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Abstract

Hydrotreating (HDT) of crude oil is one of the most difficult tasks in the petroleum refining industries that have not been
considered largely in the literature . The accurate calculations of kinetic models of the relevant reaction scheme are
required for obtaining helpful models for HDT reactions, which can be confidently used for reactor design, operating and
control. In this work, an optimization technique is employed .To evaluate the best kinetic models of a trickle bed reactor
(TBR) process utilized for hydrodenitrogenation(HDN) and hydrodemetallization (HDM) that includes hydrodevanadization
(HDV) and hydrodenickelation (HDNi) of crude oil based on pilot plant experiments. The minimization of the sum of the
squared errors (SSE) between the experimental and estimated concentrations of nitrogen (N), vanadium(V) and nickel
(Ni) compounds in the products is used as an objective function in the optimization problemto determine the kinetic
parameters.

The commercial cobalt—-molybdenum on alumina (Co-Mo/c-Al203) was used as a catalyst in the trickle bed for
hydrotreating process and the data for these processes was collected from the literature.A three-phase heterogeneous
model based on two—film theory is developed to describe the behaviour of crude oil hydroprocessing in a pilot—plant
trickle bed reactor (TBR) system. The hydroprocessing reactions have been modelled by power law kinetics with respect to
nitrogen, vanadium and nickel compounds, and with respect to hydrogen. Here we have used MATLAB for modelling,
simulation and parameter estimation via optimization using solver and data analysis kit. The model simulations results
were found to agree well with the experiments carried out in a wide range of the studied operating conditions. The model
isemployed to predict the concentration profiles of hydrogen, nitrogen, vanadium and nickel along the catalyst bed length
in three phases.

Keywords: Hydrodenitrogenation, hydrodemetallization , trickle-bed reactor, mathematical modelling,

parameter estimation
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MODELLING AND SIMULATION OF TRICKLE BED REACTOR FOR HYDROTREATING OF CRUDE OIL

1. Introduction
Hydrotreating process is a conversion process driven by the catalytic reaction of hydrogen with the
feedstock to produce higher-value hydrocarbon products and to reduce the content of impurities, such
as nitrogen and metallic compounds from crude oil or oil fractions at high temperatures and hydrogen
pressures through converting nitrogen in nitrogenic compounds to ammonia, respectively. Moreover
there is the conversion of unsaturated hydrocarbon compounds such as olefins to saturated hydrocarbonic
compounds.

Hydrotreating processes have been studied by many investigators for the purpose of obtaining a
large economic benefit by reducing the undesirable compounds in petroleum fractions.
Hydrodenitrogenation (HDN) processes is the process to convert nitrogen compounds in the feedstock
to denitrogenated hydrocarbon products such as ammonia (NH3) etc. Hydrodemetallization reactions
(HDM) reaction is thermo catalytic and it produces metallic sulfides such as NiS and V3S4.

The general hydrotreating reactions can be expressed as follows :

HDN

R—NH, +H, - RH + NH,
HDM

R-M+H, >RH+M
Where M-Ni,V,N

1.1 Process Variables of HDT Process
The operating conditions are determined by the feedstock type, the required product level, and the
purity and availability of hydrogen in addition to economic considerations.There are four process variables
frequently reported in the literature as the most important in hydrotreating operations: reaction
temperature, liquid hourly space velocity (LHSV), hydrogen partial pressure and hydrogen to oil ratio
(H,/Qil) ratio.

Temperature
Temperature plays a significant role in the HDT process. An increase in reaction temperature can
substantially enhance the rate of catalytic reaction and hence increase the sulfur, nitrogen, asphaltene
and metal removal. In addition to catalytic improvement, temperature increase may significantly enhance
the thermal cracking. The rate of heavy hydrocarbons will be decreased when the reaction temperature
increases. On the other hand, the rate of diffusion inside the active site of the catalyst will increase and
as a result the rate of reaction will be increased .

