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Resumen

El hidrotratamiento de dos fracciones medias de petréleo (Diesel y Coker Gasoil) se
analizé6 mediante simulacion utilizando un modelo de reactor flujo piston y diferentes
enfoques cinéticos. El estudio se centrd en las reacciones de hidrodesulfuracion (HDS) e

hidrodesnitrogenacion (HDN).

Las materias primas se procesaron en un rango de temperaturas de 335 a 365°C, la presion

de operacion vario entre 3.5y 5.1 MPay el LHSV se ajusto entre 0.7 y 3.5 h-1.

Se evalug la precision de los distintos enfoques, asi como el significado cualitativo de los
parametros cinéticos. Se encontrd que uno de los modelos estudiados predijo el 66% de
los experimentos en el rango de incertidumbre con un coeficiente de correlacion de
Pearson de r = 0.941, mientras que el segundo modelo solo alcanz6 el 48% de los
experimentos en el rango deseado, con un coeficiente de correlacion de Pearson de r =
0.789.

Palabras clave

Hidrotratamiento, desulfuracion, desnitrogenacion, TBR, modelado cinético.
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ABSTRACT

Hydrotreating processes play a vital role in petroleum refineries to meet the increasing
demand of fuels and oil fractions and to guarantee the long-term viability of the refining
business. Different kinetic approaches have been proposed in the past to model this

process, each one with specific advantages in simplicity or accuracy.

The hydrotreating of medium oil cuts was analysed via simulation using a heterogeneous
plug-flow reactor model and different kinetic approaches. The study was focused on the

hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) reactions.

The dataset comprised two medium oil fractions: diesel fraction (DF) and coker gasoil
(CGO). The feeds were processed in a range of temperatures from 335 to 365°C, the
operation pressure varied from 3.5 MPa to 5.1 MPa and the LHSV was set from 0.7 to
3.5h-1.

The accuracy of the different approaches is assessed as well as the qualitative meaning of
the Kkinetic parameters. It was found that with one of the studied models 66% of the
experiments were predicted in the given range of experimental uncertainty, with a Pearson
correlation coefficient of the linear regression of the parity plot of r = 0.941, while in the
second model only the 47% of the experiments were predicted in the desired range, with

a Pearson correlation coefficient of the parity plot of r = 0.789.

Keywords: hydrotreating, desulfurization, denitrogenation, TBR, reactor
modelling, kinetic modelling.
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Abstract: Hydrotreating is an essential process to ensure the
long-term viability of the refining business. Different kinetic
approaches have been proposed in the past to model this process,
each one with specific advantages in simplicity or accuracy. The
hydrotreating of medium oil cuts was analyzed via simulation
using a heterogeneous plug-flow reactor model and different
kinetic approaches. The study was focused on the
hydrodesulfurization (HDS) and hydrodenitrogenation (HDN)
reactions. The dataset comprised two medium oil fractions whose
mixtures were hydrotreated at pilot scale using different process
conditions. The accuracy of the different approaches is assessed
as well as the qualitative meaning of the kinetic parameters. It
was found that with one of the studied models 66% of the
experiments were predicted in the given range of experimental
uncertainty, with a Pearson correlation coefficient of the linear
regression of the parity plot of r = 0.941, while in the second
model only the 47% of the experiments were predicted in the
desired range, with a Pearson correlation coefficient of the
regression of the parity plot of r = 0.789.

Keywords: hydrotreating, desulfurization, denitrogenation,
TBR, reactor modelling, kinetic modelling.

I. INTRODUCTION

The decline of conventional light crude oil reservoirs has
created a scenario in which contaminant removal and
upgrading heavier crude oil fractions are key operation in the
refining industry to ensure the economic viability in the long
term [1][2].

Hydrotreating (HDT) is a process of particular interest to
the petroleum because it allows to remove contaminants such
as sulfur (S) and nitrogen (N), which can cause detrimental
effects on catalysts, affect the quality of the finished products
and produce undesired by-products that can also affect the
integrity of the plant equipment. In general, hydrotreating is
applied prior to other catalytic processes such as fluid
catalytic cracking and catalytic reforming [3].

The application of HDT prior to hydrocracking (HCK)
comprises the hydroconversion, an important process to
upgrade medium and heavy distillates. Typically both
operations are carried out in two catalytic reactors in series [4]
as it is illustrated in Figure 1.

In hydroconversion, a multistage process is normally
preferred over a single-stage reactor since using this
configuration the heteroatoms removal reactions and the
cracking reactions can take place sequentially in different
reactors. Thus, the adverse effects of ammonia and nitrogen

L.M. Garcia is with the Chemical Engineering Department, Ghent
University (UGent), Gent, Belgium. E-mail: LuisMiguel.Garcia@UGent.be .

compounds on the HCK catalyst can be avoided by an
intermediate gases’ separation stage.

The main types of reaction that takes place in hydrotreating
are hydrodesulphurization (HDS), hydrodenitrogenation
(HDN), hydrogenation of aromatics (HAD),
hydrodeoxygenation  (HDO), olefin  saturation and
hydrodemetallization (HDM).
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Figure 1. A two stage hydroprocessing unit [5].

The underlying kinetics that takes place in hydrotreating has
been extensively studied in the past using different
approaches. In the next section, the main types of approaches
that have been proposed to model the hydrotreating process,
in specific HDS and HDN, will be described. However, the
convenience of each approach seems to be strongly dependent
on the specific studied case.

The objective of the present work is to investigate via
simulation the underlying kinetics of the HDS and HDN in the
hydrotreating of different medium oil fractions at pilot scale.
The studied Dataset includes variations in different process
conditions as well as feed composition. For this purpose, a
reactor model is implemented using different Kinetic
approaches, whose performance is compared in terms of
accuracy and generalization capability.

Il. THEORETICAL BACKGROUND

A. Process description

Hydrotreating starts with the feedstock being is mixed with
hydrogen, preheated in a fired heater up to 300 — 450°C and



later fed to a fixed-bed catalytic reactor under pressures even
higher than 100 bar. The catalysts used for HDT are typically
made of nickel-molybdenum (Ni-Mo) or cobalt-molybdenum
(Co-Mo) supported on alumina, often doped by fluorine or
phosphorus [6].

In the reactor, the sulfur atoms present as heteroatoms in the
feedstock are converted to hydrogen sulfide, and the
corresponding nitrogen atoms are converted to ammonia. The
reaction products leave the reactor and, after cooled, they
enter a liquid/gas separator. The hydrogen-rich gas from the
high-pressure separation is recycled and combined with the
feedstock, and the low-pressure gas stream rich in light
hydrocarbons, H,S and NH; is sent to a gas-treating unit
where sour gases are removed. After this process, the gas
stream becomes clean and suitable as fuel for the refinery
furnaces [3].

The main hydrotreating operating variables are reactor bed
temperature, H partial pressure, H2/oil ratio and liquid hourly
space velocity (LHSV). The values of these operating
variables depend on the quality of the feedstock and the
desired product specification.

B. Hydrodenitrogenation

The total nitrogen content in medium/heavy fractions is
typically lower than 4000 wt ppm [7]. Organonitrogen
compounds are undesired in the refining process because,
even at low levels, cause an inhibition effect in HCK
catalysts. In HDN, the direct breakage of C-N bond in
heterocyclic aromatic molecules if very unlikely. This
reaction is difficult even in exocyclic molecules such as
aniline, for which hydrogenation to cyclohexylamine precedes
C-N bond breaking [8].

Some HDN kinetic models lump all basic-nitrogen
compounds and, in another lump, all non-basic nitrogen
compounds. It is well-known that the non-basics are first
hydrogenated to basic compounds [9][10] before reactions to
eliminate the nitrogen atom from the molecule occur.

The pyridine hydrodenitrogenation has been extensively
studied in previous works by Raghuveer et al. [11][12] using
elementary step kinetics. In this work, nitrogen is
predominantly eliminated via a H.S enhanced substitution
mechanism.

More complex nitrogen molecules, such as quinoline, are
expected to follow a similar reaction pathway to that of
pyridine. Among basic heterocyclic N-containing compounds,
quinoline is a widely used as model molecule in HDN studies.
The mechanism for quinoline HDN has been previously
studied [13][14] and includes successive hydrogenation of
benzenic rings, hydrogenation of aromatic heterocyclic rings
and C-N bond cleavage.

Girgis and Gates’ work [15] thoroughly reviewed the HDN
and HDS of the most relevant nitrogen and sulfur compounds
including data characterizing thermodynamics, .reactivities,
reaction networks and kinetic expressions. This work best
summarizes the main HDT reactions and suggests the need of
modelling complex industrial feeds and mixtures.

C. Hydrodesulfurization

Sulfur content of medium distillates generally falls in the
range of 0.5-2 wt% [16]. In general, the distribution of sulfur
in oil fractions is such that the proportion of sulfur increases
along with the boiling point of the distillate fraction [17].

Sulfur compounds in middle distillates may be classified
into groups by compound types such as mercaptans, sulfides
and aromatic sulfur compounds such as thiophenes,
benzothiophenes, dibenzothiophenes and the corresponding
alkyl substituents of these compounds [16].

Due to the large number of sulfur compounds in the
different oil fractions, as well as the existing limitations for
their identification and measurement, could be challenging to
model all hydrodesulfurization reactions individually. For that
reason, in some Kinetic desulfurization studies, all sulfur
compounds are grouped as a single lump and considered as a
single global reaction [10][18].

Generally acyclic sulfur compounds such as thiols and
disulfides are highly reactive and can be removed under very
mild conditions. Since the reactivity of mercaptans and
sulfides is similar, in some models do not explicitly
differentiate these compounds and lump them into mercaptans
[19]. The desulfurization of mercaptan is a reversible reaction,
where the olefin formed can react with H,S reverting back to
the mercaptan [19].

Other works modelled hydrotreating processes of medium
distillates such as diesel using an integrated design approach,
which also considers the capital and operating costs associated
[15, 18].

Detailed kinetic equations for the conversion of thiophene,
benzothiophene and dibenzothiophene has been extensively
investigated in the past [21][22][23]. The existence of two
different active sites, o-sites for hydrogenolysis reactions, and
t-sites for hydrogenation was one of the main conclusions in
those researches. In addition, the competitive adsorption of H;
and H.S is a generally accepted phenomenon.

Owing to the high boiling point of the medium/heavy
distillates, it is possible to find more complex molecules in the
feed than the ones mentioned such as 4,6-
dimethyldibenzothiophene (4,6-DM-DBT). In comparison
with other components, 4,6-DM-DBT has proved to be a
molecule with low reactivity due to the steric hindrance
brought by the alkyl groups in 4,6-DM-DBT [24].

One big challenge when modelling the hydrotreatment of oil
cuts is the molecular diversity of hydrocarbons, organosulfur,
organonitrogen and other molecules with heteroatoms existing
in the feedstock. An interesting method used when modelling
petroleum fractions is the lumping approach, which consists
of regrouping chemical compounds by similar properties in
clusters called lumps.

