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Abstract — Catalytic reforming process has been used to produce high octane gasoline since the 1940s.

1t would appear to be an old process that is well established and for which nothing new could be done.

1t is however not the case and constant improvements are proposed at IFP Energies nouvelles.

With a global R&D approach using new concepts and forefront methodology, IFPEN is able to:

— propose a patented new reactor concept, increasing capacity;

— ensure efficiency and safety of mechanical design for reactor using modelization of the structure;

— develop new catalysts to increase process performance due to a high comprehension of catalytic
mechanism by using, an experimental and innovative analytical approach (''°Sn Méssbauer and
X-ray absorption spectroscopies) and also a Density Functional Theory (DFT) calculations;

— have efficient, reliable and adapted pilots to validate catalyst performance.

Résumé — Le reformage catalytique : méthodologie et développement procédé pour une optimi-

sation et une amélioration constante des performances — Le reformage catalytique est utilisé pour

produire des essences a haut indice d’octane depuis les années 40. Il pourrait apparaitre comme un

« vieux » procédé mature et pour lequel aucune innovation n’est possible. Ce n’est pourtant pas le

cas, et des améliorations permanentes y sont apportées par I[FP Energies nouvelles.

A T’aide d’une stratégie de recherche globale, IFPEN est en mesure de :

— proposer un nouveau concept de réacteur breveté augmentant la capacité ;

— assurer ’efficacité et la fiabilité des designs mécaniques des réacteurs via la modélisation fine des
structures ;

— développer des nouveaux catalyseurs augmentant les performances du procédé grace a une
compréhension poussée des mécanismes, ceci par le couplage d’expérimentation et de techniques
analytiques innovantes (''°Sn Mossbauer et X-ray absorption spectroscopies) et aussi par modélisa-
tion moléculaire quantique ;

— proposer des évaluations fiables, précises et optimisées des catalyseurs sur une gamme d’unité pilote
adaptée.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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INTRODUCTION

Catalytic reforming process has been used to produce high octane
gasoline since the 1940s with fixed bed technology and initially
with platinum catalysts only. Later catalysts with thenium were
introduced. In 1970, the first unit using a catalyst circulation
was industrialized with radial reactor technology. At the same
time catalysts using tin were employed for circulation technology.

So catalytic reforming might appear to be an old process
that is well established and for which nothing new could be
done. This is however not the case and constant improve-
ments are proposed. To achieve these objectives, each part
of the process, from the catalyst formulation to the study
of the materials and mechanical constraints, are regularly
examined. This is made possible thanks to the development
of new methodologies to improve knowledge on catalyst
mechanisms, or technology limitations.

Different works undertaken at /FPEN illustrating these
developments will be presented in this article, concerning:
— development of a new technology for a radial reactor, and

its hydrodynamic characterization;

— mechanical modeling associated to mechanical tests to
improve reactor design;

— use of state-of-the-art analytical methods and Density
Functional Theory (DFT) to improve catalyst structure
and our understanding of catalytic mechanisms;

— development of complete pilots panel for catalyst testing.

1 RADIAL REACTOR TECHNOLOGY IMPROVEMENT

Radial moving bed technology is classically used for cata-
lytic reforming. In this type of reactor, catalyst particles
move downwards under the influence of gravity in a channel
between two coaxial cylinders, while gaseous feed is
injected radially across the bed, generally inwards.
Operation of such reactors can be affected by disturbances
affecting the solid flow: cavitation at gas inlet and pinning (gran-
ular bed stops moving) at the gas outlet. The main consequence is
a limitation for the total pressure drop in the granular bed. Those
phenomena have been widely discussed in open literature [1-4].
Recently, a change in reactor technology has been pro-
posed so as to simplify unit operation and, above all, increase
reactor capacity [5]. As a consequence, reactor design rules
must be reconsidered for this new technology. In particular,
solid movement in this new type of reactor has to be studied,
which means both an experimental characterization and
Computational Fluid Dynamics (CFD) modeling.

1.1 Experimental Characterization of Catalyst Pinning

Radial catalytic bed reactors are in the form of a vertical
cylindrical ring delimited, on the inner side (gas outlet) by
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Figure 1

New technology for radial moving bed reactors: (1) reactor ves-
sel, (2) inlet screen, (3) distribution tubes, (4) solid introduction
and (6) withdrawal legs.

an inner screen retaining the catalyst and, on the outer side
(gas inlet), either by a screen of the same type or by a device
consisting of an assembly of screen elements (scallops).
Injection of gas feed with the new reactor technology is
rethought: a plurality of distribution tubes are disposed
inside the catalytic bed in the vicinity of the reactor wall
(Fig. 1). In Figure 2, reduced velocities for solid flow are
conventionally encountered A/ near the inner screen,
i.e. gas outlet. With the new type of gas injection, one may
also imagine disturbances B/ between injection tubes and
the reactor shell, and C/ between two injection tubes (Fig. 2).
A specific experimental apparatus (nine meter height) has
been used with the objective of examining the three possible
modes of disturbance affecting solid flow. Catalyst particles
are first lifted to an elutriator device, at the top of the mock-
up, for the separation of fine material. Then, solid moves
down at low velocity (< 10 cm.s™'), first to a “pseudo-
reactor”, then to the lift operation for the next circulating
movement. Such a mock-up is obviously ideal in order to
qualify mechanical strength of solid catalysts (attrition tests).
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Cavitation

a) Three possible configurations for the pseudo-reactor: position of gas inlets/outlets. b) Pseudo-reactor view.

The “pseudo-reactor” has a parallelepipedic section, with
a small Plexiglas window (a width of 0.05 or 0.15 m for the
catalytic bed) and associated pressure sensors. Three possi-
ble inlets/outlets for gas flow enable the test of the three
potential modes of disturbance (Fig. 2).

