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ABSTRACT

This Thesis investigates the two main limitation$ lbigh temperature gas
chromatography (HTGC) in the analysis of heavykaiaés: pyrolysis inside the GC

column and incomplete elution.

The former is studied by developing and reducintpdical pyrolysis model (7055
reactions) into a molecular pyrolysis model (12&ct®ns) capable of predicting low
conversions of (nGH30-NCgoH162) at temperatures up to 430°C. Validation of prest
conversion with literature data for pEl3, NCigHs4 and NnGsHs; yielded an error lower
than 5.4%.

The latter is addressed by developing an analytieadel which solves recursively the
diffusion and convection phenomena separately.mbedel is capable of predicting the
position and molar distribution of components, gsis main input the analytes’
distribution factors and yielded an error lowerntta4% in the prediction of retention

times.

This thesis provides an extension of the data selistribution factors of (nGHze—
NCogH199) In @ SGE HT5 GC capillary column, based on isotted GC measurements

at both constant inlet pressure and flow rate.

Finally, the above two models were coupled, yiegdinmaximum mass lost of 1.3 % in
the case of ngHie; due to pyrolysis and complete elution up toygifzso, in @ 12 m
HT5 column.
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LIST OF SYMBOLS

Dw= Diffusion constant, mobile phase. (unit lerfgtinit time)
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N(x,to) = mole profile for every analytie (partisfenit length).
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N i m=Moles of component “i” in the mobile phase.

N i s=Moles of component “i” in the stationary phase.

MW a= Molecular weight of the component “i".

MW ;= Molecular weight of the carrier gas.

P(x)= Pressure at position x. (Pa)

Pin=Pressure at the GC colum inlet.
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ro=internal radius of GC column. (unit length)

rampT=ramp of temperature of the temperature progred.

T(t)= temperature at the time t.

To= Initial temperature of the temperature progradm

t=time (unit time)

Veri=Effective cross-sectional average velocity.(uartdth/ unit time)

vv= velocity of migration of the carrier gas.(unibtgh/ unit time)

Va, Vg =

w=film thicknes. (unit length)

Xi=Fraction of component i in the gas phase reldbwhe moles in both stationary and
gas phase.

Xo= centroid of Gaussian distribution of distributiohcomponent inside the GC
column. (unit length)

X = position of the component’s dispersal aroureddéntroid ¥.(unit length)



Greek letters

o = standard deviation of the component’s distriouti

ox = standard deviation of the zone’s component’gitigion. (unit length)

B=phase ratio.(volume of mobile phase in the coltontime volume of stationary phase)

Nm =Viscosity of the carrier gas.( pPa-s)

At=time step. (unit time)

TABLE OF TYPICAL GC VALUES

Variable min max Units
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To 10 °C
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Ve 1510 | 02323 m/s
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CHAPTER 1 - INTRODUCTION

Gas chromatography (GC) is a separation techniguecémpounds, which also
provides information regarding their concentratiom& mixture. The components are
required to be sufficiently volatile and thermadiiable in order to perform a reliable
Gas Chromatography analysis.

Reservoir fluid characterization by Gas Chromatphyahas an impressive capability
of detection and quantification of a wide range&aofgle Carbon Number (SCN) groups
in oil analyses. However, some researchers prefezgort analyses to,g: only, with
estimation of the Cn+ fraction distribution obtaineising various correlations.
Conversely, other researchers prefer to extend &lysis to the highest possible SCN
group by using High Temperature Gas Chromatogr&biysC), with programming to
c.a. 370-430 °C. However, the reliability of exded GC analyses to high carbon
number fractions is questioned because of a pessiber-estimation of light and

intermediate fractions in the original oils caubgdhermal decomposition products.

The thermal stability of heavy hydrocarbons at terajures above 370 °C is a major
concern in the practice of Gas Chromatography [1b8ked on the results of Thermal
Gravimetric Analysis (TGA) published by Schwartz &t (1987) [4]. These results
indicated a maximum in the curve of mass lost @uthérmal cracking at 430 °C, and
therefore the practice of Gas Chromatography ah a@mperatures up to 450 °C, was
guestioned.

In spite of the above publication, little or no @emce of cracking has been observed
according to the relative publications [5-7] =400 °C. However, sample thermal
decomposition is not only a function of temperatimat is also dependent on pressure,
sample composition and the residence time at leigipérature [8-9].

It is therefore very important to be able to motied thermal cracking of heavy n-
alkanes at HTGC conditions, in order to verify ghémdings requiring as input data:
carrier gas pressure, temperature and concentrattiewery component through the GC
column. This aspect is treated in CHAPTER 2 —, way) a range of concentrations

rather than a specific concentration.



Therefore, computer simulation of gas chromatogyapiecomes necessary to
complete the study of HTGC limits by predicting theecise concentration of every
component inside the GC column which can then sasvaput to the Pyrolysis model.

Gas Chromatography modelling also provides an inisigo the migration/separation
of the sample at each point of the column, for bmtbthermal and temperature
programmed GC analysis, and thus potentially toxdpe the partitioning process.

CHAPTER 3 - is focused on GC modelling. Two GC eiscthave been developed:
one for solving the diffusion-convection equatidi] using finite elements solved by
COMSOL [12], which enables the concentration peotfib be obtained; and another,
solving a simplified iterative convection equatid8] using MATLAB, which allows

the retention times to be obtained more quickly.

The retention times obtained with the two modelsehbeen compared with the
experimental results. Due to the superior resuftgshe convection model (which
highlighted the superior performance), it has besed for optimizing the calculation

time of the convection-diffusion model.

The main input used in the GC modelling is the blasa of distribution factors (K),
derived from isothermal GC analyses. The HT5 capilcolumn (SGE) is widely used
for HTGC analysis of heavy oil hydrocarbons, thnd&'5 GC column has been chosen
in this thesis, for all determinations of the HT G@its.

In the analysis of CHAPTER 3 —, the distributiofastors for the n-alkanes
(nCy2H26—nGs2H126) [14] on an HTS capillary column have been usednast for the
GC model developed.

Based on the developed Gas Chromatography Modaeiwaapproach for determining
the non/incomplete elution of every component hasnbproposed in this thesis by
introducing a new approacthe degree of elutiordefined as the amount of component
which has been eluted in relation to the amourcted. Thus, the degree of elution of
each of the heavy n-alkanes studied has been atddufor a typical temperature
programme in CHAPTER 3 —.



This thesis focuses mainly on the GC analysis avipen-alkanes, and therefore the
necessity of extending the data set of n-alkanildigion factors (K values) from ng
through nG@gin an HT-5 GC column is the main focus of CHAPTER. Measurement

procedures and data treatment are explained ifl.deta

For this purpose, numerous isothermal gas chromegtbg experiments have been
carried out, in the temperature range from 80°G120°C, at 20°C intervals and at
430°C. Two modes of HTGC operation were applied ared proposed in this thesis
work:

a.) High-Efficiency Mode: 12m column, constant trpeessure, elution up to B

b.) Low-Efficiency Mode: 5m column, constant floate, elution up to nfg.

Knowledge of K values (distribution factors) is pbtential use in optimising the
partitioning process and elucidating informationrmmm/incomplete elution of heavy n-

alkanes.

CHAPTER 5 —, is focused on coupling the two modetsoduced previously: the
pyrolysis model (CHAPTER 2 —) and the GC model (BHAR 3 -), in order to
determine the pyrolysis risk inside the GC coluralgng with the non/incomplete
elution of heavy n-alkanes, in a common HTGC colufdi’5 capillary column) at

common temperature programmings.

This final model is capable of determining the mkst due to pyrolysis and the
degree of elution of every n-alkane studied, ad asldetermining the HTGC limits in

the analysis of heavy n-alkanes.

In order to improve the computing performance @& toupled Pyrolysis-GC model,
the free-radical pyrolysis model (CHAPTER 2 -) Hzeen reduced to a molecular
pyrolysis model, and the GC model (CHAPTER 3 —Visg the diffusion-convection
equation has been replaced by an iterative analytmodel for predicting the mole

distributions throughout the GC column.

Finally, based on the analysis of the results akthifrom the studies carried out in

this thesis, several conclusions are drawn and sumed in CHAPTER 6 —
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CHAPTER 2 — LOW CONVERSION THERMAL
CRACKING MODELING

2.1.Introduction

The thermal stability of heavy hydrocarbons at HT&@@ditions has been addressed
by different authors, based on the results of Thaér@ravimetric Analysis (TGA)
published by Schwartz et al.(1987) [1], who highted thermal instability of heavy oils
from around 370 °C. In this work, a pyrolysis mbsiganning the n-alkanes:(fyEiso-
NCgoH162) at low conversion has been developed and appiedixtures at GC column

pressure and oven temperatures up to 450 °C.

Based on this model, the minimum SCN which couldsiidy be at risk of thermal
cracking at some commonly used HTGC temperaturgranames, has been obtained
by comparing the retention time of n-alkanes stesglanixtures [NGH22-NCrsH157,
and the minimal pyrolysis time at the same SCN eaogequimolar, heavy and light

mixtures at different dilutions in helium, and solo@ iso-conversion pyrolysis curves.

The developed model can be used to gain an insighthe limitation in the practice
of GC and introduces a new approach for calculatiegminimum SCN which does not

suffer pyrolysis inside a particular GC column.

2.2.Pyrolysis risk inside a Gas Chromatography colun

Capillary gas-liquid chromatography (GC) is a sapan technique based on the
partitioning of an initial mixture by means of réaty an ideal rapid equilibrium
between the mobile (gas) and stationary (liquidagghwhile the net motion of the
carrier gas induces the migration of sample thrahghcolumn. Figure 2-1 explains gas
chromatographic separation in more detail, basead time-step numerical approach for
temperature-programmed gas chromatography, intemtlbg Snijders et al. [2], where a
mixture was initially injected, comprising threengponents: solvent, light component,

and heavy component.

However, when there are unexpected chemical reectocurring within the column,

unquantifiable and random products will generatery different eluent mixture from



the originally injected sample, and therefore, tfas chromatographic analysis is no

longer reliable.

Order of Volatility
o>08 >0 > g

[D Solvent ® Pyrolysis Product e Light Component ® Heavy Component ]

a)x=xl,t=1t1, T=T1: Establishing equilibrivmat T1.

b.)x=x2, t=t2, T=T1: Net motion of sample by influence of the carrier gas.

c.)x=x2, t=t2, T=T2: Establishing equilibriumat T2

Chromatogram

J

d.)x=x3. t=t3, T=T2: Net motion of sample and elution of solvent.

Figure 2-1. Partitioning and migration in a Gas @matography Column.



Figure 2-2 shows the continuation of the partitighdetailed in Figure 2-1 where,
once the thermal cracking temperature (T3) of thavly component is reached (Figure
2-2.e), the low boiling, thermal decomposition pro appear, as a result of bonds
breaking in the heavy component whilst still regginwithin the column, and after

elution of the light component.

The pyrolysis product, being lighter than the ligltmponent in Figure 2-2, then
partitions between the stationary and mobile phaséging ahead of the heavy
component, and after the light component, thus yeiod) elution in non-boiling point
order(Figure 2-2.h). (Note that whilst co-elutidnome or more decomposition products
and the ‘parent’, heavy component is feasibles ignored here for simplification).

As a result of the thermal decomposition, the irgdwil mixture now indicates four
components according to the chromatogram analymdtbreas the initial mixture
injected comprised only three. Hence a gas chrognaphic separation under the
preceding conditions will complicate the determimatof the components, and lead to

ambiguous and unreliable results.

In the case of heavy n-alkanes, low conversionntiaéicracking mainly produces a
whole series of alkenes and alkanes with lower dgahbon chain length than the n-
alkane reactant undergoing bond breakages, adbevidixplained in a later section. The
resulting complexity of the mixture within the gakromatographic column, under
cracking temperatures therefore leads to confushmgmatographic results, which are

no longer representative or consistent with thgiwaily injected mixture.



Order of Volatility
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[0 Solvent ® Pyrolysis Product @ Light Component @ Heavy Component ]

I 1

Mixture

Chromatogram
e.)x=x3. t=t3. T= T3: Thermal Cracking Of Heavv component.
Chromatogram
) =x=x3, t=t3, T=T3: Establishing equilibrium at T3.
Chromatogram

|

g.) x=x4, t=t4, T= T3: Net motion of sample & Elution at no boiling point

Chromatogram

-]
<@
@
L

Eluent il
Mixture

h)x==x3, t=t3, T=T2Z: Net motion of sample and elution of solvent.

Figure 2-2. Thermal Cracking Risk in a Gas Chrongaémphy Column.
(Continuation of Figure 2-1)



2.3.Theory of modelling the thermal cracking of n-&anes at low conversion

This chapter specifically focuses on low convergymolysis in order to predict the
temperature which triggers thermal cracking for heaf the n-alkanes studied,
comprising NGsHzo, NCGieHza, NGoHaz, NGosHs2, NGeoHez, NGesH72, NCagHg2, NCasHoy,
NCsoH 102 NGssH112, NGsoH 122, NGssH 132, NGroH 142, NGrsH1s2, NCgoH 162

A free-radical primary mechanism has been developewhich only the initial
reactant is considered, capable of describingdhedtion of decomposition products at
conversion of around 5-10% molar. However, a séapn mechanism may be

developed in future work, covering the validatidrpgrolysis products.

The mechanism is based on a Rice-Herzfeld [3] claiheme (Figure 2-3),
comprising:

Initiation Reactiongnvolve amono-molecular homolysis of hydrocarbons formfhg
radicals. As the bond dissociation energy of CsHaiound 100 Kcal/mol compared
with ~85 Kcal/mol for the C-C bond, only C-C homsily has been considered for

temperatures lower than 450 °C.

Kinetic
Initiation: pH  —» B+ B Ki
H-Transfers: pH +p° —» p° +BH Kiss
Decomposition: p* —» B° + alkene Ko
Termination: p* +p* —» Products Kr
u +p° —» Products Ky
B* +p'* —» Products Ky

Figure 2-3. Reaction mechanism of thermal crackioig alkanes, for low-

temperature and low conversion. (Reactat), (radicals: pe,pe), (alkanesuH,

pH).

H-transfer reactionsnvolve abstraction of a hydrogen (H) atom from thactant by
a radical, forming a new radical and a smaller mék@dower carbon number) than the

reactant.
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Decomposition by 3-scission reactiansolvesa C-C decomposition of p radicals
which yield aB radical and an alkene.
Isomerisation reactiontake account of the most important isomerisativolving p

radicals [4], namely 1.5 and 1.4 shift isomerisatd u radicals.

Termination reactionsorrespond to all possible combinations of 3 @naldicals.

A completely numerical mechanistic kinetics modg] has been applied in this
thesis, running in a modified version of the soummle of SENKIN from the
CHEMKIN II package [6], which enables computatioh tbe evolution time of an
homogeneous reacting mixture in a batch or tulbn@actor, by solving simultaneously

the entire set of mass balances for each chenpeales

The program takes as an input file the mechanissedd&inetic model (for every
n-alkane studied) whose development has involvied: hanual construction of the
reaction mechanism; manual assignment of the kingééta, for each elementary
reaction; and manual assignment of the thermoclantata for each molecule or
radical. The thermodynamic data have been souroed tabulated data [7], and the
kinetic data obtained by using the summary of Amihg rate parameters [8] (Table
2-1).

The kinetic parameters for initiation and termioatireactions are average values
corresponding to the decomposition of a normal Gedd and the recombination of
normal primary radicals. The kinetic data calcwatof the isomerisation reactions [9]
has been obtained with the software KINGAS[10] basm the thermochemical
methods of Benson et al.(1976). [7]

The other reactions are considered as reactioniégsmvhich have the same kinetic
constant. Thus, in H-transfer reactions, the redygtof the type of carbon atom whose
hydrogen atom is abstracted by a different kindaglical is considered rather than the
chain length of the reactant hydrocarbon. Regartheglecomposition step, the family
reactions are classified by the kind of radicalsnfpary, secondary, or tertiary) formed
by B-scission (Table 2-1).
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However, the simulation of large reaction mechasisoan result in excessive
computational demands/processing time, and cona#gukis necessary to reduce the
reaction mechanisms to an approximately equivalemzller computing model, for

which a chemical concepts based reduction methbd 2] was used.

_ | KINETIC Ea A

REACTION CONSTANT (r:al.mul_l} [cm:!.mnl_l-ﬂ_l}

Initiation average vahe £5000 3. 00E+16

H-Transfer k(CH; ».p) 12300 3.98E+11

k(CHs».5) 10400 7.94E+11

k(CHz=.t) 10400 7.94E+11

k(C.Hs*p) 12300 3.16E+11

k(C,Hse.5) 10400 1.00E+11

k(C,Hse 1) 10400 1.00E+11

Radical kip.p) 13500 1.00E+11

(p: primary, s: ki(p.s) 11200 1.00E+11

secondary, etc.) k(p.t) 9000 1.00E+11

k(s.p) 14500 1.00E+11

ki(s,s) 12200 1.00E+11

k(s.t) 10000 1.00E+11

kit.p) 15000 1.00E+11

ki(t.s) 12700 1.00E+11

kit.t) 10500 1.00E+11

k(n—CH;*) 31000 2 00E+13

Decomposition k{n—p) 28700 2.00E+13

kip—s) 27700 2.00E+13

k{n—t) 26700 2.00E+13

Isomerisation | k(5), ki(6) | KINGAS[3] KINGAS[3]
Termination | average vale 0 3 00E+12

Table 2-1. Compilation of Kinetic Parameters usethie thermal cracking model

of alkanes. [8]

2.4.Detailed free radical kinetic mechanism of thgyrolysis of nCy4Hz0

When developing general detailed, mechanism-basediés models, it is necessary
to account for the Reaction Path Degeneracy (RPRwrepresents the number of
possible paths by which an elementary step coubdgad. Thus, in order to obtain a
specific value of rate constant for every singldicgal reaction, it is necessary to

calculate the product of RPD (of the given reaqdtiand the generic Arrhenius rate

12



constantk: (Table 2-1), giving as a result a specific freguefactor for each specific
reaction: RPDk.

Figure 2-4 illustrates one reaction of every stefhe free-radical kinetic mechanism

for nCy4Hso, in order to obtain a better understanding ofdeeloped mechanism.

For Initiation Reactions the C-C bonds which undergo homolytic dissocratio
form two free radicals will define the RPD. Thexef, for linear hydrocarbons whose
chain consists of C-C pairs, there is only one ibtspath (RPD = 1) for breaking the
C-C bond, located in the centre of the hydrocartdwain, and in the case of the other C-
C bonds, they can be obtained in two possible W&RD=2), e.g., obtaining the
radicals: rCH and rGsH»~1, can be possible by breaking the two equivalbotsds:
Ci1-Cy or Gi3-Cya

RegardingH-transfer Reactionsthe type of carbon atoms (primary, secondary, or
tertiary) which undergoes the hydrogen abstradiioform a radical” will define the
RPD. For example, in the formation of a primargical such as rGH,s-1, there are
six equivalents ways (RPD=6) to transfer the H atama result of the two primary
carbons (three C-H bonds) present in thgHgy molecule, and (RPD = 4) in the case of

the secondary carbons (two C-H bonds) in a linbamc

In the case oDecomposition (by-scission) reactionsthe free radical breaks into
two carbons from the charged carbon, producing-alefin and a primary free-radical,
(RPD =1).

Finally, regardinglermination Reactionghese represent essentially a recombination
of all radicals formed, e.g., the termination reatd of the radical rGH,s-1, with all its
isomers: rGHoo1, rCHoe-2, rCaH29-3, rCiaHog4, rCiaH2g-5, rCiaHg-6, rCiaHag7.
(Figure 2-5)

13



Ininiation Reaction: Homolvsis 1 (bv breakdng C1-C2 bond) equivalens)
& o C C C C C
wC L L C fc & ¢ C\/C /NSNS V4

— + CH3
c}z‘:-ﬁv Y Y Y Y Y NN WX

H-Transfer Reaction: rCi1iHz7-1 + CraH3o=» Ci1zHaz + rCi4Hze-1

. c o o o o E) [ c e e e oo oo
E/ \C/ \C/ \C/ \ \C/ N\ c/ \C/ \Cf \C/ N \

+ + H

-
E ¢ ¢ £ € ¢ Ffl ®E
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Y

HW H JoU g

BOscission Reaction: 1C14H29-1 -}C1 2Hz2s-1 + C2Hy
T
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g

Isomerisation Reaction: 1C14H29-1 =2 rCr1aH29-4

H g u
Hﬁ_'c;ccccl? H ¢ G ¢

L c. ¢ [LC C
YNV Y — Y Y Y Y Y Y

B H m
C C

\/ \/ \/ \/ \/
Termination Reaction: rCi4Has-1+1C1sHze-4 = CzsHss
c C C C € C f
/NS \//\f c C C C C € C
{ N \/\/+c YN L AVYYYY
c c ¢ ¢ ¢ ¢ c cC C C C C €
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Figure 2-4. Some example of every step reactiamrm the detailed mechanism of

thermal cracking of n-Tetradecane.
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Figure 2-5. Scheme of the propagation chain ofpyr®lysis of nG4Hso.

2.5.Reduction of the free radical kinetic mechanisnof the pyrolysis of nG4H3o

In this thesis two methods of reduction have beseduy based on chemical

considerations [11]Lumping of chemical speci@svolves grouping all of the isomers

of a radical, so that the number of species, am$emuently the number of reactions,

strongly decreasedhis reduction is based on the fact that isomeasateactions are
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much faster than the propagation reaction, and enéghe re-partitioning between
isomers can be calculated independently [11] asictp in Figure 2-5. Two
indistinguishable lumped species are used: “rasligdbrmed in the initiation reaction),

and “alkanes” (formed in the decomposition reacjon

The second type of reduction used islthenping of Reactionsvhere all reactions of
a given type are lumped together, so that the efzthe mechanism is drastically
reduced, with loss of molecular weight distributibnt preservation of distribution

between the families of products such as alkaaésehes.

The rate of lumped reaction needs to be equalestim of the rates of every detailed
reaction in order to maintain equivalence. A sumnarlumped rates is compiled in
Table 2-2. In summary, the entire kinetic reduceechanism includes 119 reactions
(Table 2-3).

Reaction Lumped Rate Constant
[nitiation K-L;={# C-C homolysis)* K-
H-transfer K-Lgt=n%K(s.s). (Table.1}
Decomposition K-Lp =K-5* (1/n)
Termination “ps+u+" K-Lt =K-t* (n+1)/(2%*n)
Termmation “f=+ P~ K-Lt =K-t* (nt1)/(2*n)
Termination “Pe+ pe~ KL=kt
n: number of pe radicals

Table 2-2. Summary of lumped rate constant.

Free-radical mechanism of nC, Hy;
Reaction Detailed| Reduced
[nitiation 7 1
H-transfer 336 13
Decomposition 78 78
Termination “ps+ps” 28 1
Termination “fe+ fe” 134 13
Termination “fe+ pe~ 336 13
[somerisation g0 0
Total 099 119

Table 2-3. Summary of detailed and reduced frekeed mechanism of nGH3o
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2.6.Validation of the Kinetic Mechanisms for nG4H 3o, NC16H34 and NnCysHs, with

experimental published data.

