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ABSTRACT 

The purpose of this research work is to determine the maximum single carbon number (SCN) 

which can be reliably quantified using High Temperature Gas Chromatography analysis of heavy 

oil hydrocarbons, accounting for: i.) thermal cracking risk and ii.) the non/incomplete elution. To 

that end, an in-house coupled numerical Pyrolysis-GC model has been developed, capable of 

calculating the degree of elution and of simulating the migration, partitioning and pyrolysis 

conversion of a mixture of 11 heavy n-alkanes spanning the range from nC14H30 to nC80H16 

throughout the GC column. Based on this model and using a commonly used column configuration 

and temperature programme, two conclusions have been made; i.) half of the mass injected of nC80 

thermally decomposed before nC70 has eluted, suggesting a possible co-elution of both: nC70 and 

the pyrolysis products of nC80 and therefore making the HTGC analysis of nC70 and heavier n-

alkanes no longer reliable, and ii.)  alkanes heavier than nC70 take progressively longer to elute 

completely from the column, compromising the resolution of the peaks, i.e. nC70 takes 2.5 minutes 

and nC80 takes 8.5 minutes. Moreover, nC80 remained 12.9 minutes in the isothermal plateau before 

complete elution, implying that the nC80 peak will be overlooked and masked by the FID plateau 

signal, in combination with column bleed products. Therefore, in the case study the maximum 

reliable SCN which can be quantitatively analyzed with HTGC will be the lighter components than 

nC70. 

 

 

Key Words:  High Temperature Gas Chromatography, heavy ends hydrocarbons characterization, 

pyrolysis modeling, thermal cracking, coupled pyrolysis-GC modelling, non-elution.  
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1. Introduction 

The objective of this work is to provide an in-depth analysis of the two main High Temperature 

Gas Chromatography (HTGC) limitations for the analysis of heavy oil hydrocarbons. First, the 

pyrolysis risk inside the GC column; and secondly, the non/incomplete elution of heavy n-alkanes 

spanning the range from nC14H30 to nC80H162. 

 

The large amount of species of the reduced free-radical pyrolysis model developed and explained 

in Hernandez-Baez et al. 1, has imposed the need to develop a reduced molecular pyrolysis model, 

comprising 11 n-alkanes (nC14H30, nC16H32, nC20H42, nC25H52, nC30H62, nC35H72, nC40H82, 

nC50H102, nC60H122, nC70H142, and nC80H162).   

 

Similarly, the original GC model developed in (COMSOL-MATLAB) explained in detail in 2-3, 

for predicting the zone’s variances while every component is migrating and partitioning between 

the stationary and the gas phases, was computing time demanding and therefore an analytical and 

more efficient GC model needs to be developed.   

 

Thus, using these two efficient models, a Pyrolysis-GC coupled model has been developed in 

MATLAB, running at constant time-step, which enables isothermal conditions to be assumed at 

every time-step calculation. This model can calculate the cumulative pyrolysis conversion and the 

degree of elution in order to determine the maximum single carbon number (SCN) which can be 

reliably quantified using HTGC analysis. 

 



 
4 

2. Reduction of the pyrolysis model 

Simulation of large reaction mechanisms can result in excessive computational demands / 

processing time.  Consequently it is necessary to reduce the size of the reaction mechanisms to an 

almost equivalent, smaller computing model, several of which exist, mostly based on mathematical 

rather than chemical concepts. 4-5 

 

In Hernandez-Baez et al.1 a reduced free radical primary pyrolysis mechanism has been 

developed for the n-alkanes, comprising nC14H30, nC16H34, nC20H42, nC25H52, nC30H62, nC35H72, 

nC40H82, nC45H92, nC50H102, nC55H112, nC60H122, nC65H132,nC70H142, nC75H152 and nC80H162. This 

model accounts for 15 reactants, 7055 reactions, 336 species, 242 molecules, and 94 radicals 

(Table 1). Nevertheless, the large size of this model still represents a computing time constraint, 

when coupled to a GC migration/separation model, which is the ultimate purpose of this work. 

 A further reduction is therefore required of the free-radical pyrolysis model, when developing it 

into a molecular pyrolysis model. This new reduction process is based on knowledge of the thermal 

reactions’ networks and the rates of the different pathways 6, and will be explained as follows.  

 

The validation is based on the comparison of the results of simulations obtained from the reduced 

molecular mechanisms with those derived from the free radical mechanisms mixture model 

developed in 1, using a closed reactor at 1MPa and at 380 °C and 450 °C, with an initial equimolar 

composition of 9.09% molar for each of the 11-n-alkanes studied in this work (nC12H30- nC80H162).   

 

A generic reaction scheme of the thermal cracking at low conversion is depicted in Figure 1.  

The thermal cracking of an alkane (reactant: μH) is made up of chain reactions leading to two 
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cracking products, an alkane lighter: βH, with lower single carbon number (SCN) than μH, and an 

alkene. 

The chain scheme uses the standard notation 7-8 to refer to the radicals, µ and β which react in a 

uni-molecular and bi-molecular propagation step, respectively. 9 The mechanism presented is 

based on the work of Bounaceur et al. 10 

 

The temperature range used in HTGC analysis is considered as low temperature for pyrolysis 

reactions, and therefore the propagation chain reactions control the whole pyrolysis mechanism. 

At these conditions the decomposition reaction is the limiting reaction (or limiting step) of the 

propagation chain 10, and therefore of  the global rate of the reaction (for the whole mechanism). 

