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Highlights 

 

 Procedure and data treatment to determine distribution factors of heavy n-alkanes 

 Extension of the data set of HT5 distribution factors for n-alkanes up to nC98H198 

 Input of distribution factors in the in-house GC model to predict retention times 

 In-house GC model validation using isothermal and temperature programmed analysis  

 GC modelling of heavy ends hydrocarbons to determine HTGC analysis reliability  

 

 

Abstract  

The ultimate purpose of this research work is to get an insight into the incomplete elution of 

heavy n-alkanes which along with thermal cracking, is one of the two main factors questioning 

the reliability of High Temperature Gas Chromatography (HTGC) analysis of heavy oils. For 

this purpose, knowledge of how the Distribution Factors vary with temperature is an essential 

requirement in the GC modelling.  

This study provides an extension of the data set of distribution factors for n-alkanes up to 

nC98H198 in a HT5 GC column over the temperature range 10°C-430 °C, and introduces a 

method to determine the distribution coefficient of heavy n-alkanes by using two 

complimentary HTGC modes: i.) High-Efficiency mode, for efficient resolution with a long 

column operated at low flow rate with n-alkanes elution rate up to nC64, and ii.) true SimDist 

mode, with a short column operated at high flow rate for inefficient resolution with n-alkanes 

elution rate up to nC100.  

Furthermore, this study demonstrates the use of the in-house obtained distribution factors as 

the main input in the in-house GC model for the prediction of the retention times. Its validation 

has been carried out using distribution factors obtained at both constant flow rate and constant 
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inlet pressure operating conditions, with an average relative error in the GC modelling at the 

same operating conditions of 4.4% for the former and 1.5% for the latter. 

This new extension of the data set of heavy n-alkanes distribution factors provides the basis 

for studying the partitioning and incomplete elution of heavy n-alkanes in HTGC analysis. 

Also, these new distribution factors can be used as input in GC modelling, to determine the 

optimum analytical conditions to improve the separation process and thus the HTGC practices.  

 

Key Words:  heavy n-alkanes distribution factors, High Temperature Gas Chromatography, 

heavy ends hydrocarbons characterization, gas chromatography modelling.  

1. Introduction 

 

This research study is focused on extending the data set of n-alkane distribution factors (K 

values) from nC12H26 through nC98H198 in an SGE HT-5 GC column. The measurement 

procedures and data treatment are explained in detail in this work, along with their use as the 

main input in the in-house GC model. 

 

For this purpose, numerous isothermal gas chromatography (GC) injections of standard n-

alkane and Polywaxes samples have been carried out at 20°C intervals, in the temperature range 

from 80°C to 420°C, and at 430°C. In this way, the n-alkane retention times (tr) at each 

isothermal GC analysis has been obtained and mathematically converted into thermodynamics 

distribution factors data as introduced by Aldaeus et al[1]. This work proposes a new 

experimental method which covers heavy n-alkanes and hence, extend the data set of 

distribution factors up to nC98. Bear in mind, that RT or (tr) has been described by Nagy[2] as 

the time elapsed between sample introduction (beginning of the chromatogram) and the 

maximum signal of the given compound at the detector. 
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In this work, two complementary HTGC methods have been applied, both using wide-bore 

HT5 columns (SGE UK, Ltd) of 0.53mm ID fused silica tubing, with aluminum coating.  Both 

are rated to 460°C for isothermal analyses, or 480°C for temperature programmed use, but were 

constrained to 435°C in the study by the 450°C limit of the flame ionization detector, which 

require a temperature differential of 15°C-20°C to the maximum column operating 

temperature.  Two modes of HTGC operation were applied: - 

 

High-Efficiency Mode, with dimensions and flow parameters as follows: - 

 HT5 Column: 12.0m x 0.53mm ID x 0.15mic film 

 retention gap: 1.8m x 0.53mm ID of deactivated, uncoated, aluminium-clad fused 

silica.  

 carrier gas (helium) flow: 6ml/min 

 flow-control mode: constant inlet pressure 

 n-alkanes elution range: to nC64   

 

SimDist(Low-Efficiency) Mode, with dimensions and flow parameters in accordance with 

ASTM D7169-11 [3], for low-resolution operation, reduced retention times, and extended 

elution of heavy alkanes:- 

 HT5 Column: 5.0m x 0.53mm ID x 0.15mic film 

 retention gap: None  

 carrier gas (helium) flow: 20ml/min 

 flow-control mode: constant flow rate 

 n-alkanes elution range: to nC100   

 

In this work, the 5 m HT5 GC column was used to generate a database of isothermal retention 

times of n-alkanes for the range, and spanning the Single Carbon Number (SCN) group 

equivalent to nC12 through nC98. 
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Based on the isothermal data, distribution factors for the n-alkanes have been determined and 

used as input data for the prediction of their corresponding retention times in Temperature 

Programmed Gas Chromatography (TPGC).  

 

The in-house developed analytical model [4-6] was then used to predict retention times for 

HT5 analyses under three different ramps of temperature, for comparison with experimental 

retention times obtained from both modes of HTGC operation mentioned above. 

 

This work reports values of the thermodynamic properties (distribution factors) for the 

n-alkanes in the range of nC12H26–nC64H130 under constant inlet pressure GC conditions; and 

in the range nC12H26–nC98H198 when constant flow rate mode was applied. For this purpose a 

linear fit of numerous isothermal measurements was carried out from 80-420°C, at 20°C 

intervals and at 430°C, with an HT5 column.  