Due to the multicomponent characteristic of the lumps, the
reactions pathways are generally global, with no intermediate
species, and the Kinetic rate equations are often pseudo-order
reactions or Langmuir-Hinshelwood type expressions [25].

D. Hydrotreating reactor

Hydrotreating units for light feeds are carried out in two-
phase fixed-bed reactors. However, when the boiling point of
the feed increases, three phases will be found: hydrogen, a
liquid-vapor mixture of the partially vaporized feed, and the
solid catalyst. This reaction system is called trickle-bed
reactor (TBR), which is referenced in the literature as a
reactor in which a liquid phase and a gas phase flow
concurrently downward through a fixed-bed of catalyst
particles while reactions occur [26].

The kinetic modelling of a TBR is usually based on the two-
film theory where the resistance to mass transfer in a given
turbulent fluid phase is present in a thin layer adjacent to the
interface that is called a film [27]. In a TBR, the gas and



liquid reactants are effectively contacted over the surface of a
solid catalyst in a co-current down-flow mode.

I1l. METHODOLOGY

The applied methodology consisted in four stages: i)
Dataset qualitative analysis, ii) Reactor and kinetic model
formulation, iii) Kinetic parameter determination and iv)
Model assessment. Once the model is evaluated the method
considers adjustments over the original model formulation in
an iterative approach.

A. Data set analysis

The experimental determination of the studied Dataset was
performed by hydrotreating in a pilot-plant rig mixture of two
different medium oil fractions that are labeled as Diesel
fraction (DF) and coker gasoil (CGO). Table 1 shows the
sulfur and nitrogen content of each feed, as well as their

mixture proportions. The processed feeds are DF,
DF+15%CGO and DF+30%CGO.
Table 1. Feed sulfur and nitrogen content.
Total Total . Alkyl
Feed sulfur, nitrogen, Mel;)cgr;])qtans Thl%%r:]ines, ?)[?r;r”l DBT,
ppm ppm ppm
DF 20620 186 10289 9107 948 217
CGO 22860 766 19776 2822 206 56
DF+15%
ceo 20956 254 11712 8164 837 244
DF+30%
cco 21292 360 13135 7222 725 210

The feeds were processed in a range of temperatures from
335 to 365°C. The operation pressure varied from 3.5 MPa to
5.1 MPa and the LHSV was set from 0.7 to 3.5 h. 53
experimental points were produced in total.

B. Model formulation

A steady state reactor model was formulated according to
the following considerations:

e Constant gas and liquid velocities across the reactor

< No radial concentration gradients

* Mass transfer effects described by the two-film theory

e Catalyst surface is completely covered by a liquid film

« Constant catalyst activity in time

* No vaporization/condensation of S and N compounds

< All reaction take place in liquid phase

« Reaction rate constants described by Arrhenius law

* Adsorption constants described by Van’t Hoff equation

The reactor is integrated along its length (z). The mass-

balance equations for the gas compounds can be described as:
ugdPf o (PE N
ﬁ?‘i—ki a, F—Cl =0 (1)

i

The mass-balance equation for the organic nitrogen and
sulfur compounds in the liquid phase is:
L

uL%Hfas(cf—cf) =0 @)

Based on the model, the driving force in the liquid-solid
interface can be described as:

kfas(Ct = Cf) = —vir = v pp 1} 3)

A global energy balance can be obtained with the addition
of both gas and liquid contributions:

o = S l(-a )] c @

Ug PG Cpg€g + U pL Cp €L

The mass balance equations assume that the gas-liquid
equilibrium for this mixture can be described by the Henry’s
law. The henry coefficient H; can be obtained from solubility
coefficients Ai:

Un
e = i py ®)

The gas-liquid mass transfer coefficient is a function of the
liquid superficial velocity, G.. For its determination it is
possible to use a correlation from the literature [28]:
ki -a GL\™ w ) (6)
e ) ()

D} o pL- D}

Two different kinetic models were formulated and, in both
cases, the sulfur compounds were classified in 4 lumps:
mercaptans, thiophenes, dibenzothiophenes (DBT) and alkyl
dibenzothiophenes (alkyl DBT). Model A classifies nitrogen
compounds in two lumps, basic and non-basic, while in Model
B nitrogen compounds are considered as a single lump.

1) Model A. High order kinetic models
The kinetic expression for the nitrogen lumps was assumed
as a first order reaction rate depending on both reactants (H-
and ‘i’ nitrogen compound). Mercaptans are highly reactive,
by which the same type of expression was applied to model
this reaction as follows:
1 =k; C; Cy, (7)

The Kinetic expression assumes competitive adsorption on
the same catalytic sites between the reactant H,, H,S and the
lump ‘i’ (thiophenes, DBT and alkyl DBT):

L kK (CO" K (C)” ®)
" (1 + KuysCuys + Kiy Coy + KiG)'

Where p and g are the reaction order of the reactant i and H»
respectively. K; is the equilibrium adsorption constant of
component i, which was calculated via Van’t Hoff equation:

ASads ; AHags AHags
K, =e Rl-e_leBi~e_ RTL (9)

Reaction rate constants were calculated by the Arrhenius

law:

(10)

_Eq
k=A-eRT

o

Ha) (HpS) (NH;) [ h
1 [ 1. [ Product

- aray
\‘0 Liquid phase @@ NH3 O\\ Ha)

e A 4 THY 0 HyS e

Global reactions
Figure 2. Model description with global hydrotreating reactions.
In Figure 2 a schematic description of the reactor model and

the considered hydrotreating reactions that occur are
illustrated.



2) Model B. Two active sites for HDS

Two catalytic active sites were considered in this second
kinetic model: o-sites for hydrogenolysis reactions and t-sites
for hydrogenation reactions.

The total nitrogen content was modelled in one lump with
acridine as reference molecule. The kinetic expression was
proposed following a law of mass action approach:

Tupn = kpy Ci° CHY (11)

The mercaptans HDS reaction was described as a reversible
reaction, as depicted graphically in Figure 3. According to
Ghosh et al. [19] the forward reaction dominates for the most
part.

"y

he” SN NN, = ch/\/\/\/\/CHz + H,s
'z +H2Lr3
P e
H3C’

Figure 3. Decanethiol HDS reaction network
71 = k1 Cuyerc (12)
Thiophenes HDS reactions were modelled with an
intermediate step where the thiophene is hydrogenated to
tetrahydrothiophene (TT), as shown in Figure 4.
Hydrogenolysis and hydrogenation were assumed to occur in

different catalytic sites and, therefore, two independent
reaction rates were required [15][21].

12 = k3 Cotef Cy,s 13 = kz Colef

+ H,
rTT
+H,
s 1o /\/CHz + H;S
_—
HsC
+ H,
Figure 4. Thiophene HDS reaction network.
kro Cr Ch Tre = kp. Cr Ch,  Trre = Fro Crr Cry (13)

poom T T My _ ToTITTH;
' ™1 + KpCr + KygysCays 1+ KrCr + Kig,5Crys

Dibenzothiophenes were modelled following the same
reaction scheme, with THDBT as intermediate reaction specie
as described graphically in Figure 5. Kinetic expressions for
hydrogenolysis and hydrogenation were taken from previous

works [29].
S ®
(D ®

rDBT1
+ H,

S

Figure 5. Dibenzothiophene HDS reaction network.

kDBTrKDBTrCDBT CHZ

TopTe =
Cs 2™ (1 + KppreCppr)®

(1 + KppreCosr + /Ki,oCh, + Knys CHZ pT<CDBT
2

rTHDBTU

+ H,

kppreKpsrosKH,oCpprChy

4

TpBTe =

Alkyl dibenzothiophenes were modelled using the same
kinetic expressions as the case for dibenzothiophenes, but in
this case using 4,6-DMDBT as a reference molecule.

C. Parameter determination

Kinetic parameters are determined by solving the following
optimization problem:

N Lumps

. N gxperiments . 12
min z [Coxp (1) = Coim 1]
reXlaj=1 j=1

15)

As described in Eq. 14, the objective function was posed as
the sum of squared errors (SSE) between the experimental and
simulated concentrations of nitrogen and sulfur species in the
product for each of the studied experiments.

D. Model assessment and comparison

In order to evaluate the accuracy of the models the
following analysis were carried out:
1) Statistical values. Includes the variance, standard
deviation and correlation coefficient of simulated values.
2) Parity diagram.
3) Residual analysis.

IV. RESULTS

A. Data set analysis

From Table 1 it can be observed that CGO has a higher
content in both nitrogen and sulfur compounds than DF.
Mercaptans and thiophenes are the compound lumps with
more sulfur content in the feedstocks, representing about 90%
of the total content.

The HDS (left) and HDN (right) conversions for each
processed feed is graphically described in Figures 6, 7 and 8
respectively. For each condition of reaction temperature,
pressure and LHSV the conversion is illustrated in a color/size
scale.
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Figure 6. Conversions of DF hydrotreating at different process
conditions
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From these figures some qualitative conclusions can be
drawn. On the one hand, the highest conversions are achieved
when working at the highest temperatures and the lowest
LHSV, as expected. The temperature effect on the conversion
predominates over the rest of the conditions. It is important to
remark that at low LHSV just high conversions are obtained,
which indicate a strong influence of this variable on the
conversion.

The experiments were carried out at different operating
conditions. Some of the experiments were repeated using the
same conditions and different values in the product
composition were obtained. Table 2 shows the standard
deviations in the results of these experiments.

Table 2. Standard deviations in repeated experiments.

Total S, Total N, Mercaptans, Thiophenes, DBT, Alkyl DBT,
ppm ppm ppm ppm ppm__ppm
42.69 10.72 8.61 26.35 7.63 7.72

B. Kinetic model A

A comparison of experimental and simulated concentrations

described by model A is shown in Figure 9.
250
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Figure 9. Comparison between experimental
concentrations by model A.

and simulated

The Pearson correlation coefficient for the parity plot of all
predictions is r = 0.941. In the simulation 66% of the
experimental points lie in the range covered by the uncertainty
given by + the range [-o, +o] where ¢ is the standard deviation
calculated from the results of repeated experiments. The
lumps whose conversion is better described by the model is
thiophenes, with 81% of the experimental points simulated
into the range of experimental uncertainty.
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Figure 10. Experimental and simulated points of total sulfur and
total nitrogen.

Figure 10 illustrates the simulated vs experimental points of
total sulfur and total nitrogen concentrations. In this
simulation, 70% of the total sulfur points lie inside the given
uncertainty, whereas in case of nitrogen 64% of the points
were properly predicted.

Table 3 shows the values for kinetic and adsorption
parameter determined by the parameter optimization
procedure. The table also includes the apparent reaction
constants ‘Kapp” at 350°C. In general, the value for activation
energy of all compounds is in the order of 10 kJ/mol and 100
kJ/mol as reported in other works. Values for ks, for sulfur
compounds with the same Kkinetic expression (thiophenes,
DBT and alkyl DBT) adopted similar values with a slightly
higher value for DBT. This fact could reflect the ability of the
catalyst to equally promote the reaction of all thiophenic
compounds. Even with similar Kapp to thiophenes and DBT,
the adsorption pre-exponential constant for alkyl DBT was
found very low, which is attributed to the low probability of
this compounds to be adsorbed on the catalyst surface due to
its steric hindrance.

