,𝐹𝐼𝐷 𝜔 )

 

 

Carbon 

Mass Ba-

lance 

External Standard 
𝐵𝐶 =

𝛾𝐶𝐻4,𝑇𝐶𝐷 𝐴𝐶𝐻4,𝑇𝐶𝐷 + 𝛾𝐶𝑂,𝑇𝐶𝐷 𝐴𝐶𝑂,𝑇𝐶𝐷 + 𝛾𝐶𝑂2,𝑇𝐶𝐷 𝐴𝐶𝑂2,𝑇𝐶𝐷

𝛾𝐶𝐻4
𝐴𝐶𝐻4,𝑇𝐶𝐷

0  

 

𝐵𝐶 =

𝛾𝐶𝐻4,𝑇𝐶𝐷 𝐴𝐶𝐻4,𝐹𝐼𝐷

𝛼𝐶𝐻4
+ 𝛾𝐶𝑂,𝑇𝐶𝐷 𝐴𝐶𝑂,𝑇𝐶𝐷 + 𝛾𝐶𝑂2,𝑇𝐶𝐷 𝐴𝐶𝑂2,𝑇𝐶𝐷

𝛾𝐶𝐻4
𝐴𝐶𝐻4,𝐹𝐼𝐷

0

𝛼𝐶𝐻4

 

 

𝐵𝐶 =

𝛾𝐶𝐻4,𝑇𝐶𝐷 𝐴𝐶𝐻4,𝐹𝐼𝐷

𝛼𝐶𝐻4
+

𝛾𝐶𝑂,𝑇𝐶𝐷 𝐴𝐶𝑂,𝐹𝐼𝐷

𝛼𝐶𝑂
+

𝛾𝐶𝑂2,𝑇𝐶𝐷 𝐴𝐶𝑂2,𝐹𝐼𝐷

𝛼𝐶𝑂2

𝛾𝐶𝐻4
𝐴𝐶𝐻4,𝐹𝐼𝐷

0

𝛼𝐶𝐻4

 

 

Internal Standard 

𝐵𝐶 =
𝛽𝐶𝐻4,𝑇𝐶𝐷 𝐴𝐶𝐻4,𝑇𝐶𝐷 + 𝛽𝐶𝑂,𝑇𝐶𝐷 𝐴𝐶𝑂,𝑇𝐶𝐷 + 𝛽𝐶𝑂2,𝑇𝐶𝐷 𝐴𝐶𝑂2,𝑇𝐶𝐷

𝛽𝐶𝐻4
𝐴𝐶𝐻4,𝐹𝐼𝐷

0

𝜔

 

 

𝐵𝐶 =

𝛽𝐶𝐻4,𝑇𝐶𝐷 𝐴𝐶𝐻4,𝐹𝐼𝐷

𝛼𝐶𝐻4
+ 𝛽𝐶𝑂,𝑇𝐶𝐷 𝐴𝐶𝑂,𝑇𝐶𝐷 + 𝛽𝐶𝑂2,𝑇𝐶𝐷 𝐴𝐶𝑂2,𝑇𝐶𝐷

𝛽𝐶𝐻4
𝐴𝐶𝐻4,𝐹𝐼𝐷

0

𝜔 𝛼𝐶𝐻4

 

 

𝐵𝐶 =

𝛽𝐶𝐻4,𝑇𝐶𝐷 𝐴𝐶𝐻4,𝐹𝐼𝐷

𝛼𝐶𝐻4
+

𝛽𝐶𝑂,𝑇𝐶𝐷 𝐴𝐶𝑂,𝐹𝐼𝐷

𝛼𝐶𝑂
+

𝛽𝐶𝑂2,𝑇𝐶𝐷 𝐴𝐶𝑂2,𝐹𝐼𝐷

𝛼𝐶𝑂2

𝛽𝐶𝐻4
𝐴𝐶𝐻4,𝐹𝐼𝐷

0

𝜔 𝛼𝐶𝐻4

 

 

Other  Internal Standard 𝜔 =
𝐴𝑁2,𝑇𝐶𝐷

0

𝐴𝑁2,𝑇𝐶𝐷
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Considering the mathematics of the method, the accuracy of the 

detection systems can be monitored by assessing the closure of 

the mass balances. 