 

Knowledge of how the distribution factor varies with temperature is an essential requirement 

when temperature programming is conventionally applied to accelerate elution and reduce 

analysis time of samples with wide solute boiling point range.  This work is focused on the 

heavy ends hydrocarbons, covering the alkanes, nC12H26- nC98H198, which can be separated 

and detected using an HT5 column. 

 

2. Theory  

 

Application of a time-dependent function of distribution factor enables calculation of 

retention factors, and hence prediction of retention times (Figure 1).  It also permits simulation 

of the concentration profile inside the column [4-6], and therefore optimization of the 

separation of complex mixtures.  

 

2.1. Thermodynamic equilibrium of the solvation in GC 

The solvation of a solute in the bulk [7] solvent can be expressed at thermodynamic 

equilibrium by the logarithm of the solute molecule’s numeral density ratio in both phases [8, 

9]:  
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𝐿𝑛 [
𝐶𝑖

𝐿

𝐶𝑖
𝐺] = 𝐿𝑛 𝐾 =  −

𝛥 𝐺(𝑇)

𝑅 · 𝑇
 

Equation 1 

Here Ci 
L and Ci 

G are the molar concentration of the solute in the stationary phase and mobile 

phase. The ratio of the molar concentration in the two phases is equal to the distribution 

coefficient K, representing the solvation thermodynamically. ΔG is the average Gibbs free 

energy related to the transfer of one solute molecule from the mobile phase (ideal gas) into a 

fixed position in the stationary phase (the bulk liquid solution).   

 

The distribution coefficient, K involves the ideal behaviour of the gas phase at infinite 

dilution, with assumptions of negligible interaction between solute-solute and solute-carrier 

gas. It is assumed that the main interaction occurring is between the solute and the stationary 

phase. In addition, interfacial and extra-column effects on the mass transfer, which lead to non-

equilibrium conditions, are expected to be negligible. [10] 

 

Under the above conditions, the isothermal retention times can be expressed by,  

𝑡𝑟 = 𝑡𝑀 [1 +
𝐾(𝑇)

𝛽
] 

Equation 2 

Where, tr, -tM, and K correspond to retention time of the solute, hold-up time, distribution 

factor, and β is the phase ratio of the column. β may be calculated by Equation 3, with ro the 

inner radius of the column, and w the film thickness of the stationary phase. 

𝛽 =  
(2𝑟𝑜 − 2𝑤)2

2𝑟𝑜
2 − (2𝑟𝑜 − 2𝑤)2

 

Equation 3 

Consequently, inserting Equation 1 in Equation 2,  yield to  an expression (Equation 4) for 

the retention time as a function of the hold-up time, tM (time required for traversing the column 

without permeating the stationary phase) and its solvation time, thermodynamically expressed 

by the Gibbs free energy at a given temperature:  
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𝑡𝑟 = 𝑡𝑀 [1 +
1

𝛽
exp (−

∆𝐺(𝑇)

𝑅 𝑇
 )] 

Equation 4 

Replacing the Free Gibbs Energy in terms of ΔH and ΔS, which represent the changes in 

enthalpy and entropy associated with the transfer of solute from the stationary phase to the 

mobile phase at a given temperature T, leads to Equation 5 which corresponds to a semi-

empirical model[11, 12] developed by Castells et al [13] 

 

𝑡𝑟,𝑖 = 𝑡𝑀 [1 +
𝐾𝑖(𝑇)

𝛽
] = 𝑡𝑀 +

𝑡𝑀

𝛽
exp (𝑎0 + 𝑎1

1

𝑇(𝑡)
) 

𝑎0 =
𝛥𝑆(𝑇)

𝑅
;        𝑎1 = − (

𝛥𝐻(𝑇)

𝑅
) 

Equation 5 

Finally, by solving Equation 5 for the distribution factor(K) we obtain Equation 6, which 

leads to a temperature-dependent expression for K, which requires the calculation of β 

(Equation 3), and linear fitting using a set of data for tM, tr and T from isothermal gas 

chromatographic measurements 

 

𝐾(𝑇(𝑡)) = 𝛽 [
𝑡𝑟

 𝑡𝑀
− 1] = exp [𝑎0 + 𝑎1

1

𝑇(𝑡)
] 

Equation 6 

Aldaeus [14] has proposed two retention mechanisms according to the nature of the 

separation hold between the analyte and the stationary phase, based on the semi-empirical 

values of the thermodynamic properties of Equation 5.  

 

The entropy-driven mechanism (e.g. size exclusion chromatography), is dominated by the 

loss of the molecules’ translational, rotational, and vibrational degrees of freedom, being 

retained in the absence of proper interaction by the stationary phase. However, the enthalpy-

driven mechanism (e.g. partition chromatography, i.e. GC) is dominated by the difference 

between the dissolution energies of the analyte in the mobile phase and stationary phase.  
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Based on Equation 6 and isothermal experiments, it is possible to derive a temperature-

dependent function of distribution factor which has been applied to a series of n-alkanes 

spanning (nC12-nC98) in this work, and is presented in the following sub-sections.  

 

2.2.  Iterative method for retention time prediction 

The use of discretization methods for calculating the retention times has been introduced by 

Snijders [15].  This method considers the diffusion effects to be negligible in the determination 

of the peak position, which therefore may be described only by convection. [14] 

 

The convection can be expressed by the effective velocity veff of the analyte in the carrier 

gas (Equation 7), which can be discretize into finite time-steps, allowing tracking of the 

position of the analyte until the time step when the peak reaches the column outlet [14, 16], as 

explained in Figure 1. 