Table 3. Kinetic and adsorption parameter values.

A Sml B Gma G

Total N 151E+17 1.24E+05 - - 5.83E+06
Mercaptans 9.58E+17 1.52E+05 - - 1.57E+05
Thiophenes 2.95E+15 8.35E+04 5.41E+03 5.90E+04 1.80E+07
DBT 2.52E+17 1.12E+05 2.75E+03 4.86E+04 2.34E+07
Alkyl DBT  6.57E+21 1.05E+05 1.83E-06 9.69E+01 1.75E+07
H, - - 1.11E+03 6.11E+04 -

SH, - - 5.46E+04 6.34E+04 -

The determined reaction orders were p = 1.51 (for sulfur
compound) and g = 0.41 (for H). Similar reaction orders were
found for hydrogen in previous HDS researches [10].

In Figure 11, the residual graphs of total nitrogen are
illustrated against the main operational variables. It can be
observed that the residual values seem to be slightly correlated
with the LHSV variable. A similar behavior was observed
when plotting the total sulfur residuals. This fact can explain
that the strong effect of the LHSV on the conversions was not
accurately predicted by the model as for the rest of the
operating variables.
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Figure 11. Residual values of total nitrogen concentrations in the
product.

C. Kinetic model B

A comparison of experimental and simulated concentrations
described by model B is shown in Figure 12.
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Figure 12. Comparison between experimental and simulated
concentrations by model B.

The Pearson correlation coefficient for this model is r =
0.789. In this simulation only 47% of the points lie in the
range of the experimental uncertainty. The lumps for which
the conversion was better described was mercaptans model
where 72% of the experimental points were predicted in the
range of the considered experimental uncertainty. In this
simulation, 68% of the total sulfur points lied inside the given
uncertainty, whereas in case of nitrogen only 38% of the
points were properly predicted.

Comparing the results obtained in this model with those
obtained in the first model, it can be concluded that better
predictions in both the HDS and HDN conversions can be
obtained using the Kkinetics described in model A.

CONCLUSIONS

Two different kinetic approaches were proposed to model the
hydrotreating of medium oil cuts. The first model was based
on global kinetics for sulfur and nitrogen compounds. The
second model was based on a more detailed Kinetic
formulation that considers different active sites for the
hydrogenolysis and the hydrogenation reaction of sulfur
compounds, reversibility in the mercaptans reaction and
higher order for nitrogen reactions. Better predictions were
obtained with the first model in terms of the number of the
Pearson correlation coefficient of the regression line in the
global parity plot and the number of points predicted by the
models in the expected uncertainty range. In general, the
apparent reaction rates for all the lumps were found
reasonable considering the expected reactivity of the
molecule. A strong correlation with LHSV was observed in
the residuals of most of the variables which indicate a strong
influence of this variable on the final conversion that must be
better addressed by the model.
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Nomenclature

Roman symbols:

Ao Pre-exponential Arrhenius factor.

a Parameter for the liquid viscosity calculation.
aL Specific surface area, gas-liquid interface.
as Specific surface area, gas-solid interface.
Bo Pre-exponential Van’t Hoff factor.

Ci Molar concentration.

Cp Specific heat capacity.

D Reactor diameter.

DL Molecular diffusivity.

dp Particle diameter.

E, Activation energy.

GL Liquid superficial velocity.

h Planck’s constant.

Hi Henry’s law coefficient.

Ha Adsorption enthalpy.

K Equilibrium adsorption constant.

k Rate constant.

ks Boltzmann’s constant.

k? Liquid-solid mass transfer coefficient.
kF Liquid-gas mass transfer coefficient.

L Reactor length.

M Molecular weight.

n, Number of single events.

Pi Partial pressure.

P Pressure.

T Temperature.

Tr Refrigerant temperature.

R Universal gas constant.

S Reactor surface.

SG Specific gravity.

ri Reaction rate.

Ui Superficial velocity.

U Overall heat transfer coefficient.

\ Reactor volume.

Ve Catalyst volume.

v; Stoichiometric coefficient/Molar volume.
Ve Critical specific molar volume.

Uy Molar gas volume at standard conditions.



Wi Mass fraction.

X Conversion.

z Catalyst bed length.

Subscripts:

0 Initial conditions (reactor length, z = 0).
i Component or lump index.

N Nitrogen.

Ns Basic nitrogen.

Nns Non-basic nitrogen.

S Sulfur.

Superscripts:

G Gas.
L Liquid.
S Solid.

Greek symbols:

AHp Heat of reaction.

AH* Reaction enthalpy.

ASO* Reaction entropy.

o Active site for hydrogenolysis.

Ogir Global symmetry number of reactant.

OgLr = Global symmetry number of transition state.

a, Coefficient 1 related to the geometry of the catalyst particle.
a, Coefficient 2 related to the geometry of the catalyst particle.
€ Liquid fraction.

€ Gas fraction.

€ Bed void fraction.

A Solubility coefficient.

p Density.

PB Bulk density.

Pc Catalyst density.

P20 Density at 20°C.

T Active site for hydrogenation

U Dynamic viscosity.

Vi



Abbreviations:

AGO Atmospheric Gas Oil

API American Petroleum Institute.
Cv Cross-validation.

DBT Dibenzothiophene

HDA Hydrodearomatization.

HDM Hydrodemetallization.

HDN Hydrodenitrogenation.

HDS Hydrodesulfurization.

HDO Hydrodeoxigenation.

HDT Hydrotreating.

LHSV Liquid Hourly Space Velocity.
THDBT Tetrahydrodibenzothiophene
TT Tetrahydrothiophene

SEMK Single-Event MicroKinetics.
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1. Introduction

Petroleum refining is a complex industry that historically has employed technological
developments in simulation, automatization and data analytics for design, operation and
optimization activities. In this context, chemical process simulation tools are typically

used in refineries to address more efficiently different technical tasks [1].

Atypical problem in oil refining is the high variability in the composition of the feedstock,
which is highly dependent on the location of the oil field [2]. The decline of conventional
light crude oil reservoirs has created a scenario in which contaminant removal and
upgrading heavier crude oil fractions are key operations in the refining industry. In the
long term, complex refining schemes where different fractions are hydrotreated to remove
contaminants and heavier fractions are converted via catalysis, as shown in Figure 1.1,

are needed to ensure the operational and economic viability of the refining business.
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Figure 1.1 Process block diagram in a typical oil refinery [3].




Heavier feedstocks have low APl (American Petroleum Institute’s) gravity, which is
associated with a low hydrogen-to-carbon ratio, high asphaltene and heteroatoms contents
such as sulfur (S) and nitrogen (N), and high yield to vacuum distillation residues.

Vacuum distillation residues are rich in asphaltenes and metals.

The recent trends in processing heavier crudes with higher sulphur contents and more
stringent product specifications for cleaner transportations fuels, such as ultra-low sulphur

diesel, are resulting in more efficient processes and more severe operating conditions [4].

One of the most important processes to upgrade medium and heavy oil fractions is
hydroconversion. Hydroconversion is an extremely versatile process, capable of treating
a wide variety of feedstocks, including light and heavy crude, vacuum gas oil (VGO),
coking gas oil (CGO), bitumen, as well as other non-conventional resources such as
vegetable oils [5]. This process accounts for 15-17% of the global residue processing

capacity.

Hydroconversion of a petroleum fraction comprises Hydrotreatment (HDT) and
Hydrocracking (HCK), usually being both operations carried out in two catalytic reactors
in series [6]. In general, hydrotreating is applied prior to other catalytic processes such as
fluid catalytic cracking and catalytic reforming. In all the cases the goal is to prevent
catalysts poisoning. Contaminants mentioned above can cause detrimental effects on
catalysts, affect the quality of finished products and produce undesired by-products that
can affect the integrity of the plant equipment. Metals poison active sites in most of the
supported catalysts used downstream, nitrogen inhibits the acid function HCK catalyst
and sulphur poison zeolite based catalyst used in catalytic cracking units [7]. Sulphur
content in heavy/medium cuts is typically lower than 5% while nitrogen content is even

lower [8].

In Figure 1.2 can be observed a typical flow diagram for a two-stages HCK unit. In
refineries, a multistage process is normally preferred over a single-stage reactor since

using this configuration the heteroatoms removal (hydrotreating) reactions and the

2



cracking reactions can take place sequentially but in different reactors. Thus, the adverse
effects of ammonia and nitrogen compounds on the HCK catalyst can be avoided by an

intermediate gases separation stage.
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Figure 1.2 A two stage hydrocracking unit [8].
In hydrotreating (HDT) organosulfur and organonitrogen compounds react with hydrogen
in the presence of a solid catalyst to produce ammonia and hydrogen sulphide,

respectively.

The main types of reaction that takes place in HDT are: Hydrodesulphurization (HDS),
Hydrodenitrogenation (HDN), Hydrodemetallization (HDM), Hydrogenation of
Aromatics (HAD), hydrodeoxygenation (HDO) and olefin saturation. It must be noted

that most crudes contain low levels of oxygen, therefore HDO is of a lesser concern.



The catalysts used for HDT are typically made of nickel-molybdenum (Ni-Mo), cobalt-
molybdenum (Co-Mo) or nickel tungsten (Ni-W) supported on alumina (Al>Oz3), often
doped by fluorine or phosphorus [9]. In presence of hydrogen, Ni and Co are well known
to promote a high level of hydrogenation of unsaturated molecules such as aromatics and
olefins. It is well known that the nickel-molybdenum catalysts are more active for

hydrogenation than the corresponding cobalt catalysts [10].

In general, any catalyst capable of participating in hydrogenation reactions may be used
for hydrodesulfurization and hydrodenitrogenation. The need to develop catalysts that can
carry out deep hydrodesulfurization and deep hydrodenitrogenation has become even
more pressing in view of recent environmental regulation that limit sulfur and nitrogen
emissions. The development of a new generation of catalysts to achieve more efficiently

this objective presents an interesting challenge [11]

Due to the high importance of the HDT process in the modern refining schemes, the
availability of reliable models is essential to efficiently address plant design, operation
monitoring, process optimization as well as catalyst development. The goal of this work
is the implementation of kinetic models for HDS and HDN that allow properly describe

the removal of these heteroatoms in hydrotreating.

Thus, this work is presented as follows: In Chapter 2, the hydrotreatment process is
described with more detail including the reaction mechanisms and a description of the

operating variables that mainly influence the composition of the process product.

In Chapter 3, different strategies for HDT modelling as well as techniques for parameters
optimization and model validation are exposed. Chapter 4 described details of the models
implemented, including all the equations used for kinetic model and reactor model.
Finally, the results are shown in Chapter 5 including the differences in the different

models implemented and the significance of the kinetic parameters for each case.