Several tests are done by increasing/reducing the gas flow
rate in the granular bed: possible disturbances for solid move-
ment are visualized, pressure data being regularly collected.

For a classical configuration A/, a pinning effect is
observed above a certain pressure drop (AP.; ~ 7 mBar)
for all bed widths, which is consistent with literature obser-
vations. Cavitation appears for gas inlet velocities higher
than 1 cm.s™ '

For configurations B/ and C/, pinning is not observed,
even for far larger pressure drops (APp.; > 30 mBar). Thus,
the change in reactor technology may only add disturbances
for the solid flow by provoking more cavitation points near
distribution tubes.

In relation to this cavitation phenomena, CFD modeling
has been used to have an idea of the gas and solid veloci-
ties/streamlines in the new radial reactor at an industrial size.

1.2 CFD Modeling

CFD modeling of catalyst pinning has been conducted
using the commercial code Barracuda CPFD®. This
code is a three-dimensional, incompressible, multiphase
particle-in-cell method to simulate dense particle flows. This
numerical technique solves the governing equations of the
fluid phase using a continuum model and those of the parti-
cle phase using a Lagrangian model. This code is a form of
discrete element method, where each particle has three-
dimensional forces from fluid drag, gravity, static—
dynamic friction, particle collision and possibly other
forces.

TABLE 1
Catalyst properties
Sh Di Bulk Apparent Solid flow
ape lameter density density rate

Spherical 1.8mm | 670 kg/m® | 1100 kg/m’ 800 kg/h

TABLE 2
Gas properties
Density Molar mass Viscosity Gas flow rate
1.762 kg/m® 22.7 g.mol 0.019 cP 117543 kg/h

As explained by Snider (2001, 2007) [6, 7], the solution
scheme allows for distributions of types, sizes, and density
of particles. Particles are implicitly coupled to the fluid
phase, and the fluid momentum and pressure equations are
implicitly solved.

3D Navier-Stokes equations are used to describe the gas
behaviour. Coupling between the gas and the catalyst is
made through Wen and Yu drag law.

Gas and solids properties used for the simulations are
recalled in Tables 1 and 2.

The gas reactant is equally injected through N tubes but
only the surface towards the external wall is used. The gas
exits the simulation domain through the inner wall.

The solid is injected together with a small quantity of gas
at the top of the reactor which then join the reactants injected
through the internal tubes. The gas quickly homogenizes in
the annular space without going up towards the shell (Fig. 3).
No particles are entrained to the top.

The density of the solids is globally constant in the reac-
tor, close to the maximum of compactness. Catalyst move-
ment is downwards.
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Gas velocity vectors at the top of the reactor.

The gas tends to accelerate locally, close to the reactor gas
outlet (inner pipe) or between two tubes. On the other hand,
in some areas located at the external part of the reactor, gas
velocity is rather low. These zones are to be the smallest pos-
sible as potential dead zones. That implies that the tubes are
located closer to the external reactor wall.

As a consequence, catalyst density is a little higher against
the inner pipe but a little diluted at the gas injection (Fig. 4).
Qualitatively, this result is consistent with the experimental
ones where pinning is only predicted at the gas outlet and
that a gas injection through a small surface can lead to local
unpacking.

1.3 Conclusions

Catalytic reforming reactor technology has been recently
improved so as to simplify unit operation and increase reac-
tor capacity. This has led to several changes in the reactor
design rules. Thanks to a dedicated cold mock-up and
CFD modeling, design criteria have been proposed at the
pilot scale and checked at the industrial scale.

As shown in this study, the change in reactor technology
may only add disturbances for the solid flow by provoking
more cavitation points near distribution tubes. Special care
has to be given to design rules in that zone.

2 GLOBAL BEHAVIOUR OF REFORMING REACTOR

The object of this study is to understand the mechanical
behaviour of a continuous catalytic reformer, in particular
the tension or compression in the catalyst grains, in the
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center pipe and in the outer pipe. In this reactor, the bed of
catalyst grains moves down continuously between two coax-
ial cylinders (the center pipe and the outer pipe) to regenerate
decaying catalysts. There is a crossflow of gas from the outer
cylinder to the inner cylinder.

2.1 Reforming Reactor Model

An axysimetric model was performed with a finite element
method code (4baqus™ software). The catalyst grains are
modelised by a homogeneous porous solid. Previous works
on the mechanical behaviour of the catalyst bed have been
done at /FPEN [8]. Its behaviour is similar to soils mechan-
ics, Drucker-Prager plasticity model is used with the follow-
ing relation:

f(g)Z\/J_z—odl—ﬁZO

where: ¢ is the stress tensor, o and f are constants related to
the friction and cohesion, /; the first stress invariant and J,
the second invariant of the stress deviator tensor:

tro
Iy =tra and J2:§:§<S:g—Tl>

More complicated laws exist [8], but are not used in this
first approach.

The continuous catalytic reforming process is a dynamic
process that we model by a series of static steps. There are
three steps:

— the first step is the filling of the reactor: we apply the
gravity g and assume that there is no pressure;

— 1in the second step, the movement of the catalyst inside the
reactor is introduced through a displacement of the nodes
at the bottom of the mesh of the catalyst bed;

— the third step is the circulation, it consists of the injection
of the radial gas inward. In this step, the velocity of gas
injection v is applied by increasing increments and the
bottom of the catalyst bed moves down.