In this Section, a comparison of the conversiom©@f;Hzo, NCieHz4 and NGsHs; is
carried out, between the simulated results obtafrad the Lumped Kinetic Models
and the experimental results reported by Song.€t8b4) [13], Jackson et al. (1995)
[14], and Behar et al.(1996) [15] respectively. te case of nGHso, a further
comparison has been carried out, taking into adctha simulated results obtained

from the Detailed Kinetic Model.

2.6.1. Validation of the Reduced Kinetic Model of n-Tetradecane (NCy4H30)

In order to validate the developed model for theolygis of n-tetradecane at low
conversion, the results obtained in this chapter esmpared with corresponding
experimental pyrolysis data published by Song e{1894) [13]. This experiment was
conducted at 450 °C for 6-480 min, under an inpii@ssure of 0.69 MPa of ultra-high-
purity (UHP) N in 25 ml of an agitated, batch micro-reactor (miautoclave) using a
5 ml sample. An initial heating period of 6 minsit@as required before the reaction
temperature was reached, and based on the temgenatofile published in the
literature, the temperature ramp necessary to stmulhe whole experiment was
correlated.

As shown in Figure 2-6, very good agreement wasesed between the detailed,
developed thermal cracking model of a3y and the experimental data published by
Song et al. (1994) [13], with an average error (%3 A conversion of 0.5% of
nCy4Hzp at 427°C was obtained at 3.43 minutes with theetated ramp, and 4.5%
conversion at 450°C (at 6.03 minutes). In comparighe experimental data [13]

reported a conversion of 3.98% at 450°C (at 6 nesiut

It is important to note that no adjustments of &myd were made to the kinetic
parameters, and that the simulated results presdraee been derived using only the

kinetic data-set shown in Table 2-1.
It should be recalled that the good agreement legtvilee developed model and the

experimental data is due to the fact that the formse based on the molecular

phenomenology of the thermal cracking mechanisrawever, it is important to bear in
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mind that at this stage the model caters onlyHergrimary mechanism, and requires to
be further developed to cover the secondary chaattion mechanism in order to
reliably represent the whole conversion, and morecipely the evolution of the

concentration of the decomposition products.

c—g 100 T Reduced —0
E g0+

= I .

S 807 Detailed

< 70 1

H L

Q 60

S 50+

5 I

c 40 [

.g 30 @® Experimental data: n-C14
E 20 - — Detailed Model for n-C14
g 10 —— Reduced Model for n-C14
o 0

0O 80 160 240 320 400 480

Time / min
Figure 2-6. Comparison of the reduced thermal dguusition model developed
for nC4H3p, and the thermal decomposition experiments of Szingl. (1994)

[13], until 100% conversion

Regarding theeducedmodeldeveloped for thermal cracking of n3, very good
agreement was also found (preserving the physiednmng of the thermal cracking)
with the experimental data of Song et al. [13]}vah average error of 5.4%, compared

with an average error of 3% for the developethiled model(Figure 2-6).

It is important to point out that it is valid toaislumped mechanistic kinetic model
for extrapolated predictions in a wide range of ggemature, because it is based on
physico-chemical phenomena and also that this miog®lbeen neither optimized nor
adjusted.

Moreover, the pyrolysis model developed in thissthenot only yield information on
the conversion of the reactant, but also give mftion of the production of pyrolysis
products, during the thermal cracking of the reastawhich have to be approach very

carefully, since in this work only a primary meclsan has been developed.
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Because of the excellent agreement between thelogeebeReducedand Detailed
Models,only theLumped Kinetic Modebf n-hexadecane (ngHss) and n-Pentacosane
(nCzsHs,) were developed, without the need to develop spordingDetailed Models

Thus, in the case of ngHs4 and nGsHs, a comparison of its conversion was carried
out between théumped Kinetic Modehnd the corresponding experimental data from
Jackson et al. (1995) [14] and Behar and et al@LPI%b] respectively.

2.6.2. Validation of the Reduced Kinetic Model of n-Hexadecane (NCygH34)

The directly develope®Reduced Kinetic Modealdf nCygHs4 features 152 reactions: 1
initiation reaction; 1 H-transfer feeding reactipnk4 H-transfer reactions; 105
decomposition reactions; 1 “pe+pe” termination f@aT 15 “peBe” termination
reactions; and 15+ Be” termination reactions. The whole mechanism bas
different species: 16 alkanes formed, 14 alkenemdd, 16 intermediate species

(radicals), 17 final products, and 2 lumped specraslicals” and “alkane”.

Regarding the validation for ngHss, results were compared for the reduced model
with the experimental results published by Jacksioal. (1995) [14], who used a gold
(Au) bag reaction vessel in their study. Afterdoay 70 g of hexadecane solutiory N
was applied initially to remove reactive gaseshsag Q, and then pressurized until the

N> gas in the headspace was expelled, leaving oalh¢itadecane solution.
Good agreement was obtained for the conversioiCaHz, (Figure 2-7)with the two

isothermal experiments at 370°C and 353°C, withlative average error of 17.9% and

17.4% respectively.
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Figure 2-7. Validation of the reduced thermal deposition model developed for

nCigHs4, and the thermal decomposition experiments ofslaclet al.(1995) [14].

Another important aspect of the validation is thekl of information on the accuracy
of the literature experimental data which entaitsimportant error, highlighting the
need for developing and undertaking specific expents which will provide reliable
data for which the analytical accuracy is known.

2.6.3. Validation of the Reduced Kinetic Model of n-Pentacosane (nCxsHsy)

The directly develope®educed Kinetic Modeaf n-pentacosane (RéHs,), has 350
reactions: 1 initiation reaction; 1 H-transfer fegfdreaction; 23 H-transfer reactions;
276 decomposition reactions; 1 “pe+pe” terminati@action; 24 “pePe” termination
reactions; and 24p%+ B¢’ termination reactions. The whole mechanism hai
different species: 25 alkanes formed; 23 alkenesdd; 25 intermediate species
(radicals), 26 final products, and 2 lumped specraslicals” and “alkane”.

Lastly, we have validated the results of the reduaeveloped model for
n-pentacosane (n€Hsy) with the experimental data published by Behar andal.
(1996) [15]. In this publication, a gold (Au) réi@n tube was used
(40mm*5mm*0.1mm) under an Argon atmosphere, comgibbetween 50 and 100 mg
of nCsHs,. For the comparisons, an average value of 75 mCgiHs, was assumed
(or 0.96 ml), equivalent to 99.15% sp&nd 0.85%(molar) of Ar.
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As can be observed in Figure 2-8, very good agraeemvas obtained between the
conversion of ngsHs, with the two isothermal experiments at 375 °C 464 °C, with
a relative error average of 6.7% and 7.0% respagtcompared to the results obtained
by Behar et al. (1996) [15].

As a global conclusion, the developledmped Mechanistic Kinetic Mod&r every
hydrocarbon preserves the physical meaning of thakeoracking in a wide range of
temperatures, as was the case with4Hgy, NCeHsz4 and nGsHs,, without any previous
optimization or adjustments made. And similarlyyywwgood agreement was achieved in

the three cases studied, even when using the gedfReduced Model

Whilst the mechanisti&inetic Reduced Modélas proved reliable in the case of long
chain hydrocarbons, such as s, NGeHss and nGsHs,, it would be interesting,
nevertheless to undertake validation of longerrchgdrocarbons, such as f8s. and
NCsoH122, for which lumped mechanistic kinetic model hagrbeleveloped in this

thesis. This subject may therefore be examinedutusie work.
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Figure 2-8. Validation of the reduced thermal deposition model developed for

nCysHs,, and the thermal decomposition experiments of Behal.(1996) [15].
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Final Mixtare of

Single Component heavy n-alkanes

nCy4Hsg C14+CytC201Co5+.. . +Cyyp

Detailed|Reduced Reduced
Reactants 1 1 15
Reactions 099 119 7055
Species 96 57 336
Molecules 41 43 242
Radicals 55 14 94

Table 2-4. Summary of size of the mechanistidikgxmodels developed.

Finally, a reduced mechanistic kinetic modelas developed for each n-alkane
hydrocarbon in the mixture comprising: A83o, NCieHz4, NGoH42, NGsHs2, NGeoHe2,
NCgsH72, NCyoHgz, NCGisHoz, NGsoHi02, NGssHiiz NGeoHizor NGesHizz, N GoHuao,
NCzsHisp, NGeoHis2  This model of the final mixture of n-alkanes @acts for: 15
reactants; 7055 reactions; 336 species; 242 masgcahd 94 radicals (Table 2-4).

2.7.Preliminary modelling of thermal cracking of heavy alkanes at GC (P&T)
conditions
This model has been used at specific conditiorteraperature, pressure, volume and
concentration of the heavy hydrocarbon mixture he tarrier gas (He) of a gas
chromatographic column, in order to obtain a bettaderstanding of its thermal

cracking behaviour and stability.

As described in the previous sections, thermalkongcdecomposition is a function of
temperature and residence time. Therefore, inrdodebtain a more precise knowledge
of the behaviour of n-alkane samples (i.e14@Cs, NG5 Mixtures) as a function of
temperature and time, several simulations were matlevarious isothermal
temperatures, examining the exposure-time limitsl @mperature at which n-alkanes

start to crack at GC conditions.
Using a column with the following dimensions: lemgt 30m, internal diameter =

0.25mm, stationary phase thickness = 0.5um, theyeaoumn volume is 1.46 cinfor

which a system pressure of 2 bars was assumed.
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2.7.1. Preliminary Modelling of nC4Hsg, at constant temperatures
The concentration of n-alkanes sample diluted lluheat the moment of injection in
the inlet varies with the level of G8lilution applied, the flow of carrier gas (helium)
and the split-ratio used with the capillary columive have therefore studied the
conversion of ngyHg, at two concentration levels, of 4% and 46% of samplhelium,
in order to analyze the influence of the conceittnabf the sample on the rate of
thermal decomposition.

Figure 2-9 shows that for ngHs,, at a lower concentration of 4% molar in helium, a
350 °C and 360 °C, the thermal cracking startssatng and 15 min respectively, at a
very low rate. However, at 370 °C, 380 °C and 2400the residence times necessary to
initiate thermal decomposition are only 7.5 mir¥, B1in and 0.9 min respectively, with
corresponding times of 50 min, 23 min and 6 minpeesively for achieving 1%

conversion.

Conversion of n-C40 / %molar

Time / min

Figure 2-9. Thermal cracking of ngHs, at 5 constant temperatures. Column:

(30m*0.25mm*0.5um). (Molar concentration: 4#ohelium).
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Conversion of n-C40 / %molar

0 5 10 15 20 25 30
Time / min

Figure 2-10. Thermal cracking of ngHs.at 9 constant temperatures. Column:

(30m*0.25mm*0.5um). (Molar concentration: 46fthelium).

At temperatures of 420°C, 430°C, 440°C and 450%r#sidence times required to
trigger thermal degradation of gElg, at 4% molar concentration in helium , fall to less
than 1 min, namely 16 s, 9 s, 5 s and 3 s resggtivAnd after exposure of 5 minutes
to these temperatures the corresponding levelsenimal degradation increase to 3.5%,
6.3%, 11%, and 19.5% molar.
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nC 4 Hgs (n-Tetracontane )
Temperature 4% in Helium 46% in Helium
(°C) time %o degradation | fime[=] min | % degradation
350 35min 0.24 23min 0.22
15mi 0.24 12mi 0.22
360 = s
115min 1 7 8min 1
370 7.5min 0.24 3.8min 0.22
50min 1 32min 1
3.7min 0.24 2min 0.22
380 23min 1 15min 1
33sec 0.24 26sec 0.22
400
Gmin 1 Smin 15
420 lﬁslec 0.24 ?5elc 022
Smin 3.5 Smin 6
Osec 0.24 4sec 0.22
430
Smin 6.3 Smin 11
Ssec 0.24 2sec 022
4410
Smin 11 Smin 20
450 35&}: 0.24 lselc 0.22
Smin 19.5 Smin 335

Table 2-5. Residence times and corresponding %ntalkedecomposition of ng

(Tetracontane) under 9 isothermal temperaturegl%at& 46% (molar) in helium.

Figure 2-10 shows the predictions for ads, at 46% molar concentration in helium,
where the predicted initiation times for thermagelation are only 23 min at 350°C
and 12 min at 360°C, but at very low rates. Indgase of 370°C, 380°C and 400°C, the
necessary residence times are 3.8 min, 2 min athdmin respectively, to trigger
thermal decomposition of ngHs,, achieving 1% molar degradation at 32 min, 15 min
and 5 min. Increasing the temperatures furtheg20°C, 430°C, 440°C and 450°C,
residence times of less than one minute are seiffido initiate degradation of p§Hs;
7s,3.8s,2sand 1.2 s respectively, with cpoeding thermal degradation levels after

5 minutes exposure of 6%, 11%, 20%, and 33.5% molar
Table 2-5summarizes residence times, and the correspondirgemtage of thermal

decomposition of ngg, for 4% and 46% molar concentrations in heliun,eigposure at

9 isothermal temperatures.

25



2.7.2. Preliminary modelling of heavy n-alkanes mixtures using a temperature
ramp
The thermal stability of three long-chain hydro@arbmixtures (equimolar, light, and
heavy) at 46% molar dilution in helium, has beendeted at 2 bars and for a
temperature programmed analysisiifd=10 °C, ramp=15C/min, ffa= 425 °C).
Compositional details of each of the mixtures d&@ in Table 2-6.

% molar of Heavy Hydrocarbon Mixtures
Heavy HC | Equimolar | Heavy | Light
nC,4Hsp 14 29 204 26.53
nC gHsy 14.29 6.12 22.45
nCopHyn 14.29 10.2 1837
nC,sHs» 1429 14 20 1429
nC3gHgo 14 29 1837 102
nCssHo 14.29 22.45 6.12
nCyoHg- 14.29 26.53 2.04

Table 2-6. Molar compositions of synthetic heawlkanes mixtures: (nGHso -

nCaoHgo) for modeling.

Initially only the conversion of the heaviest amghtest hydrocarbons; ngHs, and
nCy4H3p respectively, were studied as a function of expwgime in the above three
mixtures comprising seven n-alkanes in the rangén6f,;Hso- NCyoHgo) at the given

temperature program described above.

Figure 2-11 shows that the first heavy hydrocartmthermally crack is ngHs,, but
requiring less time to crack in a heavy mixturentiman equimolar and a light mixture,
and the last hydrocarbon to crack in the same mastis nG4H3p as expectedyecause
of the greater number of moles in the heavy mixtitence at a given conversion,
NCyoHs2 Will crack first in the heavy mixture, then in tegquimolar mixture and finally
in the light mixture, since the rate of thermalokiag of the whole mechanism is
related proportionally to the square root of com@ion of reactant by the following
equation [11]:
k 1/2
Fona = 1o X[H'1= kg (k—] xy/uH

Equation 2-1
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Conversely, ngHso in the heavy mixture is the hydrocarbon which salengest to
crack due to having the greatest rate of produdiyonCyoHs, which acts as a buffer to

the rate of decomposition.

f_g 1.5 T
= - —8—C14 (Heavy)
K 1.3+ —cC40 (Heavy)
- - —8—C14 (Equi)
Q & =—C40 (Equi)
1.0
S - —8—C14 (Light)
=< [ ——C40 (Light)
© 08 T
c C
© 05 ¢ C40
S (Heavy g p Cla
P 03 Mlxture) g
m -
> L
S 0.0
©) 24 24.5 25 25.5 26 26.5 27 27.5 28 28.5

Time / min

Figure 2-11. Thermal cracking conversion ofipizo & nCyoHsg; in three heavy n-

alkanes mixtures (light, Equimolar, heavy) dissdla¢46% molar in He.

Secondly, the effect of the molar concentratiom@fum in three mixtures composed
this time of fifteen n-alkanes in the range of: {#Go - NGsoH1e2), IS studied as a
function of the cracking time at 0.1% molar of cersion at the aforementioned
temperature program. Compositional details of eddhe mixtures are shown in Table
2-7.

Figure 2-12 shows, as expected that the greateraiheentration of sample in He, the
lower is the cracking time required in all of th@ses studied. It should be noted that
nCy4H3pis not shown in this figure, since its rate of daposition is far exceeded by its
rate of production from partial decomposition ot theaviest hydrocarbons of the

mixture: NGoH162.

Thus, in the case of ngHs,it is evident that the same behavior is occurrimg;since
nCigHs4 is also producing nfgHsp its decomposition rate is greater than in the cdse
nCi4H30, presenting the longer time to crack among thékares in the mixture, in all

the concentration of sample in He.
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%o molar of Heavy Hyvdrocarbon Mixtures
Heavy HC |Equimolar| Heavy | Light
nC,4Hs; 9.09 0.83 17.36
nCygHss 9.09 248 15.70
nC,pHas 9.09 4.13 14.05
nC,sHss 9.09 5.79 12.40
nC3pHes 9.09 7.44 10.74
nCssH+; 9.09 9.09 9.09
nCyoHzs 9.09 10.74 744
nCsoH1p2 9.09 12.40 579
nCgoH;22 9.09 14.05 413
nC-oH; 40 9.09 15.70 248
nCgoHg2 9.09 17.36 0.83

Table 2-7. Molar compositions of synthetic heawlkanes mixtures: (nGHso -

NCgoH162) for modelling.

—o—C16 (Light)

——C80 (Light)
210 § —&o—C16 (Heavy)
- L ——C80 (Heavy)
= ©—C16 (Equi)
<
£ 265 : C80 (Equi)
o :
€ 26.0 |
= :
m -
o _
S 25.5 ¢ 8
(&S] N
© :
O 250 \¥
245 ey

4 20 36 52 68 8 100
Dilution Sample /% Molar in He

Figure 2-12. Thermal cracking of r§ nCsy & nCg in three heavy n-alkanes

mixtures (light, Equimolar, heavy) at 46% molaHe.

On the contrary, in the case of 438162 it is possible to discern that the ascending
order of cracking time is guided by the number afles in the mixture, as explained
earlier, so that ngHis, will crack first in a heavy mixture, then in the udopolar
mixture; and finally in the light mixture, since pooduction of the heavier hydrocarbon

is expected to take place.
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2.8.Preliminary calculation of the minimum Single Garbon Number (SCN) at
possible risk of thermal cracking at GC (P&T) condtions

In order to determine the lightest hydrocarbonisk to crack inside a GC column, a
new approach is introduced and proposed in thisishbased on the calculation of the
intercept between the retention time curve of raa#ls standard mixtures [pH22-
NCzsHisg in an HT5 column and some low iso-conversion $9.11% and 7%) curves
describing the minimal time required to trigger thermal decomposition in the same
range of SCN. To that end, the developed pyrolysisiel was applied to the n-alkanes
above mentioned iaquimolar mixtures at three different dilutionsHie, of 4% and

95% molar.

According to Figure 2-13, for the whole range ofalkanes, the greater the
concentration of sample in Helium, the lower theobysis time required at a given
conversion, as depicted for all the iso-conversiomves at 95% molar in Helium

relative to the ones at 4% molar in Helium.

As far as the iso-conversion curves are concetthedgyreater the conversion of any of
the n-alkanes studied, the greater the exposueerauired. Hence, a lower pyrolysis
time is obtained when the molar conversion of Oid%chieved, and a greater residence

times are required at the molar conversion of 78&xpected.

The intercept between the pyrolysis iso-conversind the GC retention time curves
represents the minimum n-alkane which will thermaliack before eluting from the
GC column. Therefore, ngH0> reaches a molar conversion of 0.1% before elutieg

GC column, in the studied conditions.

Almost at about the same time (with a differenceexdfonds) all the heavier n-alkanes
than nGeHip2 reach the same pyrolysis conversion at 25 minated 380°C(in
agreement with Schwartz et al.(1987) [1] , but rtlresidence times inside the GC
column are much longer, allowing them to reach tgrepyrolysis conversion before
eluting, as in the case of REl146 Whose elution time is 34 minutes, and therefore ca
thermally decompose at 7% of molar conversion leeébuting the GC column.
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Figure 2-13. Retention time vs Cracking time afuaction of single carbon
number (SCN), for preliminary determination of thmenimum SCN at risk to

thermal crack in a GC column.

As a global conclusion, in the studied case, théronacking at 0.1 % of molar
conversion occurs inside the GC column, at a cdnagon of 95% of sample in
Helium for all the heavy n-alkanes greater thamoHg, and at a concentration of 4%

of sample in Helium, from n§sH1o4.

In the case of 1% molar conversion, the thermatking occurs from ngHi.. and
nCs7/H116 at @ concentration of 95% and 4% of sample in utelrespectively, before

eluting the GC column.

2.9.Conclusions

This thesis provides a first insight into the liatibns in the practice of high
temperature gas chromatography (HTGC), regardirg diution in carrier gas,
residence time and maximal temperature conditiamsaf given sample, based on a

developed mechanistic kinetic thermal cracking nhoclevering the range of n-alkanes
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hydrocarbons: nGHso, NCigHzsa, NCGoHaz, NCsHsz, NGgoHez, NGgsHzz, NCyoHsy,
NCysHgz, NGsoH102, NGssH112, NCeoH122, NCssH 132, NCroH142, NGrsH 152, NCeoH 162

A new approach for determining the minimum SCN wgdimng pyrolysis inside the
GC column has been introduced, based on the ipteafethe thermal cracking and
residence time curves, showing that for the casediexl in this chapter, the heavy
hydrocarbons greater than 4@ Cs, will crack before eluting from an HT5 column, in
a mixture containing up toggHis2 at 0.1% of conversion, and from g Cs; at 1% of
conversion. It should be noted that these redudige been obtained only for the
studied conditions presented throughout the chaptef further studies will be required
in order to obtain a better understanding on thatdtion of HTGC practice in the

analysis of heavy ends hydrocarbons.

Thus, future work on this subject may focus on éxeerimental validation of the
pyrolysis model for heavy n-alkanes greater thansis;. the modeling of the Gas
chromatography migration and separation; and fjraitoupled model (Pyrolysis + GC

migration) and its respective GC validation.
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CHAPTER 3 — MIGRATION & SEPARATION GAS
CHROMATOGRAPHY MODELLING

3.1.Introduction

Reservoir fluid characterization by high-temperatgas chromatography (HTGC)
extends the range of single carbon number (SCN)pgdn oil analyses by temperature
programming up to 450°C. However, the reliabilifytéT GC analyses is questionable
for two main reasons: possible pyrolysis of thedtgd oil inside the GC column which
could induce over-estimation of light and internadifractions; and secondly, possible

incomplete elution of heavy fractions, which inrtwould induce under-estimation.

The former, has been treated in CHAPTER 2 —[1]ictvliocused on predicting the
pyrolysis temperature of n-alkanes (@ds0-nCgoH162) at GC conditions. The latter is
the focus of this chapter which introduces a gasoroatography migration and
separation model for the n-alkane range-hige—nGCsz2H126 in an HTS column, using as
main input the in-house distribution factors dedieom isothermal GC retention time

measurements.

On the basis of the developed model, the concémtraind velocity of the above n-
alkanes were determined at every point and timautgitout the GC column, for typical

temperature-programmed analyses.