2. Hydrotreatment

2.1 General process description

A typical process scheme is illustrated in Figure 2.1. Initially, the feedstock is mixed with
hydrogen, preheated in a fired heater up to 300 - 450°C and later fed to a fixed-bed
catalytic reactor under pressures even higher than 100 bar. In the reactor, the sulphur
atoms present as heteroatoms in the feedstock are converted to hydrogen sulphide, and

the corresponding nitrogen atoms are converted to ammonia [12].
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Figure 2.1 VGO hydrotreating process scheme [8].
The reaction products leave the reactor and, after cooled, they enter a liquid/gas separator.
The hydrogen-rich gas from the high-pressure separation is recycled and combined with
the feedstock, and the low-pressure gas stream rich in light hydrocarbons (C1-C4), H2S
and NHs is sent to a gas-treating unit where sour gases are removed. After this process,

the gas stream becomes clean and suitable as fuel for the refinery furnaces.



The liquid product stream from hydrotreating is normally sent to a stripping column for
removal of dissolved H2S, NH3 or other undesirable absorbed components. In cases where
steam is used for stripping, the product is sent to a vacuum drier for water removal.
Hydrodesulfurized naphtha products are blended or used as catalytic reforming feedstock
while hydrotreated Vacuum Gas Oils are further processed in a hydrocracker or a fluid

catalytic cracker [7].

2.2 Hydrodenitrogenation

Organonitrogen compounds are undesired in the refining process because, even at low
levels, cause an inhibition effect in HCK catalysts. Hydrodenitrogenation consists in
removing nitrogen from organonitrogen compounds by breaking the C-N bond to finally

release it as ammonia.

In HDN, the direct breakage of C-N bond in heterocyclic aromatic molecules is very
unlikely. This reaction is difficult even in exocyclic molecules such as aniline, for which
hydrogenation to cyclohexylamine precedes C-N bond breaking. Once the aromaticity is

lost and aliphatic C-N bond are formed, C-N bond breaking becomes more likely [13].

Some HDN kinetic models lump all basic-nitrogen compounds and, in another lump, all
non-basic nitrogen compounds [14]. It is well-known that non-basic nitrogen compounds
are first hydrogenated to basic nitrogen compounds [15] before reactions to eliminate the
nitrogen atom from the molecule occur. Thus, a consecutive reaction scheme as shown

below can be proposed for the HDN reaction [14]:
Nonbasic nitrogen — basic nitrogen — ammonia + hydrocarbon

Hydrodenitrogenation is more difficult to accomplish than hydrodesulfurization, but the
relatively small amounts of nitrogen-containing compounds in conventional crude oil
make this of little concern for practical purposes to refiners. The current research focus is
oriented towards preparation of better catalysts to remove heavier compounds such as
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quinoline or acridine. The trend to high-boiling feedstocks, which are richer in nitrogen,

has increased the need to effectively deal with this contaminant [11].
2.2.1 Chemistry of hydrodenitrogenation

In order to understand the mechanisms that lie behind the hydrodenitrogenation reaction,
the nitrogen content in the feedstock must be characterized and quantified. The nitrogen

content in medium/heavy fractions is typically lower than 4000 wt ppm [16].

In Figure 2.2, basic nitrogen and non-basic nitrogen molecules typically found in VGO
are described. Basic nitrogen compounds are the ones where the nitrogen atom only form
sigma bonds with the neighbour carbon atoms. In these compounds, the lone pair of
electrons on the nitrogen atom is not delocalized in the ring containing the atom and,

therefore, it is readily available for reaction with acidic catalyst as a Lewis base [17].

Compounds where the nitrogen atom forms a n-bond are referred as non-basic nitrogen
compounds. In non-basic compounds the lone pair of electrons in the nitrogen atom is
delocalized over the aromatic ring and, therefore, is unavailable for donation to a Lewis

acid.

Basic Nitrogen Compounds

4 5 4 8 9 1

5 \3 \3 7 X 2
/2 /2 6 = 3
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Non-Basic Nitrogen Compounds

3 5 6 3
2 6 7 2
N S N
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Figure 2.2 Nitrogen-containing compounds of interest in petroleum [18].



One of the most abundant nitrogen-compound presents in fossil fuels is pyridine. In
Figure 2.3 it is illustrated the reaction mechanism of pyridine hydrodenitrogenation

proposed by Raghuveer [19] using an industrial Ni-Mo/y-Al.O3 catalyst.
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Figure 2.3 Pyridine hydrodenitrogenation network over an industrial catalyst [19].
According to this reaction mechanism, pyridine is first hydrogenated to piperidine.
Subsequently, piperidine ring opening yields a primary amine, which further reacts to
produce C5 hydrocarbons. In this proposal, both the ring opening and the C-N bond

breaking could occur via a H»S assisted substitution reaction.

The reaction mechanism illustrated in Figure 2.3 can be summarized into 7 main types of
elementary reactions to describe the complete conversion of a molecule of pyridine to its

product pentane as it follows:

1) Aromatic ring hydrogenation

2) C-N bond scission via -(H) elimination

3) C-N bond scission via (-SH) substitution

4) Protonation of amines and C-N bond breaking

5) Amine substituted by a (-SH) group



6) Formation of heavier species via pentylamine condensation

7) Formation of heavier species via piperidine condensation

In this work Langmuir Hinshelwood reaction mechanisms accounting for two types of
sites, i.e., coordinatively unsaturated sites (*) and sulfur anions (-Sz-), were proposed and
corresponding kinetic models were derived to assess the experimentally measured

kinetics.

This model successfully captures all phenomena occurring during the reaction at gas
phase conditions and provides the basis for an extension towards liquid phase conditions.
At both gas and liquid phase conditions, the reaction temperature and H-S inlet partial
pressure were found to be most significantly affecting the selectivity to intermediates and

final products.

More complex nitrogen molecules, such as quinoline, are expected to follow a similar
reaction pathway. Among basic heterocyclic N-containing compounds, quinoline is a
widely used as model molecule in HDN studies. The mechanism for quinoline HDN has
been previously studied [20][21] and includes successive hydrogenation of benzenic

rings, hydrogenation of aromatic heterocyclic rings and C-N bond cleavage (Figure 2.4).
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Figure 2.4 Main reaction pathways in quinoline HDN [22].



2.3 Hydrodesulfurization

Hydrodesulfurization (HDS) consists in the hydrotreating operation for sulfur removal.
HDS involves exothermic reactions that induce the breaking of C-S bonds, to produce
H>S as a by-product that is separated at a later stage. The sulfur content of crude oils
varies from less than 0.05 to more than 10 wt% but generally falls in the range of 1-4 wt%
[23]. Crude oil with less than 1 wt% sulfur is referred to as low sulfur or sweet, and that

with more than 1 wt% sulfur is referred to as high sulfur or sour.

Because of the large number of sulfur compounds in the different oil fractions, as well as
the existing limitations for their identification and measurement, it is very impractical to
model all hydrodesulfurization reactions individually. In some Kinetic studies about
desulfurization, all sulfur compounds are grouped as a single lump and considered as a

single global reaction [15][24].

2.3.1 Chemistry of hydrodesulfurization

Techniques for sulfur removal from a petroleum stream depends on the structure of the
sulfur compound to be treated. The rates of sulfur removal can vary by several orders of
magnitude depending on the molecular structure of the organosulfur compounds.
Generally acyclic sulfur compounds such as thiols and disulfides are highly reactive and
can be removed under very mild conditions. Saturated cyclic sulfur compounds and
aromatic systems in which sulfur is present in six-membered rings are also highly
reactive. However, compounds in which the sulfur atom is embedded into a five
membered aromatic ring structure, such as thiophens for instance, are much less reactive

[25].

There are several different chemical pathways through which sulfur can be removed from
a molecule and the preferred pathway changes for different sulfur compound structures.

The most common sulfur compounds in fossil fuels are illustrated in Figure 2.5.
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Typically, in heavy feedstocks dibenzothiophenes and long chain thiols can be found due

to their high boiling points.

RSH RSR' O RSSR'
S
Thiols
(Mercaptans) Sulfides Cyclic Sulfides Disulfides
S S l S I
Thiophene Benzothiophene Dibenzothiophene

Figure 2.5 Sulfur-containing organic compounds of interest in fossil fuels [26].
In Figure 2.6 the reaction scheme for a thiophene molecule is illustrated showing two
major pathways toward desulfurized products. The first one is called direct
hydrodesulfurization, in which the sulfur atom is removed from the aromatic structure
and replaced by hydrogen, without hydrogenation of any other C-C double bond. The
second is called the hydrogenative route, where it is assumed that at least one aromatic
ring adjacent to the sulfur containing ring is hydrogenated before the sulfur atom is

removed and replaced by hydrogen [25].

In the first pathway an aromatic ring may be hydrogenated after sulfur removal. This often
leads to confusion in interpreting the results of experimental data as both routes can
produce the cyclohexylbenzene as final product. It should be noted that the hydrogenation

pathways are subject to thermodynamic equilibrium constraints [27].

The hydrogenative pathway involves the initial hydrogenation of one or more of the
carbon-carbon double bonds adjacent to the sulfur atom in the aromatic system.
Hydrogenation destabilizes the aromatic ring system weakening the sulfur-carbon bond
and providing a less sterically hindered environment for the sulfur atom. This way the
interaction of the sulfur atom with the metal insertion on the catalyst surface is facilitated.
Figure 2.6 illustrates both reaction schemes including details of the active sites [28].
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Due to its boiling range between 150°C and 550°C, in medium/heavy fractions is expected

to find aromatic sulfur molecules with higher molecular weight than thiophen. In Figure

2.7 it is represented a scheme that shows different reaction pathways for the HDS of 4,6-

Dimethyldibenzothiophene (4,6-DM-DBT), a typical complex high-molecular-weight

molecule that can be found in vacuum gas oils.

In this scheme the reaction rates were calculated for a simple model assuming pseudo
first-order rate constants in the presence of a heterogeneous catalyst (Ni-Mo) [13].
According to the described reaction rates, the hydrogenation route is faster than the direct

C-S bond breaking.

12



N =\ DDS aYae
%_,}\::;{_( 6,103 >\_fj \_.>

/
4,6-DM-DET

3,3-0OM-BPF

0.6 TD.‘J HYD

[
4,6-DM-TH-DET
]

1.21 25

L
.-*'.::;‘\I)_/"'“- —
%\’ﬁ“s }\\) 0.2 N/

3,3-DM-CHB

L

4,6-OM-HH-DBT

e -~
o —— 9

3,3-DM-BCH

Y

4 6-DM-PH-DET

Figure 2.7 Reaction network of the HDS of 4,6-DM-DBT [13].
In comparison with other components, 4,6-DM-DBT has proved to be a molecule with
low reactivity. A possible solution would be to find the means of suppressing the steric
hindrance brought by the alkyl groups in 4,6-DM-DBT in order to increase its reactivity
[29].
Detailed Kkinetic equations for the conversion of thiophene, benzothiophene and
dibenzothiophene has been extensively investigated in the past [30][31][32]. The

existence of two different active sites, o-sites for the hydrogenolysis reactions and t-sites

for the hydrogenation reactions, was one of the main conclusions in those researches. In
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addition, they accounted for competitive adsorption of H> and H.S and other reacting

species on both sites.