The model is a little reactor (Fig. 5) and it is chosen in
order to understand the behaviour of the system. The charac-
teristics of the model are a height of five meters and an annu-
lar space about 0.2 m. The gas (air) is injected via a window
(the height is 0.8 m). The behaviour of the gas flow is
described by Ergun’s law. The head loss is taken as a func-
tion of the gas velocity:

AP 150u(1 — n?)
L&~ d§n3

1.75(1 — n)

Vg 2
3
dpn

with AP, the head loss through the distance L, g the gravity,
150 and 1.75 experimental values, n the porosity of the
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Solid density: a) zoom on the gas inlet and b) the center pipe.
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Figure 5

Design of reactor model.

catalyst bed, d,, the average diameter of grains, y, the weight
density of gas and p the dynamic viscosity of gas.

A contact law with friction is introduced in the model in
order to reproduce catalyst / grid behaviour. The friction
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coefficient between Johnson grid and catalyst bed has been
determined by tests at /FPEN in 1996.

2.2 The Effort in Different Parts for Different Conditions

The calculations performed, show that the weight of the cat-
alyst bed is shared between the center pipe, the outer pipe
and the catalyst bed. Each part depends on the friction coef-
ficients (inside the catalyst bed and between the catalyst bed
and Johnson grid) and the conditions (velocity of injection
and pinning effects).

The catalyst weight transmitted by friction at the wall inter-
face is shown in Figure 6 compared to Figure 7. The distribu-
tion force in the catalyst bed respects the Janssen’s law
shape [8]. The maximum effort is at the bottom of the outer pipe.

The injection of gas inward modifies the distribution of
the efforts (Fig. 8): the efforts in center pipe increase and
the efforts in the catalyst bed are not homogeneous in the
radial direction.

Figure 9 shows that the values of the Janssen law in the
catalyst bed are not exactly found with the Abaqus™ model.
It is notified in other studies [9, 10].

In the catalyst bed, with the injection of gas, two different
levels of the vertical effort appear: a lower value above the
injection window and a greater value below the window
(Fig. 8).

The increasing of the velocity of the injection gas modi-
fies the distribution of the vertical effort between the differ-
ent parts of the reactor (Fig. 10). The rate of the effort in the
center pipe is maximum when the catalyst bed above the
window is blocked (pinning effect).
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Figure 6
Effort in the reactor with friction between the catalyst bed and
the Johnson grid.
Vertical effort (N)
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Figure 7

Effort in the reactor without friction between the catalyst bed
and the Johnson grid.

The effort in the grids can be estimated with this type of
study.

2.3 Mechanical Structure Design Analysis, Analytical
Approach

The catalyst powder is contained between the center pipe
and the external grid. The previous part of this paper high-
lights that the mechanical solicitation applied on the grid is
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Figure 8

Effort in the reactor with friction between the catalyst bed and
the Johnson grid, with injection gas.
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Figure 9

Different estimations of the apparent weight in the catalyst bed
in function of the distance from the top of the reactor without
injection gas.

produced by the friction between the catalyst and the grid.
The grid must be designed to support the total weight of
the catalyst to avoid its crash. This situation is considered
when pinning occurs.

The mechanical design of this grid must be optimised as a
function of this load. The structure is more and more slender;
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Evolution of the rate of the vertical effort in the different parts
of the reactor as a function of the conditions.

Welding

Figure 11

External grid, structure assembly. Orthotropic cylinder.

the structure height reaches 16 m, the diameter D,, is close to
4 m (Fig. 11). The design must be more precise, and some-
times enhanced to guarantee the system integrity. An analyt-
ical approach has been developed at /FPEN to evaluate the
mechanical resistance of a cylinder filled with catalyst
media. The cylinder is representative of the external grid
built with vertical strings (9.37 mm? section) and horizontal
rods (rectangular section 25 x 3 mm?). The distance between
two rods is close to 25 mm and the slot between each string
is 0.7 mm. Each connection between the rod and the string is
automatically welded in the manufacturing process.
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The grid is considered as an orthotropic structure, the
axial resistance is given by the string, the circumferential
and radial resistance is given by the rod. The grid shear resis-
tance is given by the rod and the string assembly: the welded
connection. An equivalent section eq can be defined in the
XY and XZ plane and the ratio f§ gives an estimation of the
orthotropic level. The structure might be isotropic if f is
close to 1:

_ €eqxz
Ceq XY

whereas f§ = 1, the grid cannot be considered as an isotropic
material because its experimental shear modulus G*,, reach
0.5 GPa [11]. It is a hundred times smaller than an isotropic

one G12 Isotrope:

GlZ[sotrope = ﬁ

E is the Young’s modulus (190 GPa) and v the Poisson’s
ratio (0.3) of the AISI 321H material. Under operational con-
ditions such as shown in the previous section, the grid is
solicited by a vertical load which is a fraction of the catalyst
weight. Paschero and Hyer (2009) [12] studied a similar
structure in the aeronautic domain. This work was used
and adapted to define a critical buckling stress ocr of the
grid structure:

n-E.\/g1,
OCR =
3.(1 —v?)

where gy, is the equivalent shear modulus and # is a repre-
sentative enhanced factor defined as follows:

_ Ceq XY
T=D,./2

and

G 1
&1 G12 Isotrope 100

The analysis of the critical stress permits the definition of
a critical height. Under this height 4p, the structure is
mechanically undersized and the structure can buckled:

OCR-€eqXY
he>h|1—
( S. (FCata . %Repr[se + FSteel))

where: 4 is the total height of the structure, Fc,, is the
weight of catalyst powder, %ge,.ise i the percentage of
catalyst weight support by the grid, as a consequence of
the pinning effect, Fi,.,; is the steel structure weight.
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Double helix structure.
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Figure 13

Reinforced solution.