Retention times were then predicted, and validagminst experimental values, with
an overall relative error within 2%. This chaptéreg an insight into the components’
behaviour throughout the GC column, allowing pratiany assessment of elution, by
proposing a new approach for determining the noofirplete elution of every
component by introducing: the degree of elutiorfindel as the amount of component
which has been eluted in relation to the amourdcigid. Thus, the degree of elution of
each of the heavy n-alkanes studied in this chagtet;,H.c—nGCsoHi26) has been

calculated for a typical temperature programmed.
This new approach can be applied, in order torgete the analytical conditions

required for ensuring maximum elution of a giveim@mnent, with the possibility of

improving the practice of HTGC by optimizing thgaeation process.
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3.2.Basic approach and terms in gas chromatography

Capillary gas chromatography is a well-establishied¢hnique for separating
constituent components in a mixture between twosesiaa gaseous “mobile phase”
assumed to behave ideally in most GC applicatid®]s 4nd a “stationary phase”
consisting of a liquid bonded to, and distributad tbe interior surface of the open
tubular column. The mobile phase transports theturéx downstream within the
column, while each component re-equilibrates betwtde two phases, after every
displacement at a given temperature and pressiwe differences in the components’

partitioning ratios thus permit their separation.

When the separate analytes elute from the columeombination with the mobile
phase, the mixture passes through a detector @gner flame-ionization detector
(FID)) generating a response which indicates thesgmce of the solute. The FID
response to each solute should be ideally propwtido the solute amount or
concentration, which is normally the case for hydirbons.

Ideally the chromatograms (plot of detector sigsélpuld represent each solute as a
vertical line, but as it migrates along the coluihimstead occupies a zone (or band)
whose width gradually increases with time due ®dlspersion of the component in the

mobile and stationary phases.

Blumberg [3] has well explained two important apgroes that will be used in the
next section of this document: the solute zonechvisbrresponds to the space occupied
by a solute migrating in a column; and the solwalkp which corresponds to the time

that the solute zone will take for eluting from tdwumn.

Ideally, using the probability theory, a soluteeicted very sharply (as a delta
function), under the action of molecular diffusiomjgrates in accordance with the
random walk model, which states that at every tiateg, each particle will travel the

same space-step, either forward or backward wittalggyobability.

Then, at the limit of many steps, using the Cenliabit Theorem the probable
location of each particle approaches a normal idigion. Thus, the distribution of
molecules along the column may be represented Bawassian zone (particles/ unit
length) which elutes from the column as a nearlyssean peak (particles/unit time).
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Therefore, the width of the solute zone and sgbetak may be described by its standard

deviations measured in units of length and timspeetively.

The specific moles profile (particles/unit lengtf8-4] for every analyte can be
obtained from the Gaussian distribution of the wieal through the column [5-6]
(probability density function [particles/unit lemd} and, yielding at (t=0) the Equation
3-1:

N(x,t,)

Molar Distribution =

(x - xo)z]

exp [— 552

o-V2n

Equation 3-1

Here, o corresponds to the standard deviation (in spadts)uaf the amount of
component throughout the GC columnp, corresponds to the centroid of its Gaussian
distribution and x corresponds to the positionhef tomponent’s dispersal around the
centroid %

Since the analytes initially present in the mixtinjected into the GC column will not
only diffuse but travel at the flow velocity of tlearrier gas by advection throughout the
column, the concentration profile of the analytesl wary with time and space
according to the convection/diffusion conservat@inmass equation, explained in the

following section.

3.3.Mass balance (Diffusion-Convection) Equation iGas Chromatography
Zone broadening under time-variant and non-unifoomditions (coordinate dependent:
such as the density gradient of the carrier gasezhiy the pressure drop), which
change from the inlet to the outlet of the coluran be described by a one-dimensional
convective-diffusion mass-balance equation, aftex Taylor [7] reduction of the
cylindrical co-ordinate, mass-conserving equation golute migrating in a capillary
tube. [6] As such, the resulting equation is agtile to either isothermal or temperature

programmed gas chromatography.

This approach was developed by Golay [4], taking iaccount the presence of a
retentive layer, and became the most widely use@temn in the theoretical analysis of
chromatography in a non-uniform time-invariant nenedium. The non-uniformity in

a chromatographic medium was considered a few \le#aes by Giddings [8-11] by
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dividing a column into small, equal segments, assuueing that the local conditions
within each approach uniformity. They are then espnted with any required precision
when the number of segments becomes sufficienttelgd]. The mass balance of the
solute[2-3] in an infinitely thin slice of colums described by Equation 3-2.

Here, Ns(x,t) and Ny(x,t) correspond to the moles per unit lengthhie gas phase and

stationary phase respectively.

aNG(X, t)
ot

aNG(X, t) aNs(X, t)
0x l B

9 0
= —&[NG(X,t) ‘um(x, t)] +&ID(X' £ ot

Convection Diffusion Absorption

D represent the dispersion coefficient (assumeoktof physical interest only in the
x-direction [4]) which represents all factors caugsidispersion in a zone [12] (See
Equation 3-7); andy is the velocity of migration of the carrier gaséEquation 3-16).

The Absorption term, which describes the changé withe of the moles in the
stationary phase, can be expressed in terms ahties in the gas phase by using the
retention factor (ratio of moles of solute in that®nary phase to moles in the mobile

phase), as follow:

aNs(X, t) _ kaNG(X, t)
ot ot
Therefore, by substituting the above expressidiolasy

Mo 0 9 ONg (x, NG (x,
PR NaCs) 9] + 5 D) - 0| TR
ONg(x, F] P AN (x
1+ k)Ga—(tXt) = — NG, 8) - o (V)] +&[D(X, 9 %_(;t)

By rearranging, we obtain:

aNG(X,t) 0
T _&lNG(X;t) .

vm(x,t) 0 | D(x,t) ONg(x,t)
aA+K +&l(1+k)' 7x

Where, "1/(1+k)" represents the frontal ratio aaction of molecules in the mobile

phase to those in the stationary phase, aggdand Qi represent the effective cross-
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sectional average velocity and dispersion coefiiciebtained after multiplying the

original values ofyy and D by "1/(1+k)".

_uu(xt)
Ueff(X, t) - (1 + k)
And
D(x,t)
Deff(X, t) = (1 + k)

Finally, by substituting the above expression, imalfy obtain :

aNG(X, t) _

a a aN (X, t)
FT [Ng(%,1) - vegr(x, )] + E Der(x, 1) - —=—

0x
Equation 3-2

The separation is assumed to be linear, i.e., iffiestvity and velocity of the solute
are independent of concentration [13]. Another egngence of the linearity assumption
is the possibility of treating individually, eactoraponent of a complex mixture,

enabling its migration to be studied separatel$] [1

Although both the velocity of the analyte and itspa&rsion at each specific location
are functions of the coordinate of the locatiom, distance travelledis insufficient for
prediction purposes as the mass balance will natdpeservative. Therefore a general
theory of chromatography in a non-uniform, timetaat medium has been introduced,
based on a more general equation of convectivadgidh in a one-dimensional medium.
[5, 13]

The relationship of band broadening to the kinetafs mass transfer in gas
chromatography, has been described and validategen tubular columns by Golay
[4], who expressed the column plate height (H(>ag)a spatial rate of dispersion of a
zone (Equation 3-3), and the apparent diffusivityad a representation of the zones’

temporal dispersion rate. (Equation 3-4).

do?
K = H(x,t)

Equation 3-3
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do?

—r = HE& D vm&x ) = 2-D(x 1)

Equation 3-4

Thus, Golay [4] derived an exact equation to relle band broadening and the
kinetics of mass transfer in gas chromatographypan tubular columns with a smooth

retentive coating, in very good agreement with expental results.

. Du(x,t)
H(x,t) =2- )
1+6-k(T@®)+11-k(T®)? 1,2
+ ou(x0) {[ 24 [L+ k(T(O)2  Du(x0)

+[ 2-k(T(®) . w? l}
3-[1+k(T®)]* Ds(x,t)

Equation 3-5

Golay [4], compared his chromatographic expressana column plate height of
circular cross-section and for coated tubular colsinfEquation 3-5), with the van
Deemter equation of the HETP (Height Equivalentatdheoretical Plate) of packed
columns (Equation 3-6). The Eddy-diffusion termwhich represents the diffusion
caused by the multiple paths taken by the carearfipwing through a packed column

is eliminated, there being but a single flow-papti@n in a coated tubular column.

H(x,t) =A+ + C-vuy(x,t)

vy (x, t)

Equation 3-6

The first term corresponds to the B term in the B&emter equation (Equation 3-6),
which represents the static longitudinal diffusichg second term related toyD
(Diffusivity in the mobile phase)is absent in thenvDeemter equation (Equation 3-6),
and represents the dynamic diffusion of the samatet the last term, related to Ds

represents the mass transfer, and corresponds © térm.

Golay [4] called this term the “hysteresis diffusicof the sample, representing the
diffusion of the sample between the gas-liquidriiatee and within the liquid phase. [4]
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Therefore, by virtue of (Equation 3-4 and Equat®B) it is possible to derive the
local dispersion term (Equation 3-7)which dependghe static longitudinal diffusion,
the dynamic diffusion and the diffusion by forwangass transfer in the stationary

phase:

D(x,t) = Dy(x,t)

N vy (x,t)? {[1 +6-k(T()) + 11 - k(T(t))? . 1,2
2 24 [1+ k(T(®))]? Dy (x,t)

N 2-k(T®)  w?
[3 (14 k(T®))]? Ds(x, t)l}
Equation 3-7

In summary, the gas chromatographic migration sehration of a sharply injected
sample can be described by the diffusion-conveatiass balance equation (Equation
3-2). The variables required are: the effectivdudibn and effective velocity of the

sample, and the column specification.

3.4.1terative Retention Time Prediction by Convectre Migration Only
The use of discretization methods for calculatifg tretention times has been
introduced by Snijders. [14] In his approach tiféudion effects are considered to be
negligible in determining the peak position, enadliit to be described only by

convection. [15]

The convection can be expressed by the effectil@cig of the analyte in the carrier
gas (Equation 3-18), which leads to:

Ni,M _ Uy (x) t)
RS PN 710)
B

dx
Verri(x,t) = T vy (x,t) -
Equation 3-8
Then, discretization of the velocity into finitene-steps leads to (Equation 3-9) ,which

can be used to track the average position of tladysmnat every time step, and hence

prediction of the retention time of the analyte entt reaches the column outlet.[14]

39



vy (x;, t;) .
1+Ki(Tﬁ(ti))

Xiy1 =X +

Equation 3-9

3.5.Time & Coordinate-Dependent Parameters in GC Qaulations

The application and solution of the transient diffun-convection mass balance
(Equation 3-2) for temperature-programmed gas chtography require that all the
parameters involved previously should be expresaseda function of time and

coordinate[16] The calculation of these parameters is treateéte following section.

In all of the simulations carried out, each of fa@ameters has been related to the two

main dependent variables, time and x-coordinate.

3.5.1. Coordinate-dependent pressure
By virtue of Boyle’s Law the average carrier gaswflvelocity under steady state
(constant mass flow of carrier gas through anyssestion of the column at any given

time interval), can be expressed as:

P(x=0) vy(x=0,t) = P(0) -vy(0,t) = P(x) - vy(x,t)
Equation 3-10

The steady-state motion of the carrier gas in t@pilgas chromatography is
described by the differential form of the Hagen-seaille equation (left-hand part of
(Equation 3-11) [17-18]. It is obtained by relatiting carrier gas velocity at any position
in the column, to the pressure gradient at thantpdi9] by a proportional constant q.
Substituting the expression of velocity§ from (Equation 3-10) into the left-hand part
of (Equation 3-11), we obtain the right-hand pdr(Equation 3-11) which relates the
local pressure drop at position x, with the initialue of velocity and pressure:

dP(x) ~ P(0) - vy (0, 1)
Fa —q-vy(x,t)=—q- POx)

Equation 3-11
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Thus, the Hagen-Poiseuille equation can be appbiea differential element in gas
chromatography by the assumption of incompressitoli the gas in such an element at
position x, due to its extremely low pressure di].

By integrating (Equation 3-11), in the inlet andtleti position, with B and Ry
respectively and rearranging we obtain the expoas@tquation 3-12) which permits
calculation of pressure at any position in the gotu

2 X
P(x) = \/Pinz - (Pin2 _Poutz) Z

Equation 3-12

For the purpose of this thesis, an SGE HT5 columf2om has been used (Table
3-1). The profile of pressure drop with x-coordmditas been calculated assuming the
outlet pressure to be atmospheric and the inletspire has been set to be 119.6 £+ 0.5
kPa, in accordance with gas hold-up time measurtangifor methane.

SGE HT5 Column
Lengh 12 m
diameter 0.53 mim
film thickness 015 Lm

Table 3-1. Column Dimensions of the in-house HTGC

3.5.2. Time-dependent Temperature
For a temperature programmed analysis, EquatioB 8eiscribes the temperature
ramp followed by the GC oven.
T(t) =To + rampT - At
Equation 3-13

This has been used for the purpose of the simualafwesented in this article, e.g. the

basic temperature program shown in Table 3-2.

41



[y
=

To (°C)
Hold at To (min)
ramp of T (°C/min)

Tmax (°C)
Hold at Tmax (min)

(=]

=t
Ln

e
[ ]
LA

Table 3-2. Temperature Programming

3.5.3. Viscosity of the carrier gas (ym)
The carrier gas viscosity can be assumed to bendepé only on temperature and

therefore independent of pressure as long as gecisénges caused by the pressure

drop are negligible.
The expression used in the case where the caagrsghelium, has been introduced

by Kestin [20] and simplified by Hawkes [21], gigithe viscosity in pPa-s.

This algorithm can be applied for temperatures ab@04 K (-169 °C), where
viscosity predictions for the HTGC temperature &spow a maximum deviation of

about 0.5%.
However, a correction can be made when using tpist&n in the range of (300-

700) K [21] The derived values from Equation 3-1dynibe optimized by multiplying a

correction factor,{0.995+(T-300)-2.5-10 to match experimental data within 0.1%.

[21]
_ 1f
n(T(t)) = 0.7840374 - T(t)2 5

f=1 PRy (8-1077)2
196

a = 13.65299 — Ln(T*)
T* = (T(t))/10.4

a= —0.126516
b = —1.230553
¢ = 2.171442
! {_2'Q+0.00635209-a2- —2a  3h 4 ]}
Ln(T*)3 Ln(T*)* Ln(T*)®

b

a
+ +

Ln(T*)?  Ln(T*)3® Ln(T*)*
Equation 3-14

E=1+—
+4-.(2
: ]

N =0.00635209 - a? - [1.04 +
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The carrier gas viscosity is a function of tempeamat which in turn is a function of
time when temperature programming is involved (€a®2). Figure 3-1 illustrates the
increase in viscosity of Helium with temperatured aherefore with time, using a
temperature ramp of 15 °C/min. Its viscosity inse=safrom 19.4-10Pa.s at 10 °C (at
time 0) reaching a maximum of 36.3:%Pa.s at the upper temperature limit of 425 °C
(27.67 min).

3.6

3.4F

3.2F

28

26

241

Viscosity of Helium / Pa*s

0 5 10 15 20 25 30 35 40
Time / min

Figure 3-1. Viscosity of Helium as a function ofi¢. (Temperature programming
(Table 3-2): (From 10°C to 425°C, ramp of temperatti5C/min).

3.5.4. Veocity of the mobile phase (V)
The proportionality constant q of (Equation 3-119r fcircular cross-section
columns[4] is:
8- n(T(1))
Q="
rO

Equation 3-15

Then by integrating Equation 3-11 from the inlethe outlet and using Boyle’s Law
(Equation 3-10) we obtain an expression descriltiregvelocity profile of the mobile
phase as a function of temperature, and therefbiten@; and also as a function of

pressure, and therefore of the x-coordinate posif®, 16-19]
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roz : (Pin2 - Poutz)
16 -n(T(@®) - L-P(x)

vy(x, t) =

Equation 3-16

Based on the data in Table 3-1, the pressure hats ¢eculated as a function of x-
coordinate for the 12 m, HT5 column; and similaHg viscosity has been expressed as
a function of temperature and hence time, using&ature programming (Table 3-2).

v_mit.x) (m/s)

A 07564

Velocity of Helium vs. time & x-coordinate 07s

-
o

: Hob{

X-coordimnate /m
w

o

(=]

0.45

Time /min

-— x 035

¥ 0.3401

Figure 3-2. Velocity of Mobile phase as a functiohtime and x-coordinate

(Temperature programming (Table 3-2): (From 10°C 4@5°C, ramp of
temperature:15C/min).

In relation to temperature, the maximum velocitytibé mobile phase (helium) is
found at the lowest values, and hence at the satimes in the temperature program
since the velocity is inversely proportional toviscosity, which in turn increases with
temperature (Equation 3-14).

In relation to the x-coordinate (i.e. distance &l#&ed in the column), maximum

velocity of the mobile phase is found at the highedue, at the column outlet, i.e., at. x

= L. This is because velocity is also inverselygmdional to the pressure (Equation
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3-16), and the pressure drop is at maximum at tiketoof the column, at atmospheric

pressure.

Thus, the velocity may vary from 0.35 m/s at thghleist temperature (latest time) and
the highest pressure (at the GC column inlet, hatefore the highest pressures) to 0.76
m/s at the lowest temperatures and lowest pressapgsoaching the column outlet, as
shown in Figure 3-3.

Therefore carrier gas velocity at the column imletreases as temperature increases
with analysis time, a consequence of which is thatrate of desorption of the heavier
components retained at the column inlet reducéseaanalysis proceeds.

3.5.5. Diffusion constant, mobile phase (Dy)
The diffusion constant in the mobile phase may akeutated from the empirical
method of Fuller, Schettler, and Giddings. [22]

. 1.75 _ ? 1 1
0.00100 - T(t) MW, + MW,

Dy (x,t) = Dyp(x, t) = P(x) - [(Tv)V3 + (Zvp)1/3]2

Equation 3-17

Here, MWa and MW are the molecular weight of the component in e, and
of the carrier gas respectively, ang andvg are the special atomic diffusion volumes
calculated as a sum of all the atomic diffusionunaés increments (reported by Fuller
et al. [22]) of the atoms involved in the molecwk interest. Thus, the greater the
number of carbon atoms, the greater is the valaarhic diffusion volume.

The variation of the diffusivity in helium of n-akes; nGHs, and nGoHi2,, has
been analyzed under the temperature program dedadnbrable 2-2.

According to Equation 3-17, the greater the tenipeea the greater is the diffusivity
of n-alkanes in helium; and conversely, the gre#terpressure, and the heavier the

n-alkane, the lower is the diffusivity in helium.
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Therefore, the highest values of diffusivities gpf the lightest n-alkanes, at the
highest temperatures (latest elution times) andawest pressures (approaching the GC

column outlet), as shown in Figure 3-4.

Thus, nGeH4, at 425 °C (time>27.67 min) and atmospheric press(@wvhen
approaching the GC column outlet) has the highéfusivity of 6.06-10° m?s;
whereas ngHi» has the lowest diffusivity value of 7.85:20n%/s at the lowest

temperature of 10 °C (initial time) and greatestssure, at the GC column inlet.

Nevertheless, temperature is the most influenéieldr in the diffusivity of n-alkanes
in He, as can be seen in Figure 3-4, where ataWwedt temperature of 10 °C there is
little evidence of variation of diffusivity with pssure and SCN (single carbon number)

groups, compared with higher temperatures.

Dm_c(t.C c.x) (m~2/s) -
Diffusivity of n-alkanes (SCN: 20-60) in Helium A 508300
60

x-coordinate /m

o
(-]

20

Time /min

20

‘J'_Lx 10

¥ 78525%10™°

Figure 3-3. Diffusivity of n-alkanes (SCN: 20-60) Helium (Temperature
programming (Table 3-2): (From 10°C to 425°C, rapfgemperature:15C/min).
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3.5.6. Diffusion constant, stationary phase (Ds)

The diffusion constant in the stationary phase igegy important parameter in gas
chromatography, even although there is no modedate, providing good accuracy for
all systems which include a liquid solvent [16].rFoat reason an approximate value is
calculated from its relationship with the diffusiconstant in the mobile phase [14] by
the following expression:

Dy (x,t)
Ds(o) =5 gor

Equation 3-18

Accordingly, the diffusivity of n-alkanes in the asbnary phase is directly
proportional to their diffusivity in helium, and d¢refore the same correlations apply

with temperature, the x-coordinate, and SCN.

The highest value of diffusivity in the stationaphase is 1.21-10 m%s and
corresponds to nfgHs, at 425°C (time > 27.67 min), and atmospheric ues

(approaching the GC column outlet).

Thus, the lowest value of diffusivity in the statisy phase is 1.57-16 m?s,
corresponding to nggHi., at the lowest temperature (at initial time), aneagest

pressure (approaching the GC column inlet).

3.5.7. Effective Velocity (Ves)

The effective velocity is an average of the fractiof sample which flows in the
mobile phase, equal to 1/(1+k), and moving at thleaity of the mobile phasa,, and
the fraction of sample which has been retained Hey dtationary phase with zero
velocity, equal to k /(1+k).

vy (x, t)

Verri (6, 8) = 1+k; (T()

Equation 3-19

The effective velocities of nigHs> and nGoHi2, have been analyzed under the

temperature program shown in Table 3-2.
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Effective Velocity of C;yH;; in mobile phase (He)

0.4

0l

—
¥ 4.4548x107
v_eff_clt.60.x,-26.7,-23324.3)

A 0.2075

Effective Velocity of C¢yHi12 in mobile phase (He) ks

Time /min

— K
¥ 3.5844%107%

Figure 3-4. Effective Velocity of ngHs, and nGoHi22in (He) ina 12m x 0.53mm
X 0.15um HT5 column. (Temperature programming @abR): (From 10°C to
425°C, ramp of temperature:15C/min).

Figure 3-5, clearly shows that the effective velpbias a low dependency on pressure
and therefore on the x-coordinate. This contrastth vits high dependency on
temperature, and therefore time, due to the reterfictor being a function only of
temperature (time). Consequently, its values agh ldompared with the values of
velocity of mobile phase, which are a function oftbpressure and temperature.
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Thus, temperature is the predominant influentialakde on a component’s effective
velocity in the mobile phase because of its poweafiect on retention factor.

The retention factor of a component determineseftective velocity, since the
fraction of the component moving at the velocitytiké mobile phase is given by the
former. Therefore, at a given temperature, the tgrethe retention factor of a
compound, the more strongly it will be retainedthe stationary phase, and therefore

the lower will be its fractions in mobile phase,kimg the effective velocity lower.

This explains why nggH,, achieves a higher effective velocity at a lowenperature

more quickly than nggHi2,, as shown ifrigure 3-4

3.5.8. Effective Diffusivity (Des)

In order to obtain the effective diffusivity (Equat 3-20), an analogous averaging
method is used as in the case previously explaioedVey. The effective diffusivity
corresponds to the fraction of sample which is tbum the mobile phase, equal to
1/(1+k), with a local dispersion D. The local disgpen takes into account its static
longitudinal diffusion, the dynamic diffusion andhet diffusion by mass transfer

forwards the stationary phases according to (Eqna#7):

D(x,t)

DefriCx,t) = 1+ ki (T()

Equation 3-20

The effective diffusivities of two n-alkanes: sf4, and nGeH122 have been analyzed

under the temperature program described in Talde 3-

As in the case of the effective velocity, Figuré,3hows that the effective diffusivity
exhibits a low dependency on pressure, and therefarthe x-coordinate, compared

with its high dependency on temperature and thezdfme.

Nevertheless, the local dispersi@h (Equation 3-7), is not the same for every
component, as is the case of the effective velpeityere the velocity of the mobile

phase is independent of the proportion of the campts flowing throughout the
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column. Rather, local dispersion takes into actolm diffusivity of every component
in both the mobile and stationary phases, resultingrge variations between different
components, depending on temperature, and hereation factor.