  

In Equation 7, K and β correspond to the distribution factor and phase ratio of the column, 

and vm corresponds to the velocity of the mobile phase.  

𝜐𝑒𝑓𝑓,𝒊 (𝑥, 𝑡) =
𝜐𝑀(𝑥, 𝑡)

1 +
𝐾𝑖(𝑇)

𝛽

 

Equation 7 

vm can be calculated by integration through the length of the column of the differential form 

of the Hagen-Poiseuille fluid mechanics equations [11, 17], which relate the carrier gas velocity 

at any position in the column, to the pressure gradient at that point [18] by a proportional 

constant for a column of circular cross-section [19], yielding:  

 

𝜐𝑀(𝑥, 𝑡) =
𝑟𝑜

2 ·  (𝑃𝑖𝑛
2 − 𝑃𝑜𝑢𝑡

2)

16  · 𝜂(𝑇(𝑡))  · 𝐿 ·  𝑃(𝑥)
 

Equation 8 

Here, η(T(t)) is the viscosity of the carrier gas (He in the study case), using the equation 

introduced by Kestin [20] and simplified by Hawkes [21]. (See the summarized equations in 
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[5, 16]). Pin and Pout correspond to the inlet and outlet pressure of the GC column, respectively. 

P(x) corresponds to the pressure at position x, which can be calculated with Equation 9, and ro 

is the inner radius of the column.  

 

2.3. Calculation of the coordinate-dependent pressure 

By integrating the Hagen-Poiseuille equation between the inlet and outlet position,  of a 

differential element and assuming incompressibility of the gas in each element at position x 

(due to the extremely low pressure drop in capillary gas chromatography [17]), the following 

expression is obtained (Equation 9) which allows the calculation of pressure at any position in 

the column:  

 

𝑃(𝑥) = √𝑃𝑖𝑛
2 − (𝑃𝑖𝑛

2 − 𝑃𝑜𝑢𝑡
2) 

𝑥

𝐿

2
 

Equation 9 

Different column configurations can be used in Gas Chromatography, such as inserting a 

retention gap of deactivated fused silica tubing before the main GC column, to prevent non-

volatile residues being deposited in the stationary phase at the column inlet.  In the case of GC-

1 an uncoated retention gap was used, with dimensions shown in Table 1. Its presence was 

considered in the GC calculations as its effect can be significant depending on the chosen 

experimental method.  

 

It is therefore necessary to calculate the internal pressure at each capillary union, such as the 

retention gap to column inlet (as in this case), or for the connection between the GC column 

outlet and a length of capillary restrictor before the detector (FID) inlet. 

 

As gas chromatography measurements can be carried out either using constant flow rate 

measured at ambient conditions, or using constant inlet pressure throughout the temperature 

program used. In both cases the GC calculation requires to be done by steps as explained in the 

next subsections. 
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2.4. Pressure at point x, using constant flow rate and a Retention Gap 

In this case, two variables are known: the outlet pressure of the GC column (Ambient 

Pressure), and the flow rate (constant throughout the temperature program). However, both the 

GC column inlet pressure and the inlet pressure of the retention gap are unknown.  

 

Therefore, the inlet pressure of the GC column has been calculated first, knowing the flow 

rate; and the outlet pressure by using Equation 8, transformed to flow rate. The inlet pressure 

of the retention gap is then calculated, knowing its outlet pressure, which equals the inlet 

pressure of the GC column; and knowing the flow rate by using Equation 8 transformed to flow 

rate. 

 

2.5. Pressure at point x, using constant Inlet Pressure and Retention Gap 

In this case, two variables are known: the outlet pressure of the GC column (Ambient 

Pressure), and inlet pressure of the retention gap (constant throughout the temperature program) 

and two variables are unknown, the GC column inlet pressure and the flow rate, which will 

decrease with the increasing temperature according to Equation 8, transformed to flow rate. 

 

Therefore, an average flow rate is calculated first, according to the average radius between 

the GC main column (which contains stationary phase) and the uncoated retention gap. The 

inlet pressure of the column is then calculated (which is the outlet pressure of the retention 

gap), knowing the flow rate and the outlet pressure of the GC column, by using Equation 8 

transformed to flow rate. 

 

3. Material and Methods 

3.1. Experimental procedure (measurement of n-Alkane isothermal retention times) 

Two, SGE HT5 GC Capillary Columns [22] were employed in this work, with dimensions 

described in Table 1.  Two methods have been used: (a) using conventional HTGC set-up 

conditions (long GC columns and low flow rates) eluting n-alkanes spanning the range of 

(nC12H26–nC64H130), under constant inlet pressure measurements conditions; and (b) using 

ASTM D7169-11[3] for extended SimDist analysis up to ~nC100 using a short column with a 

high flow rate, in ‘constant flow’ mode. (i.e. for elution of alkanes spanning the range nC12H26–

nC98H198. 
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In both columns, at least 3 isothermal GC measurements have been carried out at intervals 

of 20°C, from 80 to 420°C and at 430°C, using standard samples (ASTM D5442) containing 

n-alkanes (nC12H26-nC60H122) + Polywax 655, Polywax 850, Polywax 1000 as described in the 

next section. 

 

3.2. Sample preparation  

For various reasons it is not practicable to use a single, multi-component mixture of alkanes, 

with a wide carbon number range, for measurement of isothermal GC retention times: 

i) retention increases rapidly with boiling point, in a generally linear plot of log(tr) vs Carbon 

Number. 

ii) as a consequence of (i), only a limited number of alkanes’ isothermal tr can be obtained 

from a single injection at a given temperature. 