Helix Structure

One solution to reinforce the grid is to install a double helix
profile on the structure [13, 14] (one helix is installed on the
grid in Fig. 11). A schematic view of this new structure is
given in Figure 12.

The optimized helix angle ¢ is 30° to support a vertical
load. The work of Paschero and Hyer (2009) [12] defined
the shear modulus as a function of ¢:

g1p = 2.sin ¢. {Sin2 ¢ + 1/sin ¢ + sin* qﬁJ

The distance between the helix part and the rod must
respect this relation:

E, =E,2.sin¢g

The critical stress for a vertical compression solicitation
for the helix structure is:

OCR — Ei’](slﬁ

with:

and

cos? ¢

V/3.sin ¢

This analytical approach permits to specify a mechanical
reinforcement to the initial structure.

Y=

Structure Helix Reinforcement

The helix reinforcement is taken into account in our design
methodology. The design of the external grid combined the
mechanical resistance of the initial orthotropic cylinder (gray
part of Fig. 13) and the additional helix structure (red part of
Fig. 13).

This system increases the buckling resistance versus a
compression loading.

2.4 Experimental Mechanical Characterization

The previous analytical approach is based on material char-
acteristics at 20°C like Young modulus £ (= 190 GPa), elas-
tic limit (= 200 MPa), shear modulus G (= 0.5 GPa). These
parameters have to be precise; one solution is an experimen-
tal investigation. The material properties were characterised
before and after the mechanical assembly at ambient temper-
ature. The string and the rod are more or less wiredrawn. The
impact on the mechanical properties is important. The other
and the most important advantage of this experimental study
is the grid shear resistance characterization which is very
difficult to estimate with numerical models.

2.4.1 Tensile Characterization

Many tensile tests were performed in the /FPEN Solaize lab-
oratory (Fig. 14) in accordance with the EN ISO 6891-1
standard on the Instron Tensile equipment. This commercial
apparatus allows the application of a maximal tensile effort
equal to 250 kN. The tensile load, the global strain (between
each curb) and a local strain (extensometer) are recorded at
10 Hz (Fig. 14).
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Figure 14

Experimental setup, /nstron apparatus.
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Figure 15

Tensile test on a string and rod (without welding).

A mechanical adaptation was designed in order to test a
grid sample with this apparatus. Specific curbs were
machined with the string footprints. The sample is composed
of a maximum of 81 strings and the number of rods is limited
by the space between the curbs (150 mm). The end of the
tensile test is given by the sample braking or the maximal
load system.

First of all, the string and the rod without a welded con-
nection were characterised (Fig. 15). The string section is
9.37 mm?, the rod section is 75 mm? The black curve is rep-
resentative of the string and the blue one of the rod. The
behaviour of these samples is characteristic of austenitic
steel; the definition of the yield strength is difficult.

A clear difference is noted between the rod and the string,
the yield strength at 0.2% of the strain is higher for the string
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Figure 16

Experimental shear test setup.

660 MPa as the rod 360 MPa (at 20°C). This can be
explained in terms of the mechanical stress history of the
string. Plastic deformation occurs in the string because the
string was more wiredrawn than the rod. It is hardening so
its mechanical properties increase.

Other tests were performed on the welded sample and per-
mitted to conclude that the welded connection do not
decrease the mechanical properties of the grid assembly.
The welded connection is automatically made by an electric
process. The thermal affected zone is much reduced. In con-
clusion, the grid mechanical properties in the string direction
are given by the string and by the rod in the direction of the
rod. The shear resistance is given by the string and welding
characteristics. A special experimental setup was developed
in our laboratory to characterize the shear resistance of the
grid.

2.4.2 Shear Resistance Analysis

The shear resistance is an important data in the design meth-
odology. A test bench was modified in order to only apply a
shear stress on the grid sample (Fig. 16). The dimension of
the grid is 600 x 300 mm? built with 23 rods and maximum
of 81 strings. Clamps were installed at both ends between the
end rod and the mechanical triangle part. Two tie-bars made
the link between the two triangle parts to form a parallelo-
gram. This assembly is solicited with a traction load and
produces a shear stress on the grid.

The bench is instrumented with:
— a load sensor to measure the apply load,
— a displacement sensor to estimate the shear strain.

The experimental results in Figure 17 present the evolu-
tion of the strain versus the applied effort. The sample is
plastically deformed. All tests are reproducible.
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Shear test results made with 3 samples.

This experimental curve allows the determination of the
shear stiffness R. of the sample, of the welding (R,) in the
elastic domain:

N.mm™ N.rad™!
Shear sample stiffness, R, 90 50439
Shear welding stiffness, R; 0.19 115

The shear stress ¢ is the product of the shear modulus G
with the shear strain and is equal to the ratio between the
traction load with the shear section:

F
o =17.G and 0:2

The shear stiffness R, is defined as below:

RC =§ and Rc = Nﬁ[.Rﬁ[

The shear stiffness R, is the product between the number
Ny and the string shear stiffness Rg;. An important hypothesis
is made that the shear resistance in the elastic domain is given
by the string and not the welding (considered very stiff com-
pared to the string). The shear modulus can be written as:

F R

T4 4

where A is shear section which is proportional to the number
Ny and the section Sg; of string:

A=S ﬁ[.N il
The final formulation of the shear modulus is:

Rﬁ[

G =
N
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This approach estimates the shear modulus G to be equal to
0.3 GPa. The shear resistance of the system is very low com-
pared to an isotropic material. It is the weak point of the structure.

Different reinforced solutions have been tested with the
same experimental setup and permit to increase the shear
modulus to 1.08 GPa. A shear modulus G = 0.3 is
considered in our mechanical design. Current research efforts
primarily focus on this theme to improve the grid design to
make it more reliable, to understand the precise mechanical
behaviour of the catalyst media [8] and the solicitation, to
propose solutions to strengthen the mechanical structure.