Similarly to the effective velocity, the effectiviispersion depends on the fraction of
component which dwells in the mobile phase "1/(1+&)nce this fraction is greater for
the lightest components at a given temperature, tthe effective dispersion will also be

greater.

A 6.4286%10°F
%107

Effective Dispersion of CapHyz 50

¥ 4.4147x1071
D_eff_cit.60,x,-26.7,-23324.3)

A 3.3287x10°
«10*

Effective Dispersion of CgyH;12

30

Time /min 5

¥ 6.8058x107°

Figure 3-5. Effective Dispersion of a4, and nGeHiz2 in (He) in a 12m x
0.53mm x 0.15um HT5 column.(Temperature programr(iiadple 3-2): (From
10°C to 425°C, ramp of temperature:15C/min).
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Thus, the heavier the component, the lower is fihetibn of component which dwells
in the mobile phase "1/(1+k)" at a given tempematwand the higher is the fractions
which dwells in the stationary phase " k /(1+k)'huB, the heavier components are
longer retained in the stationary phase, until thegch a minimum temperature at
which they start to be released from the statiopdugse. Therefore, the retention times
of the heavier components are greater than thosteofighter components. This,
explains why nggH12, takes longer to elute than sifds,, since a higher temperature is

required to release it from the stationary phase.

It is interesting to analysis that in spite of tfext that the effective dispersion
(D(x,t)/1+k)) reaches lower values at a given terapee for the heavier components
than for lighter components (see Figure 3-5), pgbaks of the heavier components are

broader than those of the lighter components.

The main reason of this lies in the fact that, ligleter components reach the column
outlet quicker than the heavier components thawkstst higher effective velocity,
therefore when nggHy, reach the GC outlet at 11.2 minutes, its effectiisgpersion
reach just a value of 4.41-10m?s, whereas when nrH:., reach the GC outlet, at

about 28.2 minutes, its effective dispersion remehlue of 1.3- 10 m%s.

On top of this, the final zone’s variance is catetl as the summation of all the local
contributions of zone variance (See Equation 5-CHAPTER 5 —) during the time
interval that each component takes inside the AGnuo. Therefore, since the heavier
components spend more time inside the column tharighter components, the final
zone's variance (i.e. the peak width) is likewiseager for the heavier components than

for the lighter components.

The large difference in the effective dispersiomween that observed for ngls
compared with nggH12,, simply reflects the fact that g2 is retained longer on the
stationary phase with significant vaporization aoturring until temperature is close to
the isothermal maximum temperature (Table 3-2).
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As a result, smoother changes in diffusivity arelent. Conversely, large changes
occur in greater measure in the case ofoHG, where the temperature at which the
stationary phase starts to release the componeathi®ved during the temperature

ramping period.

3.5.9. Retention and Distribution Factor
Knowledge of how the distribution factor varies hwitemperature is an essential
requirement in gas chromatography when tempergitogramming is the most
common practice in order to accelerate analyssobftes with a wide range of boiling

points.

Application of a time-dependent function of distrilton factor enables calculation of
retention factors, and hence prediction of retentimes [23] (Equation 3-9). It also
permits simulation of the concentration profileidesthe column by solving (Equation
3-2), and therefore optimization of the separaibnomplex mixtures.

3.5.10. Thermodynamic equilibrium of the solvation in GC
The solvation of a solute in the solvent [10] can dxpressed at thermodynamic
equilibrium by the logarithm of the solute molecsl@umerical density ratio in both
phases [24-25]:

AG(T)
Lnl l =In RT

Equation 3-21

The distribution coefficienK involves the ideal behaviour of the gas phasefatiie
dilution, with assumptions of negligible interactitbetween solute-solute and solute-
carrier gas, with the main interaction occurringween the solute and stationary phase.
In addition, interfacial and extra-column effectstbhe mass transfer, which lead to non-

equilibrium conditions, are expected to be neglayif26]

Under the above conditions, the isothermal retentimes can be expressed by
Equation 3-22, where the distribution factor hasrbeeplaced by the first two terms of
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the Taylor series expansion which has been treateterms of thermodynamic

properties by Castells et al. [27] yielding a semipirical model. [17, 28]

Here,4H and A4S represent the changes in enthalpy, and entrogcaded with the

transfer of solute from the stationary phase tonttobile phase at a given temperature

(M.

K;(T 1
tr,ith'[l-l'% =tM+tFM-(a0+a1-m)
_AS(T) __(4H(T)
w=" a=—(T)

Equation 3-22

Aldaeus [15] has proposed two retention mechanismosording to the nature of the
separation hold between the analyte and the stafiophase, based on the semi-
empirical values of the thermodynamic propertiekg@fiation 3-22.

The entropy-driven mechanism (e.g. size exclusionrmatography), is dominated by
the loss of the molecules’ translational, rotatipaad vibrational degrees of freedom,
being retained in the absence of proper interadiiothe stationary phase. However, the
enthalpy-driven mechanism (e.g. partition chrometpby) is dominated by the
difference between the dissolution energies of dhalyte in the mobile phase and

stationary phase.

The GC modelling implemented in this chapter, uagsnain input the distribution
factorsK, for the n-alkanes in the range of p8,c—nCs4H130, reported in CHAPTER 4
— [23], Figure 3-9. The distribution factors have been obtained ibgdr fitting of
numerous isothermal measurements carried out gieetures up to 430°C in an HT5

GC column, corresponding to Equation 3-22.
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Figure 3-6. Distribution factors in a HT5 capillargolumn, based on the
retentions times of every compound and hold-up timre every constant

temperature in the range of temperature 80-430u€ing Ln((('tx-1)$) = Ln
(K(T)).

3.6.Validation of the predicted retention times.

A model in MATLAB R2010bSP1 has been developedpi@dicting retention times,
(Equation 3-9) which contains the distribution dméénts of every compound [23] and
the corresponding equations for the calculations/is€osity, pressure, and velocity

through the GC column, as explained in the prevaagions.

It is important to note that all GC analyses hagerbcarried out using constant flow
mode for the column carrier gas supply, and theeefioe algorithm used calculated the
variation of the inlet pressure required for maimtey the flow constant at reference

conditions, while the temperature increased, andecagas viscosity did likewise.

Validation of this model has been carried out usimgth literature solvation

thermodynamic properties of a series of n-alkan@® 1C ;H26-CsoHa2, and PAH’s from
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C10H24-CooHse in @ DB-1 and a DB-5 column [17], and the thermmaipic properties
obtained with the in-house experimental dafgre 3-9, for an HT-5 capillary
column [23] for GoHze to NGsoH126N-alkanes.

For the DB-1 column, average deviations of 1.9%rf@lkanes and 2.0% for PAH’s

were obtained between the published [17] measwgthtion and the retention times
predicted with the developed modEidure 3-7).

42 1 DB-1

Single Carbon Number (SCN)

Retention time /min

n-Alkanes PAH's
=&-Predicted (This work) —e-Predicted (Reported)
* Measured(Reported) --Predicted (This work)
-o—Predicted (Reported) o Measured(Reported)

Figure 3-7. Validation of the retention times pretdd with the in-house model
developed, compared with literature data (Aldaelig]] in a DB-1 column for
PAH’s (from GoH24-CyHag) and n-alkanes (from fGH26-CaoHa2), using their

retention factors.

In the case of the DB-5 column, the average denatin retention times [17] with
the in-house model predictions were 2.2% for n+ad#isaand 2.6% for PAH’s; and for
the predicted retention times published [17], tbeesponding errors were 0.8% for n-
alkanes and 0.3% for PAH'Bigure 3-3.

Figure 3-10 shows a comparison of the retentioresirpredicted by the in-house

model and the in-house experimental values obtawt#dan HT5 column, based on the
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temperature program shown in (Table 3-2), but algplying ramp rates of 10°C/min
and 20°C/min..

Single Carbon Number (SCN)

8 13 18 23 28 33 38 43 48 53
Retention time /min

n-Alkanes PAH's
-e-Predicted (This work) —-Predicted (Reported)
¢ Measured(Reported) e Measured(Reported)
=8-Predicte (This work) —o-Predicted (Reported)

Figure 3-8. Validation of the retention times pretdd with the in-house model
developed, compared with literature data (Aldaelig]] in a DB-5 column for
PAH’s(from GoH24-CooHae) and n-alkanes (from {GH.sCaoHa42), using their

retention factors.

The average deviations with the in-house modelewieB%, 1.1% and 2.2% for a

temperature ramp of 10°C/min, 15°C/min and 20°C/raspectively.

As seen in Figure 3-9, for the data relating toltveest ramp rate(10°C/min) the five
highest retention times are over-predicted; andorsdly, for the highest ramp
rate(20°C/min) virtually all measured retention ésnare greater than predicted. Two

distinct reasons are suggested for these obsemgatio

In the case of the over-predicted retention timdbelowest ramp rate, the measured

hold-up times in the region of the upper tempegtlimit are subject to higher
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deviations as temperatures increased, affectiny that back calculated inlet pressure

and the calculated distributions factors for theoagted alkanes.

And in the case of the under-predicted retentiomes for the highest ramp rate of
20°C/min, it is certain that the true column tengpere is lagging behind the apparent
ramp set-point value. (As such, the effect coul@dfirmed by applying a higher ramp
rate of say 25°C/min, in which case even largeiat@ns would be evident).

SCN

RTs Predicted (Ramp10C/min)
— RTs Predicted (Ramp15C/min)

RTs Predicted (Ramp20C/min)

1 I LI T T 1 I L] LI | LI I LI | I T T I L.

@ RTs Experimental (Ramp20C/min)

10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |-

7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 3940
Retention Time (RT) /min

Figure 3-9. Validation of the model developed witkhouse experimental data
for Alkanes in a HT5 column, using three ramps evhgeratures 10, 15 &
20 °C/min in the range of 10-430 °C.

However, means exist for correcting for such terapge differentials, and can be

applied retrospectively and for future work.

Finally, accurate retention time predictions haveerb obtained for the three
temperature ramps, which started from 10 °C up3® €, even when the temperature
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range for which the distribution factors have bessrived, related to isothermal

measurements in the range 80 °C to 430 °C.

3.7.Measurement of n-Alkane Isothermal Retention Thes (RT)

In isothermal gas chromatography, components obmdiogous chemical family
exhibit a rapid increase in retention time and peakh with increasing boiling point,
in a generally linear plot of log(RT) vs Carbon Nugn As a consequence, only a
limited number of alkanes’ isothermal RTs can bkaléy measured from a single
injection at a given temperature (because of peakdening and no-realistic retention

time).

Another constraint is that single alkanes aboveyreCe not readily commercially
available with adequate purity with the exceptiémGs4, NGso and NG and Polywaxes
are generally utilized for retention time measuretseto generate boiling-point/RT
calibration plots for HTGC analyses.

However, the latter are mixtures comprising poly&the oligomers of even carbon
number intervals, and are qualitative mixtures ortHence the weight fraction of each
oligomer in a particular Polywax distribution istrr@adily known, although accurate
estimation is possible if the complete distributicem be chromatographed and total

elution of the sample can be demonstrated, eygplking.

Whilst qualitative alkane or Polywax mixtures orcambination of the two are
suitably adequate for both isothermal and tempezaprogrammed retention time
measurements, gravimetric dilutions in 8 the ASTM D5442 Linearity Standard
[29] were also used in this chapter, covering tharees nG>nCi4-NCi-NCig-NCyp-

NCo2-NCos-NCre-NCrg-NC30-NC32-NC36-NCag-NCas-NCs0-NCop.

In such cases, fairly accurate calculations assipte of the molar quantities of each
alkane injected in a given volume. However, tsinot the case when a gravimetric
blend of this standard is made with a Polywax sotuin CS except for those alkanes

which elute before the lightest oligomers preserthe Polywax range.
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The injection technique used was FVI (Flash Vagdiin Injection), in order to have

the same conditions in all isothermal injectionthatGC column inlet.

3.8.Degree of Elution

Thedegree of elutioms defined as the amount of component which has le¢uted in
relation to the amount injected. Its calculatio#&sed on the retention factors of every
component, ‘i’ which represent the ratio of molds‘id in the stationary phase to the
moles of “i” in the mobile phase for a given tenmgtere.

In order to determine the degree of elution of g\@mponent, their retention factors
have been analyzed during a GC analysis usingeth@drature-program of Table 3-2.
(Tmax425°C).

During the migration of a component, two periodseheen defined: the period of

movement and the period of elution.

Initially, when the components first establish di(puium with the stationary and the
gas phase, the components are trapped in the retgtigphase, until a minimum
temperature is reached. At this temperature egqiufibis re-established, increasing the
amount of moles available in the gas phase ancefthrer increasing its effective
velocity, for them to start moving through the G&umn.

The period of movement has been defined as the ¢iaggsing from the moment at
which a component starts to travel through the G@mn, until the time when the
component is completely eluted as it reaches thenuo outlet and achieves 100%

elution. (Equation 3-24)

The minimum effective velocity at which a componstdrts to move has been set
here at 0.25 mm/sec, corresponding to 1 mm/°C iAgusa ramp of 15°C/min of

temperature programming.

During the period of movement depicted in Figurd(B+o Figure 3-11, each

component “i” travels through the GC column, incieg the number of moles in the

gas phase by re-establishing their equilibrium with increasing temperature (lower
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retentions factors) and changing their effectivéoeity with the decreasing pressure,

until all the components are eluted, reaching tRec@Glumn outlet.

Secondly, the period of elution is defined as theetelapsing from the first moment
where some molecules of a given component pas&@eutlet, to the time when all

the molecules of the given component has entireiyed.

Figure 3-10 depicts the period of movement of raa#s in the range nag,s through
nCs2H126 @s each travels through the GC column, with ttse rolored band depicting
their retention factors during that interval. Thend shows that the round average,
minimum retention factor to initiate movement fbetn-alkanes studied is 2000 [moles

“I” in the stationary phase per moles “i” in thesgahase].

The round average elution retention factor is 2rabe nGoH,s nCsHize range,
being lower for the heaviest component since tHegeeat higher temperatures, and

therefore their solubility in the stationary phaséower at elution.

Nevertheless, it is important to note that theielutemperature of these components
is lower than the maximum temperaturg,{J 425 °C) reached in the GC column. This
means that components heavier thary;HGe which elute at Fax will re-establish
equilibrium until total elution occurs during thdl isothermal period and therefore
with a constant retention factor. Conversely, dutime temperature ramping period the

greater the temperature the lower is the reteritiotor.

Making use of retention factor during the movingipeé of a component inside the
GC column until elution, the mole fraction remamim the gas phase relative to the

total amount of moles injected, can be determineBduation 3-23.

(X))

_ _ [ Gmoles "i")
14k (T(Y) [(moles "i")5+Ml

Equation 3-23
Figure 3-11 depicts (in green) the fraction of eacmponent in the gas phase during
its moving period until elution; and (in black),etliraction of component in the gas

phase during its elution period.
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Figure 3-10. Retention Factor vs Temperature (blue)erval of Retention
Factors, which allows movement to every analytel uist elution, reaching the
GC outlet (* pink ) for the n-alkanes from . NCsoHi26 in @ HTS capillary
GC column, under a temperature-programmed 15 °C/mirthe range of 10-
425 °C.
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Figure 3-11. Fraction of moles of “i” in mobilehase to the total moles of “i”
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temperature up to elution temperature of every comept “i”. The component
“I”, corresponding the n-alkanes with Single Carbadumber (SCN) from
NCi2H26 t0 NGeoH 126

The average initial elution fraction of the studiedalkanes, relative to the
corresponding amount injected is 0.3 moles in the ghase at elution per total moles
injected. The lowest values occur with the mosatitd components since they elute at
lower temperature, where solubility in the statign@hase is still considerable, in
relation to those eluting at higher temperaturas, lbelow the maximum for the

analysis.

Therefore from Figure 3-11 only a fraction of respeely 0.24 at 110 °C and 0.35 at
420 °C of injected moles of ngand nG; are in the gas phase available to elute
initially, and only the percentage which passes &€ outlet, will elute at that

temperature.

Thus, the number of moles remaining inside the roolican be re-calculated, being
the difference between moles injected and molese@lat the given temperature.
(However, it should be recalled that estimated eatrations have been applied here for
the alkanes which are not present in the ASTM D5HWd@arity standard, as these
components derive from a qualitative Polywax stathdar a blended mixture of one
with the ASTM standard).

At the next time step, (1 °C higher from the idigdution temperature), the retention
factor of each component decreases (lower retenmtidhe stationary phase), and the
fraction in the gas phase increases in relatiotihéoamount of moles remaining in the

column.

Again, only a percentage of the moles availablé paks the GC outlet, and the total

amount of component remaining can again be recded) as before.

Thus, the equilibrium is re-established at evemetistep (i.e., per °C from initial
elution) and the amount of moles inside the colusre-calculated, until total elution
for each component. The degree of elution can theercalculated at every time step
using Equation 3-24.
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Y. (moles "i")™e(T(t))
(moles "i")injected

Degree of Elution =

(moles "i")el“te(T(t)) = - (moles "i")™si€ . o Moles Elute(T(t))

1
1+k (T(®))
Equation 3-24

Figure 3-12 depicts the degree of elution of eveoynponent studied, using the
temperature program of Table 3-2, as a functiotinoé, showing that all components
from nGy to nG, completely elute from the GC column, reaching 106R6legree of

elution before the end of the GC analysis time.

It is important to note, that the degree of elutinareases sharply once the elution
starts, producing sharp peaks during the temperaitmgrammed used.

100 ¢ 430
: I 370
80 Y E
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Figure 3-12. Degree of Elution vs time of each congmt “i” :n-alkanes in the
range of nGyHys to NGoHie Degree of Elution= Moles of “i” inside the GC

column at time (t) /Moles injected of “i".

Knowing the retention factors of components heathian n(,, whose elution is very
difficult to identify in a chromatogram, will allowhe determination of their degree of

elution, as well as the extent of non-elution & tomponents which are unable to elute
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completely. This subject is treated in CHAPTER Severing an analysis extended to
much heavier n-alkanes.

3.9.Concentration & Temperature Profiles

By solving Equation 3-1 and Equation 3-2, it is gibke to determine the distribution
(assumed to be normal Gaussian), of moles of eactpanent during the GC analysis,
taking account the temperature increase the pressecrease and movement of the
component through the column. In this way the disippa and movement of the
components at every moment can be described by #tendard deviations and

centroid, respectively.

Figure 3-13, shows the position of the centroig@wéry component with the variation
of temperature, using the temperature-program ofera-2. It is noticeable that every
component remains at the column inlet until it fegca minimum temperature at which

the stationary phase starts to release it.
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360
0 3204
< 280
o
3 240 ——nC12 |1
g 200 ——nC16 [
£ 160 ——nC22 |,
o *| ——nC28
= 120} nC36 4
80 nC46 |-
404 ——nC56 i
. | | | ——nC64
0 2 4 6 8 10 12

Centroid position /m

Figure 3-13. Centroid Position of every componeiit Vs Temperature up to

elution from the GC column, using the temperatutgmmmed of Table 3-2.

The minimum temperatures can be seen clearly is figure. For n@GHys the
movement starts from the beginning of the analgsis0 °C, and for ng&Ha3 it starts is
about 330 °C. It is evident as expected that #evier the component, the higher its

elution temperature, and the higher the minimumpkeature to initiate the movement

inside the GC column.
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In order to calculate the total moles of gas phaa&ier gas + component “i”) which
occupies a volume covering 95% of the componenhéngas, ideal gas behaviour is
assumed and the percentile equivalence of normasstan distributions, which states
that 95% of a distribution occupig@o(T(t))). Thus, the volume where 95% of
molecules of component “i” are located, mixed withrried gas, can be calculated,
multiplying the cross sectional area of the tulgmdring the retentive layer) by four
times the standard deviation at the given tempezatu

The gas molar fraction of “i” and the distributiof moles of component “i” inside

the GC column are depicted in Figure 3-14 and @45 respectively.

Therefore, the molar fraction of component “i” dahie in the gas phase relative to
the total number of moles of gas phase(carrierfgagmponent “i”) depicted in Figure
3-14, has been determined, based on the total anwfumoles of ideal gas in the
corresponding volume, equal to(T(t))-Free Transverse Areand calculating the
amount of moles of component “i” in the gas phastha given temperature as: Moles
Injected- L/(1+k(T))).

W x10°

T 138

(-I) D
E 161 e I i
o —=—nC16
E 14t —=—nC20|
= —e—nC28
£ 12t —s—nC44 ||
S .l —+—nC50
0 : —+— nC64
3
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Figure 3-14. Molar fraction of component “i” in thgas phase vs centroid
position of the moving component “i”, using the f@rature programmed of

Table 3-2. The period depicted correspond at time tbefore elution.
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The higher molar fraction is found before the begig of the interval of elution of
every component, as the molecules of the compoman not started to be released
from the column outlet. Hence the higher the terajuee, the greater the fraction of
component available in the gas phase relative & rnioles injected, as explained

previously by Equation 3-23 and Figure 3-11.

Thus, nGgHa2 shows the higher value of c.a. 1.8°Tfoles in the gas phase per total
moles of gas, and a lower corresponding value é $er nGaH13 of ca. 0.18-18
moles. These proportions correspond to those @f ithjected values according to Table
3-3. This confirms that their elution fractions aiet the same proportion as when

injected.

Finally, Figure 3-15, depicts the distribution obl@s [mol/m], with time and position
throughout the GC column, showing that; s starts to move from the beginning of
the analysis, and elutes at about 6 minutes, wi@pHa,o has barely started to move
and elute after about 12 min; while $8s, has just started to move at this time and
elute at about 17 min. Movement starts fousidg, at aboutl6 min and elution at about
23 min. nGoHj2 Starts to move at about 19 min, whemnidg, is located at about 1m
from the GC inlet; and at 24 min, g3 iIs 1 m away from the GC inlet, when

NCsoH1p2Starts to elute. Finally, ngH130 starts to elute at about 27 min.

It is important to note that every component travieldividually, and there is no
mixing of components through the GC column, sireyttravel the same distance, and
pass through the same positions but at differem¢sj and hence do not meet each other
during their journey. In this way good separatidrthe components occurs during the

analysis.

It may be seen that the amount of moles per ungtke of column increases in the
case of nGHzs NCGoH4z, and NGeHs,, but decreases in the case ofyige, NGpH1o2
and nG4Hi3,, which corresponds to the expected behaviour,iniata the same

proportion as the corresponding amount injectedesasribed in Table 3-3.
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Moles c d Moles
Injected ompotn Injected

nC12 3.65E-11 nC40 2.75E-11
nCl4 4.69E-11 nC42 2.73E-11
nClé6 547E-11 nC44 2.00E-11
nC18 6.09E-11 nC46 2.00E-11
nC20 6.58E-11 nC48 2.00E-11
nC22 7.98E-11 nC50 1.32E-11
nC24 2.15E-11 nCS2 1.32E-11
nC26 1.65E-10] nC54 1.32E-11
nC28 1.61E-10] mnC56 1.32E-11
nC30 734E-10] nC58 1.32E-11
nC32 5.50E-11 nC60 71.36E-12
nC34 5.50E-11 nC62 7.36E-12
nC36 3.67E-11 nCo64 7.36E-12
nC38 3.67E-11

Table 3-3. Composition of injected n-alkanes (Mixtwf ASTM 54179 and
Polywax, assumed values for calculation purposdy) am 0.3uL.