The best range of temperature used in the refineries lies between 553K and 683K (except heavy
vacuum residue), where under 553K the reaction rates tend to be slow and above 683K there is undesirable
side reaction. At temperatures above 683K, the activity of the catalyst used will decrease due to coke
formation that deposits on the catalyst.
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Pressure

Hydrogen partial pressure is another parameter that mainly affects the rate of reaction by promoting the
reaction between hydrogen and feedstock compounds. The performance of any hydroprocessing reactor
and process is limited by the hydrogen partial pressure at the inlet to the reactor. More specifically, the
partial pressure of hydrogen has a direct influence on the rate of reaction of HDS, HDN, HDAs and
HDM of the feedstock. In addition, the system pressure impacts both the degree of hydrogenation of
unsaturated compounds in the feedstock as well as the reaction rate of hydrocarbon cracking. Refinery
experience indicates that the HDT processes conducted at higher partial pressure of hydrogen willproduce
products with lower sulfur, nitrogen and aromatics contents. The choice of operating partial pressure of
hydrogen must therefore be made with care in order to ensure that the process operates under HDT
conditions and to prevent high deactivation of catalyst used.

Liquid Hourly Space \elocity (LHSV)

LHSV can be defined as the ratio of the feed volumetric flow rate to the catalyst volume. The reciprocal
of liquid hourly space velocity gives the residence time of feedstock along the catalyst bed. Although
the volume of catalyst for the HDT process will be constant, the liquid hourly space velocity will vary
directly with the rate of feedstock. A decrease in LHSV will cause an increase in feed contact time
(residence time) in catalyst. On the other hand, a decrease in the LHSV will generally bring an increase
in the extent of the HDS, HDN, HDM, HDAs and HDC processes and as a result, increase the reaction
severity and the efficiency of the hydrotreating processes.

Gas Rates (H,/Qil ratio)
The choice of gas flow rate is governed by economic considerations. Recycle is utilized to maintain the
H, partial pressure and the physical contact of the hydrogen with the catalyst and hydrocarbon for
ensuring adequate conversion and impurities removal. To make the process economically feasible, the
unused hydrogen is recycled back to the reactor.

1.2. Trickle Bed Reactors (TBRS)

A trickle-bed expression is generally used to a reactor in which a gas phase (hydrogen frequently) and
a liquid phase (feedstock oil) flow co-currently downward through a solid fixed particles (catalyst—
bed), where the reaction take place. The older term used was “’trickling filter””, that has long been
utilized for organic removal from wastewater streams by the action of aerobic bacteria. The trickle bed
reactor consists of a cylindrical column in which a fixed bed of catalyst particles is randomly dumped.

Trickle—bed reactors with co-current downflow are widely used in hydrotreating operations. This
type of TBR has many features, where the liquid flow approaches plug flow behavior with very low
catalyst loss (i.e. the catalyst is effectively wetted). This feature is very significant when costly catalyst
is utilized. These factors allow high conversion to be achieved in a single reactor. Also, the volume
ratio of liquid to solid (liquid hold-up) in this type of reactor is low; thus minimizing the homogeneous
reaction (less occurrences of homogeneous side-reactions) and this could be significant in the HDT
reaction.The objectives of the work is to carry out the literature survey on the modelling, simulation
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and optimization oftrickle bed reactor (TBR) processes and to develop the best kinetic models for
HDN, HDV and HDNIi reactions which can be accurately applied to design of reactor, operation and
control and further to determine the best kinetic parameters and to validate the model at different
operating conditions for obtaining helpful models for HDT reactions, which further can be implemented
forreactor design, operation and control.

2. Methodology
The main HDT reactions considered in this work are hydrodenitrogenation (HDN) and
hydrodemetallization (includes hydrodevanadization(HDV). These reactions were carried out in a
continuous flow trickle bed reactor (TBR) using crude oil as a feedstock and cobalt-molybdenum as a
catalyst. The data obtained from the literature are used to develop the kinetic models that can represent
the HDN, HDV, HDNI, reactions to determine kinetic parameters and to validate the model under
various operating conditions. The Mathematical modelling of the HDT process is a difficult task due to
the complex physical and chemical changes that the feed undergoes, along with the mass transfer
phenomena in the reaction system. Kinetic aspects are a major factor of reactor modelling, but in this
case, the conversion of a large amount of nitrogen, vanadium and nickel compounds make it a huge
problem. The following assumptions based on the literature survey were used to create the simple
mathematical models for HDT processes :
No radial concentrations gradients,
Steady-state operation of the reactor,
One-dimensional heterogeneous model,

Isothermal and constant pressure operation of the reactor, and
The effect of catalyst deactivation on kinetic parameters is negligible.