3 ANALYSIS AND DFT APPROACH FOR BETTER
UNDERSTANDING OF CATALYST STRUCTURE
AND CATALYTIC MECHANISMS

The first naphtha reforming catalyst was introduced in 1949
and was composed of chlorinated alumina supported hyperdi-
spersed platinum particles. Later, process performance has
benefited from the introduction of bimetallic catalysts, Pt-Re
for the fixed bed processes in the 70’s and Pt-Sn for the con-
tinuous processes in the 80’s [15]. Bimetallic systems allowed
to enhance the liquid yield and the catalyst stability by
decreasing coke formation, with specific reaction conditions
and process technology for each system. Research efforts
have then focused on improving preparation methods, support
shaping, platinum phase and the introduction of promoters.
As market continuously requests enhanced performances,
the addition of a second promoter to the bimetallic systems
has recently received close attention. These multimetallic sys-
tems increase the complexity of catalysts by introducing a lar-
ger diversity of sites to an initial system that has not yet been
fully understood. Identification of these new sites is of major
interest to understand their role on the catalytic mechanism
and to allow the development of new catalyst generations.
For this purpose, dedicated characterization techniques and
DFT calculations have been applied to reforming catalysts.

3.1 Experimental Approach: ''9Sn Méssbauer
and X-Ray Absorption Spectroscopies

We illustrate hereafter an example of the contribution of
9Sn Maéssbauer and X-ray absorption spectroscopies to
the description of multimetallic Pt-Sn-In catalytic systems,
in which the promoters can be introduced either by wet
impregnation or by co-precipitation with aluminium precur-
sors when preparing the support. In these catalysts, the way
the promoters are introduced is a key to tune their localiza-
tion and interaction with platinum.

The Mdossbauer effect, discovered by Rudolf Mossbauer
in 1958, consists of the recoilless emission of gamma ray
photons from radioactive nuclei, and the selective resonant
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Figure 18

Composition of Pt,Sn alloys and the fraction of total tin alloyed
with platinum in the co precipitated trimetallic catalysts as a
function of their In loading.

re-absorption of these photons by other nearby nuclei. The
method is sensitive to structure differences between emitting
and absorbing nuclei. Mdssbauer spectroscopy uses this phe-
nomenon to explore the nuclear and atomic structures of
materials. This technique is well applied in the characteriza-
tion of heterogeneous catalysts, and among them PtSn-based
catalysts [16-18]. It permits the identification of the various
Sn species [19-21] and is well suited for a precise determina-
tion of their oxidation state and coordination pattern, the
covalence degree of the chemical bonds and the relative
fraction for each coexisting Sn species. The phases are
described by their hyperfine parameters, i.e. the isomer shift
§ (mm.s~") and the quadripole splitting A (mm.s ™).
Recently, Mdssbauer spectroscopy allowed to evidence
the formation of Pt.Sn alloys when adding In to PtSn
systems to form trimetallic reforming Pt/Al,O5;SnIn-Cl
catalysts, where both In and Sn were introduced by
co-precipitation with aluminium precursors [17]. This alloy
was absent from the corresponding bimetallic PtSn systems
and is inherent to the presence of indium. The nature and the
amount of alloy is moreover directly related to indium load-
ing in the catalyst as shown in Figure 18. Increasing indium
loading not only increases the fraction of tin alloyed to plat-
inum but also enhances the amount of tin in the alloy, start-
ing from a Pt;Sn alloy at low indium loading (0.06 wt%) to a
Sn rich PtSn alloy at higher loadings (0.4 and 0.6 wt% In).
This relative amount of Pt and Sn in the alloys was directly
deduced from the isomer shifts in the ''’Sn Mdssbauer
spectra: phases with lower isomer shifts are richer in Pt
and those with higher isomer shifts are richer in Sn [17].
The introduction of indium and tin by impregnation on
alumina to prepare PtSnIn/Al,O5-Cl type catalysts led
to completely different observations. ''Sn Mdssbauer
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Figure 19

Evolution of the observed isomer shift value § (mm.s ") of the
Pt,Sn(O) phase in impregnated trimetallic PtSnIn/Al,0O;-Cl
catalysts as a function of In content.

spectroscopy reveals the presence of a Pt-Sn intermetallic
species, labelled Pt,Sn(O) species, as it was previously
observed for other bimetallic PtSn catalyst [21], but no alloy
is evidenced. Pt and Sn relative atomic concentrations in
these Pt,Sn(O) phases were estimated from the isomer
shifts, assuming the same trend as the one applied for Pt,Sn
alloys, i.e. the species with the higher isomer shifts being
the richer in Sn. As In loading increases in the catalysts, iso-
mer shift of the Pt,Sn(O) phase decreases, i.e. less Sn is
engaged in this phase (Fig. 19). Tin and indium are compet-
ing for the proximity to platinum.

As '"?Sn Méssbauer spectroscopy was used to shed light
on the Pt-Sn interactions, X-ray Absorption Near Edge
Structure (XANES) was used to describe Pt-In ones. On
the XANES spectra of the reduced catalysts at Pt L; edge
(Fig. 20), the whiteline position (£,) and intensity reveal
the interactions between elements [22].

In impregnation on Pt/Al,053-Cl induces significant mod-
ifications in the whiteline structure, intensity and position.
Compared to Pt/Al,05-Cl, PtIn/Al,05-Cl has a broader
and less intense whiteline which is shifted by 1.80 eV (the
whiteline positions £, and the shifts AE, (eV) for catalysts
relative to reduced Pt/Al,O3-Cl are listed in the table
included in Fig. 20). This indicates a change in the electronic
structure of Pt related to the presence of high amounts of
Pt-In structures, probably in the form of alloys.