 

As single alkanes above nC40H82 are not readily commercially available with adequate purity 

—with the exception of nC44H90, nC50H102 and nC60H122 — Polywaxes are generally utilized 

for retention time measurements to generate boiling-point/RT calibration plots for HTGC 

analyses.   

 

However, the latter are mixtures comprising polyethylene oligomers of even carbon number 

intervals and are qualitative mixtures only.  Hence the weight fraction of each oligomer in a 

particular Polywax distribution is not readily known, although accurate estimation is possible 

if the complete distribution can be chromatographed and total elution can be demonstrated, e.g. 

by spiking.   

 

Whilst qualitative alkane or Polywax mixtures – or a combination of the two -- are suitably 

adequate for both isothermal and temperature programmed retention time measurements, 

gravimetric dilutions in CS2 of the ASTM D5442 Linearity Standard were also used in this 

work, covering the alkanes nC12-nC14-nC16-nC18-nC20-nC22-nC24-nC26-nC28-nC30-nC32-nC36-

nC40-nC44-nC50-nC60.  

 

In such cases, fairly accurate calculations are possible of the molar quantities of each alkane 

injected in a given volume.  However, this is not the case where a gravimetric blend of this 
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standard is made with a Polywax solution in CS2 except for those alkanes which elute before 

the lightest oligomers present in the Polywax range. 

 

Four main samples were prepared for the isothermal gas chromatography runs, one 

containing 25mg of nC12H26-nC60H122 (ASTM D5442) in 20ml of CS2, and three others as 

suggested by ASTM D7169-11; 25 mg of Polywax, 10mg paraffin and 20ml CS2. 

  

Three different Polywax mixtures were used, with average molecular weights of 655, 850 

and 1000, and for peak identification purposes three n-alkane blends in CS2 dilution were 

prepared: nC28, nC32, nC34, nC36, nC40; nC16, nC20, nC24; and nC44- nC50- nC60. 

 

4. Calculations 

 

4.1. Experimental determination of constant inlet pressure using isothermal retention 

time measurements 

The hold-up time can be calculated by integrating the inverse of the velocity of mobile phase 

(Equation 8), according to the coordinate x through the length of the column [11, 23]: 

 

𝑡𝑀 = ∫
𝑑𝑥

𝜐𝑀(𝑥, 𝑡)

𝐿

0

=
32 𝜂(𝑇(𝑡)) 𝐿2

3 𝑟𝑜
2

·
(𝑃𝑖𝑛

3 − 𝑃𝑜𝑢𝑡
3)

(𝑃𝑖𝑛
2 + 𝑃𝑜𝑢𝑡

2)
2 

Equation 10 

Thus, in order to obtain the most accurate constant inlet pressure value for use in the in-house 

GC modelling [5, 16], Equation 10 is solved simultaneously for every corresponding 

temperature in the range of (80-430)°C as shown in (Table 2), assuming an ambient outlet 

pressure: 101.325 kPa, the dimensions of GC-1(see Table 1), and calculating the viscosity of 

the carrier gas (He in the study case), using the equation introduced by Kestin [20] and 

simplified by Hawkes [21]. (See the summarized equations in [5, 16]. 

 

Whilst the indicated gauge inlet pressure for GC-2 was 20kPa, the calculated value using this 

approach is 18.3kPa, as shown in (Table 2), providing better precision for modelling purposes, 

and yielding an inlet pressure of 119.6kPa.   
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This approach has been described by Gonzalez [23] as insufficiently accurate for the 

determination of the hold-up time, tM “due to the intrinsic errors of measurement in the average 

internal column diameter, the carrier gas viscosity, or the flow-rate”.[23] Nevertheless, since 

the objective is to obtain a more accurate inlet pressure than the integral GC gauge indication, 

for use as an average through the entire temperature range applied, this approach can be used, 

although introducing a tolerable error, as shown in Figure 2.  

 

The largest deviations are found at temperatures greater than 300°C, with an average relative 

error of 2.9% as indicated in Table 2.  The higher the temperature, the higher is the viscosity 

of carrier gas (Helium), and therefore the lower is its velocity because of the increased 

resistance to flow within the column.  These considerable discrepancies have been studied by 

Castello et al. [24]. 

 

Nevertheless, the method does permit a more accurate input value to be obtained for the inlet 

pressure to be used analytically in the calculations of velocity of carrier gas, the effective 

velocity of each one of the analytes, and finally in the prediction of retention times, as will be 

shown in section 5, of this work.  

 

4.2. Determination of distribution factors for an HT5 capillary column using in-house 

experimental data 

On completion of the isothermal retention time measurements, all data were reviewed to 

identify any that were unreliable, and which did not conform to expected behaviour. Suspect 

data could then be excluded, eliminating their potential to introduce a global error to the overall 

determination of the distributions factors.   

 

This screening was important due to the large amount of data acquired, and it enabled 

identification of random errors such as misidentification of peaks, especially for the late eluting 

Polywax components, whose carbon numbers were greater than the highest available, heavy 

alkane, nC60H122, which served as a marker. 

 

Two approaches were applied in assessing out-of-trend experimental data for deletion. The 

first was to plot log(tr- tM) vs SCN, which corresponds to a linear curve[25-27]. This graph has 
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been plotted for each isothermal run, spanning 10°C-430°C with outliers of the regression line 

with a coefficient of correlation (r2) of 0.999, excluded.  