This is based on the Quasi-Stationary-State Approximation (QSSA) and the Long Chain 

Approximation (LCA). 1, 10  

 

1.1. Reduction of the radical pyrolysis model to a molecular pyrolysis model 

(stoichiometric lumping) 

The size reduction from a radical mechanism to a stoichiometric mechanism is considerable, as 

will be presented in the next sub-sections. However, the approach required for building a molecular 

reduced mechanism is much less straightforward than the approach used for lumping radical 

reactions mechanism. Additionally, the reactions are not of first order but ½ orders, which are the 

main source of possible errors, and hence the technique should be applied to complex mixtures 

with extreme care.  
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The free-radical mechanism developed for the mixture spanning the range of alkanes , nC14H30- 

to nC80H162 (see 1), will be named “Original Mechanism”, the reduction of which simplifies all of 

the radical species, according to the above mention simplification. Thus, the whole mechanism is 

reduced to the propagation chain only, which is much more significant than the initiation and 

termination reactions, due to the long chain simplification 

 

In the first reduction step, all the decomposition and H-transfer reactions have been simplified 

into their corresponding molecular reaction (Figure 2). Since the rate limiting reaction is the 

decomposition, applying the Quasi-Steady State Approximation, its kinetic parameters have been 

calculated according to Equation 1.  The rate constant parameters used come from the lumped 

initiation and termination reactions of all the n-alkanes considered (µH), considering all kind of µ 

or β radicals. 

rSTO =  rglobal 
     

rglobal = rD = kD[ µ •] =  kD�
kI
kT
�[ µH] 

 Equation 1 

As the required reaction (1/2) order cannot be simulated by means of the software CHEMKIN 

II, it is considered to be a first order reaction, which may have chemical sense, since the 

temperature range used in this work is around 400°C, and according to Bounaceur 6 the global 

order of the reaction for n-alkane cracking at low temperature (~ 200°C ) is equal to ½ and at high 

temperature (above 600 °C) is close to 3/2. 
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Nevertheless, after comparing the original model and the first step reduced mechanism, a slight 

under-reactivity of the mixture was observed for temperatures around 400°C. Therefore, the pre-

exponential factors of all the molecular reactions have been multiplied by an arbitrary factor of 10 

in order to increase the reactivity and reproduce the simulated values obtain with the original 

mechanism. 

 

Finally, a reduced molecular model representative of the pyrolysis of the Original Model has 

been obtained, composed of 2935 reactions and 161 molecular compounds.  

 

In order to reduce further the molecular model, a second step reduction has been applied, by 

lumping some species into the following 14 “classes”: alkene, CH4, C2H6,  C3-C5, C6-C13, C15H32, 

C17-C19, C21-C24, C26-C29, C31-C34, C36-C39, C41-C49, C51-C59, C61-C69, C71-C79, and keeping the 11 

n-alkanes as reactants from the original model. 

 

Thus, the class “C21-C24” represents the lumping of n-C21H44, n-C22H46, n-C23H48 and n-C24H50, 

and the class “alkene” represents the sum of all the alkenes included in the original model. 

 

The reduction of the reaction and its corresponding kinetic data is required to be written step-

by -step taking into account all kind of reactions in which the species belonging to the new class 

are included, and finally lumping all the reactions which are repeated. 
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In the case of the class “C3-C5”, the stoichiometric reduction of nC5H12 accounts for 6 reactions 

(Figure 2.a), which required to be rewritten as described (Figure 2.b) and then rearranged, in order 

to obtain the 2 class lumped reactions. 

 

When replacing every molecule by the corresponding class, the resulting mechanism comprises 

many repeated reactions (highlighted in blue and purple (Figure 2.b) which have been grouped, 

and their kinetic parameter corresponds to the sum of all the repeated reactions, as described in 

(Figure 2.b). 

 

It is important to notice, that the reactions which yield the same “class” have no chemical sense, 

and therefore are eliminated from the mechanism.  

 

This procedure has been applied to the whole molecular mechanism (representing the pyrolysis 

of the 11 n-alkanes studied) and a further reduced mechanism has been obtained, comprising 296 

reactions and 26 molecular compounds. 

 

 Additional trimming of the number of classes was done in order to further reduce the 

mechanism, whilst still reflecting the reactants, and classes of interest for this study. 

 

Therefore, a new class has been introduced: “C15 plus” which will represent the lumping of 

nC15H32 with the classes: C17-C19, C21-C24, C26-C29, C31-C34, C36-C39, C41-C49, C51-C59, C61-C69 and 

C71-C79.  
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Thus, the final reduced molecular mechanism, accounts for the 11 original n-alkanes (reactants) 

and the 6 following classes: alkene, CH4, C2H6, C3-C5, C6-C13 and C15 plus.   

In this case, three rearrangements are applied:  

a) Lumping of molecules belonging to the global class “C15 plus” which are produced by an 

n-alkane reactant.  

b) Lumping of n-alkane reactants which produced n-alkane reactants or lighter class. 

c) Lumping of global class C15 as reactant. 

 

In case (a), all of the reactions which will yield the class “C15 plus” will be added.  For example, 

in the case of C25H52, the products: C21-C24, C17-C19, and C15H32, belong to the global class “C15 

plus”, and therefore the three reactions will be added to represent a single reaction, as shown in 

the Figure 3. 

The kinetic parameters will be calculated with Equation 2:  

𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴→𝐶𝐶15𝑝𝑝𝐴𝐴𝑝𝑝𝑝𝑝 ∗ [𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴] = �𝐾𝐾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴→𝑐𝑐𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴𝑝𝑝 >𝐶𝐶15 [𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴] 

Equation 2 

Then in the case of Figure 3, Rs = Ks·[C25H52] = K1·[C25H52] + K2·[C25H52] + K3·[C25H52]. 

Therefore, the pre-exponential parameter will be the sum of the corresponding values for the 

reactions yielding the classes which belong to the global class ““C15 plus”, and the remaining 

reactions are highlighted in blue in Figure 3. 

 

In the case (b), since there is no lumping, the reactions remain the same, either for the n-alkanes 

lighter than the reactant as well as for the lighter classes C6-C13, C3-C5, C2H6, and CH4. 
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In the case (c), it is necessary to rewrite the equations for every class heavier than nC15H32 

(shown in Figure 4) and to calculate the percentage of the classes heavier than nC15H32, which 

yields the 11 n-alkanes and the classes lighter than nC15H32, using Equation 3. 