2.4 Hydrotreating reactor

Hydrotreating units for light feeds are carried out in two-phase (gas and solid) fixed-bed
reactors. However, when the boiling point of the feed increases, three phases will be
found: hydrogen (H>), a liquid-vapor mixture of the partially vaporized feed, and the solid
catalyst. This reaction system is called trickle-bed reactor (TBR), which is referenced in
the literature as a reactor in which a liquid phase and a gas phase flow concurrently

downward through a fixed-bed of catalyst particles while reactions occur [33].

The kinetic modelling of a TBR is based on the two-film theory [34]. This theory can be

applied to hydrotreating as it is illustrated in Figure 2.8.
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Figure 2.8 Concentration profiles in a trickle-bed reactor [34].
In a trickle bed reactor, the gas and liquid reactants are effectively contacted over the
surface of a solid catalyst in a co-current down-flow mode. In the trickle flow regime, the
liquid reactant flowing down through the reactor forms a thin film around the solid

catalyst. The gas reactant being the continuous phase fills the remaining void space of the
14



catalyst bed and flows separately. The trickling flow regime appears at relatively low gas
and liquid flow rates and is classified as low-interaction regime of three-phase reactor

systems [35].
2.5 Operating conditions

The main hydrotreating operating variables are bed temperature, H> partial pressure,
H>/oil ratio and LHSV (Liquid Hourly Space Velocity). The values of these operating
variables depend on the quality of the feedstock and the desired product specifications.
For instance, high-boiling petroleum feedstock such as VGO need more severe conditions

than a low-final boiling point fraction such as naphthas [36].

25.1 Temperature

Generally, increasing temperature leads to higher HDS and HDN conversions. However,
increasing the reaction temperature implies higher costs due to a higher energy
consumption. In addition, a higher operation temperature results in an accelerated catalyst
deactivation and, therefore, a short catalyst operating life [37]. Moreover, thermal

cracking effects can occur when working at elevated temperatures [38].

In general, hydrotreating operating temperature should be kept as low as possible while

maintaining the desired product quality [39].

2.5.2 H2 partial pressure

In gas-liquid-solid reactors such as trickle bed reactor, the gaseous reactant (in HDT case,
the hydrogen) dissolves into the liquid prior to its diffusion into the solid, the catalyst.
The overall reaction rate with respect to the gaseous reactant is a direct function of the
efficiency of the gaseous reactant to dissolve into the catalyst through the liquid phase

[40].
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Henry’s Law states that a gas dissolution is proportional to its partial pressure above the
liquid. Thus, an increase in Hz partial pressure will increase the concentration of H in the
liquid phase and, therefore, it will enhance hydrotreating conversion. A reduction in H»
partial pressure below adequate level results in catalyst deactivation due to coke
formation. Design value for H, partial pressure is an economic optimum which balances

the catalyst life against operating costs [36].

Excessively high H> partial pressure may merely saturate the surface of the catalyst,
which is a plus from a catalyst deactivation standpoint without significantly improving

hydrotreating activity [41].

H> partial pressure is also related to the purity of the hydrogen stream that enters the
reactor. As shown in Fig. 1-02 and Fig. 2-01, un-reacted H is usually recovered from the
reactor effluent and then mixed with fresh H; to increase the purity before being recycled
into the reactor. Due to the high cost of Hy, if it is not recovered from the reactor gaseous
effluent and recycled, the hydrotreating operation is compromised in terms of its

economic viability [41].

2.5.3 H2/oil ratio

H>/oil ratio is the ratio of total gas fed into the reactor to the amount of feedstock. This
variable is of great importance and if kept too low it will result in rapid catalyst
deactivation. In general, the minimum Ho/oil ratio should be at least 4 times the amount
of hydrogen consumption [36]. Bej et al. [14] reported that for HDS and HDN there is an
optimal value for Hz/oil ratio which depends on the nature of the feedstock and the values

of the other operating variables.
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254 LHSV

The Liquid Hourly Space Velocity (LHSV) is defined as the ratio of the volumetric flow
rate (hourly) of the liquid feedstock to the volume of the catalyst bed. LHSV is the inverse
of the residence time. A decrease in the LHSV usually leads to an improvement of the
hydrotreating conversion. Nevertheless, an extreme reduction of LHSV may cause

malfunctions in the operation due to hydraulic considerations [42].

Severe reduction of LHSV triggers channelling which results in poor liquid distribution
and underutilization of the catalyst. On the other hand, operating at too high LHSV values
does not only reduce the contact time between the catalyst and the feedstock but also it

increase the reactor pressure drop and may present some hydraulic problems [36].
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3. Modelling

3.1 Hydrotreatment modelling approaches

There are many challenges involved in hydrotreatment modelling. One of them is the
molecular diversity of hydrocarbons, organosulfur, organonitrogen and other molecules
with heteroatoms existing in the feedstock. This fact derives in an important number of
reactions with their respective mechanisms that need to be considered if a fundamental
representation of the process is intended. A more general description of the phenomena
could also be helpful to study the underlying kinetics. Thus, according to the level of
detail given to the reaction mechanisms, the hydrotreatment modelling could be tackled
according to two different approaches: discrete lumping methods and fundamental

kinetics.

3.1.1 Discrete lumping method

The lumping approach consists of regrouping chemical compounds by similar properties
in clusters called lumps. The lumps are then considered as homogeneous ensembles that
mimic a molecule, which allows to pose kinetic formulations as normally made for real
compounds. This approach is often used for processes where the exact molecular
characterization of the reactant mixture is difficult or impossible because of the
complexity of the feedstock, as is the case in the majority of petroleum processes

(catalytic reforming, hydrotreating, catalytic cracking, thermal cocking etc.) [43].
The development of a lumping approach usually proceeds through the following steps:

1) Description of the feedstock by choosing a set of lumps.
2) Description of the relationships between the lumps by building a kinetic network
of lumped reactions.

3) Proposal of the rate equations and their associated parameters.
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4) Determination via optimization of the model parameters that allows a better

description experimental data.

The choice of lumps depends on the level of detail that could be obtained using the
available analytical techniques and, on the purpose of the model. For a comprehensive
validation, the more detail in the kinetics, more detailed must be the characterization of

feed and products.

Lumped kinetic models are relatively easy to develop because the number of lumps and
the number of reactions remain could be kept limited to a tractable number. Moreover,
due to the multicomponent characteristics of the lumps, the reaction pathways are
generally global with no intermediate species and the kinetic rate equations are often
simple (pseudo-order reactions, Langmuir-Hinshelwood approach in heterogeneous
kinetics, etc) which is a simplification of the actual underlying mechanisms. Their kinetic
parameters (pre-exponential factors, activation energies, adsorption constants, etc) are
often determined by minimizing the deviations between model and experimental data

coming from pilot units or industrial plants [43].

For lumped models to be robust and feed independent, a wide variety of experimental

data in terms of operating conditions and feedstock composition is needed.

One of the first lumped models developed in hydrotreating was at IFPEN for the
Atmospheric Gas Oil (AGO) hydrotreating, which consisted in a 6-lump model
accounting for only 1 sulfur lump for dibenzothiophenes, 1 nitrogen lump for carbazoles
and 4 hydrocarbon lumps representing saturates, monoaromatics, diaromatics and
triaromatics [44]. The rate equations were derived from the following hypotheses: the
existence of two types of active sites for hydrogenation and for hydrogenolysis,

Langmuir-Hinshelwood approach and equilibrium for adsorption/desorption reactions.

Lopez Garcia [45] improved the accuracy of the hydrodesulfurization prediction by
introducing 3 sulfur lumps which represent the 3 most refractory sulfur classes of found

in AGO: DBT, 4-M-DBT and 4,6-DM-DBT. This extended reaction network contained
19



9 overall reactions and the experimental domain was extended in terms of operating

temperature and LHSV.

Further improvements involved the introduction of thermodynamic constraints for the
reversible reactions and the use of a two-phase plug flow reactor. The largest extensions
concerned the feedstocks, where 24 different types of industrial gas oils were included:
straight run gas oils, LCO, coker gas oils, etc. This feed diversity is particularly important

to confer a high degree of generalization capacity to the model [43].

3.1.2 Single-events methodology

The single-events microkinetic (SEMK) methodology was first developed in the 1980s
by Baltanas et al. [46] as a method of capturing the fundamental chemistry of HCK of
linear alkanes. The methodology has been later extensively applied to complex reaction

mixtures [47]

Classical modelling is usually performed using concepts and reaction schemes such as
proposed by Langmuir and Hinshelwood or Eley and Rideal. In this type of modelling,
various possible mechanisms are proposed and the corresponding rate equations are

derived considering different elementary steps as rate determining [48].

As opposed to classical modelling, the SEMK methodology allows simulating complex
mixture conversion considering all the elementary reactions occurring in the bulk or on
the catalyst surface based on a limited number of adjustable parameters. Single-Event is
calculated on the molecular level so detailed information about feed and products
composition is required. A comprehensive molecular analysis of complex mixtures comes
within reach using 2D GC. However, present-day analytical techniques cannot supply
such detailed compositions on a routine basis, as is the case for bulk properties

determination.

A systematic determination of a detailed composition of complex mixtures departing from

bulk properties can be achieved by so-called feed reconstruction [49].
20



The molecules within a single species are considered to be in equilibrium. The single
events concept is based on the number of possible ways in which one species can be
transformed into another compared to the total number of possible transformations via
the same activated complex. Departing from the Transition State Theory (TST) [43] the

rate coefficient for an elementary step can be written as:

0,%# 0,#
- 2 () (35)
Where:

Kk Kinetic coefficient (s)

AS%* Reaction entropy (J mol™? K1)

AH%* Reaction enthalpy (J mol™?)

R Gas constant (8.314 J molt K1)

T Reaction temperature (K)

H Planck constant (6.626 - 10* m? kg s™)

kB Bolzmann constant (1.381 - 102 m? kg K™)

og1r Global symmetry number of reactant.

og1r = Global symmetry number of transition state.

The energy terms in Equation 3.1 can be calculated using the Benson group contribution
method [50] while the number of single events (ne), defined in Equation 3.2 depends only
on the symmetry of the intermediate and the product and essentially quantifies the number
of structurally indistinguishable ways in which an elementary step can occur and is

correspondingly:

n, = —otr. Equation 3.2

Oglr=+
The description of the hydrodenitrogenation Kinetics according to single-event
methodology was investigated in Raghuveer’s work [19]. In this work a two-site model
was proposed for the construction of the comprehensive SEMK pyridine

hydrodenitrogenation over a sulphided NiMo/y-Al,O3 catalyst. This work considered
21



chemisorption equilibria of the organonitrogen compound over the catalyst surface

followed by a reaction network consisting in 9 reaction types.

In complex mixtures, such as VGO, AGO, CGO, etc., the reaction network of the
elementary steps is large and complex. However, this complexity can be tackled by
applying single-event concept, which drastically reduces the number of Kinetic

coefficients that describe the global reaction system [51].