For implementing the analytic method developed above, we 

made calibration curves for each one of the compounds result-

ing from the methane combustion reaction. Calibration was 

made according to the following steps: 

i) We prepared four gaseous mixtures of the reac-

tion products and analyzed them with the differ-

ent configurations of the detection system of the 

GC. Readings for CH4, CO2, and CO were taken 

from both the FID and the TCD detectors, 

whereas the readings for O2 and N2 were done 

with the TCD. Such readings were used to calcu-

late the corresponding areas 𝐴𝑖,𝐹𝐼𝐷 and/or 𝐴𝑖,𝑇𝐶𝐷 

in the calibration curves. 

ii) We calculated 𝛼i values from the slope of plots 

of 𝐴𝑖,𝐹𝐼𝐷 vs 𝐴𝑖,𝑇𝐶𝐷. 

iii) For making calculations with the external stand-

ard method, we plotted 
𝐹𝑖

𝐹𝑇
 vs 𝐴𝑖,𝐹𝐼𝐷 or 𝐴𝑖,𝑇𝐶𝐷 and 

estimated  𝛾𝑖,𝐹𝐼𝐷 or 𝛾𝑖,𝑇𝐶𝐷 from the slopes of the 

produced curves. Notice that, according to the 

mathematics of the method, 𝛾𝑖,𝑇𝐶𝐷 = 𝛼𝑖𝛾𝑖,𝐹𝐼𝐷. 

For the internal standard method, the slopes from 

the curves were obtained after plotting  
𝐹𝑖

𝐹𝑠
 vs 

𝐴𝑖,𝐹𝐼𝐷

𝐴𝑠,𝑇𝐶𝐷
 

and/or 
𝐴𝑖,𝑇𝐶𝐷

𝐴𝑠,𝑇𝐶𝐷
 correspond to 𝛽𝑖,𝐹𝐼𝐷 and/or 𝛽𝑖,𝑇𝐶𝐷, 

respectively. Herein, 𝛽𝑖,𝑇𝐶𝐷 = 𝛼𝑖𝛽𝑖,𝐹𝐼𝐷. 

After calibration, the following procedure was implemented for 

quantifying the composition of the gaseous streams from the 

catalytic reactor on-line: 

i) We injected at least five samples from the reactor 

feed to the GC and calculated the average 𝐴𝑖,𝐹𝐼𝐷
0  

and/or 𝐴𝑖,𝑇𝐶𝐷
0 . Periodic injections of samples 

from the outlet stream of the catalytic reactor 

were made after starting to run the reaction. 

Therefore, 𝐴𝑖,𝐹𝐼𝐷 and/or 𝐴𝑖,𝑇𝐶𝐷 were calculated as 

a function of time on stream. We calculated the 

average 𝐴𝑠,𝑇𝐶𝐷
0  for the internal standard method 

from the signal for N2. 

ii) We calculated the concentration for each com-

pound after replacing the values of 𝐴𝑖,𝐹𝐼𝐷
0  and/or 

𝐴𝑖,𝑇𝐶𝐷
0 , 𝐴𝑖,𝐹𝐼𝐷 and/or 𝐴𝑖,𝑇𝐶𝐷, 𝛾𝑖,𝐹𝐼𝐷 and/or 𝛾𝑖,𝑇𝐶𝐷, 

𝛽𝑖,𝐹𝐼𝐷 and/or 𝛽𝑖,𝑇𝐶𝐷, and 𝛼𝑖  in the corresponding 

equations presented in Table 3. 

4. RESULTS AND DISCUSSION 

4.1 Assessment of the sensitivity and response factors 

A working hypothesis for our method is that there is a linear 

correlation between the responses of a given compound in the 

TCD and FID detectors. Fig. 4 plots the areas calculated for the 

FID signals of CH4, CO, and CO2 as a function of the corre-

sponding areas calculated from the signals of the TCD when 

different molar flows where injected to the GC. The linearity of 

the featured curves had R2 ~ 0.999 in all instances. This vali-

dates our working hypothesis within the concentration ranges 

for the compounds studied herein, 0.8-7.7 vol % of CH4, CO2, 

and CO, 7.7-38.5 vol. % of O2, and 46.2-90.8 vol. % of N2 at a 

total flow of 130 mL min-1 that was kept constant during the 

calibration procedure. According to our mathematical model, 

the slopes of these curves are the sensitivity factors of each 

compound. Table 4 summarizes the calculated sensitivity fac-

tors for CH4, CO, and CO2. To ensure that the accuracy of the 

sensitivity factors for CO and CO2 were not affected by the 

methanizer, we calibrated the CH4, CO2, and CO at equivalent 

molar flows to obtain equivalent FID areas. Fig. 4 shows the 

results (axis of ordinates). We based our idea on two facts. (1) 

The stoichiometry factor between methane and CO2 or CO is 

1.0; see Eq. 15-16. (2) Methanation reactions are exothermic 

and spontaneous (i.e., negative free energy) below 500 °C. 

Therefore, the criterion of having conversions for both CO2 and 

CO around close to 100 %28 when using a methanizer was ful-

filled and this was further supported by the similarity found for 

the values of 𝛾𝑖,𝐹𝐼𝐷 and 𝛽𝑖,𝐹𝐼𝐷 for these molecules, Table 4. 

Table 4. Summary of sensitivity and response factors. The R2 

for all calibration graphs was greater than 0.998. 