  

The second method of assessment was to plot Ln((tr- tM)/ tM)*Beta vs 1/T, which is based on 

Equation 2, relating K with tr and tM, and which behaviour is expected to be linear according 

to (Equation 1). [8, 9] . 

 

Plots of the screened retention data, after smoothing by reference to the linearity of the log(tr- 

tM) vs SCN relationship (Coefficient of correlation (r2) of 0.999) are shown in Figure 3 for GC-

1(12m column), for constant inlet pressure. Similarly, smoothed data for GC-2(5m column) 

are shown in Figure 4Error! Reference source not found., where constant flow rate 

conditions applied. 

 

Plots of the screened retention data, after smoothing by reference to the linearity of the 

Ln(K(t)) as function of tr and tM (Equation 6)  vs 1/T, are shown in Figure 5 for GC-1 (12m 

column), for constant inlet pressure; and similarly smoothed data for GC-2 (5m column) are 

shown in Figure 6 (upper) for nC12H26 – nC54H110, and Figure 6 (lower) for nC54 – nC98, where 

constant flow rate conditions applied for both.   

 

Following the above data smoothing procedures, the reliable data were fitted to Equation 6 

to obtain coefficients a0, and a1, which correspond to the thermodynamic values ΔS(T)/R and 

ΔH(T)/R respectively, according to Equation 5.  

 

The values are temperature dependent and are valid in the temperature range 10°C - 430°C, 

as the validation section will explain subsequently.  

 

Data obtained for the 12m column (GC-1) using constant inlet pressure of 119.6 kPa, are 

summarized in Table 3 for the nC12H26-nC64H130 range of alkanes, with a coefficient of 

correlation (r2) of 0.999.   

 

Similarly, the corresponding data for the 5m column (GC-2), with a constant flow rate of 

20ml.min-1, are summarized in Table 4 for the nC12H26-nC98H198 range. 
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It is important to note that with the high efficiency mode of HTGC column configuration of 

long column operated at low flow rate, the range of n-alkanes detected and suitable for 

determination of distribution factors, extended only to nC64H130. The range was limited by the 

greater retention times associated with the low flow-rate, which increased resolution but 

resulted in a lower cut-off for the heavy alkanes which elute at a given temperature.    

 

Also, as every component must be identified, at least 3 isothermal gas chromatography runs 

were carried out to fit Equation 6, fewer alkanes could be validated by screening.  For that 

reason it was necessary to adopt a short HT5 column configuration, operated at high flow rate 

for true SimDist conditions, based on ASTM D7169-11 [3], in order to increase the range of 

eluting n-alkanes for which distribution factors could then be determined. 

 

As distribution factors are a function of the phase ratio, β (Equation 6)  but independent of 

column length, it was necessary that the 5m HT5 column for SimDist operating conditions 

should also have a film thickness of 0.15 microns*. (GC-2, Table 1). (*A matching phase ratio 

can be assumed because of the tight manufacturing specifications achievable in modern 

capillary column manufacturing processes).  In this way, the range of eluting alkanes was 

extended to nC100H202, enabling distribution factors up to nC98H198 to be obtained, consistent 

with the earlier data derived from the 12m HT5 column (GC-1). 

 

Both sets of data of K, have been applied to either mode of flow control, with tolerable errors 

as will be shown in the following section.  

 

5. Results and Discussion 

The retention time prediction model, developed in MATLAB R2010bSP1, was described in 

[5, 16]. It is based on Equation 7, and contains the corresponding equations for calculation of 

viscosity, pressure, and velocity through the GC column, for which the main input data 

requirement is the distribution coefficients of every compound, as explained earlier. (See 

Section 4.2). 

 

The model has been validated using distribution coefficients obtained in this work for nC12-

nC64 (Table 3) and for nC12-nC98 (Table 4), which were applied to analyses conducted under 

both modes of flow control --- constant inlet pressure, and constant flow rate. These analyses 
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were conducted on both the 12m (GC-1), and the 5m HT5 column (GC-2), with 3 different 

temperature ramps applied as described in Table 5.   Validation of the model led to some 

interesting conclusions, which are discussed in the following sections. 

 

5.1. Validation of the model for predicted tr at constant inlet pressure 

Validation of this model has been carried out experimentally, using temperature ramps of 

10°, 15°, and 20°C.min-1 (Table 5) for the analysis of a solution of Polywax 850 + 

nC12H26-nC60H122, described above.  All analyses involved the 12m HT5 column (GC-1), 

operated under constant inlet pressure conditions, at an indicated 20kPa gauge pressure, and 

producing a set of retention times for each ramp for the nC12H26-nC60H122 alkane range. 

 

The experimental values obtained have been compared with the two data sets of distribution 

factors obtained using isothermal GC measurements at constant flow rate (Table 4), and at 

constant inlet pressure (Table 3).  The calculated input value of 18.3kPa used in the model for 

the constant inlet gauge pressure has been obtained according to the experimental procedures 

explained above, as shown in Table 2. 

 

Figure 7 shows the improved match of the model prediction with the experimental data, 

using the data set of distribution factors K* (obtained with isothermal GC measurements under 

constant inlet pressure (Table 3), with an average deviation of 1.5% relative error. This finding 

was as expected, as the isothermal experiments and the 3 ramps of temperature were carried 

out using the same column configuration (Table 1) and same constant inlet pressure.  