3.2 Kinetic parameter estimation

Model parameters whose value are not available beforehand can be estimated via
regression using experimental data. Pre-exponential factors, activation energies, orders of
reaction and adsorption constants can be listed as usual parameters. Once all parameters
are tuned to minimize the error with given experimental data, the model can be used as a
prediction tool for model-based decision for process design, to determine optimum

operation conditions or to perform model based process control [52].

Depending on the developed model, a linear or non-linear regression approach could be
applied to estimate kinetic parameters from experimentally determined reaction rates.

[53].

3.2.1 Optimization methods

Given the complexity of the mechanisms involved in hydrotreating models, which are
typically highly non-linear, a non-linear regression must be used for parameter estimation,
and the task turns into a non-linear optimization problem. [54]. There is a big collection
of methods that can be used for solving: Gauss-Newton, Levenberg-Marquardt, gradient
methods, such as steepest descent; direct search methods, such as Nelder-Mead simplex,
etc [55]. The chose optimization method depends on the range of the available
information about the mathematical model: initial estimates, boundaries, constraints,
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analytical derivative expressions, etc. The more information about the model, the more

reliable optimum will be.

3.2.2 Initialization of parameters

Finding the optimal solution using any nonlinear parameter estimation method strongly
depends on the initial guess of parameters values. The initialization of parameters is a
usual challenge in nonlinear parameter optimization where the method may often

converge to local minima and, in the worst scenario, does not find any solution [56].

If the kinetic model and the corresponding parameters have been reported previously by
other authors, no matter the differences in reaction conditions, catalyst, feed, reaction

system, at least the order of magnitude reported can be used as initial guess [57].

When there are not reported values available, an iterative analysis of orders of magnitude
of the parameters should be initially performed. This analysis can be tedious since it
implies several calculations of the objective function for different sets of parameters,
starting with initial guesses and then iterating and modifying the parameters one by one.
For any modification of a parameter, the change in the objective function is examined and

hence, the influence of each parameter can be determined.

On the other hand, an initial guess of parameter values can also be obtained using Monte
Carlo method [58], which consists in the following three steps: initial guess of parameters
is determined using random numbers, (2) with this initial guess of parameters the
objective function is calculated and (3) this procedure is repeated N times (N > 1000) and
the minimum of the N values of the objective function is determined. The set of initial
guesses that corresponds to this minimum can be used as initial parameters in our

nonlinear optimization problem.
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4. Methodology

The applied methodology consisted in four stages: Data set Analysis, Model Formulation,
Parameters Determination and Model Evaluation. In Figure 4.1 a scheme that represents

the methodology process followed in this work is illustrated. Once the model is evaluated

the method considers adjustments over the original formulation.

Data set analysis

Feedstock

Characterization
|

[
las
| b
)
= / &
N gy
Pevs 00 3 &
D at g, o e 3 o

-

Product ﬂ

Operating conditions |:> Conversions

[

1 N
= — (x; — )2
\I‘N—IZ,;=1 i~ I

Parameter determination

DF = Diesel fraction
CGO = Coker gasoil

Standard deviations
in repeated experiments S

Minimization problem  min f(4)

L E
oy ‘m omc ‘m m" 2
) = E o1 E — |cexp(lf]} - Csim(lrl}l

1) Cost function, f(a)

2) Initialization of parameters
(Arrhenius, Van't Hoff...)

3) Nelder-Mead simplex algorithm

Model formulation

1 Gas and liquid mass balances
2 | Energy balance

3 | Gas solubilities

4 Mass transfer coefficients

5 Kinetic reaction rates

Model assessment
Parity diagram Cgp,

Experimental values against
values predicted by the model

y = x is the behaviour desired . \/

Residuals Res

Res = Cgjyp — Coxp

Residuals plotted against
independent variables

If correlated the model
may be inadequate

Figure 4.1 Methodology scheme

4.1 Data set analysis

Table 4.1 collects the experimental data of the feedstocks used in a pilot-plant rig. There

are four different feedstocks, which correspond to the mixture of two petrol fractions:

Diesel fraction (DF) and Coker Gasoil (CGO). This table collects the total contents of
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sulfur and nitrogen as well as the sulfur content of the different lumps that are used in the

kinetic models.

Table 4.1 Feed sulfur and nitrogen content.

Feed Total S, Total N, Mercaptans, Thiophenes, DBT, Alkyl DBT,
ppm ppm pPpm ppm ppm ppm
DF 20620 186 10289 9107 948 277
CGO 22860 766 19776 2822 206 56
DF+15% CGO 20956 254 11712 8164 837 244
DF+30% CGO 21292 360 13135 7222 725 210

A summary of the 53 experiments that were run to study the hydrotreating reactions is

given in Table 5.3. All the experiments were carried out at different conditions (pressure,

reaction temperature and liquid hourly space velocity) and the composition in the product

was analysed afterwards leading to these results.

Table 4.2 Summary of experimental results.

T, P, LHSV, TotalS, TotalN, Mercaptans Thiophenes, DBT, Alkyl
N2 Feed DBT,
eC MPa h-1 ppm ppm ppm ppm ppm
PpPm
1 DF 340 35 2 3824 783 64.2 178.9 80.5 58.8
2 DF 335 35 1.8 492 82 96.4 218.6 103.4 733
3 DF 335 35 1.2 204 44 15.1 111.1 42 35.7
4 DF 335 35 0.8 59.3 17.6 1.03 23.6 18.2 16.5
5 DF 365 3.5 0.9 9.6 4 0 0 0.9 04
6 DF 365 35 2 45 27.8 1.6 15.5 14.2 13.9
7 DF 365 3.5 35 234 75 50.6 99.2 436 40.5
8 DF+30%CGO 335 35 1.8 535 139 114 243 113.7 64.2
9 DF+30%CGO 335 35 1.2 268 87 45 119 60.6 43.8
10 DF+30%CGO 335 35 0.8 132 40 2 70 29.8 30.3
11 DF+30%CGO 350 3.5 0.8 29.5 23.2 0 13 7.3 7.5
12 DF+30%CGO 350 3.5 1.8 155 95 9.8 67.7 37.2 40.7
13 DF+30%CGO 350 3.5 25 245 134 33 107 56.2 52.6
14 DF 340 35 2 385 84 58 173 86 68
15 DF+30%CGO 365 3.5 35 204 136 31 69 49 56
16 DF+30%CGO 365 3.5 0.9 11.7 13.3 0 0.9 1 0.9
17 DF+15%CGO 350 4.3 15 71.9 24.8 0.8 17.7 249 28.6
18 DF+15%CGO 350 43 1 28.7 8.4 0 1.11 6.7 6.1
19 DF+15%CGO 350 4.3 25 245 70 31 116 51 47
20 DF+15%CGO 335 43 1.2 241 41 15.9 127 52 46
21 DF+15%CGO 335 43 0.9 134 21.9 17 64 28 25
22 DF+15%CGO 335 43 0.6 52 7.3 3.2 20.6 16.2 10.7
23 DF+15%CGO 365 4.3 2.5 62 41 1 17.1 20.3 237
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24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

DF+15%CGO
DF

DF

DF

DF

DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO
DF+15%CGO

365
340
350
350
350
350
350
350
335
335
335
365
365
365
335
350
350
350
335
335
335
365
365
350

4.3
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1

0.8
1.8
2.5
0.8
1.8
2.5
1.8
1.2
0.8
0.9
2.2
3.5
0.5
1.8
1.2
1.5
1.1
0.7
1.6
1.3

1.5

8.6
399.5
10.3
97
235
18
128
263
483
256.7
76
7.9
63.6
98
33
143
34.6
58.7
191
51
432
7.5
65
63

4.5
75.3
3.7
30.9
66

54
91
98
58.5
20.6
4.9
53.6
79
10.3
23.6
5.5
7.9
13.3
4.1
44
3.7
21.2
9.3

0.8
64.1
1.1
2.3
24
0.3
3.6
28
92
28.7
1.6
1.4
1.2
1.9
1.5
9.7

0.4
21

1.2
82

0.3
3.7
1.8

0
194.7

104
1.1

112
228
130
32.3

224
34
134
74
8.3
19.7
104
25.3
218
1.5
24.8
29

0.6
83.3
2.4
25
58
4.2
35
76
102
54.5
22.8
0.6
18
26.8
10.7
32
11.5
16.9
37
15
80
1.9
18.6
18.1

0
57.3
0.8
22.4
50
2.8
34
75
61
43.5
19.4

22
35
7.4
26
7.8
14.4
28
8.8
52
1.1
18
13.9

4.2 Model formulation

4.2.1 Reactor model

In this part of the methodology, the equations of the reactor model are described.

4.2.1.1 Model assumptions

The model was developed according to the following assumptions:

N g~ w N

No radial concentration gradients.

Constant catalyst activity in time.

All reactions take place in liquid phase.

Constant gas and liquid velocities across the reactor section.

No vaporization or condensation of sulfur and nitrogen compounds.

Steady state regime for the reactor (no accumulation terms).

The mass transfer effects can be described by linear mathematical equations.
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8. All the reaction rate constants are described by the Arrhenius law.

4.2.1.2 Gas phase mass balance

The independent variable to integrate the reactor is z, the reactor length. It is considered
that no reactions take place in the gas phase and the mass-balance equations for the gas

compounds (H2, H2S and NHz) can be described as:

dpf G .
%j +kfa, (%L - (;l.L) =0 Equation 4.1

Where u represents the superficial velocity of the gas, R is the universal gas constant, T
represents the reaction temperature, PF are the partial pressures of the gas,
k¢ a, represents the mass transfer coefficient between the gas and the liquid phase, the
liquid-phase concentrations of the gas compounds in equilibrium with the bulk are
represented by the Henry’s law, with the Henry’s coefficient H; for each component and

C} is the concentration of the component in the global liquid phase.

4.2.1.3 Liquid phase mass balance

In Equation 4.2, the mass balance for hydrocarbons is represented assuming that all of
them are only present in the liquid phase. Since goal is focused on HDS and HDN
reactions, only nitrogen and sulfur hydrocarbon compounds are the considered reactive

species.

L
u, dCZ" +kias(Ct—C’)=0 Equation 4.2

d
In Equation 4.2, u;, represents the superficial velocity of the liquid, C;’ is the concentration
of the component “i' in the liquid phase at the catalyst surface and k; a is the liquid-solid
mass transfer coefficient. Based on the model, the driving force in the liquid-solid

interface can be described as:

kias(Ct—CP)=—vir=—v; ppr; Equation 4.3
Where pj is the bulk density, v; represents the stoichiometric coefficient for component

I, j is the reaction or set of reactions in which the component i intervenes.
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As a result of both Equation 4.2 and Equation 4.3, the plug-flow model equation is

obtained:

L . .
4 _ PeTy Equation 4.4
dz 1753

The molar concentration of the components in the liquid phase at the reactor inlet can be
calculated using the molecular weights and the density of the oil fraction together with

the mass fraction:

cl=LL.y, Equation 4.5

The density p of the oil at process conditions can be determined by the Standing-Katz

correlation [59]:

p(P,T) = py+ App — Apr Equation 4.6
Where p, represents the density at standard conditions (15.6°C and 1 atm), that can be

obtained with the specific gravity value:

1415
T API+131.5

SG Equation 4.7

The API gravity is a typical measure of density for oil fractions.