Compound

As expected, the standard deviations of every comp and therefore their
dispersion, increase with time, and therefore teatpee through the column, from the

inlet to the outlet. The sharper the eluting pel&,lower the dispersion.

3.10.Conclusions

This chapter provides further insight into the tsniof high temperature gas
chromatography (HTGC), proposing a new approach fibetermining the
non/incomplete elution of every component by intrcidg: the degree of elution,
defined as the amount of component which has bk#adein relation to the amount
injected.

The degree of elution of the n-alkane hydrocarbortee range, nGHzg to nGsoH1z6
has been calculated based on the continuous emquifibre-established during the
interval of elution for every component, using thedrresponding retention factors, and

assuming no cracking inside the GC column.

This new approach is applied in CHAPTER 5 —, falkanes heavier than gl126

in order to determine the analytical conditionsuiegd for ensuring maximum elution
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of a given component, allowing the possibility afgroving the practice of HTGC by

optimizing the separation process.

The chapter introduces a preliminary method ofudating, at each moment during a
temperature-programmed analysis, the molar fractibrihe components in the gas
phase, in accordance with the standard deviatibriseir Gaussian distribution at the

point where 95% of the molecules are travellingtigh the column.

The pyrolysis model developed in the previous CHERT2 — [45] and the gas
chromatography migration and separation model d@esl in this chapter, are
combined in CHAPTER 5 —, in order to complete thalgsis of the cracking risk of

heavy n-alkanes.

This chapter also provides a deeper understanditifgeaseparation of components in
a gas chromatographic column, and provides a asisirther analysis of non-elution

of components heavier than 8126 which will be treated in a later publication.
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CHAPTER 4 — DETERMINATION OF DISTRIBUTION
FACTORS (nC;>-nCgg) IN AN HT5 GC COLUMN

4.1.Introduction
This chapter is focused on extending the data fsatatkane distribution factors (K
values) from n@Hysthrough nGgHi9gin an SGE HT-5 GC column. The measurement

procedures and data treatment are explained il dethis chapter.

For this purpose, numerous isothermal gas chromegbg injections have been

carried out in the temperature range from 80°C2@0°€, at 20°C intervals and 430°C.

In this chapter, two complementary HTGC methodsehlbgen applied, both using
wide-bore HT5 columns (SGE UK, Ltd) of 0.53mm IDséd silica tubing, with
aluminium coating. Both are rated to 460°C fortheomal analyses, or 480°C for
temperature programmed use, but were constraind838C in the study by the 450°C
limit of the flame ionization detector, which regpia temperature differential of 15°C-
20°C to the maximum column operating temperature/o modes of HTGC operation

were applied:-

High-Efficiency Mode, with dimensions and flow parameters as follows:-
e HT5 Column: 12.0m x 0.53mm ID x 0.15mic film
* retention gap: 1.8m x 0.53mm ID of deactivated,aated, aluminium-clad
fused silica.
» carrier gas (helium) flow: 6ml/min
» flow-control mode: constant inlet pressure

* n-alkanes elution range: to gC

SimDist(Low-Efficiency) Mode, with dimensions and flow parameters in accordance
with ASTM D7169-11 [1], for low-resolution operatipreduced retention times, and
extended elution of heavy alkanes:-

e 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
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« n-alkanes elution range: to ife

In this chapter, the 5 m HT5 GC column was usedyéoerate a database of
isothermal retention times of n-alkanes for thegegrand spanning the Single Carbon
Number (SCN) group equivalent to nC12 throughsnC

Based on the isothermal data, distribution factfuns the n-alkanes have been
determined and used as input data for the prediasiotheir corresponding retention
times in Temperature Programmed Gas Chromatogr@@C).

The in-house developed analytical model (CHAPTER) 32-3] was then used to
predict retention times for HT5 analyses underdtdigferent ramps of temperature, for
comparison with experimental retention times oladirirom both modes of HTGC

operation mentioned above.

This thesis reports values of the thermodynami@enmies (distribution factors) for
the n-alkanes in the range of #Bs—nGsHi30 under constant inlet pressure GC
conditions; and in the range pE2s—nCygHigs When constant flow rate mode was
applied. For this purpose a linear fit of numer@athermal measurements was carried
out from 80-420°C, at 20°C intervals and at 430/h an HT5 column.

The retention times predicted for three differarmhperature ramps at constant flow
rate yielded an average error of 4.4% when the skett@f distribution factors obtained
at constant flow rate were used. In the same wag, retention times predicted at
constant inlet pressure yielded an average errtirs86 when the data set of distribution

factors obtained at constant inlet pressure wegd.us

Simulating a constant flow rate GC measurement asormstant inlet pressure
measurement (with an average inlet pressure throghtemperature program), has
been shown to improve the accuracy of the prediattshtion times, with a reduction in
the deviation from 4.4% to 2.4%.

Knowledge of how the distribution factor varies hwitemperature is an essential
requirement when temperature programming is comnwesity applied to accelerate

elution and reduce analysis time of samples witthewgolute boiling point range. This
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work is focused on the heavy ends hydrocarbonseraoy the alkanes, ngHos

NCogH19g, Which can be separated and detected using arcbliin.

4.2 Distribution Factor Theory

Application of a time-dependent function of distrilton factor enables calculation of
retention factors, and hence prediction of retentimnes [4] (Figure 4-1). It also
permits simulation of the concentration profileidesthe column (CHAPTER 3 -) [2-

3], and therefore optimization of the separatiocahplex mixtures.

4.2.1. Thermodynamic equilibrium of the solvation in GC
The solvation of a solute in the bulk [5] solveahdie expressed at thermodynamic
equilibrium by the logarithm of the solute molecsl@umeral density ratio in both
phases [6-7]:

A G(T)
R-T

c;t
In|—7|=LnK = —
Ci
Equation 4-1

HereC; - andC; © are the molar concentration of the solute in théanary phase and
mobile phase. The ratio of the molar concentratiothe two phases is equal to the
distribution coefficient K, representing the soleat thermodynamically. AG in the
right hand side of (Equation 4-1) is the averaglebGifree energy related to the transfer
of one solute molecule from the mobile phase (idge) into a fixed position in the

stationary phase (the bulk liquid solution).

The distribution coefficient, K involves the iddahaviour of the gas phase at infinite
dilution, with assumptions of negligible interactidbetween solute-solute and solute-
carrier gas. It is assumed that the main interaabiccurring is between the solute and
the stationary phase. In addition, interfacial adra-column effects on the mass

transfer, which lead to non-equilibrium conditioasg expected to be negligible. [8]

Under the above conditions, the isothermal retertilmes can be expressed by,
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K(T
SN

Equation 4-2

Where, tr, tm, andK correspond to retention time of the solute, hgidiime,
distribution factor, and is the phase ratio of the colump.may be calculated by
Equation 4-3, with ro the inner radius of the colyrand w the film thickness of the

stationary phase.

(27, — 2w)?
21,2 — (21, — 2w)?

B =

Equation 4-3

Consequently, inserting Equation 4-1 in Equatiof, 4vyield to (Equation 4-4) an
expression for the retention time as a functiothefhold-up time, tm (time required for
traversing the column without permeating the stetig phase) and its solvation time,
thermodynamically expressed by the Gibbs free gnatr@ given temperature:

AG(T)
)

1
t, =1ty [1 +Eexp(—v

Equation 4-4

Replacing the Free Gibbs Energy in termabfandAS, which represent the changes
in enthalpy and entropy associated with the transfesolute from the stationary phase
to the mobile phase at a given temperature T, l&a@uation 4-5 which corresponds

to a semi-empirical model[9-10] developed by Cédstet al [11]

K,(T 1
tr,i:tMll‘l'% =tM+tFMexp<a0+a1m)
_AS(T) __(4H(T)

G0 =" “1—‘( R >

Equation 4-5

Finally, by solving Equation 4-5 for the distribani factor(K) we obtain Equation 4-6,
which leads to a temperature-dependent expressidf, fwhich requires the calculation
of B (Equation 4-3), andlinear fitting using a set afalfor tm, tr, T from isothermal gas

chromatographic measurements
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K(T(t)) =p [z—rM — 1] = exp [ao +a, %]

Equation 4-6

Aldaeus [12] has proposed two retention mechanaoesrding to the nature of the
separation hold between the analyte and the stafiophase, based on the semi-
empirical values of the thermodynamic propertieEgfiation 4-5.

The entropy-driven mechanism (e.g. size exclusionrmatography), is dominated by
the loss of the molecules’ translational, rotatipaad vibrational degrees of freedom,
being retained in the absence of proper interadiiothe stationary phase. However, the
enthalpy-driven mechanism (e.g. partition chromedppy, i.e: GC) is dominated by
the difference between the dissolution energiethefanalyte in the mobile phase and

stationary phase.

Based on Equation 4-6 and isothermal experimeritss ipossible to derive a
temperature-dependent function of distributiondaethich has been applied to a series
of n-alkanes spanning (nC12-nC98) in this chamad is presented in the following

sub-sections.

4.3.Iterative method for retention time prediction

The use of discretization methods for calculatihg tetention times has been
introduced by Snijders. [13] This method considéme diffusion effects to be
negligible in the determination of the peak positizvhich therefore may be described

only by convection. [12]

The convection can be expressed by the effectil@cig veff of the analyte in the
carrier gas (Equation 4-7), which can be discreti#e finite time-steps, allowing
tracking of the position of the analyte until thee step when the peak reaches the

column outlet [3, 12], as explained in igure4-1.
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t.= Isothermal exp

:I- For j =1 : iteration l]

+
— |Fori=1 analytes | |

Calculation of Properties |

‘Distribution_Factor(j+1,i) = f

Figure 4-1. Calculation of Retention ¢isn— Algorithm

In Equation 4-7K andp correspond to the distribution factor and phase @& the

column, andr, corresponds to the velocity of the mobile phase.
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vy (x, t)
K (T)

Vesri (X, t) =
1+

Equation 4-7

Vm can be calculated by integration through the llemdtthe column of the differential
form of the Hagen-Poiseulille fluid mechanics equai[9, 14], which relate the carrier
gas velocity at any position in the column, to finessure gradient at that point [15] by

a proportional constant for a column of circulawss-section [16], yielding:

r02 : (Pin2 - Poutz)

um () = 72 2(T®) L - P

Equation 4-8

Here, n(T(t)) is the viscosity of the carrier gas (He imetstudy case), using the
equation introduced by Kestin [17] and simplifiedy HHawkes [18]. (See the
summarized equations in CHAPTER 3 -) [2-3]. &hd Ry correspond to the inlet and
outlet pressure of the GC column, respectively.) Rrresponds to the pressure at
position x, which can be calculated with Equatie,4nd g is the inner radius of the

column.

4.4.Calculation of the coordinate-dependent presser

By integrating the Hagen-Poiseuille equation betwie inlet and outlet position, of
a differential element and assuming incompresgjboif the gas in each element at
position x (due to the extremely low pressure dimmas chromatography [14]), the
following expression is obtained (Equation 4-9) evhiallows the calculation of

pressure at any position in the column:

2 X
P(x) = \/Pinz - (Pin2 _Poutz) Z

Equation 4-9

Different column configurations can be used in Gaisromatography, such as
inserting a retention gap of deactivated fusedailubing before the main GC column,
to prevent non-volatile residues being depositethenstationary phase at the column

inlet. In the case of GC-1 an uncoated retent@m \was used, with dimensions shown
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in Table 4-1. Its presence was taken into accauttie GC calculations as its effect can

be significant depending on the chosen experimen¢ghod.

It is therefore necessary to calculate the intepn@ssure at each capillary union, such
as the retention gap to column inlet (as in thisegaor for the connection between the

GC column outlet and a length of capillary restnidbefore the detector (FID) inlet.

GC-1 GC-2
Retention| SGE HTS SGE HT5
Gap GC Column | GC Column

Length 18 12 5 m
diameter 0.53 0.53 0.53 mm
film thickness 0.15 0.15 LT

Table 4-1. Column configuration & dimensions of tlve in-house HTGC used.

As gas chromatography measurements can be cawuteeitber using constant flow
rate measured at ambient conditions, or using aeohshlet pressure throughout the
temperature program used. In both cases the G@laaém requires to be done by steps

as explained in the next subsections.

4.4.1. Pressureat point x, using constant flow rate and a Retention Gap
In this case, two variables are known: the outtespure of the GC column (Ambient
Pressure), and the flow rate (constant throughoaittémperature program). However,
both the GC column inlet pressure and the inlesguee of the retention gap are

unknown.

Therefore, the inlet pressure of the GC columnlyeen calculated first, knowing the
flow rate; and the outlet pressure by using Equadie8, transformed to flow rate. The
inlet pressure of the retention gap is then catedlaknowing its outlet pressure, which
equals the inlet pressure of the GC column; andwkmp the flow rate by using
Equation 4-8 transformed to flow rate.

4.4.2. Pressureat point x, using constant I nlet Pressure and Retention Gap
In this case, two variables are known: the outtespure of the GC column (Ambient
Pressure), and inlet pressure of the retention(gapstant throughout the temperature
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program) and two variables are unknown, the GCmalunlet pressure and the flow
rate, which will decrease with the increasing terapge according to Equation 4-8,

transformed to flow rate.

Therefore, an average flow rate is calculated,fiastording to the average radius
between the GC main column (which contains statpmEhase) and the uncoated
retention gap. The inlet pressure of the columthén calculated (which is the outlet
pressure of the retention gap), knowing the flote @nd the outlet pressure of the GC

column, by using Equation 4-8 transformed to fl@ater

4.5.Experimental procedure (measurement of n-Alkaneésothermal retention

times)

Two, SGE HT5 GC Capillary Columns [19] were emplbyia this chapter, with
dimensions described in Table 4-1. Two methodsehaeen used: (a) using
conventional HTGC set-up conditions (long GC colsnmamd low flow rates) eluting
n-alkanes spanning the range of {s#s—nCssH13g), under constant inlet pressure
measurements conditions; and (b) using ASTM D718H3]1for extended SimDist
analysis up to ~nfgo using a short column with a high flow rate, in nstant flow’

mode. (i.e for elution of alkanes spanning the ean@ >;H26—NCygH19s.

In both columns, at least 3 isothermal GC measun&niave been carried out at
intervals of 20°C, from 80 to 420°C and at 430°Ging standard samples (ASTM
D5442) containing n-alkanes (pEls-nCsoHi22) + Polywax 655, Polywax 850,

Polywax 1000 as described in the next section.

4.5.1. Sample preparation
For various reasons it is not practicable to usengle, multi-component mixture of
alkanes, with a wide carbon number range, for measent of isothermal GC retention
times:
I) retention increases rapidly with boiling poimt,a generally linear plot of log(RT)
vs Carbon Number.
i) as a consequence of (i), only a limited numbkalkanes’ isothermal RTs can be

obtained from a single injection at a given tempe®a

80



As single alkanes above gfEls, are not readily commercially available with adelgua
purity —with the exception of nGHgo, nNGoHio2 and nGoHi22 — Polywaxes are
generally utilized for retention time measurememds generate boiling-point/RT

calibration plots for HTGC analyses.

However, the latter are mixtures comprising polykthe oligomers of even carbon
number intervals, and are qualitative mixtures ortience the weight fraction of each
oligomer in a particular Polywax distribution istrr@adily known, although accurate
estimation is possible if the complete distributicem be chromatographed and total

elution can be demonstrated, e.g. by spiking.

Whilst qualitative alkane or Polywax mixtures —acombination of the two -- are
suitably adequate for both isothermal and tempezaprogrammed retention time
measurements, gravimetric dilutions in 8 the ASTM D5442 Linearity Standard
were also used in this chapter, covering the akamn@,-NCi4-NCi6-NCig-NCoo-NCo-

NCo4-NCpe-NCrg-NCa0-NC32-NC36-NCag-NCas-NCs0-NCop.

In such cases, fairly accurate calculations arsiptesof the molar quantities of each
alkane injected in a given volume. However, tBi$\0t the case where a gravimetric
blend of this standard is made with a Polywax sofuin CS except for those alkanes

which elute before the lightest oligomers preserthe Polywax range.

Four main samples were prepared for the isothegaalchromatography runs, one
containing 25mg of NnGH26-NCseH122 (ASTM D5442) in 20ml of Cg and three others
as suggested by ASTM D7169-11; 25 mg of Polywarmd.@araffin and 20ml GS

Three different Polywax mixtures were used, witkerage molecular weights of 655,

850 and 1000, and for peak identification purpdbese n-alkane blends in gdlution
were prepared: nfg, NGz, NGas, NGz, NCao; NCis, NCGo0, NGg; @nd NGs- NCsp- NCep
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4.6.Experimental determination of constant inlet pessure using isothermal
retention time measurements
The hold-up time can be calculated by integrating inverse of the velocity of
mobile phase (Equation 4-8), according to the doatd x through the length of the
column [9, 20]:

L

o j dx  32n(T®))L* (Pin® — Pout’)
M J UM(x, t) 3 TOZ (Pinz + Po-u_tz)z
Equation 4-10

Yo
tm (min) _ . |Pin calculated| Gange Pin| tm (min) m .

TeoO T Experimental u He (Pa”s) (kPa) (Iﬁ’a] Calculated REE:*::E
g0 353.15 0.528 2.23E-05 119.6 18.28 0.542 27
100 373.15 0.55 2.32E-05 119.6 18.28 0.563 25
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 14
160 433.15 0.614 2.57E-05 119.6 18.28 0.625 1.8
180 45315 0.63 2 65E-05 1196 18.28 0.645 24
200 473.15 0.648 2 74E-05 1196 18.28 0.665 26
220 49315 0.663 2 82E-05 1196 18.28 0.684 32
240 513.15 0.684 2 90E-05 1196 18.28 0.704 29
260 533.15 0.702 2 98E-05 1196 1828 0.723 30
280 553.15 0.731 3 06E-05 1196 1828 0.742 16
300 573.15 0.742 3.13E-05 119.6 18.28 0.761 26
320 593.15 0.76 3.21E-05 119.6 18.28 0.78 26
340 613.15 0.766 3.29E-05 119.6 18.28 0.799 43
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 39
400 673.15 0.815 3.51E-05 119.6 18.28 0.854 4.8
420 693.15 0.833 3 59E-05 1196 18.28 0872 47
430 703.15 0851 3 63E-05 1196 18.28 0.881 35

Average

%Error
[ Inlet Pressure | 1196 | 18.28 29

Table 4-2. Inlet Pressure calculation fof Hicolumn

Thus, in order to obtain the most accurate constéet pressure value for use in the
in-house GC modelling (CHAPTER 3 -) [2-3], Equati®i0 is solved simultaneously
for every corresponding temperature in the rang@@#430)°C as shown in ( Table
4-2), assuming an ambient outlet pressure: 101.325 #fadimensions of Column

1(see Table 4-1), and calculating the viscosityhef carrier gas (He in the study case),
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using the equation introduced by Kestin [17] and@ified by Hawkes [18]. (See the
summarized equations in CHAPTER 3 -) [2-3].

Whilst the indicated gauge inlet pressure for G@& 20kPa, the calculated value
using this approach is 18.3kPa, as shown in (Table 4-3, providing better precision

for modelling purposes, and yielding an inlet pueesof 119.6kPa.

This approach has been described by Gonzalez Rbjsafficiently accurate for the
determination of the hold-up time, tm “due to thé&insic errors of measurement in the
average internal column diameter, the carrier gasosity, or the flow-rate”.[20]
Nevertheless, since the objective is to obtain aenaxcurate inlet pressure than the
integral GC gauge indication, for use as an avetlageigh the entire temperature range
applied, this approach can be used, although intiod a tolerable error, as shown in

Figure 4-2.

0.95 +
0.90 +
0.85
=
£ 0.80
—.0.75
[«B]
£ 0.70
o
5065
=]
= 0.60
= 0.55

g ——tm (Calculated)
+ 0.50 +

0.45

80 120 160 200 240 280 320 360 400 440
Temperature /°C

Figure 4-2. Comparison of Hold-up timg(texperimental and calculated. (HT5

column)

The largest deviations are found at temperatureategr than 300°C, with an average
relative error of 2.9% as indicated in Thl2 The higher the temperature, the
higher is the viscosity of carrier gas (Helium)datherefore the lower is its velocity
because of the increased resistance to flow withen column. These considerable
discrepancies have been studied by Castello g2l

83



Nevertheless the method does permit a more accimai value to be obtained for
the inlet pressure to be used analytically in #lewations of velocity of carrier gas, the
effective velocity of each one of the analytes, &ndlly in the prediction of retention

times, as will be shown in section 8, of this cleapt

4.7 .Determination of distribution factors for an HT5 capillary column using in-
house experimental data
On completion of the isothermal retention time nueaents, all data were reviewed
in order to identify any that were unreliable antiet did not conform to expected
behaviour. Suspect data could then be excludedjralting their potential to introduce
a global error to the overall determination of thstributions factors.

This screening was important due to the large anoldata acquired, and it enabled
identification of random errors such as misideaéfion of peaks, especially for the late
eluting Polywax components, whose carbon numben® weeater than the highest

available, heavy alkane, 122, which served as a marker.

Two approaches were applied in assessing out-néHegperimental data for deletion.
The first was to plot logft,,) vs SCN, which corresponds to a linear curve[2R-ZH4is
graph has been plotted for each isothermal rumrepg 80°C-430°C with outliers of

the regression line with a coefficient of corredati(?) of 0.999, excluded.

The second method of assessment was to plot tp)ft.)*Beta vs 1/T, which is
based on Equation 4-2, relating K wittamd t,, and which behaviour is expected to be

linear according to (Equation 4-1). [6-7] .

Plots of the screened retention data, after smogthy reference to the linearity of
the log(t-tm) vs SCN relationship (Coefficient of correlatiaf) (of 0.999) are shown in
Figure 4-3 for GC-1(12m column), for constant ieéssure. Similarly smoothed data
for GC-2(5m column) are shown in Figure 4-4, wheoastant flow rate conditions
applied.
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Figure 4-3. Log (tty,) vs SCN at 19 isothermal experiments in gas
chromatography using constant inlet pressure oB1&a (gauge pressure), in
GC-1 (Table 4-1).

1.0

L)
| /////

10 98
SCN

-50 X 80 €100 X120 =140 A160 180 +200 -220 240
*260 =280 300 X320 340 360 380 400 420 430

Log(tr-tm)

Figure 4-4. Log (tty) vs SCN at 20 isothermal experiments in gas
chromatography using constant flow rate of 20ml/rmnGC-2 (Table 4-1).
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Plots of the screened retention data, after smogthy reference to the linearity of
the Ln(K(t)) as function of tr and tm (Equation %-@s 1/T, are shown in Figure 4-5 for
GC-1 (12m column), for constant inlet pressure; sindilarly smoothed data for GC-2
(5m column) are shown in Figure 4-6(upper) fori#s — nGgH110, and Figure

4-6(lower) for nG4 — nGg, where constant flow rate conditions applied fothb

Ln K(T)

14E-03 1.7E-03 2.0E-03 23E-03 2.6E-03 29E-03

1/Temperature (1/K)

*+nC12 = nCl4 XnCl6 XnC1l8 *nC20 +nC22 =-nC24 =nC26 ¢nC28
=nC30 4nC32 XnC34 XnC36 °nC38 +nC40 -nC42 —nC44 ¢nC46
nC48 ~nC50 xXnC52 *nC54 “nC5 ~nC58 -nC60 -~ nC62 AnCo64

Figure 4-5. (Ln (K(t)) = Ln((#tm-1)*5)) vs SCN, for n-alkanes@;,H,s — nG4H110)
at 20 isothermal chromatographic runs (80-430)°Gngsconstant inlet pressure
of 18.3 kPa (gauge pressure), in GC¥alfle 4-).