 

The deviations resulting from the data set of distribution factors K** (obtained with 

isothermal GC measurements under constant flow rate) are shown in Table 4, with a higher 

average relative error of 4.8%.  This also is to be expected due to the different conditions at 

which the distribution factors were obtained (constant flow rate), compared with those which 

applied to analyses involving the three different temperature ramps, where constant inlet 

pressure flow mode was applied.  

 

5.2. Validation of the model for predicted tr at constant flow rate 

For the validation at constant inlet pressure, the same three ramps of temperature were 

applied for analyses of the solution of Polywax 850 + nC12H26-nC60H122 , but using the 5 m 
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HT5 column(GC2) at constant flow rate of 20 ml.min-1 as specified in ASTM D7169-11 [3].   

A set of retention times for each ramp was thus obtained for the nC12H26-nC98H198 alkane range. 

 

The experimental values have been compared with the same two data sets of distribution 

factors used in the case of constant inlet pressure, summarized in Table 3, obtained at constant 

inlet pressure, and in Table 4, at constant flow rate conditions.  

 

The developed in-house model allows a choice between constant inlet pressure, and constant 

flow rate for intended calculations.  When using the latter, the model calculates the variation 

of the inlet pressure required for maintaining the flow constant at reference conditions, as 

temperature increases, and carrier-gas viscosity does likewise. 

 

A third model was therefore used for predicting experimental retention times, by using the 

distribution factors obtained at constant flow rate but using an average constant inlet pressure 

derived by algorithm, rather than recalculating the inlet pressure required to maintain constant 

flow.  

 

The average inlet pressure used has been calculated as the average between the range of 

pressure required to maintain constant flow throughout the temperature program used. The 

lowest pressure required is at 10 °C, namely 115.5kPa; and the highest pressure required is at 

430C: 133.9kPa (with an average value throughout the programming temperature of 124.7 

kPa).  

 

This model takes into account the average response of the flow controller during the 

temperature program, since no model exists for estimating the effect on inlet pressure of the 

lag in temperature between column and oven.  

 

Figure 8 shows that at constant flow rate and using the data set of distribution factors K** 

obtained at the same condition, and using the same column configuration as the 3 ramps of 

temperature, the model predictions produce an average relative error of 4.4%.  

 

Figure 8 may reflect use of an ideal model, which produces an immediate change in the inlet 

pressure in response to the temperature program set-point, rather than the true column 

temperature. Therefore a model taking account of both the lag in temperature changes, and the 
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lag in the response of the flow controller for changing the inlet pressure, would be required in 

order to improve the predictions, such as the one suggested by Conder [28]. 

  

The model providing the best match in Figure 8, with the experimental data is the third model 

(K**,P*) which used the data set of distribution factors obtained from the 5m HT5 column 

(GC-2), operated under the same conditions as the three ramps of temperatures, with constant 

flow rate of 20ml.min-1, but using the model at constant inlet pressure with an average value 

of 124.7kPa, which yielded an average relative error of 2.4%.  

 

This outcome is as expected since an average value of the inlet pressure will represent an 

average change by the flow controller to the inlet pressure during the temperature changes, 

even with a lag in response.  

 

The model producing the highest deviation is, as expected the one using the data set of 

distribution factors (K**) obtained at different conditions from the one used for the three ramps 

of temperatures, as occurs with the validation at constant inlet pressure, described previously. 

Figure 8 depicts an average relative error of 9.2% when using the thermodynamic data obtained 

at constant inlet pressure, since the 3 ramps of temperature were carried out a constant flow 

rate. 

 

Finally, it is notable that accurate retention time predictions have been obtained for the three 

temperature ramps which initiated from 10°C up to 430°C, even when the temperature range 

for which the distribution factors have been derived, related to isothermal measurements in the 

range 10°C to 430°C. 

 

6. Conclusions 

This work provides an extension of the data set of distribution factors for n-alkanes up to 

nC98H198 over the temperature range 10°C-430°C, based on isothermal gas chromatography 

measurements carried out at both constant inlet pressure and constant flow rate. 

 

This work also provides a basis for extending the analysis of non-elution using HTGC 

configurations (introduced in [5, 16]) for n-alkanes heavier than nC62H126, which will be treated 

in [29] .   
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The High-efficient mode operation (using constant inlet pressure) used the common HTGC 

configuration of a long column with low flow rate providing a data set of distribution factors 

for the n-alkane range spanning nC12H26-nC64H130.   

 

As the purpose of this thesis is to analyse the GC limits for heavy n-alkanes, and since no  

extrapolation of the above distribution factors yielded good predictions, this work proposed 

extension of the data set of K values (distribution factors) for nC12H26- nC98H198, by using a 

true SimDist configuration with a short HTGC column operated at high flow rate. 

 

The distribution factors obtained in this work were used as the main input for the GC 

developed model for the prediction of retention times, which was introduced in [5, 16]. Its 

validation has been carried out using distribution factors obtained at both constant flow rate 

and constant inlet pressure operating conditions.   

 

Two conventional HTGC configurations were applied: for efficient resolution with a long 

column operated at low flow rate; and true SimDist HTGC with a short column operated at 

high flow rate for inefficient resolution. 

 

When the distribution factors used in the modelling have been obtained at the same 

conditions as the experimental data with which they are being compared, an average relative 

error of 1.5% was found for constant inlet pressure mode; and of 4.4% for constant flow rate 

mode.   

 

Nevertheless, when the distribution factors used were obtained at different conditions, an 

average relative error of 4.8% was found (e.g., when distribution factors at constant flow mode 

were applied to measurements to be validated at constant inlet pressure).  The average relative 

error increased to 9.2% when distribution factors obtained at constant inlet pressure were 

applied to experiments conducted at constant flow.  