The pressure dependence of density can be calculated by the following expression:

App = [0.167 + 16.181 - 1070042500 . (L) — 0,01 - [0.299 + 263 - 10700603P0] .
P \? _
(ﬁ) Equation 4.8

Where P is the pressure in psia. Since the density drops with rising temperature, a
temperature correction (in °R) is given by the following equation:

Apr =[0.0133 4 154.2 - (po + Adppy > *°] - (T — 520) — [8.1- 107° — 0.0622 -
1070764 (Po*4pp)] . (T — 520)2 Equation 4.9

4.2.1.4 Gas solubilities

The mass balance equations assume that the gas-liquid equilibrium for this mixture can
be described by the Henry’s law. The Henry coefficient H; can be obtained from solubility

coefficients A;:
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H, = X Equation 4.10

Where vy is the molar gas volume at standard conditions and p;, represents the density of
the liquid phase under process conditions. Taking data from the literature [24] it is

possible to obtain the solubility for the gas components using the following correlation:

Ay, = —0.559729 — 0.42947 T + 3.07539 - 1073 — + 1.94593 - 107 ° T2 +

P20

0.835783 - — Equation 4.11

P20

Where T is the temperature, p,, represents the density at 20°C, and the hydrogen
solubility is given in (NI H2)/[(kg oil) - (MPa)].

The solubility of hydrogen sulfide in mineral oil fractions can be also calculated using a
different correlation [24] represented in Equation 4.12. This solubility is given in (NI

H.S)/[(kg oil) - (MPa)].

An,s = exp (3.3670 — 0.008470 T) Equation 4.12
Chacon et al. [60] derived in the following correlation as a function of temperature in [K]

for solubility coefficient calculation in (NI NH3)/[(g oil) - (MPa)]

1
 I—
NH3 — 8552.10-2 + 2.233 - 10-6 - T279

4.2.1.5 Gas-liquid Mass Transfer coefficient

The gas-liquid mass transfer coefficient is a function of the liquid superficial velocity,
G.. For its determination, it is possible to use a correlation from the literature [61]:

% —a, - (%)“ . (ﬁ)m Equation 4.13
Where the term k} - a, represents the mass transfer coefficient, p, is the density of the
liquid that can be determined with Equations 4.6 — 4.9. The coefficients a; and a, are
related to the mass transfer surface and the geometry of the particles and are specific for
each bed. The dynamic liquid viscosity, u; , can be calculated as a function of temperature

and oil density, using Glaso’s correlation [59] which shows good agreement with the
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measured values. This correlation is represented in Equation 4.14 and it gives the

viscosity in mPa-s in terms of the API gravity.

u, = 3.141 - 1010 - (T — 460)~344* . [log,,(AP)]* Equation 4.14

Where the parameter ”a" is calculated with the following temperature correlation:

a =10.313 - [logyo(T — 460)] — 36.447 Equation 4.15

With temperature T in °R.

The molecular diffusivity D} of both solutes Hz and H2S to obtain the gas-liquid mass
transfer coefficients can be calculated assuming infinite dilution. The diffusivity can be

estimated by a Tyn-Calus correlation [62]:

0.267
D} =893-107¢ . 2.~

Equation 4.16
HL

Where T is the temperature in K and y; represents the viscosity of the solvent in mPa-s.
The molar volume of solute v; or liquid solvent v, at its normal boiling temperature can

be estimated as published in Perry and Green 1984 [63]:

v = 0.285 - v} 08 Equation 4.17
The critical specific volume v, of the gaseous compounds H> and H>S can be found
tabulated in literature [62], whereas for the liquid components this characteristic can be

obtained by using Riazi-Daubert correlation [59]:

v =7.5214-1073 - T3282S - d;76%¢ Equation 4.18
Where v is the critical specific volume in ft3/lb, Ty.4pp represents the mean average
boiling point in °R and d; s ¢ is the specific gravity at 15.6 °C that can be obtained using
Equation 4.7. The conversion from specific volume to molar volume can be carried out
by multiplication by with the average molecular weight of the oil. Because of the complex
composition of hydrocarbon mixtures, for this correlation it is considered that organic
sulfur compounds have the same density, average boiling point and molecular weight as

the whole liquid sample.
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The concentrations of the remaining components do not change significantly along the

reactor; therefore, they will not be included in the profile modelling.

4.2.1.6 Energy balance

The temperature changes are obtained through all the energy balances present in the
reactor. The energy balances for the gas and liquid phases can be expressed as in Equation

4.19 and Equation 4.20, respectively.

Pe Crg s = US (T, = T) + X[(—AHg,) ()] Equation 4.19

pLCp, Uy Z—T =US (T, — T) + X[(—AHg,) ()] Equation 4.20
A global energy balance can be obtained with the addition of both gas and liquid
contributions. The solid phase is not considered in the energy balance. In the literature
reactor model, [24] the hydrotreating reactor is assumed as adiabatic when working on an

industrial scale. The global balance is given by the following equation.

aT _ wpf_ . €L _
% = Zl(=8Hz ) ()] - o — P Equation 4.21
4.2.2  Kinetic model

In this section two different kinetic models are formulated. Both models classify the

compounds in the feed in lumps.
4.2.2.1 Model A. High order kinetic models

This model is based on a classification of the sulfur compounds in 4 lumps that best
describes the feedstock: mercaptans, thiophenes, dibenzothiophenes (DBT) and alkyl
dibenzothiophenes (alkyl DBT). Nitrogen compounds are classified in one lump with

acridine as reference molecule.

The kinetic expression for the nitrogen lump was assumed as a first order reaction rate

depending on both reactants (H> and ‘i' nitrogen compound). Mercaptans are highly
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reactive by which the same type of expression was applied to model this reaction as

follows:

1 = k; Cy Cy, Equation 4.22
The Kkinetic expression described in Equation 4.23 assumes competitive adsorption on the
same catalytic sites between the reactant “i" (thiophenes, DBT, and alkyl DBT in each

case), Hz H»S and component:

K (CP q
= ik (C)P Ky (Cory) . Equation 4.23
(1+KHZSCHZS+KH2CH2+KiCi)
In Figure 4.2 a schematic description of the reactor model and the considered

hydrotreating reactions in this model are illustrated.

( Gasphase = / e
' (Hz) (HzS) (NHy) N~
=) 1 e I e
@ @ Liquid phase  (F2) S (Hy) - (Ha) (HpS) (NHy)
\t’_’l> 3 o~ . —
HDN | ||y "M =D Wt ) '- i

Ni-Mo/Y-alumina

D HoS + ne o
HDS

. |/"'\.\
DHS 4 (7

P

H)S + "~ )

LA

Global reactions
Figure 4.2 Model description with global hydrotreating reactions.

The reaction rate constants are calculated following the Arrhenius law:

E

k=A e R Equation 4.24

Where A is the pre-exponential factor and E,, the activation energy.
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The equilibrium adsorption constants, K; , are calculated via Van’t Hoff equation:

ASadsi AHadsi AHadsi

Ki=e R -e RT =B;-e RT Equation 4.25

Where AHgq,, and ASqq; are the enthalpy adsorption and the entropy of adsorption of

reaction component i. B; is a pre-exponential factor which works as an analogous to the
one in the Arrhenius equation. Note that in the competitive adsorption not only the
reactants are considered, but also the inhibition effects of the hydrogen sulphide produced

and the hydrogen that is reacting.

The theoretical conversion inside the reactor is obtained using Equation 4.26. This can be

applied for both HDS and HDN reactions.

X, = St Equation 4.26
CiO

Where C;, is the initial concentration of component i in the feedstock and C; is the

concentration of the component “i* in the product.

4.2.2.2 Model B. Two active sites for HDS

Two catalytic active sites were considered in this second kinetic model: c-sites for

hydrogenolysis reactions and t-sites for hydrogenation.

The total nitrogen content was modelled in one lump again, with acridine as the reference

molecule. The kinetic expression was proposed following a law of mass action approach:

Tupy = kupn Cx° Ciiy Equation 4.27
The mercaptans HDS reaction was described as a reversible reaction, as depicted
graphically in Figure 3. According to Ghosh et al. [64] the forward reaction dominates
for the most part.

ry

=== /\/\/\/\/CHZ + H.S
H3C/\/\/\/\/\SH r HaC = 2
2
+H, l Iy

/\/\/\/\/CH3
Hz3C

Figure 4.3 Mercaptan HDS reaction network.
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11 = K1 Cyercaptans Equation 4.28
1, = k2 Cotefine Ch,s Equation 4.29
r3 =k COlefine Equation 4.30

Thiophenes were modelled with an intermediate step where the thiophene is hydrogenated
to tetrahydrothiophene (TT), as shown in Figure 4.4. Hydrogenolysis and hydrogenation
were assumed to occur in different catalytic sites and, therefore, two independent reaction
rates are required [17][30].

S r CH
To /\/ 2+ H,S
R
\\ // +H, HC
rTT
+ H, S .

CH H,S
TTo /\/ 2> + Hp
> HiC

+ H,

Figure 4.4 Thiophene HDS reaction network.

ks Ctr C .
Trg = Lo T2 Equation 4.31
1+ KrCr +Ky,sCH,s

Tre = kp Cp Cy, Equation 4.32

kr,Crr C .
Ty = T Equation 4.33
1+ KrCr + KH,5CH, S

Dibenzohiophenes (DBT) were modelled following the same reaction scheme, with
tetrahydrodibenzothiophene (THDBT) as intermediate reaction specie, as described
graphically in Figure 4.5. Kinetic expressions for hydrogenolysis and hydrogenation were

taken from previous works [65].

S
rDBTcr
/ S . + HyS
+ H,

rDBTT

+ H,
S M rHDBTO
p — + H,S
+ H,

Figure 4.5 Dibenzothiophene HDS reaction network.
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k K K Cc Cc .
I DBTs KDBT6 KH,6 CDBT CH, — Equation 4.34

CH
(1+ KpBT6 CDBT *+/KH,6CH, + KHys o
2

kppr« KpBT CDBT CH,

TpBT: = Equation 4.35

(1 +Kppr<CpBT)3

Alkyl dibenzothiophenes were modelled using the same kinetic expressions as the case
for DBT, but in this case using 4,6-DM-DBT as a reference molecule. The 4,6-DM-DBT

reaction network path is depicted in Figure 4.6.

CHg
CH3
_ "owpere O CHs 4 s
+ H,
CHg

DMBTT
H2 CHj

CH3 "'ompBTo
p — CHg + H,S
+ H,

Figure 4.6 4,6-DM-DBT HDS reaction network.

4.2.3 Model resolution

With the appropriate reactor configuration and the equations described in the
methodology section (from Equation 4.1 to Equation 4.21), the model was implemented

using Python Programming Language.