Factor* CH4 O2 N2 CO CO2 

𝛼i 1752.6 - - 4863.5 5318.9 

𝛽𝑖,𝑇𝐶𝐷 0.3631 0.7461 1.0000 1.0543 1.0770 

𝛽𝑖,𝐹𝐼𝐷(×103) 0.2072   0.2168 0.2025 

𝛾𝑖,𝑇𝐶𝐷 (×107) 2.8117 5.7699 7.8273 8.1625 8.4298 

𝛾𝑖,𝐹𝐼𝐷 (×1010) 1.6043 - - 1.6783 1.5849 

 

 The calibration data also served to calculate the response fac-

tors 𝛽i and 𝛾i for all the analyzed compounds. The results are 

also summarized in Table 4. When the response factors were 

calculated from the areas derived from the TCD, their values 

decreased in the order: CH4 < O2 < CO < CO2. This tendency is 

correlated to the decrease in the difference of thermal conduc-

tivities of these gases and argon; namely, 32, 12, 11 and 4 mW 

m-1 K-1 for CH4, O2, CO, and CO2, at 160°C, respectively. The 

tendencies found for the calibration curves attest for the ade-

quateness of our method. 

4.2 Validation of the developed method 

To validate our method, we quantified the products stream from 

a catalytic reactor performing the catalytic combustion of me-

thane. Table 3 shows the definitions of conversion, selectivity, 

and mass balance that we employed. Fig. 5 shows the conver-

sions of CH4 and O2, and the selectivity to CO2 as calculated 

from the expressions developed for both the FID and the TCD. 

Fig 5 top shows the results for these catalytic parameters when 

applying the external standard method while Fig. 5 bottom does 

the same for the internal standard method. For the external 

standard method, the trends observed for the conversion of CH4 

calculated from the signals of both detectors are the same, but 

the conversions calculated from the TCD were ca. 1% lower to 
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those calculated from the FID. We also plotted the conversion 

of O2 calculated from the TCD to corroborate the consistency 

of the quantification. We observed that both the CH4 and O2 

conversions were very similar which is consistent with the stoi-

chiometry of the reaction, Eq. 1, since the reaction feed had a 

1:2 CH4 to O2 molar ratio. Concerning the selectivity to CO2, 

we found values around 1.20 during the experiments, which 

does not seem to have physical meaning. On the other hand, the 

results for conversion calculated from the internal standard 

method, Fig. 5 bottom, were ca. 4% higher to those found with 

the external standard method. On the other hand, the curves for 

the selectivity to CO2 displayed a constant value of 1.00. There-

fore, the internal standard method suppressed the artifact of a 

selectivity higher than 1.00. One takeaway message is thus that 

carefully devised analytical methods are required for drawing 

meaningful conclusions about the performance of reaction sys-

tems when using on-line chromatography. 

Fig. 4. Correlation between the FID and TCD areas through the 

sensitivity factor. R2 > 0.999. Error bars correspond to t-Student 

confidence intervals for the mean built with α = 0.05. 

 

Computing elemental mass balances from the performed quan-

tification is a reliable way of validating the developed methods. 

However, it is somehow surprising that, as highlighted by Car-

rero et al.29, scores of papers from the catalytic community do 

not report elemental mass balances. In our case, Fig. 6 shows 

the evolution of the carbon mass balance in the catalytic system 

as a function of time on stream. The carbon balances computed 

from the external standard method showed a decrease from 1.12 

to 1.05, Fig. 6 top. In other words, according to this method, 

there was more mass leaving the reactor than entering it. And, 

also, the quantity of mass decreased with time on stream despite 

maintaining the same mass flow to the system. Somehow, such 

a result is actually in agreement with the nonrealistic values of 

selectivity calculated with the external standard method further 

strengthening the conclusion that this method is unreliable for 

the kind of analysis developed herein. On the other hand, there 

was a difference of ca. 2% between the carbon balance for both 

detectors. For example, at 2h time on stream, the carbon balance 

value for the FID was 1.07 whereas for the TCD was 1.05. Such 

a difference is a consequence of the higher sensitivity of the 

FID.2 The accuracy and stability of the carbon mass balance was 

strongly improved with the internal standard method. Fig. 6 bot-

tom shows that the carbon mass balances calculated from both 

the TCD and the FID were always closer and not above 1.00 

while remaining stable during the duration of the tests. Particu-

larly, the carbon balance calculated from the FID was closer to 

1.00 and higher than the one calculated from the TCD. Once 

again, the accuracy of the FID was superior than the one of the 

TCD. 

Fig. 5. Results of methane and oxygen conversion and selectiv-

ity towards CO2 using TCD and FID detectors. The calculations 

were based on the external (top) and the internal standard (bot-

tom) methods. Error bars correspond to t-Student confidence 

intervals for the mean built with α = 0.05. 