Following the above data smoothing procedures, réliable data were fitted to
Equation 4-6 in order to obtain coefficients aOd aal, which correspond to the

thermodynamic values$S(T)/RandAH(T)/Rrespectively, according to Equation 4-5.

The values are temperature dependent, and areimatd temperature range 10°C -
430°C, as the validation section will explain suhgmntly.
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BEnC54 4nC56 XnC58 xnCe60 nC62 +nC64 =-nC66 nC68
*nC70 ®mnC72 nC74 XnC76 nC78 nC80 ¢ nC82 nC84
+nC86 =nC88 nC90 nC92 nC94 nC96 nC98

Figure 4-6. (Ln (K(t)) = Ln({tx-1)*5)) vs SCN, for n-alkanes (afE26-nCogH19g)
at 20 isothermal chromatographic runs (80-430)°Gngsconstant flow rate of
20ml.mint, in GC-2 {rable 4-)

Data obtained for the 12m column (GC-1) using camisinlet pressure of 119.6 kPa,
are summarized in Table 4-3 for the 18d6nCssH130 range of alkanes, with a
coefficient of correlation ¢ of 0.999.
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Compound| a0=AS/R |al=AH/R| R>
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 106813 | 1.0
nC26 -14.2 114675 | 1.0
nC28 -14.7 120052 | 1.0
nC30 -15.0 124654 | 1.0
nC32 -15.9 130769 | 1.0
nC36 -16.8 14426.1 | 1.0
nC38 -18.9 159849 | 1.0
nC40 -19.0 162928 | 1.0
nC42 -19.7 169055 | 1.0
nC44 -20.4 17562.0 | 1.0
nC46 2210 181387 | 10
nC48 217 188116 | 1.0
nC50 221 192732 | 10
nC52 2230 200125 | 1.0
nC54 2243 212234 | 1.0
nC56 249 21836.7 | 1.0
nC58 252 222072 | 1.0
nC60 267 233243 | 1.0
nC62 276 241481 | 1.0
nC64 -30.2 260206 | 1.0

Table 4-3. Thermodynamic properties of n-alkam&s.K.snCsH130) determined
in the range of (80-430)°C using constant inletgsge (gauge pressure=18.3
kPa) in GC-1 (Table 4-1).

Similarly, the corresponding data for the 5m colu{@-2), with a constant flow rate

of 20ml.min-1, are summarized in Table 4-4 for ti@,H,s-NCogH19s range.

It is important to note that with the high efficegh mode of HTGC column
configuration of long column operated at low floate, the range of n-alkanes detected
and suitable for determination of distribution fast extended only to @130 The
range was limited by the greater retention timesoaated with the low flow-rate,
which increased resolution but resulted in a loagroff for the heavy alkanes which

elute at a given temperature.
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Also, as every component has to be identified astle3 isothermal gas
chromatography runs were carried out in ordertt&duation 4-6, fewer alkanes could
be validated by screening. For that reason it nasessary to adopt a short HT5
column configuration, operated at high flow rate time SimDist conditions, based on
ASTM D7169-11 [1], in order to increase the randeeluting n-alkanes for which
distribution factors could then be determined.

Compound |a0=AS/R| al=OAH/R| R? |Compound | a0=ASR |al=()AHR| R
nC12 114 68263 1.0 nC56 187 17624.7 1.0
nC14 -11.7 7501.6 1.0 nC58 -19.0 180533 1.0
nC16 -13.1 85225 1.0 nC60 -19.1 18323.7 1.0
nC18 136 9190.1 1.0 nC62 -19.4 186822 1.0
nC20 138 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 145 10830.1 1.0 nC68 203 19826.6 1.0
nC26 146 112733 1.0 nC70 2206 202342 1.0
nC28 152 11905.5 1.0 nC72 208 20556.7 1.0
nC30 153 122992 1.0 nC74 212 210008 1.0
nC32 159 12918.7 1.0 nC76 220 216775 1.0
nC34 -16.6 13598.6 1.0 nC78 224 221289 1.0
nC36 -16.7 139238 1.0 nC80 225 224005 1.0
nC38 176 14673.8 1.0 nC82 228 227575 1.0
nC40 176 150593 1.0 nC84 232 231506 1.0
nC42 -18.0 15475.1 1.0 nC86 238 237718 1.0
nC44 -18.1 15840.4 1.0 nC88 2243 242305 1.0
nC46 -183 16170.4 1.0 nC90 244 244496 1.0
nC48 -183 16450.2 1.0 nC92 2245 247173 1.0
nC50 185 16814.7 1.0 nC94 247 249772 1.0
nC52 -18.5 17058.0 1.0 nC96 2249 252609 1.0
nC54 -18.6 17351.9 1.0 n(C98 252 25662.1 1.0

Table 4-4. Thermodynamic properties of n-alkan&s £mCsyg), determined in the
range of (80-430)°C using constant flow rate of /émm, in GC-2 (Table 4-1).

As distribution factors are a function of the phasgio, B (Equation 4-6) but
independent of column length, it was necessary tth@atbm HT5 column for SimDist
operating conditions should also have a film thedshof 0.15 microns*. (GC-2, Table
4-1). (*A matching phase ratio can be assumed becafigbe tight manufacturing
specifications achievable in modern capillary catumanufacturing processes). In this

way, the range of eluting alkanes was extendedQG@oH20,, enabling distribution
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factors up to nggHi9s to be obtained, consistent with the earlier daaved from the
12m HT5 column (GC-1).

Both sets of data oK, have been applied to either mode of flow contmith

tolerable errors as will be shown in the followisegtion.

4.8.Validation of the predicted retention times (RB)

The retention time prediction model, developed IATMAB R2010bSP1, was
described in CHAPTER 3 —[2-3]. It is based on Epumet4-7, and contains the
corresponding equations for calculation of visgggiressure, and velocity through the
GC column, for which the main input data requiretrisithe distribution coefficients of

every compound, as explained earlier. (See Sedtion

The model has been validated using distributiorffiments obtained in this chapter
for nC2-nGCs4 (Table 4-3) and for nz-nCgg (Table 4-4), which were applied to analyses
conducted under both modes of flow control --- ¢ansinlet pressure, and constant
flow rate. These analyses were conducted on ba&hL#m (GC-1), and the 5m HT5
column (GC-2), with 3 different temperature ramppleed as described in Table
4-5. Validation of the model led to some interestamclusions, which are discussed

in the following sections.

Ramp 1| Ramp 2 | Ramp 3
T, (°C) 10 10 10
Hold up time at T, (min) 0 0 0
ramp of T (°C/min) 10 15 20
T ax (PC) 430 430 430
Final Hold at T, ., (min)] 12 12 12

Table 4-5. Temperature Programming

4.8.1. Validation of the model for predicted RTs at constant inlet pressure
Validation of this model has been carried out expentally, using temperature
ramps of 10°, 15°, and 20°C.min-1 (Table 4-5) for &inalysis of a solution of Polywax
850 + nG;H26-nCsoH122, described above. All analyses involved the 1Z0% ldolumn
(GC-1), operated under constant inlet pressureitonsd, at an indicated 20kPa gauge
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pressure, and producing a set of retention timesdoh ramp for the n@gH26-nCsoH122

alkane range.

The experimental values obtained have been compaittdthe two data sets of
distribution factors obtained using isothermal G€asurements at constant flow rate
(Table 4-4), and at constant inlet pressure (Tdb8. The calculated input value of
18.3kPa used in the model for the constant inletggapressure has been obtained

according to the experimental procedures explaatexye, as shown in Table 4-2.

98- -
90 -
82 -
T4+ -
66 -
581 -
5 — RTs Predicted(K**) (10C/min)
2 501 -+~ RTs Predicted(K*) (10C/min) i
* RTs Experimental (10C/min)
421 RTs Predicted(K**) (15C/min) _
--+-RTs Predicted(K*) (15C/min)
34 ¢ RTs Experimental  (15C/min) ,
RTs Predicted(K**) (20C/min)
261 —-+-RTs Predicted(K*) (20C/min) .
e RTs Experimental  (20C/min)
181 -
| | |

| | | | | | | | | | | |
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Figure 4-7. Validation of the model developed witkhouse experimental data
for Alkanes, using the temperature programmifgb(e 4-9, for n-alkanes
(nCy2H26-nCygH19g) at constant inlet pressure (Gauge pressure=188)kin GC-
1 (Table 4-), using K** (Table 4-4) and K* (Table 4-3).

Figure 4-7 shows the improved match of the modedigtion with the experimental
data, using the data set of distribution factéts (obtained with isothermal GC
measurements under constant inlet pressure (TaB)e wWith an average deviation of
1.5% relative error. This finding was as expectedthe isothermal experiments and the
3 ramps of temperature were carried out using #meescolumn configuration (Table
4-1) and same constant inlet pressure.
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The deviations resulting from the data set of distion factorsK** (obtained with
isothermal GC measurements under constant flowy emgeshown in Table 4-4, with a
higher average relative error of 4.8%. This aks®oi be expected due to the different
conditions at which the distribution factors werbtaoned (constant flow rate),
compared with those which applied to analyses winglthe three different temperature

ramps, where constant inlet pressure flow modeapa$ied.

4.8.2. Validation of the model for predicted RTs at constant flow rate
For the validation at constant flow rate, the sahree ramps of temperature were
applied for analyses of the solution of Polywax 850C;,H26-nCgoH122 , but using the
5 m HT5 column(GC2) at constant flow rate of 20mmh-1 as specified in ASTM
D7169-11 [1]. A set of retention times for ea@mp was thus obtained for the

nCi2H26-NCogH1gsalkane range.

The experimental values have been compared withsdme two data sets of
distribution factors used in the case of constalet ipressure, summarized in Table 4-3,

obtained at constant inlet pressure, and in Talfleat constant flow rate conditions.

The developed in-house model allows a choice betveeastant inlet pressure, and
constant flow rate for intended calculations. Whsing the latter, the model calculates
the variation of the inlet pressure required fointaning the flow constant at reference

conditions, as temperature increases and carrgerigaosity does likewise.

A third model was therefore used for predicting exkpental retention times, by
using the distribution factors obtained at consttowv rate, but using an average
constant inlet pressure derived by algorithm, nathan recalculating the inlet pressure

required to maintain constant flow.

The average inlet pressure used has been calcaatéet average between the range
of pressure required to maintain constant flow tigiewut the temperature program
used. The lowest pressure required is at 10 °C,eharhl5.5kPa; and the highest
pressure required is at 430C: 133.9kPa (with anra@ee value throughout the

programming temperature of 124.7 kPa).
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This model takes into account the average respohtee flow controller during the
temperature program, since no model exists fomading the effect on inlet pressure of

the lag in temperature between column and oven.

Figure 4-8 shows that at constant flow rate, andgushe data set of distribution
factorsK** obtained at the same condition, and using the saoenn configuration as
the 3 ramps of temperature, the model predictiondyce an average relative error of
4.4%.

1001
[ g 3 o »
Oo’b
90+ s
o>
>
80r
70r
60- — Predi . :
= ; redicted(K**) (10C/min)
Q » Predicted(K** P*) (10C/min)
» 50+ --+-Predicted(K*) (10C/min)
o Experimental ( 10C/min)
—Predicted(K**) (15C/min)
40r » Predicted(K*.P*) (15C/min)
-+ Predicted(K*) (15C/min)
30r e Experimental (15C/min)
— Predicted(K**) (20C/min)
20 --+- Predicted(K*) (20C/min)
@ Experimental (20C/min)
> Predicted(K**,P*) (20C/min)
| | | | | | | | | |
! 00 5 10 15 20 25 30 35 40 45 50

Retention Time (RT) /min

Figure 4-8. Validation of the model developed witkhouse experimental data
for Alkanes, using temperature programming ( Table4-5), for n-alkanes
(nC12-nCyg) at constant flow rate of 20ml.minin GC-2 {able 4-), using K**
(Table 4-4) and K* (Table 4-3) and at constant irppeessure (mean pressure =
P*=124.7kPa) using K** (Table 4-4).

Figure 4-8 may reflect use of an ideal model, whiobduces an immediate change in
the inlet pressure in response to the temperatagrgm set-point, rather than the true
column temperature. Therefore a model taking adcotiboth the lag in temperature
changes, and the lag in the response of the flomtralber for changing the inlet
pressure, would be required in order to improve phedictions, such as the one
suggested by Conder [25].
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The model providing the best match in Figure 4-Bhwhe experimental data is the
third model K**,P*) which used the data set of distribution factdstamed from the
5m HT5 column (GC-2), operated under the same tiondi as the three ramps of
temperatures, with constant flow rate of 20ml.mjrit using the model at constant
inlet pressure with an average value of 124.7kHachvyielded an average relative
error of 2.4%.

This outcome is as expected since an average vathe inlet pressure will represent
an average change by the flow controller to thetipkessure during the temperature

changes, even with a lag in response.

The model producing the highest deviation is, gseeted the one using the data set
of distribution factorsK**) obtained at different conditions from the oneduf® the
three ramps of temperatures, as occurs with thiglatedn at constant inlet pressure,
described previously. Figure 4-8 depicts an averatmive error of 9.2% when using
the thermodynamic data obtained at constant intesgure, since the 3 ramps of

temperature were carried out a constant flow rate.

Finally, it is notable that accurate retention tipredictions have been obtained for
the three temperature ramps which initiated frofiCLQOp to 430°C, even when the
temperature range for which the distribution fastdvave been derived, related to
isothermal measurements in the range 80°C to 430°C.

4.9.Conclusions

This chapter provides an extension of the datafséistribution factors for n-alkanes
up to nGgHiog over the temperature range 10°C-430°C, based otheisnal gas
chromatography measurements carried out at botktaohinlet pressure and constant

flow rate.
The former used the common HTGC configuration ¢dreg column with low flow

rate providing a data set of distribution factasthe n-alkane range spanning; -
NCssH130.
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As the purpose of this thesis is to analyze theli@@s for heavy n-alkanes, and since
the extrapolation of the above distribution factgislded poor predictions, this work
proposed extension of the data set kKofvalues(distribution factors) for n@H,s
NCogH19s, by using a true SimDist configuration with a gheif GC column operated at

high flow rate.

The distribution factors obtained in this chapterevused as the main input for the
GC developed model for the prediction of retentiones, which was introduced in
CHAPTER 3 —. lts validation has been carried @il distribution factors obtained at

both constant flow rate and constant inlet presseperating conditions.

Two conventional HTGC configurations were appliéat: efficient resolution with a
long column operated at low flow rate; and true Bish HTGC with a short column

operated at high flow rate for inefficient resoduti

When the distribution factors used in the modellh@ye been obtained at the same
conditions as the experimental data with which they being compared, an average
relative error of 1.5% was found for constant inpeessure mode; and of 4.4% for

constant flow rate mode.

Nevertheless, when the distribution factors usetwbtained at different conditions,
an average relative error of 4.8% was found (elgerwdistribution factors at constant
flow mode were applied to measurements to be Maktat constant inlet pressure).
The average relative error increased to 9.2% whistriltution factors obtained at

constant inlet pressure were applied to experimeorgucted at constant flow.

Finally, a model running at constant inlet pressuieng the average value through
the temperature programming was used in order fwaue the predictions when the
experiments were carried out at constant flow rgidng an average relative error of
2.35%.

This chapter also provides a basis for extendirgg ahalysis of non-elution using

HTGC configurations (introduced in CHAPTER 3 -) faralkanes heavier than
NnCs2H126, Which will be treated in CHAPTER 5 —.
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CHAPTER 5 — COUPLED PYROLYSIS-GC MODEL,
DETERMINATION OF PYROLYSIS RISK INSIDE THE
GC COLUMN AND INCOMPLETE ELUTION

5.1. Introduction

The objective of this chapter is to provide an @pth analysis of the two main
HTGC limitations for the analysis of heavy oil hgdarbons. First, the pyrolysis risk
inside the GC colummand secondly, the non/incomplete elution of heawglkanes

spanning the range from El3o to NGgoH162.

The large amount of species of the reduced freieab@yrolysis model developed
and explained in CHAPTER 2 —, has imposed the teeltvelop a reduced molecular
pyrolysis model, comprising 11 n-alkanes (€, nCigHsz, NGoHaz, NCGsHsy,

NCsoHe2, NGasH72, NCagHg2, NGsgH 102, NCsoH122, NCroH142, and NGeH162).

Similarly, the excessive computing time of the GGdal developed in (COMSOL-
MATLAB) and explained in detail in CHAPTER 3 —, faguredicting the zone’s
variances while every component is migrating anditieing between the stationary
and the gas phases, has imposed the need to deuelapalytical and more efficient
GC model.

Thus, using these two efficient models, a Pyrol&a3 coupled model has been
developed in MATLAB, running at constant time-stephich enables isothermal
conditions to be assumed at every time-step cdlonlaThis model is capable of
calculating the cumulative pyrolysis conversion dhd degree of elution in order to
determine the maximum single carbon number (SCNghvban be reliably quantified
using HTGC analysis.

5.2. Reduction of the pyrolysis model
Simulation of large reaction mechanisms can regultexcessive computational

demands / processing time. Consequently it is gsarg to reduce the size of the
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reaction mechanisms to an almost equivalent, smatenputing model, several of

which exist, mostly based on mathematical rathan tthemical concepts. [1-2]

In CHAPTER 2 — [3] a reduced free radical primagygbysis mechanism has been
developed for the n-alkanes, comprisingi#o, NCieHzs, NCooHaz, NGsHso, NCeoHe2,
NCssH72, NCaoHsz, NCysHoz, NGsoH102, NGssHi12, NGeoH122, NCesH132,NCroH142, NCGrsHis2
and nGgHie2. This model accounts for 15 reactants, 7055 reasti336 species, 242

molecules, and 94 radicals (Table 5-1).

RADICALS | MOLECULAR
Mixture of heavy Qils
Crat Cret Capt Cost Cas + Cyp + Cys + Cyp
F+C:+Chpt Cas+ Crp + Cs+ Cyy

Reactants 11

Reactions 7055 127
Species 336

Molecules 242 17
Radicals 04

Table 5-1. Summary of size of the mechanistic iksetodel developed. (See the
free radical mechanism in CHAPTER)2

Nevertheless, the large size of this model stpresents a computing time constraint,
when coupled to a GC migration/separation modeichvis the ultimate purpose of this

work.

A further reduction is therefore required of theefradical pyrolysis model, when
developing it into a molecular pyrolysis model. Shiew reduction process is based on
knowledge of the thermal reactions’ networks arertites of the different pathways[4],

and will be explained as follows.

The validation is based on the comparison of tlselte of simulations obtained from
the reduced molecular mechanisms with those defiesd the free radical mechanisms
mixture model developed in CHAPTER 2 —[3], usinglased reactor at 1MPa and at
380°C and 45C°C, with an initial equimolar composition of 9.09%olar for each of
the 11-n-alkanes studied in this chapter,@go. NnCgoH162) -

A generic reaction scheme of the thermal crackintpw conversion is depicted in
Figure 5-1. The thermal cracking of an alkane dta&at: uH) is made up of chain
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reactions leading to two cracking products, an rakéighter: BH, with lower single
carbon number (SCN) tharH, and an alkene.

Kinetic
Initiation: uH —» pe + B> K;
H-Transfers: uH +pf —» pe +BH Kur
Decomposition: pus —» fe + alkene Kp
Termination: s« +us —» Products Kr
L +p* —» Products Kr
p +p> —» Products Kr

Figure 5-1 Primary Reduced Reaction mechanismerithal cracking of alkanes,
for low-temperature and low conversion. (Reactaudt), (radicals: pe, f°),
(alkanesuH, fH ).

The chain scheme uses the standard notation [6-6¢fer to the radicals, p arfid
which react in a uni-molecular and bi-moleculargagation step, respectively. [7] The

mechanism presented is based on the work of Bounatal. [8]

The temperature range used in HTGC analysis isideresl as low temperature for
pyrolysis reactions, and therefore the propagatibain reactions control the whole
pyrolysis mechanism. At these conditions the deamsitijpn reaction is the limiting
reaction (or limiting step) of the propagation ¢hf8], and therefore of the global rate
of the reaction (for the whole mechanism). Thidased on the Quasi-Stationary-State
Approximation (QSSA) and the Long Chain Approximati (LCA). [8] (See
CHAPTER 2 —{[3])

5.2.1. Reduction of theradical pyrolysis model to a molecular pyrolysis model
(stoichiometric lumping)
The size reduction from a radical mechanism to aclstometric mechanism is
considerable, as will be presented in the nextsadbions. However, the approach
required for building a molecular reduced mechansmuch less straightforward than

the approach used for lumping radical reactionshaeism. Additionally the reactions
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are not of first order but %2 orders, which are th&n source of possible errors, and

hence the technique should be applied to complexunas with extreme care.

The free-radical mechanism developed for the mexgpanning the range of alkanes ,
NCi4H3zo0- to NGoHis2 (CHAPTER 2 —[3]), will be named “Original Mechani§nthe
reduction of which simplifies all of the radicalespes, according to the above mention
simplification. Thus, the whole mechanism is redl¢e the propagation chain only,
which is much more significant than the initiatiand termination reactions, due to the

long chain simplification

In the first reduction step, all the decompositard H-transfer reactions have been
simplified into their corresponding molecular reawot (Figure 5-2). Since the rate
limiting reaction is the decomposition, applyin@ tQuasi-Steady State Approximation,
its kinetic parameters have been calculated acogtdi Equation 5-1. The rate constant
parameters used come from the lumped initiationtandination reactions of all the n-

alkanes considered (uH), considering all kind @i | radicals.

k
Isto = TIglobal v Tglobal =Tp = kp[ue] = kp é\/ [ UH]
Equation 5-1

As the required reaction'/f) order cannot be simulated by means of the softwar
CHEMKIN 11, it is considered to be a first orderaation, which may have chemical
sense, since the temperature range used in thisisaround 400°C, and according to
Bounaceur [4] the global order of the reactionrealkane cracking at low temperature
(~ 200°C ) is equal to % and at high temperatube\ia 600 °C) is close tt,.

Nevertheless, after comparing the original moded ahe first step reduced
mechanism, a slight under-reactivity of the mixthes been observed for temperatures
around 400°C. Therefore, the pre-exponential faovbrall the molecular reactions have
been multiplied by an arbitrary factor of 10 in erdo increase the reactivity and
reproduce the simulated values obtain with theilmaignechanism.

Finally, a reduced molecular model representatifeth®e pyrolysis of the Original

Model has been obtained, composed of 2935 reactindsl61 molecular compounds.
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In order to reduce further the molecular model,eaosd step reduction has been
applied, by lumping some species into the followidg“classes” : alkene, GHCHe,
C3-Cs, Co-C13, CisHzz, Ci7-Cro, Co1-Cos, Cog-Cao, C31-Cas, Ca6-Cao, Ca1-Cag, Cs1-Csg, Ce-

Cso, Cr1-Cro, and keeping the 11 n-alkanes as reactants freraribinal model.