%𝑓𝑓𝐴𝐴𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡 𝑡𝑡𝐴𝐴𝐴𝐴𝑟𝑟𝑡𝑡𝐴𝐴𝐴𝐴𝑡𝑡 =  
𝐴𝐴𝑘𝑘𝐴𝐴𝐴𝐴𝑡𝑡𝑘𝑘𝑟𝑟 𝑝𝑝𝐴𝐴𝑡𝑡𝐴𝐴𝑝𝑝𝐴𝐴𝑡𝑡𝐴𝐴𝑡𝑡 𝑡𝑡𝑓𝑓 𝑡𝑡ℎ𝐴𝐴 𝑡𝑡𝐴𝐴𝐴𝐴𝑟𝑟𝑡𝑡𝑘𝑘𝑡𝑡𝐴𝐴 𝑦𝑦𝑘𝑘𝐴𝐴𝐴𝐴𝑡𝑡𝑘𝑘𝐴𝐴𝑦𝑦 𝑡𝑡ℎ𝐴𝐴 𝑡𝑡𝐴𝐴𝐴𝐴𝑟𝑟𝑡𝑡𝐴𝐴𝐴𝐴𝑡𝑡

𝑠𝑠𝑓𝑓𝑝𝑝 𝑡𝑡𝑓𝑓 𝐴𝐴𝐴𝐴𝐴𝐴 𝑡𝑡ℎ𝐴𝐴 𝐴𝐴𝑘𝑘𝐴𝐴𝐴𝐴𝑡𝑡𝑘𝑘𝑟𝑟 𝑝𝑝𝐴𝐴𝑡𝑡𝐴𝐴𝑝𝑝𝐴𝐴𝑡𝑡𝐴𝐴𝑡𝑡𝑠𝑠
 

Equation 3 

Thus, it is necessary to know the total kinetic flux that the given classes heavier than nC15H32 

will produce, which in turn, is the sum of all the kinetic flux producing either heavier or lighter 

classes than nC15H32 and pure alkanes.  

 

The equivalent kinetic data are then calculated using Equation 4:   

𝐾𝐾𝐶𝐶15𝑝𝑝𝐴𝐴𝑝𝑝𝑝𝑝→𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = (%𝑓𝑓𝐴𝐴𝑓𝑓𝑓𝑓  𝑐𝑐𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝>𝐶𝐶15→𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) · 𝐾𝐾𝑐𝑐𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝>𝐶𝐶15→𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

Equation 4 

As (Figure 4) illustrates, the reactions highlighted in green will disappear, since they do not have 

chemical sense (C15 plus => C15 plus + alkene).  But for the remainder of the reactions, it is 

necessary to calculate the equivalent flux that generates them, using Equation 3 and Equation 4. 

 

For example, the kinetic parameter for the reaction: “C15 plus”  → alkene+ C70H142, comes from 

the reaction C71-C79 → alkene+ C70H142.  Therefore, the flux of these reactions will be using 

Equation 3 and according to Figure 4:  

%𝑓𝑓𝐴𝐴𝑓𝑓𝑓𝑓  𝑐𝑐𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝>𝐶𝐶15→𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  
3.72 · 1017

(∑𝐾𝐾) = 2.61 · 1019
= 1.43 · 10−2 

and the equivalent kinetic will be using Equation 4 and according to Figure 4:   
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𝐾𝐾𝐶𝐶15𝑝𝑝𝐴𝐴𝑝𝑝𝑝𝑝→𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = (  1.43 · 10−2) · ( 3.72 · 1017𝐴𝐴−
70500
𝑅𝑅𝑅𝑅 ) = 5.31 · 1015 𝐴𝐴−

70500
𝑅𝑅𝑅𝑅  

After applying this process to the whole mechanism, the kinetic data for all of the repeated 

reactions is the sum of the individual kinetic data using Equation 2. 

 

Finally, a “class” molecular mechanism composed of 127 molecular reactions and 17 species 

(11 n-alkanes, and 6 “class” molecular pyrolysis products) has been obtained. 

 

1.2. Validation of the final class model 

After comparing the conversion of the 11 n-alkanes, either pure or in mixture at several 

temperatures, it was found that the biggest deviation between the original reduced radical model, 

and the molecular reduced model occurred at higher conversions for the decomposition products.  

This is to be expected since the developed mechanism accounts only for a primary mechanism 

capable of describing complete conversion of reactants, but not accurately for the formation of 

products.   

 

Furthermore, the simplification of the reaction yielding “C15 plus” from “C15 plus”, at the end of 

the class reductions (no chemical sense for this reaction), may have a chemical effect in the whole 

decomposition mechanism of this component, which would be interesting to analysis in a future 

work.  
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The comparison of the original pyrolysis mechanism and the “class” molecular mechanism for 

all of the 11 n-alkane reactants (nC14, nC16, nC20, nC25, nC30, nC35, nC40, nC50, nC60, nC70, nC80), 

is depicted in Figure 5. 

 

After reducing the mechanism from 7055 reactions to 127 reactions, and from 336 species to 17 

species (Table 1), good accuracy was obtained at different temperatures.  

 

In addition, all the kinetic parameters used have a real chemical meaning since no mathematical 

optimization has been applied for building the “class” reduced mechanism introduced above. 

 

The good agreement achieved between the original model (reduced radical mechanism validated 

up to nC25H52 
1) and the reduced “class” molecular model, demonstrates the validity of the reduced 

molecular model for heavy n-alkane mixtures. The deviation at low conversion is the lowest, as 

expected, since the primary mechanism is capable of accurately predicting the initial production 

at temperatures below 450°C.   

For the scope of this work, these results are very satisfactory, due to the shortresidence time of 

reactants at high temperatures.  