The XANES spectra of the trimetallic catalysts are clearly
more similar to the spectrum of the bimetallic catalyst with
In than with Sn. Compared to bimetallic PtIn/Al,O5-Cl, tri-
metallic catalysts with 0.31 and 0.41 wt% In present white-
line shifts of comparable orders which shows a modification
of Pt structure due to In presence. As the In loading increases
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Figure 20

XANES spectra at the Pt Ly edge for reduced monometallic
Pt/Al,0;-Cl, bimetallic PtSn/Al,0;3-Cl and trimetallic PtSnln/
AlL,O5-Cl catalysts (with variable In loadings) obtained by suc-
cessive impregnations £y values (eV) of reduced catalysts and
shifts in E, (AEp) relative to reduced (500°C, 2 h, H,)
Pt/AL,O;-CL.

in the trimetallic catalyst, more Pt-In intermetallic phases
are formed. This observation fits with ''°Sn Mossbauer
results showing decreasing Sn concentration in the formed
Pt,Sn(O) phases as the In loading increased, in accordance
with a substitution of Sn by In.

It results from these two studies that the association of tin
with platinum is strongly influenced by the way indium is
introduced and by its loading on the catalyst. Introducing
indium by co-precipitation leads to enhanced Pt-Sn proxim-
ity, with the formation of a PtSn alloy at high In loadings
(around 0.6 wt%). In introduction by impregnation leads
to a competition between In” and Sn° in a non-alloyed
PtSnln intermetallic structure (Fig. 21).

It was possible to further enhance the Sn/Pt rate that is a
lever to improve catalyst selectivity, by the use of surface
organostannic chemistry to allow a selective Sn deposition
on Pt particles. Even with this controlled deposition, the
effect of indium localization, either on the support by
impregnation or into the support by co-precipitation with
aluminium precursor, leads to a maximization of PtSn alloy
formation when indium is introduced in the support, with
a 35% fraction of tin alloyed with platinum for a
SnPt/Al,05In-Cl catalyst. Finally, the combination of DFT
calculations with the ''”Sn Mossbauer and X-ray absorption
spectroscopies observations allowed to rationalize this
particular behaviour [23] and to reveal the key role of In**
species on the formation of Pt,Sn alloys, by stabilizing Pt,Sn
clusters thanks to Sn’~In** bond formation.
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Figure 21

General model of SnPtIn based catalysts, prepared by impreg-
nation of Pt and deposition of Sn by surface organometallic
chemistry, the In promoter being introduced either by support
impregnation or by co-precipitation during support preparation.
Although not explicitly mentioned, Pt,In,, and Sn,In, alloys
cannot be excluded.

3.2 DFT Calculations: Models of Reforming Catalysts

As can be seen from the state-of-the-art characterization
works of reforming catalysts, the very small size of the
metallic particles and poorly defined nature of the support
make it hard to get unambiguous representations of the cat-
alyst at the molecular scale. To get a deeper insight in the
structure and behaviour of active sites in catalytic reforming,
we performed DFT calculations coupled to a thermodynamic
model. The complexity of the industrial multi-metallic cata-
lyst was taken into account by a step-by-step approach, deal-
ing first with monometallic, then multimetallic systems.

As a first step, relevant models of monometallic platinum
particles supported on y-alumina (y-Al,O3) were obtained
[24, 25], based on previous works providing surface models
of y-Al,O3 on one hand [26-29], and models of metallic non-
supported clusters on the other hand [30]. Mainly, two crys-
tallographic orientations of the alumina framework [29]
were considered: the (100) surface is generally dehydroxy-
lated in catalytic reforming conditions, whereas the (110)
is still hydroxylated [26, 27], possibly chlorinated [28].

With the aim of providing relevant models for reforming
catalysts, platinum clusters containing 13 atoms were con-
sidered as being representative of highly dispersed platinum
catalysts with particle size close to 1 nm. Smaller particles
(from 1 to 5 atoms) were also considered. For isolated clus-
ters, the following general rule holds: the bigger the size, the
more stable the cluster (Fig. 22a). By contrast, DFT calcula-
tions performed on supported Pt;_;3 clusters demonstrated
the significant impact of the rearrangement and migration
of surface species (protons, hydroxyls, chlorine) to stabilize
the smallest Pt clusters. This is mainly explained by the
anchoring of the clusters to the surface via Pt-O and Pt-Al
bonds. Including migration, Pt clusters are more stable on
the hydrated and chlorinated (110) surfaces than on the
dehydrated (100) surface. On the chlorinated (110) surfaces,
Pt3 corresponds to a local energy minimum (Fig. 22a), even
lower than Pt;3. This stability of Pt; would explain an
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Figure 22

DFT results of the simulation of model reforming catalysts: a) calculated binding energy (including Pt-Pt cohesion and metal-support interaction)
of Pt,, clusters, isolated or supported on y-Al,05 [25]; the most stable Pt; cluster supported on chlorinated y-Al,O; is shown in inset; b) effect of
hydrogen pressure on the morphology change of supported Pt;3 [33]; c) relative stabilities of adsorbed ethylene (H,CCH,) and ethylidyne
(CCHs;) on Pt;3 supported cluster at various J = P(H,)/P(C,Hg) values; insets: illustrations of adsorbed ethylene and ethylidyne at J = 1 [42];
d) models of supported PtSn catalysts, without (top) or with (bottom) indium incorporated in the support [23].

increase of the activation barrier to form larger clusters, thus
limiting sintering, thanks to chlorine [31, 32].