Thus, the class “6&-C,4” represents the lumping of ny{E44, N-CGoHas, N-CosHag and
n-Cyo4Hso, and the class “alkene” represents the sum adtfallalkenes included in the

original model.

The reduction of the reaction and its correspondiimgetic data is required to be
written step-by -step taking into account all kiofl reactions in which the species
belonging to the new class are included, and fyrlakinping all the reactions which are

repeated.

In the case of the class 35", the stoichiometric reduction of BB;, accounts for 6
reactions (Figure 5-2.a), which required to be &m as described (Figure 5-2.b) and

then rearranged, in order to obtain the 2 clasp&dreactions.

When replacing every molecule by the correspondiags, the resulting mechanism
comprises many repeated reactions (highlightedua and purple (Figure 5-2.b) which
have been grouped, and their kinetic parameterespands to the sum of all the

repeated reactions, as described in (Figure 5-2.b).

It is important to notice, that the reactions whigkld the same “class” have no

chemical sense, and therefore are eliminated flemtechanism.
This procedure has been applied to the whole mi@eacoechanism (representing the
pyrolysis of the 11 n-alkanes studied) and a furtftegluced mechanism has been

obtained, comprising 296 reactions and 26 moleadarpounds.

Additional trimming of the number of classes wasel in order to further reduce the

mechanism, whilst still reflecting the reactants] alasses of interest for this study.
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Arrhenius Parameters
A Ea

C5H12 == C2ZH4 + C3HE8 1.79E+17 70500
C5H12 == C3H6 + C2H6 1.79E+17 70500
C5H12 == C4HS + CH4 1.79E+17 70500

C4H10 == C2H4 + C2H6 1.55E+17 70500
C4H10 == C3He + CH4 1.55E+17 70500

C3HS8 == C2H4 + CH4 2.53E+17 70500
a)
Arrhenius Parameters
A E
C3-C5 == C2H4 + C3-C5 1.79E+17 70500
C3-C5 == C3-C5 =F C2H6 1.79E+17 70500
C3-C5 == C3-C5 =F CH4 1.79E+17 70500
C3-C5 == C2H4 =F C2H6 1.55E+17 70500
C3-C5 == C3-C5 =F CH4 1.55E+17 70500
C3-C5 == C2H4 3F CH4 2.53E+17 70500
C3-C5 == Alkene SF C2H6 3.34E+17 70500 |
b) C3-C5 == Alkene =F CH4 5.87E+17 70500

Figure 5-2. Stoichiometric reduction of giff;» (a) and reduction by class of “C3-
C5"(b).

Therefore, a new class has been introduceds pis” which will represents the
lumping of NGsHs, with the classes: GCig, C1-Cos, Cos-Cog, C31-Cas, Ca6-Czg, Car-
Cag, Cs1-Csg, Cs1-Ceo and G1-Cro.

Thus, the final reduced molecular mechanism, adsofan the 11 original n-alkanes
(reactants) and the 6 following classes: alkeng;, ChHg, C3-Cs, Cs-C13 and Gsplus.
In this case, three rearrangements are applied:
a) Lumping of molecules belonging to the global cla€ss plus” which are
produced by an n-alkane reactant.
b) Lumping of n-alkane reactants which produced n+adkaeactants or lighter
class.

c) Lumping of global class {g as reactant.

In case (a), all of the reactions which will yi¢he class “Gsplus” will be added. For

example, in the case ob&Es,, the products: &-Co4, Ci17-Cig, and GsHsp, belong to the
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global class “Gs plus”, and therefore the three reactions will beled to represent a

single reaction, as shown in the Figure 5-3.

Arrhenius Parameters
A E

Kinetic
C25H52 == Alkene + (C21-C24 2.92E+17 70500 K
C25H52 == Alkene + C17-C19 2.19E+17 70500 K.
C25H52 == Alkene + C15H32 7.30E+16 70500 K
C25H52 == Alkene + Cl5plus 5.84E+17 70500 Ks

Figure 5-3 Reduction of the Mechanism by “classf the GsHs; yielding class
“C15plus”

The kinetic parameters will be calculated with Bipra5-2:

KAlkame —C15plus * [Alkane] = z KAlkane —classes >C15 [Alkane]

Equation 5-2

Then in the case of Figure 5-3, Rs = Kssfz)] = Ki:[CosHsg + Ko [CosHsg] +
Ks-[CosHsz]. Therefore, the pre-exponential parameter will tvee sum of the
corresponding values for the reactions yielding ¢lasses which belong to the global
class ““Gs plus” ", and the remaining reactions are highleghin blue in Figure 5-3.

In the case (b), since there is no lumping, thetr@as remain the same, either for the
n-alkanes lighter than the reactant as well ashferighter classes¢Ci3, Cs-Cs, CHe,
and CH.

In the case (c), it is necessary to rewrite theadqos for every class heavier than
nCisHs, (shown in Figure 5-4) and to calculate the peramtaf the classes heavier
than nGsHs,, which yields the 11 n-alkanes and the classédgdighan n@Hs,, using
Equation 5-3.

%flux toward reactant

kinetic parameter of the reaction yielding the reactant

sum of all the kinetic parameters

Equation 5-3
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Thus, it is necessary to know the total kinetixfthat the given classes heavier than
nCysHs2 will produce, which in turn, is the sum of all tkmetic flux producing either
heavier or lighter classes thangds, and pure alkanes.

The equivalent kinetic data are then calculatedguBiquation 5-4:

Keisplussproduit = (YflUx class>c1s-proauit) * Kelass>c1s-produit
Equation 5-4
As (Figure 5-4) illustrates, the reactions highteghin green will disappear, since
they do not have chemical senses(@us => Gsplus + alkene). But for the remainder
of the reactions, it is necessary to calculate @beivalent flux that generates them,
using Equation 5-3 and Equation 5-4.

For example, the kinetic parameter for the reacti@s plus” — alkene+ GoHi4z,
comes from the reaction,ECr;9 — alkene+ GgHi42. Therefore, the flux of these

reactions will be using Equation 5-3 and accordmfigure 5-4:

3.72-10% _
% lux class>C15-produit = QK)=261-101° =143-10

and the equivalent kinetic will be using Equatied &nd according to Figure 5-4:

70500 70500
Kcisplusoproduit = ( 143 -1072) - (3.72 - 107 RT ) = 5.31- 105 e™ RT
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Arrhenius Parameters

A Ea
c71-C79  => Alkene + C70H142 3.72E+17 70500
c/71-c79 => Alkene + Cb1-Ce9 3.35E+18 70500
c71-C79  => Alkene + Co0H122 3.72E+17 70500
c71-C79  => Alkene + C51-C59 3.35E+18 70500
c71-c79 == Alkene + C50H102 3.72E+17 70500
c71-C79  => Alkene + C41-C49 3.35E+18 70500
c71-c79 == Alkene + C40H82 3.72E+17 70500
c71-C79 => Alkene + C36-C39 1.49E+18 70500
c71-c79 == Alkene + C35H72 3.72E+17 70500
C71-C79 == Alkene + C31-C34 1.49E+18 70500
c71-c79 == Alkene + C30HB2 3.72E+17 70500
C71-C79 => Alkene + C26-C29 1.49E+18 70500
c71-c79 == Alkene + C25H52 3.72E+17 70500
C71-C79  => Alkene + Cc21-C24 1.49E+18 70500
c71-C79  => Alkene + C20H42 3.72E+17 70500
C71-C79  => Alkene + C17-C19 1.12E+18 70500
c71-C79  => Alkene + CleH34 3.72E+17 70500
C71-C79  => Alkene + C15H32 3. 72E+17 70500
c71-C79  => Alkene + C14H30 3.72E+17 70500
c71-c79  => Alkene + C6-C13 2.98E+18 70500
c71-c79 == Alkene + C3-C5 1.12E+18 70500
c71-c79 == Alkene + C2He 3.72E+17 70500
C71-C79 => Alkene + CH4 3.72E+17 70500
Z total 2.61E+19
Cl5plus => Alkene + C/0H142 5.31E+15 70500
C15plus => Alkene + C60H122 5.31E+15 70500
C15plus => Alkene + C50H102 5.31E+15 70500
C15plus == Alkene + C40H82 5.31E+15 70500
Ci5plus => Alkene + C35H72 5.31E+15 70500
C15plus => Alkene + C30HG62 5.31E+15 70500
C15plus == Alkene + C25H52 5.31E+15 70500
Cl5plus => Alkene + C20H42 5.31E+15 70500
C15plus => Alkene + C16H34 5.31E+15 70500
C15plus => Alkene + C14H30 5.31E+15 70500
Cli5plus => Alkene + C6-C13 3.41E+17 70500
Ci5plus => Alkene + (C3-C5 4,81E+16 70500
C15plus => Alkene + C2H6 5.31E+15 70500
C15plus => Alkene + CH4 5.31E+15 70500

Figure 5-4. Reduction of the Mechanism by “cla$sf the class &-Crg9 which

becomelass “Cysplus”

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

repeated reactions is the sum of the individuattiindata using Equation 5-2.
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Finally, a “class” molecular mechanism composed1@7 molecular reactions and

17 molecular compounds has been obtained

5.2.2. Validation of thefinal class model
After comparing the conversion of the 11 n-alkangither pure or in mixture at
several temperatures, it was found that the biggesiation between the original
reduced radical model, and the molecular reducedetnmccurred at higher conversions
for the decomposition products. This is to be ekge since the developed mechanism
accounts only for a primary mechanism capable stieing complete conversion of

reactants, but not accurately for the formatiopraiducts.

Furthermore, the simplification of the reactionlgirg “C;s plus” from “Cys plus”, at
the end of the class reductions (no chemical séoisehis reaction), may have a
chemical effect in the whole decomposition mechanf this component, which

would be interesting to analysis in a future work.
The comparison of the original pyrolysis mechaniamd the “class” molecular
mechanism for all of the 11 n-alkane reactants{ntCs, NG, NG5, NGso, NG, NCyp,

NCso, NGso, NCro, NGyp), is depicted in Figure 5-5.

After reducing the mechanism from 7055 reactiond42@ reactions, and from 336

species to 17 species (Table 5-1), good accuracy whtained at different

temperatures.

In addition, all the kinetic parameters used hawea chemical meaning since no
mathematical optimization has been applied fordig the “class” reduced mechanism

introduced above.

The good agreement achieved between the orignatlel (reduced radical
mechanism validated up to pfls, [3]) and the reduced “class” molecular model,
demonstrates the validity of the reduced molecoiadel for heavy n-alkane mixtures.
The deviation at low conversion is the lowest, apeeted, since the primary
mechanism is capable of accurately predicting ttigal production at temperatures
below 450°C.
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For the scope of this work, these results are watysfactory, due to the shorter

residence time of reactants at high temperatures.

5.3. Gas Chromatography model

In CHAPTER 3 —[9] a GC model in MATLAB has been dwped for the prediction
of retention times of each solute, using a diszation approach introduced by Snijders.
[10]. Another GC model in (COMSOL-MATLAB) was theteveloped to calculate the
distribution profile of each component at everydistep, and hence its concentration

profile.

But as in the case for the large pyrolysis modet, ¢omputing time of the latter
model represents a constraint when it is couplethéoreduced molecular pyrolysis
model. Therefore, the discretization method intitl by Snijders [10] has been used
also for the prediction of the peak width of théus® zone, corresponding to the space
occupied by a solute migrating in a column [11]jhis approach showed superior
performance in computing time and has been couplemtessfully to the reduced

molecular pyrolysis model introduced in Section. 5.2

Snijders [10] proposed to discretize the simulatioequal time segments in order to
enable isothermal properties to be applied for yvtene-step. Also, if the time step
chosen is sufficiently small a uniform pressure banassumed in the space segments

travelled.

Thus, at every time step the local plate height ifHgalculated based on the Golay

[12] equation for open tubular columns (EquatioB)5-

. Du(x,t)
H(x,t) =2- )
1+6-k(T®)+11-k(T()?* 1,2
+ uxt) {l 24 - [1+ k(T(0))]? Dy (x, )

+[ 2-k(T(t)) . w? l}
3-[1+k(T®)]* Ds(x,t)

Equation 5-5
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Here,k corresponds to the retention factor, which isrti® (K/f; K corresponds to
the distribution factor; ang is the phase ratio of the columm, andw correspond
respectively to the inner radius of the column #mal film thickness of the stationary
phase. [ and O, correspond to the diffusion constant respectiuelhe stationary and

mobile phase, andmcorresponds to the velocity of migration of theriea gas.

At a given positionx the local zone variance,f, length unit) of a solute from the

zone centroid, represent the solute’s spreadingcande calculated with Equation 5-6.

sz(Axn) = H(xp, ty) - Axp
Equation 5-6

Also, the increment in the zone variance (lengtht)uns represented by the
summation of all the local contributions of zoneiaaces, as described in Equation 5-7.
, Where at every time step, the correction is &gplor the expansion of the solute zone
due to the reduction in pressure (P) along themn|uas introduced by Giddings [13].

. {P(xn—ﬂ

PO } + 0,.2(4x,)

n-1
O-xz(xn) = [Z axz(Axi)

Equation 5-7

This approach, has been programmed in MATLAB, aasl heen compared with the
solution yielded by the COMSOL-MATLAB model devekpin CHAPTER 3 — [9],
which solves the diffusive-convective equation ioyté elements.

SGE HTS Column
Lengh 12 m
diameter 0.53 mim
film thickness 0.15 LTy

Table 5-2. Column Dimensions of in-house HTGC
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To (°C) 10

Hold at To (min) 0
ramp of T (°C/min) 15
Tmax (°C) 425
Hold at Tmax (min) 12

Table 5-3. Temperature Programming

A comparison of the two methods is depicted in Fagbr6, for nGzHzs migrating in
a 12m HT5 column, for which column dimensions aecthperature programming
details are shown in Table 5-2 and Table 5-3). eli@nt agreement was obtained in
predictions of the zone’s centroid, with an averagjative error of 1.1%, and in the
case of the zone’s standard deviations, an avesggve error of 3% was found, with

the largest error occurring when the solute apgresithe column outlet

However, the lengthy computing time of the methaod solving the diffusive-
convective equations prohibits its use for a langenber of components, especially if

coupled with the chemical reactions model.

Thus, in this study, the analytical method intraetlidby Snijders [10] has been
implemented in MATLAB and coupled to the reducedlenalar pyrolysis model
(described previously in Section 2), by calling QWEIN at every time step iteration,
and using feedback between the two models unth eamponent elutes from the GC

column.
£ 007 ¢ 4
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S 006
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= | —e—Analytique E _ “
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Figure 5-6. Comparison of Zone standard deviatiod @aone centroid of ngHos,
predicted using an iterative analytic approach [1@ing MATLAB and solving
the diffusive-convection equation by finite elemasing COMSOL. (Column
dimensions Table 5-2 and temperature programmingela-3)

Based on Equation 5-7, for predicting the zonedtiyiand Equation 5-8, for predicting

the retention times, a synthetic chromatogramskas assessed for 12m GC column.
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Figure 5-7. Synthetic Chromatogram, obtained ughgaone standard deviation
and zone centroid, predicted using an iterative lgi@ approach [10] using

MATLAB (Column dimensions Table 5-2 and temperaprogramming Table

5-3)

5.4. Pyrolysis-Gas Chromatography model (Coupled Model)
Both the reduced molecular pyrolysis model (seeti®®c5.2.1) and the analytic
iterative GC model (introduced previously in Sewt®.3) are indivdually efficient, in

terms of time computing, for coupling as a singléicient physic-chemical model.

The latter is capable of predicting at every tineps the zone’s centroid, standard
deviation and pyrolysis decomposition (if it occatsthe given temperature and delta

time step), of every solute studied, either as»@ure or as a single component.
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In order to maintain a constant temperature atyetiare-step, a constant time-step
has been implemented, permitting an incrementGfevery 4 seconds (due to the ramp

of 15°C/min, used in the temperature programming Tal3¢. 5-

Initially, for every component studied, the pogitiof the zone’s centroid in the next
time step (%1), is calculated, using Snijders[10] approach (Eagua 5-8) (see
CHAPTER 3 —[9]), the distribution factor (K), anlgket phase ratid3j.

UM(xil ti)

) +Ki(7;3(ti))

Xi+1 = X

Equation 5-8
Figure 5-8, shows the algorithm explaining the glotalculation carried out by the

coupled model, using the above models as explagradously.

The properties (Ky, vm, Ds, Dm, ) of each component are then caledlat the
temperature of the next time step T(t(j+1)), dmellocal pressure at the zone’s centroid
position (P(x(j+1)).

Then, the local plate height at the next time-skpt1) is calculated using Equation
5-5, with the zone’s variance,’(j+1) derived using Equation 5-7.

At this point, the degree of elution at the timepstt(j) is calculated in order to
determine the fraction of the zone’s distributiohieh traverses the column outlet,
enabling calculation of the number of moles whitiiteeand the quantity which remain
inside the GC column. The summation of these g@lagtutions, represents the degree of
elution at every time step (see CHAPTER 3 —[9]).

For the scope of this study, the pyrolysis riskcaédculated only for the gas phase
(further extension of the pyrolysis model to liquptdase will be treated in subsequent
studies). Therefore, only the moles in gas phasdaken into account as input for the

pyrolysis model.
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The zone’s distribution of every component serveshes point to calculate their
dispersion, and therefore to determine whetherctmponent is dispersed only in the
carrier gas (in our case in He), or dispersed ialgdther components.

For this purpose, the space occupied by every capmian the gas phase, has been
assumed to be 8% on both sides of the zone’s centroisl standard deviation),
covering99.7% of the total moles in gas phase. The comgsneside a reactor are
then determined, by calculating if the space oaxifly one component is intersected
by the space occupied by another component, and sod so forth, i.e. by determining

if their dispersions intersect.

By way of example, analysis of a 4-component mixtafter injection can be
considered, at a given time—step, t(j) when thbtégt component is located almost at

the column outlet, and an intermediate componelocated at the mid-point.

After every partial elution the equilibrium is urddaced, and therefore a re-
equilibrium is required at the temperature of timaetstep “” T(t(j)) in order to
calculate the amount of moles, which will remairthe stationary phase and in the gas
phase, before pyrolysis calculations.

However, the two heaviest components are still rlearcolumn inlet and not yet
totally separated, since each has a dispersed imamition occupying the same space,
i.e. their zones are intersected. Therefore, at-tstep t(j), three reactors are calculated:
one reactor containing the lightest component, ansecond reactor containing the
intermediate component, both of which are dispersag in carrier gas; and a third
reactor containing the two heaviest components lwhie not yet totally separated or
resolved.
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Pyrolysis -GC Model: (Calculation Pyrolysis and Incomplete elution )
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Figure 5-8. Algorithm of the Pyrolysis-GC coupleddal.

At each time-step, the pyrolysis risk is calculafi@devery reactor, and the amount of
moles of each component in the reactor is calcdlateer pyrolysis at the temperature
T(t(j)), and pressure P(x(j)) with a residence tigmial to the delta time-step (in our

case 4 seconds, for isothermal conditions).
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In the same way as for elution, after pyrolysisetgiace, the equilibrium is
unbalanced, and a re-equilibrium is required, thme at the temperature of the next
time-step T(t(+1).

Finally, the loop continues until each componens hatally eluted (Degree of
elution=1), or until the total time of the tempena& programme is reached. Thus, the
degree of elution of every component is calculateag incomplete elution can be
determined. In the same way, the amount of molesrdposed by pyrolysis of every
component is calculated, and the percentage of meassdue to thermal cracking is

determined.

5.5. Modelling of the pyrolysis and degree of elution oheavy n-alkanes at GC
(P&T) conditions

The coupled model has been applied to one of thet mommon temperature
programme (Table 5-3) used for HTGC analysis ot/iteal hydrocarbons.

Compound | a0=AS/R | al=(-)AH/R R®
nCl4 -117 7501.6 1.0
nCl6 -13.1 85225 1.0
nC20 -13 8 97515 1.0
nC25 -14.5 11051.7 1.0
nC30 -153 122992 1.0
nC36 -16.7 137612 1.0
nC40 -176 150593 1.0
nC50 -185 168147 1.0
nC60 -19.1 18323 7 1.0
nC70 -206 202342 1.0
nC80 -22.5 224005 1.0

Table 5-4. Thermodynamic properties of n-alkan&; AmCg) [14]

This model accounts for 11 n-alkanes {@Cis, NGoo, NCos, NGsp, NGz, NCyp, NGCsp,
NCso, NCro, NGgg) travelling throughout the GC column, and 17 spediaken into
account by the pyrolysis model (11 n-alkanes, atdass” pyrolysis products: Alkene,
CHys, C-Cg, Cs-Cs, Cs-Cy3, “C15 plus™).
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Moles

Compound | injected
nCl4 4 36E-11
nClé 5.08E-11
nC20 6.11E-11
nC25 B.50E-11
nC30 6.82E-11
nC36 341E-11
nC40 2.56E-11
nC350 1.23E-11
nC60 6.84E-12
nC70 6.84E-12
nC380 6. 84E-12

Table 5-5. Injected moles of n-alkanes in 0.3uLx{Me of ASTM 54179 and
Polywax, assumed values for calculation purpose$y)prfor Pyrolysis-GC

calculations.

The distribution factors for the 11 n-alkanes hbheen obtained from the CHAPTER
4 —[14] and are summarize in (Table 5-4). Thedtgd moles of each of the 11 n-
alkanes, are summarized in (Table 5-5), where gadwe for calculation purpose only,
since the real mixture injected is composed of kaés nGH30-NCsoH122 and
Polywaxes, whose individual concentrations are omkn (i.e. for the Polywax
constituents). (see CHAPTER 4 —[14])

5.5.1. Determination of componentsin each reactor (mixture of n-alkanes or
single component)
As explained in section 5.4, a reactor is considléoebe the space where one or more
components are dispersed.

The space occupied by 99.7% of every componenthén gas phase, has been
assumed to be within three standard deviati@ts,) of either side of the zone’s
centroid. Hence, if the spaces occupied by twanore components intersect, they

belong to the same reactor.

Figure 5-9 depicts the cumulative mass lost du¢htymal cracking for the 11
n-alkanes studied. The colours refj(lorange ochre(¥), orange(3), yellow ochre(#)
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and yellow fluorescent(l represent the reactors respectively, at the testyre of

every time-step T(t(j)).

Therefore, at the beginning of the GC analysis,témeperature is XC, and all the
components are present in a single reactor, repiexsén red; at 2€, nG4 is separated
from the rest of the components, and two reactmsdaund, with one containing Rg
and the second containing the 10 n-alkanes renwinkt 38C, three reactors appear:
one containing nGH3,, the second one containing #3834, and the third one,

containing the remaining 9 n-alkanes.

At 83°C, four reactors appear, each containing separat@yHso, NCieHzs NCyoHa2
and (nGsHs2-nCgoH162); and similarly, five reactors appear at I20after separation of
nCys, from the mixture containing (BEHs>-NCgoH162) in the previous time-step. But at
122C, nG4H3p4 elutes from the GC column and therefore one reatisappears, and

four reactors remain in the next time-step.

Cumulative Mass Lost due to Pyrolysis (g)
oo N B > O

Figure 5-9. Accumulative mass lost due to thermatking for n-alkanes (n{z,
NCie, NGo, NG5, NG, NGss, NCyo, NGsp, NG, NCro, NGg) at @ common HTGC
temperature programming (Table 3-2) in a HT5 columith dimension
summarized in (Table 5-2).