 

3. Gas Chromatography model  

In 2-3 a GC model in MATLAB has been developed for the prediction of retention times of each 

solute, using a discretization approach introduced by Snijders 11.  Another GC model in 

(COMSOL-MATLAB) was then developed to calculate the distribution profile of each component 

at every time step, and hence its concentration profile.  
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But as in the case for the large pyrolysis model, the computing time of the latter model represents 

a constraint when it is coupled to the reduced molecular pyrolysis model.  Therefore, the 

discretization method introduced by Snijders 11  has been used also for the prediction of the peak 

width of the solute zone, corresponding to the space occupied by a solute migrating in a column12).  

This approach showed superior performance in computing time and has been coupled successfully 

to the reduced molecular pyrolysis model introduced in the previous section. 

 

Snijders 11 proposed to discretize the simulation in equal time segments in order to enable 

isothermal properties to be applied for every time-step. Also, if the time step chosen is sufficiently 

small a uniform pressure can be assumed in the space segments travelled.  

 

Thus, at every time step the local plate height (H) is calculated based on the Golay 13 equation 

for open tubular columns (Equation 5).  

𝐻𝐻(𝑓𝑓, 𝑡𝑡) = 2 ·
𝐷𝐷𝑀𝑀(𝑓𝑓, 𝑡𝑡)
𝜐𝜐𝑀𝑀(𝑓𝑓, 𝑡𝑡)

+  𝜐𝜐𝑀𝑀(𝑓𝑓, 𝑡𝑡) ��
1 + 6 · 𝐴𝐴�𝑇𝑇(𝑡𝑡)� + 11 · 𝐴𝐴�𝑇𝑇(𝑡𝑡)�2

24 · �1 + 𝐴𝐴�𝑇𝑇(𝑡𝑡)��2
·

𝑡𝑡𝑝𝑝2

𝐷𝐷𝑀𝑀(𝑓𝑓, 𝑡𝑡)�

+ �
2 · 𝐴𝐴�𝑇𝑇(𝑡𝑡)�

3 · �1 + 𝐴𝐴�𝑇𝑇(𝑡𝑡)��2
·

𝑡𝑡2

𝐷𝐷𝑝𝑝(𝑓𝑓, 𝑡𝑡)��
 

Equation 5 

Here, k corresponds to the retention factor, which is the ratio (K/ β; K corresponds to the 

distribution factor; and β is the phase ratio of the column.  ro and w correspond respectively to the 

inner radius of the column and the film thickness of the stationary phase. Ds, and Dm correspond 
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to the diffusion constant respectively in the stationary and mobile phase, and vm corresponds to the 

velocity of migration of the carrier gas. 

 

 At a given position, x the local zone variance (σx2, length unit) of a solute from the zone 

centroid, represent the solute’s spreading and can be calculated with Equation 6. 

𝜎𝜎𝑥𝑥2(𝛥𝛥𝑓𝑓𝐴𝐴) = 𝐻𝐻(𝑓𝑓𝐴𝐴, 𝑡𝑡𝐴𝐴) · 𝛥𝛥𝑓𝑓𝐴𝐴 

 Equation 6 

Also, the increment in the zone variance (length unit), is represented by the summation of all the 

local contributions of zone variances, as described in Equation 7, where at every time step, the 

correction is applied for the expansion of the solute zone due to the reduction in pressure (P) along 

the column, as introduced by Giddings 14. 

𝜎𝜎𝑥𝑥2(𝑓𝑓𝐴𝐴) = ��𝜎𝜎𝑥𝑥2(𝛥𝛥𝑓𝑓𝑝𝑝)
𝐴𝐴−1

𝑝𝑝=1

� · �
𝑃𝑃(𝑓𝑓𝐴𝐴−1)
𝑃𝑃(𝑓𝑓𝐴𝐴) �+ 𝜎𝜎𝑥𝑥2(𝛥𝛥𝑓𝑓𝐴𝐴) 

Equation 7 

This approach, has been programmed in MATLAB, and has been compared with the solution 

yielded by the COMSOL-MATLAB model developed in 2-3, which solves the diffusive-convective 

equation by finite elements.  

 

A comparison of the two methods is depicted in Figure 6, for nC12H26 migrating in a 12m HT5 

column, for which column dimensions and temperature programming details are shown in Table 

2 and Table 3).  Excellent agreement was obtained in predictions of the zone’s centroid, with an 

average relative error of 1.1%, and in the case of the zone’s standard deviations, an average relative 
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error of 3% was found, with the largest error occurring when the solute approaches the column 

outlet 

 

However, the lengthy computing time of the method in solving the diffusive-convective 

equations prohibits its use for a large number of components, especially if coupled with the 

chemical reactions model.  

 

Thus, in this study, the analytical method introduced by Snijders 11 has been implemented in 

MATLAB and coupled to the reduced molecular pyrolysis model (described in the previous 

section), by calling CHEMKIN at every time step iteration, and using feedback between the two 

models until each component elutes from the GC column.  

 

4. Pyrolysis-Gas Chromatography model (Coupled Model) 

Both the reduced molecular pyrolysis model (see Section 2) and the analytic iterative GC model 

(introduced previously in Section 3) are individually efficient, in terms of computing time, for 

coupling as a single, efficient physic-chemical model. 

 

The latter is capable of predicting at every time-step, the zone’s centroid, standard deviation and 

pyrolysis decomposition (if it occurs at the given temperature and delta time step), of every solute 

studied, either as a mixture or as a single component.  
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In order to maintain a constant temperature at every time-step, a constant time-step has been 

implemented, permitting an increment of 1°C every 4 seconds (due to the ramp of 15°C/min, used 

in the temperature programming Table 3). 

 

Initially, for every component studied, the position of the zone’s centroid in the next time step 

(xi+1), is calculated, using Snijders11 approach (Equation 8) (see 2-3), the distribution factor (K), 

and the phase ratio (β). 