2.1. Mathematical Model of TBR for HDT Reactions

An essential stage in the improvement of any model is the formulation of the appropriate mass and
energy balance equations. To these should be added suitable kinetic equations of chemical reaction
rates, rates of mass and heat transfer and equations representing process property changes. The basic
mathematical model can be provided by combination of these relationships.

A three—phase heterogeneous model is used for describing the behaviour of pilot-plant trickle-bed
reactors applied to the HDT of crude oil. The model is based upon two-film theory and includes
correlations for calculating mass—transfer coefficients, oil density, Henry’s coefficients, solubility of
hydrogen, oil viscosity, diffusivity, molar volume, specific surface area, etc. under the operating
conditions, using information presented in the literature.

Model Equations
The reactor model considers the main crude oil hydrotreating reactions (HDN, HDV and HDNi) that
take place on the catalyst surface. The concentration profile of reactants and products in a trickle bed
reactor model is shown schematically in Figure 1.
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Figure 3 : Concentration profile in Trickle bed reactor

The mass transfer of reactants and products in the heterogeneous model are taken into account in all
the phases. The mathematical model equations are based on the transfer coefficients of the process at
gas-liquid, liquid—solid interfaces and also involve the mass transfer rates in addition to distribution of
reactants and products in various phases. The mass balance for each compound in each phase can be
described as follows

Mass Balance Equations in Gas Phase
Hydrogen:

dP P
T _RTpeg [ 2t
dz  u, 7 | hy ?

9

Above equation include a system of ordinary differential equations (ODES) that relate the partial
pressures of H2to the mass transfer of the compounds across the gas-liquid interface. These equations
can be solved to give partial pressure profiles of hydrogen and hydrogen sulfide along the catalyst bed
length when the concentrations of these compounds in the liquid phase are known. The differential
equations of mass balance for the concentrations of hydrogen in the liquid phasecan be written by
equating the concentrations gradient to the mass transfer of H2 across the gas—liquid and liquid—solid
as follows

dc =h
-2 Bocs Jialer o)

dz u, H,
L

T Lisacr-c)
dz  u,

Where i=N, V,Ni
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Mass Balance Equations in Solid Phase

The solution of the above equations requires surface concentrations of H2, N, V and Ni. At steady-
state, the compounds transported between the liquid phase and the solid phase (on the surface of the
catalyst) are consumed or produced through the chemical reaction. By equating the liquid—solid interfacial
mass transfer of H2, N, V and Ni components with their reaction rates, the followingequations were
obtained:

Hydrogen-

ki, a, (C|I:|2 -Cy, )= Ps 210

Nitrogen-

kna,(Cy —Cy) = Psluon Fow

VANADIUM-

I(\/S a, (C\If - Cvs) = PeMov Moy

NICKEL

knias(Cyi —Cni) = PsMroni Mroni

Chemical Reaction Rate
Developing kinetic models for crude oil hydrotreating reactions is not a simple taskbecause of the
complexities of crude oil composition and its analysis. Modelling of such reactions is a hard task due to
the large numbers of components of crude oil. For such a complex feed, the reaction rate equation is
generally lumped into a single power low reaction . HDN, HDV and HDNi reactions are modelled by
the power law models with respect to the concentration of nitrogen, vanadium and nickel and
withhydrogen as follows:

=K, (e,

J
0 EAJ'
K; =A exp T
i =NILV,N.