119



In the same way, as one component separates frenmixture, one new reactor
appears; and as one component elutes anotherre&appears, until every component
is totally separated.

At 424°C, nGoHi2o elutes completely from the column, and only twoctees
remain, containing separately 142 and nGoH1e2. Thus, after 28.87 minutes, about
52 seconds into the isothermal “final hold” periofithe temperature programme at
430°C, nGoHi4, starts to elute (i.e. is located at the columredytwhile nGoHiez is
located at 3.5m from the GC inlet. Therefore, theme2 well separated reactors at these

conditions.

Finally, after 3.46 minutes at 43D, nGoH142 elutes completely from the column,
while nGgoHi62 is located 7.83 m away from the column inlet, ahdréfore all the

following calculations relate to one reactor, camtag only nGoHse2.

Then, nGoHie2 Starts to elute at 33.9 minutes (after ~5.9 misde 430C), and
99.99 % of the injected moles elute at 40.9 mingbesafter 12.9 minutes in the final
isothermal hold period). ngHis2takes about 7 minutes to elute which is as expected
since its elution takes place entirely in isothdrim@anditions where the distribution

factors remain constant.

Conversely, in the case of components eluting dutiie ramp of temperature, there
is an acceleration of elution due to the increa$etemperature, which reduces
distribution factors by increasing the proportioheach component in the gas phase
with respect to the stationary phase. Further lasians on incomplete elution will be

treated in section 5.6.

5.5.2. Determination of pyrolysisrisk during HTGC analysis of heavy n-alkanes
The cumulative conversion due to pyrolysis of tHe rialkanes studied in this
chapter is depicted in Figure 5-10, in order tolysetheir pyrolysis risk. The figure for
each component is calculated as the ratio of tmeutative mass lost due to thermal

cracking, compared to the mass injected.
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As Figure 5-10 depicts, absolutely no pyrolysisctiem takes place in the case of
nCi4Hszo and nGegHs4 during the temperature programming (Table 5-3thef HTGC
analysis, hence their absence in the figure). hie tase of ngHs, to NCyHsy,
insignificant conversion occurs and in the casa@fyH;02 the maximum conversion

achieved before elution is 0.003% of mass thernddlyomposed/mass injected.

For the heaviest n-alkanes studied in this chapt@Hi22 NCroH142 and nGeH162,a
low but detectable mass loss occurs. The hedgnal no starts to accumulate a
mass loss due to pyrolysis of 5B3g related to the 5.77- 1§ injected, equivalent to
a 0.001% cumulative mass conversion at 373.5°ds ilhportant to notice that from
the total amount of mass of gfl1220 injected only 2.43-Itg is released in the gas

phase, whereas the rest is trapped in the stajiqgiese.

Therefore, the combination of the physical sepanaghenomena (partitioning) and
the chemical reaction (pyrolysis) which is only siated in the gas phase, limits the
thermal cracking to the amount of component pregerihe gas phase, which is the
scope of this thesis. However, it would be vengiiesting to investigate the pyrolysis

reactions occurring in the stationary phase, aguad work.

In the case of nfgH142 @ cumulative conversion of 0.001% is reached at4386,
where 2.32-18°g of nGH14. is present in the gas phase, whereas the rekeahass

injected is trapped in the stationary phase.

It is important to note that the temperature faaiatng a cumulative conversion of
0.001% is higher for nfgH142 (385.4°C) than that required for gfl122(373.5 °C), due
to the fact that nggistrapped in the stationary phase longer thagliGo0 Hence the
mass available for thermal cracking in the gas @l@sa given temperature is lower in

the case of nggH142thannCgoH122.
nC;oH142 reaches a maximum cumulative conversion of 0.66f%he cumulative

mass lost due to thermal cracking/mass injected43@°C. Thus, 4.45-18g of

nCroH142 has thermally decomposed, relative to the 6.7% 16jected.
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Finally, in the case of nigHie,, @ cumulative pyrolysis conversion of 0.001% is
triggered at 395.4°C, where only 1.15'@ is present in the gas phase, and a
cumulative mass loss of 7.86:1f is achieved relative to 7.69 “4pinjected.
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Figure 5-10. Accumulative conversion due to thdreracking for n-alkanes
(NCig, NCig, NGoo, NGos, NCao, NCgs, NCap, NGso, NCeo, NCro, NCgg) @t @ common

HTGC temperature programming (Table 3-2) in a HBumn with dimension
summarized in (Table 5-2)

The maximum cumulative pyrolysis conversion reacheaGoHis2 is 0.92% of the
cumulative mass lost due to pyrolysis/mass injeca&d430 °C, i.e. 7.04-1g of
NCgoH162 is thermally decomposed during the temperaturgrarame of (Table 5-3),
before elution, when 7.69 -1 has been initially injected.

HTGC analysis of heavy n-alkanes is carried outgisin FID detector for which the

limit of detection is in the order of 1-1fy, i.e. the order of magnitude of the mass lost
due to thermal cracking presented above, is thieatigt detectable.
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When, nGgH12, starts to decompose, the degree of elution gfhifg, is of 99.9 %,
therefore, the pyrolysis products formed by therttad cracking of nggH12,, will have
insufficient time to reach and deteriorate the pafakGCsoH102

Therefore the pyrolysis products which arise frdva thermal cracking of nigHi2o,
should be released step by step untikghfz, elute, probably increasing the baseline
signal.

nC;oH142 Starts to decompose when located 1.02m away frenGiC inlet, and 0.68
minutes after ngyHio, has reached a degree of elution of 99.99%. Thexefihe
pyrolysis products formed by the thermal crackih@@;oH142 could not deteriorate the

peak and resolution of RgH12>.

Finally, when nGgHis; Starts to decompose it is located at 0.41m froencblumn
inlet, whereas nggH14; is located 1.64m from the inlet. Further, whendizs, reaches
a degree of elution of 99.99%, it is located at3m8from the column inlet, and its
cumulative conversion is 0.52 % of the cumulativaselost due to pyrolysis/mass

injected.

It is therefore possible to conclude that 3.97'4f nGy is converted into pyrolysis
products and co-elutes with ffl142. That is to say that the peak of B4
represents not only the mass injected ofohigs,, but also 0.52% of the amount of mass
injected of nGeH1e,, converted into pyrolysis products, and therefibre analysis of

nC;oH1421S No longer reliable.

5.6.Determination of non/incomplete elution duringHTGC analysis of heavy n-

alkanes.

For the determination of non/incomplete elutionhefivy n-alkanes, the data set of
distribution factors of the n-alkanes spanning ridnege from n@Hzs to NGgH10g, (s
obtained in this thesis -- see CHAPTER 4 — has hesed as main input for the
calculation of the degree of elution of each ofnkalkanes studied.

Using the values of injected moles summarized ibl@®-5, the degree of elution

has been calculated for the 11 n-alkanes studiethigh chapter: nGHszo, NCeH3o,
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NCaoHaz, NGsHsz, NGsoHs2z, NGsHzz, NCagHsz, NGsoHioz, NGeoHi22, NCroHi42, and
NCgoH162, and is depicted in Figure 5-11

The degree of elutiorhas been introduced in order to determine theimoorhplete

elution of heavy n-alkanes (as explained in, CHARTE-, section 3.8).

124



It should be noted that alkanes heavier thagy elite during the isothermal plateau
of the temperature programme ( i.e. &30 Thus, the re-establishment of equilibrium
after each elution is carried out at the same teatpes, and therefore using the same
values of distribution factors, i.e. the ratio obles in the stationary phase to moles in
the gas phase.

Isothermal partitioning in GC analysis leads toimgrease in the peak broadening.
Conversely, using a ramp of temperature the pea&daning is reduced. This occurs
due to the acceleration of elution with the incee@s temperature, and therefore the
increase in the number of solute moles releasedtive gas phase, i.e the decrease in

distribution factors.

Figure 5-11 shows the expected elution time treitt mcrease in carbon number.
nCroH142 Starts to elute at 29 minutes, and attains a éegfrelution of 99.99% at 31.3
minutes, and 100% at 31.5 minutes. That is to Haat NGoH142 takes 2.5 minutes

eluting, and its peak broadening increase.

NCgoH162 Starts to elute at 33.8 minutes, reaching a degredution of 99.99 % at
40.9 minutes and 100 % after 42.3 minutes. ThesefoGoH 162 takes 7.1 minutes to

elute, increasing the peak broadening, and decig#siresolution.

Finally, it is possible to conclude that the peakging during the isothermal plateau,
at the maximum temperature of the temperature progring (Table 5-3), will have a

decrease in resolution, due to the increase in pezddening at isothermal conditions.

In the case studied in this chapter, from;d¢G4, the components will elute much
more slowly than the lightest components, and fbesean analysis of the resolution of
the peak in the chromatogram would be required wdeziding to take into account the

peak area of the n-alkanes heavier thaptGo.

125



It is interesting to note that 99.99% of 438162 elute 12.9 minutes in the isothermal
conditions at the maximum temperature (430 of the analysis.. Therefore, this
component is not normally taken into account in@& calculations, due to the shorter
period of time that a HTGC column is normally laft high temperature (43C), in

order to avoid stationary phase bleeding.
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Figure 5-11. Degree of Elution vs time of each congmt “i” :n-alkanes in the
range of G4H30 to nGoHi62. Degree of Elution= Moles of “i” inside the GC

column at time (t) /Moles injected of “i".

5.7. Conclusions

This chapter provides an in-depth analysis of the hain HTGC limitations for the
analysis of heavy oil hydrocarbons: first, the pyses risk inside the GC columand
secondly, the non/incomplete elution of heavy rapls spanning the range from
NCi4H30 to NGeoH162.

The large amount of species of the reduced freieabgyrolysis model developed in
CHAPTER 2 — has imposed a need to develop a redonelcular pyrolysis model,
comprising 11 n-alkanes (@ﬁbo, n016H32, nCon42, nCz5H52, nC30H62, nC35H72,

NCyoHgo, NGoH102, NGsgH122, NCrgH 142, and nC§0H162). The number of reactions has
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been reduced from 7055 to 127, and the numberexfisp from 336 to 17, whilst still

yielding very good accuracy.

For similar reason, the excessive computing tirh¢he GC model developed in
COMSOL-MATLAB as explained in CHAPTER 3,has imposedeed to develop an
analytical and more efficient GC model. The congmar between predictions of zones’
centroids and variances has been found to beHesslt.1% and 3% of average relative

error.

Thus, using these two models, a Pyrolysis-GC calpiedel has been developed in
MATLAB, running at constant time-step, enablingtigrmal conditions to be assumed
at every time-step calculation. In this model,eaes of physic-chemical phenomena
occurs in a loop, at every time-step until each ponent has totally eluted: partition,
degree of elution calculation, re-equilibrium ifrpal elution takes place, pyrolysis
calculations, and finally re-equilibrium if pyrolgsoccurs.

Finally, two conclusions have been made from thsulte obtained using the
Pyrolysis-GC model. First, the cumulative pyro$ysionversion of the 11 n-alkanes
studied in the chapter, suggests that 0.52% ofrthss injected of négHi62, thermally
decomposed before a4 has eluted. Therefore, co-elution of €4, and the
pyrolysis product of ng (comprising0.52% of its injected mass injected) is possible,

making the GC analysis of RgHis2and heavier n-alkanes no longer reliable.

Secondly, the degree of elution of the 11 n-alkastadied in the chapter has been
calculated, confirming that alkanes heavier thangd¢, take progressively longer to
elute completely from the column, i.e. RB14otakes 2.3 minutes and gdEli62 takes
7.1 minutes using the stated column configuratiod s&emperature programme. The

resolution of the peaks is therefore compromised i@&sult.

Moreover, n@oHie, takes 12.9 minutes to completely elute during ideghermal
plateau, implying that no distinct peak will be ebsble. Rather, the eluting
component will be masked by the FID plateau sigmatombination with column bleed
products, but too diffuse to be distinguishablee TGoH162 peak will therefore be

overlooked under these HTGC conditions.
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CHAPTER 6 — CONCLUSIONS & FUTURE WORK

High Temperature Gas chromatography (HTGC) is tuistry standard separation
technigue for compositional characterization of Myeail hydrocarbons, capable of
separating, detecting and quantifying a wide rasfge-alkanes distribution, with Single
Carbon Number (SCN) up to négHzo02-

However, the reliability of HTGC analyses is quastd and limited by two main
factors: the possible incomplete elution of somevigen-alkanes; and the high
temperatures required (up to 430°C), which may @edthermal decomposition and
thereby cause possible over-estimation of light amérmediate fractions in the

analysed composition of the oil.

Therefore, this thesis was carried out as showkigare 6-1, in order to address the two
main GC limitations: the pyrolysis risk inside t8& column, and the non/incomplete
elution of heavy n-alkanes, by developing a pynslysodel and a GC model spanning
respectively the range of n-alkanes of {{#z- NCgoH1s2) and (NGoH26- NCogH1gg) -

Finally, these two models were coupled in ordecdtrulate the pyrolysis risk and the

non/incomplete elution of heavy n-alkanes.

Therefore, in the first step, this thesis providdgst insight into the limitations in the
practice of high temperature gas chromatography@@8) regarding the residence time
and maximal temperature conditions for a given damased on a developed reduced
mechanistic free-radical kinetic thermal crackingdal, covering the range of n-alkane
hydrocarbons: nGHsp, NCigHzs, NGoHa, NGsHsy, NGoHez, NGssH7z, NCyoHso,
NCssHg2, NGsoH102, NGssH112, NGeoH122, NGesH1z2, NGroH 142, NGrsH1s2, NGeoH 162

This model has been validated with very good agesgnfor nG4Hszo NCigHss and
nCysHs, yielding respectively an average relative erroba@f%, 17.4 % and 7% when
compared with literature data. This model presemhe physical meaning of thermal
cracking in a wide range of temperatures, withony grevious optimization or

adjustments made.
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It would be interesting to undertake validationlariger chain hydrocarbons, such as
NCyoHg2 and nGgHizp, for which a lumped mechanistic kinetic model Hasen
developed in this thesis. This subject may theeeb® examined in a future work.

GC Limits in the analysis of heavy n-alkanes

Experimental

| Pyrolysis Modelling Distribution Factors
(CHAPTER 2) (CHAPTER 4)

(nCy4H30-nCgoHj62)

(nC,H6-nCogH 95)

* Preliminary minimum i
0 . (]
SCN at pyrolysis risk Gas Chromatography
Modelling
(CHAPTER 3)

Non-elution calculation
* Degree of Elution

Coupled Pyrolysis — GC Model
(CHAPTER 5)
(IlC14H30, nCisHz,, nCyoHyp, nCysHsy,
nCszoHgz, nC3sH7z, nCyoHga, nCsoHj,
nCeoH 22, nC79H 42, nCgoH )

*Pyrolysis conversion
*Degree of Elution

Maximum SCN for
reliable quantitative
GC analysis

Figure 6-1. Flow diagram of the objectives reaclening the PhD thesis
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A new approach was introduced in the first stageéhef thesis for determining the
minimum SCN which undergoes pyrolysis inside the é&Cimn, based on the intercept
of the thermal cracking and residence time curves. new approach demonstrated that
for the cases studied in a mixture containing udsHis2, heavy hydrocarbons greater
than nGoH10-NCsoH10s Will crack before eluting from an HT5 column, atl@® of

conversion, and from ngH112-nCs7H116 at 1% of conversion.

However, these preliminary results were obtainethout taking into account the
partitioning process that each component undertdidgag its migration throughout the
GC column. The GC separation process accountgdntinuous migration and re-
equilibrium in the stationary and gas phases. Ttiegsnumber of moles in the gas phase
migrating changes continuously during the HTGC wsialand therefore the effects of

the pyrolysis risk would require to take into acebtheses variations.

Therefore, in the second step of this thesis, a Ga®matography migration and
separation model in MATLAB has been developed ideorto predict the retention
times of each solute, based on a discretizationroagp. Also a GC model in
COMSOL-MATLAB has been developed to calculate thstribution profile of each
component at every time step, and thereby detengiits concentration profile.

The predicted retention times using the in-house 1@&@lel were validated with
literature data: first, for a DB-1 column whereatele average deviations were obtained
of 1.9% for n-alkanes, and 2.0% for PAH’s; and seltp, for a DB-5 column, where

relative average deviations of 2.2% for n-alkane$ 26% for PAH’s were found.

Also, validation of predicted retention times wasred out for in-house measured
values obtained on an HT5 column, yielding respebti average relative errors of
1.3%, 1.1% and 2.2% for analyses involving temioeearamps of 10°C/min,15°C/min
and 20°C/min.

At this stage, this thesis proposed a new appréaathetermining the non/incomplete

elution of every component by introducing the tettegree of elutiondefined as the

amount of component which has been eluted in m#ldb the amount injected.
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The degree of elution of the n-alkane hydrocarbortbe range, nGH2g to nGoHiz6
has been calculated based on the continuous equifibre-established during the
interval of elution for every component, using thedrresponding retention factors, and

assuming no cracking inside the GC column.

The thesis introduced a preliminary method of daking, at each moment during a
temperature-programmed analysis, the molar fractibrihe components in the gas
phase, in accordance with the standard deviatibriseir Gaussian distribution at the

point where 95% of the molecules are travellingtigh the column.

A deeper understanding of the separation of compusni& a gas chromatographic
column is provided in this thesis, along with aibder analysis of non/incomplete

elution of heavy n-alkanes.

The main input used in the GC modelling is the basa of distribution factorsj,
derived from isothermal GC analyses, and as HT8lagpcolumns are widely used for
HTGC analysis of heavy oil hydrocarbons, such armol was selected for determining

the limits of the technique.

For this purpose, in the third step, this thessvjgted an extension of the data set of
distribution factors for n-alkanes up to 4aBi9s Over the temperature range 10°C-
430°C, based on isothermal gas chromatography mexasuats carried out at both

constant inlet pressure and constant flow rate.

Two conventional HTGC configurations were applif: efficient resolution with a
long column operated at low flow rate; and true Bisht HTGC with a short column

operated at high flow rate for inefficient resoturti

Using the common, high-efficiency HTGC configuoatiof a long column with low
flow rate, a data set of distribution factors wasnerated for the n-alkane range
spanning nGH,snCsgH130. But, as the purpose of this thesis is to deteenthe GC
limits for heavy n-alkanes, and since the extrajmtaof the above distribution factors

yielded poor predictions, this thesis proposedekension of the data set Kfvalues
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(distribution factors), covering the pfl,6-NnCogH19g range, by use of a true SimDist

configuration with a short HTGC column operatethigh flow rate.

When the distribution factors used in the modellvaye been obtained at the same
conditions as the experimental data with which theye being compared, an average
relative error of 1.5% was found for constant inpeessure mode; and of 4.4% for

constant flow rate mode.

Nevertheless, when the distribution factors usedrewebtained at different
conditions, an average relative error of 4.8% vwam#l (e.g. when distribution factors
at constant flow mode were applied to measuremenbe validated at constant inlet
pressure). The average relative error increase@.28c when distribution factors
obtained at constant inlet pressure were applieexperiments conducted at constant

flow.

A model running at constant inlet pressure, utiligithe average value applied
through the temperature programming was used ieroi@ improve the predictions
when the experiments were carried out at constawt fate, giving an average relative
error of 2.35%.

Finally, this thesis provides an in-depth analysisthe two main limitations in
HTGC analysis of heavy oil hydrocarbons: first, thgrolysis risk inside the GC
column; and secondly, the non/incomplete elution of heavglkanes spanning the

range from nGyHzo to NGgoH162.

In the four steps of this thesis, the large nundfespecies of the reduced free-radical
pyrolysis model initially developed for heavy n-afle mixtures up to ngHis> has
imposed development of a reduced molecular py®lysdel, comprising 11 n-alkanes
(NCi4Hsz0, NCieHz2, NGoHa2, NGosHs2, NCaoHe2, NCasH72, NCagHg2, NGsoH102, NCeoH 122,
NCroH142, NGgoH162). AS a result, the number of reactions has bednaed from 7055
to 127, and the number of species from 336 to 1fiJswstill yielding very good

accuracy.

In the same way, the excessive computing time ®fGIE model initially developed
in COMSOL-MATLAB for predicting the zones’ variargavhile every component is
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migrating and partitioning between the stationang ahe gas phase, has imposed
development of an analytical and more efficient @Gdel. The comparison between
predictions of each zone’s centroid and varianceldsen found to be lower than 1.1%

and 3% of average relative error, respectively.

Thus, using these two efficient models, a Pyrol&a3 coupled model has been
developed in MATLAB in the four stages of this tises In this model, a series of
processes is evaluated in a loop, at every time-steail each component has totally
eluted: partitioning, degree of elution calculatiog-equilibrium if partial elution takes

place, pyrolysis calculations, and finally re-eduium if pyrolysis occurs.

Finally, two conclusions have been deduced from rdsults obtained using the
Pyrolysis-GC model in a 12m*0.53mm*0.15um HT5 cofymat the most common

temperature programming (1G, 15°C/min, 430°C, 10 min hold).

First, the cumulative pyrolysis conversion of the d-alkanes (nGH3o, NCieHa3o,
NCzoHa2, NGosHs2, NGeoHe2, NGasH72, NCaoHg2, NGsoH102, NGsoH122, NCroH 142, NCeoH162),
suggests that 0.5% of the mass injected ofoH¢s,, thermally decomposed before
nC;oH142 eluted. Therefore, some co-elution ofpdi42 and the pyrolysis products of
NCsoH162(comprisingd.5% of its injected mass) is suggested, makingaieanalysis of

nC;oH142and heavier n-alkanes no longer reliable.

Secondly, the degree of elution of the 11 n-alkafrgSsHso, NCigHszz, NCyoHay,

NCasHs2, NCGeoHe2, NCasH72, NCagHs2, NGsoH102, NCeoH122, NCroH142, NGeoH162) has been
calculated, suggesting that the n-alkanes heakiem hGoHi4, will require extended
intervals for complete elution from the GC colunerg. nGeHisotakes 2.5 minutes and
NCgoH162 takes 7.1 minutes. Therefore the resolution ofeks is compromised due to

the excessive peak (or band) widths correspondirtigese long elution times.

Moreover, n@goHie, takes 12.9 minutes to completely elute during ideghermal
plateau at the maximum temperature of ‘€30which means that rgHie is not
normally seen in the HTGC analysis at the conddistudied, where the “hold” time at

the maximum temperature is minimized in order toidstationary phase bleeding.
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As suggested guidelines for future work on theroation of the HTGC practice in
the analysis of heavy oils, it would be very ingmeg to explore the required
compromise between GC column length and carriervgdscity, since based on the
modelling obtained in CHAPTER 3 —, the use of higihocities and short length GC
columns, permit the elution of heavy componentsaupGygHigs, With the inconvenient
of low peak resolutions, whereas, the use of l®losities and long length GC
columns, permit the elution of heavy component armpyto nGoH122, with very good
resolutions. Therefore, a compromise between GQnmol length and carrier gas
velocity would be very interesting in order to dhtan extended elution of heavy
components with good peak resolution, and avoidmegching the maximum

temperature of 430C, at which the components are prompt to pyrolisis

The use of a series of ramps and isothermal pragiaghitemperature may improve
the residence times at which a given component elilte, permitting to elute before
430°C, therefore an optimization on the programmingperature would be also a very

interesting approach to undertake.
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