𝑓𝑓𝑝𝑝+1 = 𝑓𝑓𝑝𝑝 +
𝜐𝜐𝑀𝑀(𝑓𝑓𝑝𝑝, 𝑡𝑡𝑝𝑝)

1 +
𝐾𝐾𝑝𝑝�𝑇𝑇(𝑡𝑡𝑝𝑝)�

𝛽𝛽

· 𝛥𝛥𝑡𝑡 

Equation 8 

Figure 7, shows the algorithm explaining the global calculation carried out by the coupled model, 

using the above models as explained previously.   

 

The properties (K, η, vm, Ds, Dm, ) of each component are then calculated at the temperature of  

the next time step T(t(j+1)), and the local pressure at the zone’s centroid position (P(x(j+1)).  

Then, the local plate height at the next time-step, H(j+1) is calculated using Equation 5, with the 

zone’s variance, σx
2(j+1) derived using Equation 7.  

 

At this point, the degree of elution at the time-step t(j) is calculated in order to determine the 

fraction of the zone’s distribution which traverses the column outlet, enabling calculation of the 

number of moles which elute and the quantity which remain inside the GC column.  The 

summation of these partial elutions, represents the degree of elution at every time step (see 2-3) 
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For the scope of this study, the pyrolysis risk is calculated only for the gas phase (further 

extension of the pyrolysis model to liquid phase will be treated in subsequent studies).  Therefore, 

only the moles in gas phase are taken into account as input for the pyrolysis model.  

 

The zone’s distribution of every component serves at this point to calculate their dispersion, and 

therefore to determine whether the component is dispersed only in the carrier gas (in our case in 

He), or dispersed also in other components. 

 

For this purpose, the space occupied by every component in the gas phase, has been assumed to 

be 3*σx  on both sides of the zone’s centroid (σx= standard deviation), covering 99.7% of the total 

moles in gas phase. The components inside a reactor are then determined, by calculating if the 

space occupied by one component is intersected by the space occupied by another component, and 

so on and so forth, i.e. by determining if their dispersions intersect. 

 

By way of example, analysis of a 4-component mixture after injection can be considered, at a 

given time–step, t(j) when the lightest component is located almost at the column outlet, and an 

intermediate component is located at the mid-point.  

 

After every partial elution the equilibrium is unbalanced, and therefore a re-equilibrium is required 

at the temperature of the time-step “j” T(t(j)) in order to calculate the amount of moles, which will 

remain in the stationary phase and in the gas phase,  before pyrolysis calculations.However, the 

two heaviest components are still near the column inlet and not yet totally separated, since each 

has a dispersed mole fraction occupying the same space, i.e. their zones are intersected. Therefore, 
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at time–step t(j), three reactors are calculated: one reactor containing the lightest component, and 

a second reactor containing the intermediate component, both of which are dispersed only in carrier 

gas; and a third reactor containing the two heaviest components which are not yet totally separated 

or resolved.   

 

At each time-step, the pyrolysis risk is calculated for every reactor, and the amount of moles of 

each component in the reactor is calculated after pyrolysis at the temperature T(t(j)), and pressure 

P(x(j)) with a residence time equal to the delta time-step (in our case 4 seconds, for isothermal 

conditions).  

 

In the same way as for elution, after pyrolysis take place, the equilibrium is unbalanced, and a 

re-equilibrium is required, this time at the temperature of the next time-step T(t(j+1).   

 

Finally, the loop continues until each component has totally eluted (Degree of elution=1), or 

until the total time of the temperature programme is reached.  Thus, the degree of elution of every 

component is calculated, and incomplete elution can be determined. In the same way, the amount 

of moles decomposed by pyrolysis of every component is calculated, and the percentage of mass 

lost due to thermal cracking is determined.  

 

5. Modelling of the pyrolysis and degree of elution of heavy n-alkanes at GC (P&T) 

conditions  

The coupled model has been applied to one of the most common temperature programme (Table 

3) used for HTGC analysis of heavy-oil hydrocarbons.    
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This model accounts for 11 n-alkanes (nC14, nC16, nC20, nC25, nC30, nC35, nC40, nC50, nC60, nC70, 

nC80) travelling throughout the GC column, and 17 species taken into account by the pyrolysis 

model (11 n-alkanes, and 6 “class” pyrolysis products: Alkene, CH4, C2-C6, C3-C5, C6-C13, “C15 

plus” ).  

 

The distribution factors for the 11 n-alkanes have been obtained from the 15  and are summarize 

in (Table 4).  The injected moles of each of the 11 n-alkanes, are summarized in (Table 5), where 

values are for calculation purpose only, since the real mixture injected is composed of n-alkanes 

nC14H30-nC60H122 and Polywaxes, whose individual concentrations are unknown (i.e. for the 

Polywax constituents).  (see 15) 

 

5.2.Determination of components in each reactor (mixture of n-alkanes or single 

component) 

As explained in section 4, a reactor is considered to be the space where one or more components 

are dispersed.   

 

The space occupied by 99.7% of every component in the gas phase, has been assumed to be 

within three standard deviations (3*σx)  of either side of the zone’s centroid.  Hence, if the spaces 

occupied by two or more components intersect, they belong to the same reactor.   

 

Figure 8 depicts the cumulative mass lost due to thermal cracking for the 11 n-alkanes studied. 

The colours red(1st), orange ochre(2nd), orange(3rd), yellow ochre(4th) and yellow fluorescent(5th) 

represent the reactors respectively, at the temperature of every time-step T(t(j)).   
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Therefore, at the beginning of the GC analysis, the temperature is 10°C, and all the components 

are present in a single reactor, represented in red; at 29°C, nC14 is separated from the rest of the 

components, and two reactors are found, with one containing nC14 and the second containing the 

10 n-alkanes remaining.  At 38°C, three reactors appear: one containing nC14H30, the second one 

containing nC16H34, and the third one, containing the remaining 9 n-alkanes.  