 

Finally, a model running at constant inlet pressure, using the average value through the 

temperature programming was used to improve the predictions when the experiments were 

carried out at constant flow rate, giving an average relative error of 2.35%.  
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FIGURES LEGENDS 

Figure 1. Calculation of Retention times – Algorithm 

Figure 2. Comparison of Hold-up time(tM) experimental and calculated. (HT5 column).  

Figure 3.  Log (tr- tM) vs SCN at 19 isothermal experiments in gas chromatography using 

constant inlet pressure of 18.3 kPa (gauge pressure), in GC-1 (Table 1) 

Figure 4. Log (tr- tM) vs SCN at 20 isothermal experiments in gas chromatography using 

constant flow rate of 20ml/min, in GC-2 (Table 1) 

Figure 5. (Ln (K(t)) = Ln((tr/ tM -1)*β)) vs SCN, for n-alkanes (nC12H26 – nC54H110) at 20 

isothermal chromatographic runs (80-430)°C using constant inlet pressure of 18.3 kPa (gauge 

pressure), in GC-1 (Table 1) 

Figure 6. (Ln (K(t)) = Ln((tr/ tM -1)*β)) vs SCN, for n-alkanes (nC12H26-nC98H198) at 20 

isothermal chromatographic runs (80-430)°C using constant flow rate of 20ml.min-1, in GC-2 

(Table 1) 

Figure 7. Validation of the model developed with in-house experimental data for Alkanes, 

using the temperature programming (Table 5), for n-alkanes (nC12H26-nC98H198) at constant 

inlet pressure (Gauge pressure=18.3 kPa), in GC-1 (Table 1), using K** (Table 4) and K* 

(Table 3) 

Figure 8. Validation of the model developed with in-house experimental data for Alkanes, 

using temperature programming (Table 5), for n-alkanes (nC12-nC98) at constant flow rate of 

20ml.min-1, in GC-2 (Table 1), using K** (Table 4) and K* (Table 3) and at constant inlet 

pressure (mean pressure = P*= 124.7kPa) using K** (Table 4) 
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Figure 1. Calculation of Retention times – Algorithm 
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Figure 2. Comparison of Hold-up time(tm) experimental and calculated. (HT5 column).  
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Figure 3.  Log (tr-tm) vs SCN at 19 isothermal experiments in gas chromatography using 

constant inlet pressure of 18.3 kPa (gauge pressure), in GC-1 (Table 1) 

 

 

 

 

  

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

10 14 18 22 26 30 34 38 42 46 50 54 58 62

L
o

g
(t

r-
tm

) 

SCN

80 100 120 140 160 180 200 220 240 260

280 300 320 340 360 380 400 420 430

ACCEPTED M
ANUSCRIP

T



28 

 

 

Figure 4. Log (tr-tm) vs SCN at 20 isothermal experiments in gas chromatography using 

constant flow rate of 20ml/min, in GC-2 (Table 1) 
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Figure 5. (Ln (K(t)) = Ln((tr/tm-1)*β)) vs SCN, for n-alkanes (nC12H26 – nC54H110) at 20 

isothermal chromatographic runs (80-430)°C using constant inlet pressure of 18.3 kPa (gauge 

pressure), in GC-1 (Table 1) 
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Figure 6. (Ln (K(t)) = Ln((tr/tm-1)*β)) vs SCN, for n-alkanes (nC12H26-nC98H198) at 20 

isothermal chromatographic runs (80-430)°C using constant flow rate of 20ml.min-1, in GC-2 

(Table 1) 
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Figure 7. Validation of the model developed with in-house experimental data for Alkanes, 

using the temperature programming (Table 5), for n-alkanes (nC12H26-nC98H198) at constant 

inlet pressure (Gauge pressure=18.3 kPa), in GC-1 (Table 1), using K** (Table 4) and K* 

(Table 3) 
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Figure 8. Validation of the model developed with in-house experimental data for Alkanes, 

using temperature programming (Table 5), for n-alkanes (nC12-nC98) at constant flow rate of 

20ml.min-1, in GC-2 (Table 1), using K** (Table 4) and K* (Table 3) and at constant inlet 

pressure (mean pressure = P*= 124.7kPa) using K** (Table 4) 
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Table 1. Column configuration & dimensions of the two in-house HTGC used. 

  GC-1   GC-2 

  
Retention 

Gap  

SGE HT5 

GC Column   

Retention 

Gap  

SGE HT5 

GC Column 

Length (m) 1.8 12   Ø 5 

diameter (mm) 0.53 0.53   Ø 0.53 

film thickness (µm)   0.15     0.15 
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        Table 2. Inlet Pressure calculation for HT5 column 

T 

(°C) 
T(K) 

tm (min) 

Experimental 
µ He (Pa*s) 

Pin 

calculated 

(kPa) 

Gauge Pin 

(kPa) 

tm (min) 