 

  

Results in Fig. 6 bottom are consistent with those presented in 

Fig. 5 bottom, where no changes in selectivity were observed. 

These results hence validate our method. 

Finally, we analyze the calculated molar flows for the products  

exiting the catalytic reactor. Fig. 7 shows the molar flows of the 

compounds involved in the reaction calculated from both the 

external (Fig. 7 top) and the internal (Fig. 7 bottom) standard 

methods. The results suggest that the external standard method 

tends to overestimate the molar flows from the reactor due to its 

inherent limitations. This is the reason why conversions were 

lower than those of the internal standard method. The calcula-

tions from the external standard method did not fulfill the re-

striction for a constant total molar flow, Fig. 7 top. According 

to the stoichiometry of Eq. 1, the total number of moles of the 

products are equal to those of the reactants, so the total molar 

flow of the system should be constant. However, the calcula-

tions from the external standard method indicated that the total 

molar flow at the inlet of the reactor (i.e., 5.69±0.10 mmol min-
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1) was lower than those estimated in the outlet stream of the re-

actor during the catalytic experiments. Namely, this method in-

dicated that at the beginning of the reaction, the total molar flow 

was 6.34 mmol min-1 and decreased during the reaction to 5.98 

mmol min-1. This explains the pattern of the carbon balance 

when this method was applied, Fig 6 top. 

Fig. 6. Carbon mass balances using TCD and FID. The calcula-

tions were based on methods of external standard (top) and in-

ternal standard (bottom). Error bars correspond to t-Student 

confidence intervals for the mean built with α = 0.05. 

 

 

On the other hand, with the internal standard method, the total 

molar flow during the duration of the tests was constant, at ca. 

5.70 mmol min-1, and equal to that of the reaction system inlet. 

Accordingly, this method produced a physically meaningful 

closed carbon balance, Fig 6 bottom. For both methods, the ra-

tio of the water production calculated by hydrogen and oxygen 

(𝐵𝐻2𝑂) was equal to 1.00, and the molar flow ratio CO2 to water 

calculated from the hydrogen balance was 2.00, which demon-

strates that the calculated value for water production was rea-

sonable. 

 

 

 

 

 

 

 

 

Fig. 7. The molar flow of the gaseous stream compounds at the 

outlet of the reactor during a combustion test, calculated by ex-

ternal (top) and internal (bottom) standard method. Error bars 

correspond to t-Student confidence intervals for the mean built 

with α = 0.05. 

 

 

CONCLUSIONS 

We have developed an analytical method for the highly accurate 

quantification of gaseous streams by on-line chromatography 

provided with multiple detectors. Particularly, our method con-

sidered the use of an on-line gas chromatograph provided with 

thermal conductivity and flame ionization detectors and a 

methanizer and applied both the so-called external and internal 

standard methods of analysis. We found that the external stand-

ard method, that actually is the most used by the chemical com-

munity, leads to inaccurate quantification which in turn leads to 

physically meaningless conclusions when applied to the analy-

sis of the gaseous streams in catalytic reaction systems. Con-

versely, the internal standard method was highly accurate, and 

its results had physical meaning. These facts are also a call to 

action from analysts on how crucial it is avoiding oversimplifi-

cation during gas chromatography for drawing meaningful con-

clusions in studies that apply the technique for studying diverse 

gaseous systems. 
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NOMENCLATURE 

Roman letters 

𝐴𝑖 = chromatographic peak area of component i 

𝐴𝑟
0 = inlet chromatographic peak area of component i 

𝐵𝑧 = z atomic species (C, O or H) mass balance 

𝐹𝑖
0 = inlet molar flow rate of component i, mmol min-1 

𝐹𝑖  = molar flow rate of component i, mmol min-1 

𝐹𝑇  = total molar flow rate, mmol min-1 

𝑁𝑍,𝑖 = number of atoms of z species in the component i 

𝑛𝑇 = total moles injected to the chromatograph, mol 

𝑃 = pressure, kPa 

𝑅 = universal gas constant, kPa m3 mol-1 K-1 

𝑆𝑝 = selectivity to product p 

𝑇 = temperature, K 

𝑉𝑙𝑜𝑜𝑝 = volume of the injection loop, m3 

𝑋𝑟 = conversion of reactant r 

Greek letter 

𝛼𝑖  = sensitivity factor of component i 

𝛽𝑖 = internal standard response factor of component i 

𝛾𝑖 = external standard response factor of component i 

𝜈 = reactant r to product p reaction stoichiometric factors ratio 

Subscripts 

𝑇𝐶𝐷 = registered in the thermal conductivity detector 

𝐹𝐼𝐷 = registered in the flame ionization detector 

𝑖 = component i 

𝑠 = internal standard 

𝑟 = reactant 

𝑝 = product 

𝑇 = total 

Superscripts 

° = inlet 
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