 

At 83°C, four reactors appear, each containing separately nC14H30, nC16H34 nC20H42 and 

(nC25H52-nC80H162); and similarly, five reactors appear at 120°C, after separation of nC25, from the 

mixture containing (nC25H52-nC80H162) in the previous time-step. But at 122°C, nC14H304 elutes 

from the GC column and therefore one reactor disappears, and four reactors remain in the next 

time-step.  

In the same way, as one component separates from the mixture, one new reactor appears; and as 

one component elutes another reactor disappears, until every component is totally separated.  

 

At 424°C, nC60H122 elutes completely from the column, and only two reactors remain, containing 

separately nC70H142 and nC80H162. Thus, after 28.87 minutes, about 52 seconds into the  isothermal 

“final hold” period of the temperature programme at 430°C, nC70H142 starts to elute (i.e. is located 

at the column outlet), while nC80H162  is located at 3.5m from the GC inlet. Therefore, there are 2 

well separated reactors at these conditions.  

 

Finally, after 3.46 minutes at 430°C, nC70H142 elutes completely from the column, while 

nC80H162 is located 7.83 m away from the column inlet, and therefore all the following calculations 

relate to one reactor, containing only nC80H162. 
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Then, nC80H162 starts to elute at 33.9 minutes (after ~5.9 minutes at 430°C), and 99.99 % of the 

injected moles elute at 40.9 minutes (or after 12.9 minutes in the final isothermal hold period). 

nC80H162 takes about 7 minutes to elute which is as expected, since its elution takes place entirely 

in isothermal conditions where the distribution factors remain constant.  

 

Conversely, in the case of components eluting during the ramp of temperature, there is an 

acceleration of elution due to the increase of temperature, which reduces distribution factors by 

increasing the proportion of each component in the gas phase with respect to the stationary phase.  

Further conclusions on incomplete elution will be treated in section 6. 

 

5.3.Determination of pyrolysis risk during HTGC analysis of heavy n-alkanes 

The cumulative conversion due to pyrolysis of the 11 n-alkanes studied in this work is depicted 

in Figure 9, in order to analyze their pyrolysis risk. The figure for each component is calculated as 

the ratio of the cumulative mass lost due to thermal cracking, compared to the mass injected.  

 

As Figure 9 depicts, absolutely no pyrolysis reaction takes place in the case of nC14H30 and 

nC16H34 during the temperature programming (Table 3) of the HTGC analysis, hence their absence 

in the figure).  In the case of nC20H42 to nC40H82, insignificant conversion occurs and in the case 

of nC50H102 the maximum conversion achieved before elution is 0.003% of mass thermally 

decomposed/mass injected.  
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For the heaviest n-alkanes studied in this work: nC60H122, nC70H142  and nC80H162, a low but 

detectable mass loss occurs.   The heavy alkane, nC60 starts to accumulate a mass loss due to 

pyrolysis of 5.83.10-14g related to the 5.77·10-9g injected, equivalent to a 0.001% cumulative mass 

conversion at 373.5°C.  It is important to notice that from the total amount of mass of nC60H1220 

injected only 2.43·10-12g is released in the gas phase, whereas the rest is trapped in the stationary 

phase.  

 

Therefore, the combination of the physical separation phenomena (partitioning) and the 

chemical reaction (pyrolysis) which is only simulated in the gas phase, limits the thermal cracking 

to the amount of component present in the gas phase, which is the scope of this thesis.  However, 

it would be very interesting to investigate the pyrolysis reactions occurring in the stationary phase, 

as a future work. 

 

In the case of nC70H142, a cumulative conversion of 0.001% is reached at 385.4 °C, where 

2.32·10-10g of nC70H142 is present in the gas phase, whereas the rest of the mass injected is trapped 

in the stationary phase.  

 

It is important to note that the temperature for attaining a cumulative conversion of 0.001% is 

higher for nC70H142 (385.4°C) than that required for nC60H122 (373.5 °C), since nC70 is trapped in 

the stationary phase longer than nC60H1220. Hence the mass available for thermal cracking in the 

gas phase at a given temperature is lower in the case of nC70H142 than nC60H122.  
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nC70H142 reaches a maximum cumulative conversion of 0.66 % of the cumulative mass lost due 

to thermal cracking/mass injected, at 430°C. Thus, 4.45·10-11g of nC70H142 has thermally 

decomposed, relative to the 6.73·10-9g injected. 

 

Finally, in the case of nC80H162, a cumulative pyrolysis conversion of 0.001% is triggered at 

395.4°C, where only 1.15·10-10g is present in the gas phase, and a cumulative mass loss of 7.86·10-

14g is achieved relative to 7.69 ·10-9g injected.  

 

The maximum cumulative pyrolysis conversion reached by nC80H162 is 0.92% of the cumulative 

mass lost due to pyrolysis/mass injected, at 430 °C, i.e. 7.04·10-11g of nC80H162 is thermally 

decomposed during the temperature programme of (Table 3), before elution, when 7.69 ·10-9g has 

been initially injected.  

HTGC analysis of heavy n-alkanes is carried out using an FID detector for which the limit of 

detection is in the order of 1·10-12g, i.e. the order of magnitude of the mass lost due to thermal 

cracking presented above, is theoretically detectable. 

 

When, nC60H122 starts to decompose, the degree of elution of nC50H102 is of 99.9 %, therefore, the 

pyrolysis products formed by the thermal cracking of nC60H122, will have insufficient time to reach 

and deteriorate the peak of nC50H102.Therefore the pyrolysis products which arise from the thermal 

cracking of nC60H122, should be released step by step until nC60H122 elute, probably increasing the 

baseline signal.  
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nC70H142 starts to decompose when located 1.02m away from the GC inlet, and 0.68 minutes 

after nC60H122 has reached a degree of elution of 99.99%. Therefore, the pyrolysis products formed 

by the thermal cracking of nC70H142, could not deteriorate the peak and resolution of nC60H122.   