Gas—Liquid Mass Transfer Coefficients: The correlations used for estimating the gas—liquid mass transfer
coefficients are

L 04 05
H d KHzaL _7[GLJ :uL
rogen: e
yereg th Hy PLD:JZ

Liquid-Solid Mass Transfer Coefficients: The liquid—solid mass transfer coefficients can be calculated
from the Van Krevelen—

Krekels equation as follows:

KS 0.5 1/3
Hydrogen: = :1-8( & J b
yerog .thas as iy pLth
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Molecular Diffusivity : To determine the liquid—solid and gas-liquid mass transfer coefficients, it is
necessary to know the molecular diffusivity of H,, N, V and Ni in the liquid, which can be calculated
by a Tyn-calus correlation:

0.267
vio'T
0.433

D =8.93x10°°
Vit

i=H2,N,Ni,V
Henry’s Law Coefficient : Henry’s coefficients for H, and H_.S can be calculated from solubility
coefficients

Vi,
A, PL
Ay, =0.559729 +0.42947

Hydrogen: h,, =

Oil Viscosity : Glaso’s equation, Shokri and Zarrinpashne (2006) is used a generalized mathematical
equation for oil viscosity. The equation has the following form

p, =3.141x10"(T —460) >“[log,, (APD)]*
a=10.313[log,, (T —460)]-36.447

1415
SP-Qhis 5
Effectiveness Factor () : Internal diffusion limitations are usually expressed in terms of the catalyst
effectiveness factor (). It has been noted that the chemical reaction rate decreases with increasing
particle size. In the literature, the effectiveness factor has been reported to be in the range of 0.0057
to 1. Because the particle size of the catalyst is small, the effectiveness factor (¢) can be estimated as
function of Thiele Modulus

APl = -131.5

tanh ¢.
ni= 4
¢
i =HDN,HDV,HDNi

¢-=V_p n, +1Y K" o,
where, % Sp 2 Dej

i=HDN,HDNi,HDV, J=Ni,V,N
Where
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. 20
g _Sg,op and
0=p,V,

A comparison between experimental results and model prediction results for HDN, HDV and HDNi of
crude oil were plotted in Figs. 7-9. As can be seen from the results, the model was found to simulate the

3. Results and Discussion

performance of the pilot plant TBR very good agreement in the range of operating conditions
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Figure 9: Comparison between simulated and experimental result of Nitrogen

Figure 10 : Variation of Hydrogen concentration along reactor length
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Figure 12: N,V , Ni Concentration in solid phase along reactor bed length

It is noticed that the hydrogen partial pressure in gas phase decreased along the catalyst bed length as
a result of hydrogen consumption. Whereas, the concentration profile of hydrogen in the liquid phase
and solid phase increased a long the catalyst bed length. This behavior can be attributed to the difference
in mass transfer rate at gas— liquid and liquid—solid, and reaction kinetics. When mass transfer at a
liquid—solid interface becomes predominant, the H, concentration decreases in both the solid and liquid
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phases, and when the mass transfer from liquid to gas becomes important, the liquid phase concentration
also solid phase concentration increases.

The concentration profiles of N, V and Ni along the catalyst bed length in the liquid and solid phase
can be seen from this figure, the concentration profile of these compounds reduced in both liquid phase
and solid surface along the reactor bed length. In addition, there is a concentration gradient between
both phases. This gradient is governed by liquid—solid mass transfer rate calculated from the equations
usedin this model, which is based mainly on the physical properties of the liquid, such as density and
viscosity, and also liquid mass velocity. Therefore, the feedstock becomes lighter and thus physical
properties are improved and mass transfer of liquid—solid will enhance reducing this concentration
gradien

4. Conclusions

The kinetic parameters estimations of trickle bed reactor mode for HDN, HDV and HDNi reactions of crude oil have been
calculatedusing pilot plant experimental data and an optimization technique.The effect of reactor temperature (T), partial
pressure of hydrogen(P) and liquid hourly space velocity (LHSV) upon the N, V andNi conversion and upon the concentration
profiles along the reactorbed length were studied using the process model. It has beenobserved that the influence of these
operating conditions in HDN,HDV and HDNi of crude oil confirming that high temperature, pressureand low liquid hourly
space velocity improve the nitrogen,vanadium and nickel conversion. The model can now be applied to reactor design,
operation and control, as well asto predict the concentration profiles of any compound at anyconditions.A comparison
between experimental results and model prediction results for HDN, HDV and HDNi of crude oil were plotted and the
model simulation showed good agreement with the experimental results obtained from literature.
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