The system of ODE’s (ordinary differential equations) was solved using the integrator
‘Isoda’, which switches automatically between stiff and non-stiff methods automatically

choosing the appropriate one.
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4.3 Parameter estimation

Kinetic parameters are determined by solving the following optimization problem:
min f(4)

Where f (1) is the objective function and A is the estimated parameter vector bounded by
X. The optimization algorithm was employed to estimate the vector of parameters A that
minimizes the objective function. The objective function is the sum of squared errors
(SSE) between the experimental compositions in the product and the compositions

calculated by the simulation:

Nrumps < oNExperiments P S V- -
fQ) = gy Lemes gEmperiments [ (0,) = Com (i) Equation 4.36
This type of unconstrained optimization problems was addressed with the Nelder-Mead

simplex algorithm that is based on direct search for solving [66].

The Nelder-Mead algorithm minimize a function of n variables, which depends on the
comparison of function values at the (n + 1) vertices of a general simplex, followed by
the replacement of the vertex with the highest value by another point. The simplex adapts
itself to the local landscape, and contracts on to the final minimum. This method is shown

to be effective and computationally compact [67].

In some cases, Nelder-Mead algorithm might be inefficient at finding the global minimum
in a high dimensional problem. This issue can be fixed using an improved version called
Adaptive Nelder-Mead Simplex (ANMS) method which proved to perform better in large
dimensional problems [66]. Therefore, this improved method is the one that will be

implemented for solving the optimization problem.

4.4 Model assessment

In order to evaluate the accuracy of the model, different procedures can be carried out.
One of them is to analyse the significance of the kinetic parameters from a chemical
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engineering perspective, evaluating if the magnitude orders are reasonable and the

discrepancies between the values obtained for each lump.

4.4.1 Parity diagram

A parity diagram will be included as part of the methodology in this work. The parity
diagram consists in plotting the experimental compositions against the ones obtained in
the simulated reactor. These compositions are desired to be in the line y=x as much as

possible, which means that the model predicts exactly the product composition.

4.4.2 Residual analysis

The residuals, also called residues or rest values, are defined as the difference between
the value calculated with the aid of the model that has been fitted to the data and the
observed values for the dependent variable. Thus, the residuals express the quantity in the

observation outcome that cannot be described by the model.

ey = y[odel — yii."pe”me"t“l Equation 4.37
In this case, the dependent variable y;; is the concentration in the product of the lump i at
the experiment j, and the value of J;; is the composition that the model predicted for that

experiment.

If the used model is valid for some specific dependent variable, the distribution of the
residuals is expected to represent an aleatory distribution around zero (homoscedasticity).
If the residual plot is biased or represent a strong pattern, it means the considered

hypothesis in the model may be inadequate.
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5. Results

5.1 Data set analysis

From the feedstock data collected in Table 4.1 it can be observed that CGO has a higher
content in both nitrogen and sulfur compounds than DF. Mercaptans and thiophenes are
the compounds lumps with more sulfur content in the feedstocks, representing about 90%

of the total content.

The HDS (left) and HDN (right) conversions for each processed feed is graphically
described in Figures 5.1, 5.2 and 5.3 respectively. For each condition of reaction

temperature, pressure and LHSV the conversion is illustrated in a color/size scale.
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Figure 5.1 Conversions of DF hydrotreating at different process conditions.
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Figure 5.2 Conversions of DF+15%CGO hydrotreating at different process conditions.
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Figure 5.3 Conversions of DF+30%CGO hydrotreating at different process conditions.
Some qualitative conclusions can be drawn from these figures. On the one hand, the
highest conversions were achieved at the highest temperatures and the lowest LHSV,
which corresponds with the expected behaviour. The temperature effect on the conversion

predominates over the rest of the conditions.

The experiments were carried out at different operating conditions. Some of the
experiments were repeated using the same conditions and different values in the product

composition were obtained. Table 5.1 shows the standard deviations of these experiments.

Table 5.1 Standard deviations in repeated experiments

Total S, Total N, Mercaptans, Thiophenes, DBT, Alkyl DBT,
ppm ppm ppm ppm ppm  ppm
42.69 10.72 8.61 26.35 7.63 7.72

5.2 Model A

In this section, the results obtained in the first lumped kinetic model are presented. With
the experimental values of Table 4.1 and Table 4.2 and the new Kinetic expressions
described in Equation 4.22 and 4.23, the kinetic parameters and adsorption constants were

determined using the procedure described in section 4.2.
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Figure 5.4 Comparison between experimental data and calculated mass compositions.
The Pearson correlation coefficient for the parity plot of all predictions is r = 0.941. Tin
the simulation 66% of the experimental points li in the range covered by the range [-0,+
o] where o is the standard deviation calculated from the results of repeated experiments.
The lumps whose conversion is better described by the model is the thiophenes, with 81%
of the experimental points simulated into the range of experimental uncertainty. Table 5.2
collects the percentages of success predictions with this model A on the lump
conversions. Looking at these results, when increasing the molecular weight, the

predictions are less successful, as with the DBT and Alkyl DBT compounds.

Table 5.2 Percentages of success in the conversion predictions.

Total S, Total N, Mercaptans, Thiophenes, DBT, Alkyl DBT,
% % % % % %
70.2 63.8 68.1 80.1 57.4 61.7

Figure 5.6 represents the experimental points of total sulfur and total nitrogen
concentrations that fit in the range of the standard deviation. The 70% of the total sulfur
points lied inside the given uncertainty, whereas in case of nitrogen 64% of the points

were properly predicted.
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Figure 5.5 Experimental and simulated points of total sulfur and total nitrogen.

Table 5.3 shows the kinetic and adsorption parameter values determined as a result of the

applied parameter optimization procedure. It also includes the apparent reaction constants

at 350°C. Mercaptans, which is the f are lower than the values determined for thiophenes,

in an opposed behavior as would be expected. Mercaptans showed lower rate constants

than expected, since it is the most reactive compound. The rate apparent constants for

thiophenes DBT and alkyl DBT adopted similar values, being alkyl DBT the lump with

the lowest value. The kinetic parameters are higher than the rest, which was not expected

due to its refractory properties. These parameters are balanced with the very low

adsorption constants these compounds obtained, which value also participates in the

reaction rate equation.

Table 5.3 Kinetic parameters and adsorption constants

A Ea, B Hads, Kapp
J/mol J/mol (350°C)
Total N 151E+17  1.24E+05 - - 5.83E+06
Mercaptans 9.58E+17  1.52E+05 - - 1.57E+05
Thiophenes 2.95E+15 8.35E+04 5.41E+03 5.90E+04  1.80E+07
DBT 2.52E+17  1.12E+05  2.75E+03  4.86E+04  2.34E+07
Alkyl DBT 6.57E+21  1.05E+05  1.83E-06 9.69E+01  1.75E+07
H2 - - 1.11E+03  6.11E+04 -
SH?2 - - 5.46E+04  6.34E+04 -
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The orders of reaction obtained by the model were p = 1.51 (for sulfur compounds) and
g = 0.41 (for H2). A similar pseudo reaction order value (0.45) was found for hydrogen

reactant in a previous HDS research [15].

In Figure 5.6 the residual graphs of total nitrogen against the operating variables are
illustrated. It can be observed that the residual values seem to be moderately correlated
with the LHSV variable. A slightly similar behaviour was observed when plotting the
sulfur lump residuals as the thiophenes (Figure 5.7) for instance. This fact can explain
that the effect of the LHSV on the conversions was not as well predicted by the model as

for the rest of the operating variables.
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Figure 5.6 Residual values of total nitrogen concentrations in the product.
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Figure 5.7 Residual values of thiophene concentrations in the product.

5.3 Model B

In this section, the results obtained in the second lumped kinetic model are presented.
With the experimental values of Table 5.2 and Table 5.3 and the new kinetic expressions
from Eq. 4.27 to Eq. 4.30, the kinetic parameters and adsorption constants were

determined again using the procedure described in section 4.2.

A comparison between experimental and calculated mass compositions in the product is

shown in Figure 5.8.
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Figure 5.8 Comparison between experimental data and calculated mass compositions.
The Pearson correlation coefficient for the parity plot is r = 0.841. In this simulation only
47% lie in the range of the experimental uncertainty. The better described lumps in this
model are the mercaptans, with 72% of the experimental points simulated in the range of
experimental uncertainty. Table 5.4 collects the percentages of success predictions with

this model A on the lump conversions.

Table 5.4 Percentages of success in the conversion predictions.

Total S, Total N, Mercaptans, Thiophenes, DBT, Alkyl DBT,
% % % % % %
68.1 38.3 72.3 48.9 29.8 46.8
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Figure 5.9 Experimental and simulated points of total sulfur and total nitrogen.
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Figure 5.9 illustrates the experimental points of total sulfur and total nitrogen. It can be
observed that the previous model attempted to describe better the HDS and HDN
conversions than the current model. In Figure 5.10 the residual graphs of total nitrogen
against the operating variables are illustrated. In this case, the residuals tend to be
correlated with the temperature, which is not the behavior desired. Looking at the
residuals for the rest of the lumps a similar correlation appears, such as the case of the

thiophenes (Figure 5.11), which indicates that this model might be inadequate.
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Figure 5.10 Residual values of total nitrogen concentrations in the product.
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Figure 5.11 Residual values of thiophenes concentrations in the product.

Comparing the results obtained in this model with those obtained in the first model, it can
be concluded that better predictions in the HDS and HDN conversions were obtained

using the global kinetics described in model A.
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6. Conclusions and future work

Two different kinetic approaches were proposed in the hydrotreating of medium oil cuts.
The first model was based on global kinetics for sulfur and nitrogen compounds. The
second model was based on a more detailed kinetic formulation that considers different
active sites for the hydrogenolysis and the hydrogenation reaction of sulfur compounds,

reversibility in the mercaptans reaction and higher order for nitrogen reactions.

Better predictions were obtained with the first model in terms of the number of Pearson
correlation coefficient of the regression line in the global parity plot and the number of
points predicted by the model in the expected uncertainty range. In general, the apparent
reaction rates for all the lumps were found reasonable considering the expected reactivity

of the molecule.

The temperature effect on the conversion predominated over the rest of the conditions. A
strong correlation with LHSV was observed in the residuals of most of the variables
which indicate a strong influence on this variable on the final conversion that must be

better addressed by the model.

Lumped kinetic models proved to be very efficient since the reduction in the kinetic
parameters is very large when dealing with complex feedstocks. The competitive
adsorption between H», H>S and the sulfur compounds was successfully captured using a
Langmuir-Hinshelwood formalism. Mercaptans HDS was better captured in the second
model considering a reversible reaction. In general, low molecular-weight components

are more accurately predicted by the proposed model.

The effects of the LHSV on the conversion need to be better addressed in the model.
These effects were tried to be captured in the second model including a correlation but
failed in giving better conversion predictions. Better results could be obtained if adding

more variability in the feedstocks.
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As future work, a different kinetic approach could be proposed for the hydrotreating
medium oil cuts, for instance using the Single-Event MicroKinetics (SEMK)
methodology that was described in section 3.1.2 and then, compare the results with the

model proposed in this work.
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