 

Finally, when nC80H162 starts to decompose it is located at 0.41m from the column inlet, whereas 

nC70H142 is located 1.64m from the inlet.  Further, when nC70H142 reaches a degree of elution of 

99.99%, it is located at 7.83m from the column inlet, and its cumulative conversion is 0.52 % of 

the cumulative mass lost due to pyrolysis/mass injected.  

 

It is therefore possible to conclude that 3.97.10-11g of nC80 is converted into pyrolysis products 

and co-elutes with nC70H142.  That is to say that the peak of nC70H142 represents not only the mass 

injected of nC70H142, but also 0.52% of the amount of mass injected of nC80H162, converted into 

pyrolysis products, and therefore the analysis of nC70H142 is no longer reliable.   

 

6. Determination of non/incomplete elution during HTGC analysis of heavy n-alkanes.  

For the determination of non/incomplete elution of heavy n-alkanes, the data set of distribution 

factors of the n-alkanes spanning the range from nC12H26 to nC98H198, (see 15) as main input for 

the calculation of the degree of elution of each of the n-alkanes studied. 

 

Using the values of injected moles summarized in Table 5, the degree of elution has been 

calculated for the 11 n-alkanes studied in this work: nC14H30, nC16H32, nC20H42, nC25H52, nC30H62, 

nC35H72, nC40H82, nC50H102, nC60H122, nC70H142, and nC80H162, and is depicted in Figure 10 
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The degree of elution has been introduced in order to determine the non/incomplete elution of 

heavy n-alkanes (as explained in 2-3). 

 

It should be noted that alkanes heavier than nC60 elute during the isothermal plateau of the 

temperature programme (i.e. 430°C).  Thus, the re-establishment of equilibrium after each elution 

is carried out at the same temperature, and therefore using the same values of distribution factors, 

i.e. the ratio of moles in the stationary phase to moles in the gas phase.  

 

Isothermal partitioning in GC analysis leads to an increase in the peak broadening.  Conversely, 

using a ramp of temperature the peak broadening is reduced. This occurs due to the acceleration 

of elution with the increase in temperature, and therefore the increase in the number of solute moles 

released into the gas phase, i.e the decrease in distribution factors. 

 

Figure 10 shows the expected elution time trend with increase in carbon number. nC70H142 starts 

to elute at 29 minutes, and attains a degree of elution of 99.99% at 31.3 minutes, and 100% at 31.5 

minutes. That is to say, that nC70H142 takes 2.5 minutes to elute completely, and its peak broadening 

increase.  

 

nC80H162 starts to elute at 33.8 minutes, reaching a degree of elution of 99.99 % at 40.9 minutes 

and 100 % after 42.3 minutes.  Therefore, nC80H162 takes 7.1 minutes to elute and 8.5 minutes to 

completely elute, increasing the peak broadening, and decreasing its resolution.  
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Finally, it is possible to conclude that the peaks eluting during the isothermal plateau, at the 

maximum temperature of the temperature programming (Table 3), will have a decrease in 

resolution, due to the increase in peak broadening at isothermal conditions.  

 

In the case studied in this work, from nC70H142 the components will elute much more slowly 

than the lightest components, and therefore an analysis of the peak resolution in the chromatogram 

would be required, when deciding to take into account the peak area of the n-alkanes heavier than 

nC70H142.  

 

It is interesting to note that 99.99% of nC80H162 elute 12.9 minutes in the isothermal conditions 

at the maximum temperature (430°C) of the analysis. Therefore, this component is not normally 

taken into account in the GC calculations, due to the shorter period of time that a HTGC column 

is normally left at high temperature (430 °C), in order to avoid stationary phase bleeding.  

 

7. Conclusions 

This work provides an in-depth analysis of the two main HTGC limitations for the analysis of 

heavy oil hydrocarbons: first, the pyrolysis risk inside the GC column; and secondly, the 

non/incomplete elution of heavy n-alkanes spanning the range from nC14H30 to nC80H162. 

 

The large amount of species of the reduced free-radical pyrolysis model developed in 1 has 

imposed a need to develop a reduced molecular pyrolysis model, comprising 11 n-alkanes 

(nC14H30, nC16H32, nC20H42, nC25H52, nC30H62, nC35H72, nC40H82, nC50H102, nC60H122, nC70H142, 
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and nC80H162).  The number of reactions has been reduced from 7055 to 127, and the number of 

species from 336 to 17, whilst still yielding very good accuracy.   

 

For similar reason, the excessive computing time of the GC model developed in COMSOL-

MATLAB as explained in 2-3,has imposed a need to develop an analytical and more efficient GC 

model.  The comparison between predictions of zones’ centroids and variances has been found to 

be less than 1.1% and 3% of average relative error.  

 

Thus, using these two models, a Pyrolysis-GC coupled model has been developed in MATLAB, 

running at constant time-step, enabling isothermal conditions to be assumed at every time-step 

calculation.  In this model, a series of physic-chemical phenomena occurs in a loop, at every time-

step until each component has totally eluted: partition, degree of elution calculation, re-equilibrium 

if partial elution takes place, pyrolysis calculations, and finally re-equilibrium if pyrolysis occurs.  

 

Finally, two conclusions have been made from the results obtained using the Pyrolysis-GC 

model.  First, the cumulative pyrolysis conversion of the 11 n-alkanes studied in this work, 

suggests that 0.52% of the mass injected of nC80H162, thermally decomposed before nC70H142 has 

eluted. Therefore, co-elution of nC70H142 and the pyrolysis product of nC80 (comprising 0.52% of 

its mass injected) is possible, making the GC analysis of nC70H142 and heavier n-alkanes no longer 

reliable. 