Calculated 

tm % Relative 

Error  

80 353.15 0.528 2.23E-05 119.6 18.28 0.542 2.7 

100 373.15 0.55 2.32E-05 119.6 18.28 0.563 2.5 

120 393.15 0.584 2.40E-05 119.6 18.28 0.584 0.0 

140 413.15 0.596 2.49E-05 119.6 18.28 0.605 1.4 

160 433.15 0.614 2.57E-05 119.6 18.28 0.625 1.8 

180 453.15 0.63 2.65E-05 119.6 18.28 0.645 2.4 

200 473.15 0.648 2.74E-05 119.6 18.28 0.665 2.6 

220 493.15 0.663 2.82E-05 119.6 18.28 0.684 3.2 

240 513.15 0.684 2.90E-05 119.6 18.28 0.704 2.9 

260 533.15 0.702 2.98E-05 119.6 18.28 0.723 3.0 

280 553.15 0.731 3.06E-05 119.6 18.28 0.742 1.6 

300 573.15 0.742 3.13E-05 119.6 18.28 0.761 2.6 

320 593.15 0.76 3.21E-05 119.6 18.28 0.78 2.6 

340 613.15 0.766 3.29E-05 119.6 18.28 0.799 4.3 

360 633.15 0.783 3.36E-05 119.6 18.28 0.817 4.4 

380 653.15 0.804 3.44E-05 119.6 18.28 0.836 3.9 

400 673.15 0.815 3.51E-05 119.6 18.28 0.854 4.8 

420 693.15 0.833 3.59E-05 119.6 18.28 0.872 4.7 

430 703.15 0.851 3.63E-05 119.6 18.28 0.881 3.5 

      
Average 

%Error 

    Inlet Pressure 119.6 18.28   2.9 
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Table 3.  Thermodynamic properties of n-alkanes (nC12H26-nC64H130) determined in the 

range of (80-430) °C using constant inlet pressure (gauge pressure=18.3 kPa) in GC-1 

(Table 1). 

Compound a0=ΔS/R a1= (-) ΔH/R R2 

nC12 -9.3 6623.9 1.0 

nC16 -9.8 7575.0 1.0 

nC18 -10.4 8241.6 1.0 

nC20 -11.8 9271.6 1.0 

nC22 -12.4 9807.1 1.0 

nC24 -13.3 10681.3 1.0 

nC26 -14.2 11467.5 1.0 

nC28 -14.7 12005.2 1.0 

nC30 -15.0 12465.4 1.0 

nC32 -15.9 13076.9 1.0 

nC36 -16.8 14426.1 1.0 

nC38 -18.9 15984.9 1.0 

nC40 -19.0 16292.8 1.0 

nC42 -19.7 16905.5 1.0 

nC44 -20.4 17562.0 1.0 

nC46 -21.0 18138.7 1.0 

nC48 -21.7 18811.6 1.0 

nC50 -22.1 19273.2 1.0 

nC52 -23.0 20012.5 1.0 

nC54 -24.3 21223.4 1.0 

nC56 -24.9 21836.7 1.0 

nC58 -25.2 22207.2 1.0 

nC60 -26.7 23324.3 1.0 

nC62 -27.6 24148.1 1.0 

nC64 -30.2 26020.6 1.0 
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Table 4. Thermodynamic properties of n-alkanes (nC12-nC98), determined in the range of 

(80-430) °C using constant flow rate of 6ml/min, in GC-2 (Table 1). 

 

Compound a0=ΔS/R a1=(-)ΔH/R R2   Compound a0=ΔS/R a1=(-)ΔH/R R2 

nC12 -11.4 6826.3 1.0   nC56 -18.7 17624.7 1.0 

nC14 -11.7 7501.6 1.0   nC58 -19.0 18053.3 1.0 

nC16 -13.1 8522.5 1.0   nC60 -19.1 18323.7 1.0 

nC18 -13.6 9190.1 1.0   nC62 -19.4 18682.2 1.0 

nC20 -13.8 9751.5 1.0   nC64 -19.7 19044.8 1.0 

nC22 -13.9 10204.4 1.0   nC66 -19.9 19364.1 1.0 

nC24 -14.5 10830.1 1.0   nC68 -20.3 19826.6 1.0 

nC26 -14.6 11273.3 1.0   nC70 -20.6 20234.2 1.0 

nC28 -15.2 11905.5 1.0   nC72 -20.8 20556.7 1.0 

nC30 -15.3 12299.2 1.0   nC74 -21.2 21000.8 1.0 

nC32 -15.9 12918.7 1.0   nC76 -22.0 21677.5 1.0 

nC34 -16.6 13598.6 1.0   nC78 -22.4 22128.9 1.0 

nC36 -16.7 13923.8 1.0   nC80 -22.5 22400.5 1.0 

nC38 -17.6 14673.8 1.0   nC82 -22.8 22757.5 1.0 

nC40 -17.6 15059.3 1.0   nC84 -23.2 23150.6 1.0 

nC42 -18.0 15475.1 1.0   nC86 -23.8 23771.8 1.0 

nC44 -18.1 15840.4 1.0   nC88 -24.3 24230.5 1.0 

nC46 -18.3 16170.4 1.0   nC90 -24.4 24449.6 1.0 

nC48 -18.3 16450.2 1.0   nC92 -24.5 24717.3 1.0 

nC50 -18.5 16814.7 1.0   nC94 -24.7 24977.2 1.0 

nC52 -18.5 17058.0 1.0   nC96 -24.9 25260.9 1.0 

nC54 -18.6 17351.9 1.0   nC98 -25.2 25662.1 1.0 
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          Table 5. Temperature Programming 

Parameters Ramp 1 Ramp 2 Ramp 3 

Tinitial (°C) 10 10 10 

Hold up time at Tinicial (min) 0 0 0 

ramp of T (°C/min) 10 15 20 

Tmax (°C) 430 430 430 

Hold up time at Tmax (min) 12 12 12 

 

 

 

 

 

 

 

 

 

 

 

 

ACCEPTED M
ANUSCRIP

T