In a second step, the reactivity of hydrogen towards plat-
inum was investigated on the Pt;3/y-Al,05(100) system [33].
On this surface, in the absence of hydrogen, the Pt;5 cluster
preferentially lies in the “BiPlanar” (BP) morphology
(Fig. 22b, left) and maximizes the metal-support interaction
through Pt-O and Pt-Al bonds. The calculations show that
this structure presents a strong affinity towards hydrogen.

The increase of hydrogen coverage may reach a H/Pt atomic
ratio greater than 1.4, which induces a cluster reconstruction
from the BP to a cuboctahedral (CUB) morphology
(Fig. 22b, right) as shown by molecular dynamics. The
H/Pt ratio exceeding 1 — often observed in experimental
analysis conditions [34, 35] — is rationalized by this
reconstruction process. The electrostatic charge analysis
reveals that a hydride phase is obtained for the CUB
structure, with the partial loss of the metallic nature of
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Pt3. In contrast, for reaction conditions such as catalytic
reforming (7 ~ 800 K and P(H,) ~ 10 bar), the particle
remains BP with moderate H/Pt ratio (0.5-1). The electronic
analysis also shows that it keeps its metallic character. These
results account for numerous experimental data (Temperature-
Programmed Desorption, TPD; X-ray Absorption Spec-
troscopy, XAS; High-Resolution Transmission Electron
Microscopy, HRTEM, etc.) [22, 36-40]. They were recently
completed thanks to additional calculations of hydrogen
interaction with Pt;53/y-Al,O5(110) systems, and compared
to HERFD-XANES (High Energy Resolution Fluorescence
Detection - X-ray Absorption Near Edge Structure),
showing that the hydrogen coverage is likely system-
atically overestimated by DFT, even if the trends are
confirmed [41].

Then, to better describe and understand the impact of
hydrogen in the catalytic reactions, we performed a DFT
study of the stability of C,H,, (x=1 or2 and 0 <y < 5) inter-
mediates likely formed upon activation of ethane considered
as a model molecule for probing C-C and C-H bond scission
on supported Pt;3 clusters at variable hydrogen coverage
[42]. Symmetric (one H removed on each C atom) and dis-
symmetric (H removed first on the same C atom) dehydroge-
nation elementary steps were compared, as well as C-C bond
breaking with CH, release. Calculated relative Gibbs free
energy profiles for the transformation of ethane allowed
the quantification of the relative stability of C,H,, species rel-
evant for dehydrogenation and hydrogenolysis pathways as
a function of reaction conditions. The impact of the J ratio
of partial pressure of hydrogen over partial pressure of eth-
ane (J = P(H,)/P(ethane) = 0.01, 1, 10 and 100) was studied
(Fig. 22c¢). According to the DFT and thermodynamic calcu-
lations, intermediate J values between 1 and 10 correspond
to the optimal balance between the two dehydrogenation
pathways, the C-C bond scission leading to coke precursors
or surface carbide, and the formation of CH,. Simulta-
neously, ethylidyne (CCHj in Fig. 22c¢), considered as a dead
end intermediate, is thermodynamically less stable with
respect to ethylene as soon as J becomes greater than 1.
Within a similar range of J, hydrogenolysis reaction is also
expected to be promoted due to the simultaneous stabiliza-
tion of monocarbonaceous species on the platinum clusters
with high hydrogen coverage. As a consequence, our DFT
study identified and quantified the interval of process condi-
tions to be used for favouring moderate dehydrogenation of
ethane into ethylene. It also gives a way to identify
quantitatively the thermodynamic optima in hydrogen pres-
sure for either dehydrogenation or hydrogenolysis and
avoiding coke formation as targeted in process conditions
[43-46].

The next step towards a more accurate modeling of the
real reforming catalyst is to consider the multimetallic nature
of the catalysts. We recently started to undertake this by
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focusing on PtSn formulations, eventually with Indium as
co-doping element present in the support as In’' state
(Fig. 22d), to shed new light on the experimental results
explained in the previous section [23]. While tin is shown
to decrease the metal-support interaction as compared to
pure platinum, indium helps to compensate part of the inter-
action loss resulting in a stabilization of the bimetallic PtSn
nano-cluster.

DFT calculations thus appear as an appropriate tool to
rationalize the behaviour of catalytic reforming catalysts at
the molecular scale. The guideline for future research in this
area is the consideration of elements (such as Sn, Re, In, etc.)
and their oxidation states accounting for the highly complex
composition of the catalyst. Hopefully this approach will
help to furnish rational guides to further improve the perfor-
mances of the reforming catalyst.

4 DEVELOPMENT OF COMPLETE PILOTS PANEL FOR
CATALYST TESTING

The validation of new catalysts by pilot plant testing with

real feeds in operating conditions representative of industrial

operating conditions is the last step of the catalyst develop-
ment. But using multi sized pilot tools allows the validation
of catalysts at different stages of their development:

— fast identification of promising ways by using the High
Throughout Experimentation (HTE);

— confirmation of promising ways and refining catalyst for-
mulations thanks to the micro pilot plant;

— understanding of the reaction mechanisms and the effect
of promoters with specific molecular model tests;

— final validation of new catalyst formulation thanks to a
pilot plant test functioning with real feeds in operating con-
ditions representative of industrial operating conditions.
The development and setting up of these tools require full

know-how that requires for example understanding and con-

trol of mass and heat transfer, analytical tools specifically
developed to control real-time reactions and performance
catalysts.

These pilot plant tests provide information such as activ-
ity, selectivity and stability of reforming catalysts.