 

Secondly, the degree of elution of the 11 n-alkanes studied in the chapter has been calculated, 

confirming that alkanes heavier than nC70H142 take progressively longer to elute completely from 
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the column, i.e. Elution of 99.99% of nC70H142 takes 2.3 minutes and nC80H162 takes 7.1 minutes 

using the stated column configuration and temperature programme. The resolution of the peaks is 

therefore compromised as a result.  

 

Moreover, nC80H162 takes 12.9 minutes to completely elute during the isothermal plateau, 

implying that no distinct peak will be observable. Rather, the eluting component will be masked 

by the FID plateau signal, in combination with column bleed products, but too diffuse to be 

distinguishable. The nC80H162 peak will therefore be overlooked under these HTGC conditions. 
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FIGURES 

 

Figure 1 Primary Reduced Reaction mechanism of thermal cracking of alkanes, for low-

temperature and low conversion.  (Reactant: μH), (radicals: µ•, β•), (alkanes: μH, βH ). 
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a)  

b)   

Figure 2. Stoichiometric reduction of nC5H12 (a) and reduction by class of “C3-C5”(b). 
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Figure 3  Reduction of the Mechanism by “class” for the C25H52 yielding class “C15plus” 
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Figure 4.  Reduction of the Mechanism by “class” for the class C71-C79  which becomes class “C15 

plus” 
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Figure 5. Comparison of free radical model and “class” molecular model for heavy n-alkanes 

mixtures. (simulation of a closed reactor at 1MPa) 
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Figure 6. Comparison of Zone standard deviation and zone centroid of nC12H26, predicted using 

an iterative analytic approach 11 using MATLAB and solving the diffusive-convection equation by 

finite element using COMSOL. (Column dimensions Table 2 and temperature programming Table 

3) 
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For j = 1 : iteration

For i = 1 :analytes

t(j,i) < = time Total

tr(i)=0
Calculation of x(j+1,i)

x(j+1,i)>= L
tr(i)

Properties at (j+1,i): T, P, K, η, vm,Dm, Ds, H

Pyrolysis -GC Model: (Calculation Pyrolysis and Incomplete elution )

T = Temperature, K= Distribution coefficient, Pin , Pout = Inlet & Outlet Pressure, column dimensions.

Retention time (tr),
Degree of Elution,

Pyrolysis conversion

Elution?
Moles eluted ?
Moles inside ?

Re-equilibrium, K at T(j)
Moles before Pyrolysis

Degree of Elution

Pyrolysis Calculations
Moles After Pyrolysis

Degree of Elution <1

Re-equilibrium, K at T(j+1)
Moles before Pyrolysis
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Yes
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YesNo

No Yes

No

No

Calculation of σx
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Figure 7. Algorithm of the Pyrolysis-GC coupled model. 
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Figure 8. Accumulative mass lost due to thermal cracking for n-alkanes (nC14, nC16, nC20, nC25, 

nC30, nC35, nC40, nC50, nC60, nC70, nC80) at a common HTGC temperature programming 

(Table 3) in a HT5 column with dimension summarized in (Table 2). 
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Figure 9.  Accumulative conversion due to thermal cracking for n-alkanes (nC14, nC16, nC20, nC25, 

nC30, nC35, nC40, nC50, nC60, nC70, nC80) at a common HTGC temperature programming (Table 3) 

in a HT5 column with dimension summarized in (Table 2) 
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Figure 10. Degree of Elution vs transit time of each component “i” :n-alkanes in the range of 

C14H30 to nC80H162.  Degree of Elution= Moles of “i” inside the GC column at time (t) /Moles 

injected of “i”. 
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TABLE 

 

    PYROLYSIS MECHANISMS 
    RADICALS    "Class" MOLECULAR 
          

Mixture of Heavy 
Oils   

nC14, nC16, nC20, nC25, nC30, 
nC35, nC40, nC45, nC50, nC55, 
nC60, nC65, nC70, nC75, nC80   

nC14, nC16, nC20, nC25, nC30, 
nC35, nC40, nC50, nC60, nC70, 

nC80 
Reactants   15   11 
Reactions   7055   127 

Species   336   17 
Molecules   242     
Radicals   94     

 

Table 1. Summary of size of the mechanistic kinetics models developed.  
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  SGE HT5 GC Column 
    

Length [m] 12 
diameter [mm] 0.53 

film thickness [µm] 0.15 
 

Table 2. Column Dimensions of in-house HTGC 
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Parameters Values 
Tinitial (°C) 10 

Hold up time at Tinicial (min) 0 
ramp of T (°C/min) 15 

Tmax (°C) 430 
Hold up time at Tmax (min) 12 

 

Table 3. Temperature Programming 
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Compound a0=ΔS/R a1=(-)ΔH/R R2 

nC14 -11.7 7501.6 1.0 
nC16 -13.1 8522.5 1.0 
nC20 -13.8 9751.5 1.0 
nC25 -14.5 11051.7 1.0 
nC30 -15.3 12299.2 1.0 
nC36 -16.7 13761.2 1.0 
nC40 -17.6 15059.3 1.0 
nC50 -18.5 16814.7 1.0 
nC60 -19.1 18323.7 1.0 
nC70 -20.6 20234.2 1.0 
nC80 -22.5 22400.5 1.0 

 

Table 4. Thermodynamic properties of n-alkanes (nC14-nC80)  
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Compound Moles injected 
    

nC14 4.36E-11 
nC16 5.08E-11 
nC20 6.11E-11 
nC25 8.50E-11 
nC30 6.82E-11 
nC36 3.41E-11 
nC40 2.56E-11 
nC50 1.23E-11 
nC60 6.84E-12 
nC70 6.84E-12 
nC80 6.84E-12 

 

Table 5. Injected moles of n-alkanes in 0.3µL (Mixture of ASTM 54179 and Polywax) for 

Pyrolysis-GC calculations. 
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