4.1 High Throughput Experimentation

To improve the reforming catalysts, it is necessary today to
introduce several promoters in addition to platinum to
increase the activity, selectivity and stability. The study of
introduction of news promoters involves the validation of
the effects of these promoters using tests on the pilot plant.
For that the use of a high throughput tool for validating
the effect of new promoters and their crossed effects became
inevitable. To this end, a pilot plant with sixteen reactors and
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Temperature and selectivity as function of time on stream for
four catalysts tested on micropilot for iso-RON mode.

a suitable test protocol has been developed to treat at [FPEN
a high throughput of catalysts. This pilot plant allows to test
a few hundred milligrams of catalysts prepared at a labora-
tory scale. The catalysts are loaded in tubular reactors with
an appropriate loading allowing an isothermal temperature
in the catalyst bed. The reactors are gathered in groups of
four reactors operating at the same temperature and isother-
mal mode. A common control valve is used to regulate the
pressure of the sixteen reactors. The feed and hydrogen rates
are independent. A sequence of appropriate operating condi-
tions can quickly select catalysts and compare the activities
and selectivities of catalysts tested in a reasonable time test
of a few days. Methods of testing and comparing the perfor-
mance of catalysts have been developed to IFPEN and rely
on a large database of tests.

4.2 Micro Pilot Plants

These assessment tool catalysts have four tubular reactors in
parallel. Reactors allow the evaluation of a few grams of cat-
alyst (typically 2 to 5 g) in a catalyst bed having a tempera-
ture profile closer to the isothermal. Regulation of the flows
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of feed and hydrogen are independent for each reactor while
the control valve is common for the four rectors.

An online system by Gas Chromatography (GC) analyzes
the effluents of each reactor in turn. Software developed by
IFPEN calculates the Research Octane Number (RON) from
detailed analysis by GC. The RON of the produced reformate
by each reactor is calculated in real time and therefore it is pos-
sible to adjust the temperature of each reactor to maintain a
constant RON: these tests are conducted in iso-RON mode.
This test mode allows to easily compare the activities, selectiv-
ities and stabilities of the catalysts for the same RON as shown
in Figure 23. Of course, it is possible to know other informa-
tion on the products formed in the reformate over time and to
know the distribution between Fuel Gas (FG) and Liquefied
Petroleum Gas (LPG) for example, or the evolution of differ-
ent aromatic compounds over time.

These micro pilot plants allow, for example, to confirm
the relevance of catalyst formulations identified using HTE
but also to optimize the formulation of interesting catalysts
with a pilot plant operating in is0-RON mode that is repre-
sentative of a cycle of operation of industrial catalysts. These
tools have recently been used for the development of a new
multimetallic catalyst for Continuous Catalytic Reforing
(CCR) [47].

4.3 Molecular Model Tests

Tests using a molecular model [48] is helpful for the
understanding of the reaction mechanisms of reforming cata-
lysts and the effects of the promoters studied. These short tests
are performed at the laboratory scale on relatively simple pilot
plants with small amounts of catalysts (a few grams).

The pilot plants consist of a mono reactor coupled to an on-
line GC allowing the calculation of the conversion and the
analysis of selectivities. This type of test is used to study the
metal and acid functions of catalysts with relatively short time
test procedures to compare the reactivity of the catalysts at dif-
ferent rates of coke. For example, using the dehydrogenation
reaction of methyl cyclohexane to toluene [49] (Fig. 24), it
is possible to study the metal function of catalysts, but also
to obtain information about the secondary reactions such as
isomerization to dimethylcyclopentane (combination of metal
and acid functions) or dismutation to xylene and cyclohexane
(acid function). Another interesting reaction to be studied is the
reforming of n-heptane [50] as it is representative of all the
reactions encountered in naphtha reforming but with a number
of products formed significantly lower.

4.4 Pilot Plant

These tools provide the final validation of new processes and
catalysts. This is a pilot plant for loading of a hundred grams
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Methylcyclohexane dehydrogenation reaction and secondary
reactions on reforming catalysts.

of catalyst in a tubular reactor whose temperature is controlled
by a multipoint thermometer stick placed in the center reactor.
The reactor is divided into seven zones whose filling is opti-
mized to have perfect control of mass and heat transfer. The
reactor operates isothermally with fluid circulation in down-
flow. A part of the effluent gas leaving the high pressure sep-
arator is recycled to the reactor inlet with flow regulated to
obtain the desired ratio Hy/HC. The liquid effluent from the
separator is fed to a stabilization column which the C3/C4
ratio in the reformate is kept constant. An addition of chlorine
to the feed is performed continuously according to the mois-
ture content of the recycle gas which is controlled and regu-
lated. The RON of reformate is kept constant by a
continuous temperature gradient of the catalyst bed. Everyday
materials balances are used to check the maintenance of the
RON and adjust if necessary the temperature gradient. These
pilot plants are essential to approach the industrial operating
conditions such as recycle gas, the continuous chlorination
of the catalyst, the humidity control, operation iso-RON.

4.5 Conclusion

To develop new reforming processes and catalysts, it is nec-
essary to have varied and complementary tools test. Thus,
the pilot plant developed allows large capacity to test new
catalyst formulations, but also to better understand the
effects of different promoters introduced in catalysts and val-
idate processes and catalysts on a pilot plant operating close
to the industrial operating conditions.

CONCLUSION

With a complete R&D approach using new concepts and
forefront methodology, IFPEN is able to:
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— propose a patented reactor concept increasing capacity,

— ensure efficiency and safety of mechanical design for
reactor,

— develop new catalysts to increase process performance
due to a high comprehension of catalytic mechanism,

— have efficient and adapted pilots to validate catalyst per-
formance.

To conclude, we could see that even for an old process
like catalytic reforming, many improvements are possible
particularly to obtain performance increase, economic gain
and better security.
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