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Abstract—The results of studies on the state of platinum in alumina—platinum reforming catalysts performed
at the Institute of Hydrocarbon Processing, Siberian Branch of the Russian Academy of Sciences, in the past
20 years are summarized. The main result is the determination of the important role of the nonmetallic states
of platinum (Pt®) in adsorption and catalysis. The main principles of the development of highly efficient cata-
lysts and technologies for their manufacture are formulated. Data on the industrial applications of new reform-
ing catalysts at seven commercial reforming plants under conditions of reforming gasoline production (about 3
million tons per year) with research octane numbers of 96100 are given. The applicability of new catalysts to
the combined conversion of C;—C, and Cs, alkane mixtures into high-octane motor fuel components is demon-
strated. The results of the development of three modifications of a new technology for the manufacture of envi-
ronmentally safe high-octane gasoline with the selectivity of formation of the target product close to 100% are

presented.
DOI: 10.1134/S0023158408040162

INTRODUCTION

The current concepts of the structure of active sites
in reforming catalysts are based on the results of studies
performed over many years. The authors of these stud-
ies repeatedly noted the occurrence of platinum in the
catalysts both as platinum metal (Pt’) and in nonmetal-
lic or ionic states. However, the role of these states in
reforming had remained unclear until recently.

The low platinum content (<0.5 wt %) of reforming
catalysts poses major problems for the use of physical
investigation techniques.

In 1986, Belyi et al. developed a chemical adsorp-
tion method for the quantitative determination of metal-
lic and ionic platinum species simultaneously present
in catalysts containing <0.25 wt % Pt [1, 2].

It was found that, unlike Pt° atoms, platinum ions
form strong 6-donor bonds with water. Duplyakin et al.
[2] designated ionic platinum as Pt°.

It was found that the properties of these states are
noticeably different (Table 1) in terms of the stoichiom-
etry of oxygen and hydrogen adsorption [3]; the vibra-
tion frequency of adsorbed carbon monoxide [4, 5]; the

Table 1. Physicochemical properties of platinum in Pt/Al,O5 catalysts

pt’ Pt°

1. Interaction and chemical bond formation with 6-donor H,O molecules no yes
2. Chemisorption stoichiometry:

oxygen O/Pt 1 0.5

hydrogen H/Pt 1 2.0
3. Vibration frequency of adsorbed CO, cm™! 2080 2147
4. Pt 4ds;, binding energy, eV (XPS) 315 317.5
5. Oxidizability with oxygen at 473-573 K no yes
6. Thermal stability no yes
7. Activity in benzene hydrogenation (7'= 573 K) yes no
8. Activity in cyclohexane dehydrogenation, molecule (Pt, atom)™ s~! at T=573 K 24 no
9. Activity in heptane aromatization, molecule (Pt, atom)™' s at T=773 K 0.3 3.1-4.2
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Fig. 1. Comparison between the activities of Pt, Pt + Sn, and
Pt + Re catalysts in heptane aromatization (P = 10 atm;
H,/Cy = 5 mol) (data obtained in samples with different
Pt/Sn ratios are given for the platinum—tin catalysts) [13].

Pt4ds, binding energy (XPS), whose value in Pt°® is
close to the binding energy of bivalent platinum in chlo-
rides [2, 6]; the thermal stability and oxidizability with
oxygen [4, 7, 8]; and the atomic activity in hydrogena-
tion, dehydrogenation, and dehydrocyclization reac-
tions [9-11].

Pt° is inactive in the reaction of benzene hydrogena-
tion, but it is much more active than Pt° (by a factor of
~10 [2]) in n-heptane aromatization.

Selectivity, expressed by the ratio of the rate con-
stant of the aromatization reaction to the overall rate
constant of n-heptane conversion, was much higher for
Pt°. Ring closure occurred at terminal carbon atoms in
the molecule with the formation of weaker bonds with
Pt%, as compared with Pt’; this is the reason for the
higher selectivity of Pt sites [12, 13].

Based on the experimental data, a model for the sur-
face of reforming catalysts was proposed [11, 14].
According to this model, the role of Pt® consists in the
acceleration of cracking, isomerization, and Cs-dehy-
drocyclization reactions, whereas the role of Pt® con-
sists in the acceleration of direct C, cyclization and the
dehydroisomerization of five-membered naphthenes to
aromatic hydrocarbons.

Interesting effects were found by studies of reform-
ing catalyst modification with low-valence rhenium and
tin ions [9, 10, 14]. The introduction of these modifiers
resulted in an increase in the activation energy of alkane
aromatization and, very importantly, in a considerable

KINETICS AND CATALYSIS  Vol. 49

No. 4 2008

563
A B C
Pt i Pid* i Pt©
Pt-Pt : Pt—Pt : Pt/Pt
| e
- : : ( 4 Pt/ )n
o AT S
‘l\‘c’): S R C)
ALO, i ALO, ALO,
l
|

Dispersed platinum | Flattened Pt clusters
with a broad particle | interacting with the support

|
|
|
|
|
|
|
| Surface complexes
|

size distribution I (dispersity of 80-90%) :
|
|
|
|
|
|
|
1

Pt®,C1,O,L,, in which
c=2n>1
X+y+z<4,

S ions and hydrocarbon
radicals can serve

as ligands (L)
(dispersity of 100%)

(dispersity of 30-70%) :

Fig. 2. Models of the states of platinum in reforming cata-
lysts [17].

increase in the stability of catalysts (Fig. 1). These
effects were explained based on a change in the elec-
tronic state of Pt° caused by the interaction with a sec-
ond metal ion [15].

In the course of our studies, a procedure was devel-
oped for the adsorption measurement of the distribution
of Pt¥ and Pt active sites in pores with different sizes.
The procedure consists in the measurement of the num-
ber of Pt sites at various degrees of pore filling with
condensed water and the determination of the differen-
tial change in the number of sites as a function of pore
radius (microdistribution function). It was found [15—
18] that, in the majority of cases, the distribution of
platinum in pores with different sizes was nonuniform.
It was strongly affected by the conditions of hexachlo-
roplatinate adsorption in the course of supporting onto
alumina, in particular, the presence and nature of com-
petitor acids (hydrochloric, acetic, or oxalic acid) [16].
Based on these data, methods for regulating the distri-
bution of platinum were developed and a common fea-
ture was found [13]: the locus of Pt° sites was always
shifted to smaller pores.

A relationship between the mechanism of hexachlo-
roplatinic acid adsorption and the state of platinum in
reduced catalysts was established [13]. It was found
using NMR spectroscopy that the sorption of platinum
on a support modified with halogens was accompanied
by the occurrence of five to six surface bromine ligands
in the coordination sphere of Pt [19]. It was hypothe-
sized that multiple bonds through bridging halogen
ligands during the sorption of a precursor in fine pores
enhanced the strength of the platinum—support interac-
tion and, consequently, the formation of ionic platinum
species in the catalysts (Fig. 2) [17].
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Fig. 3. Dependence of the true density and activity of
Pt/Al,0O5 in heptane dehydrocyclization on the number of
Pt sites.

The generalization of previous results [9, 17]
allowed us to simulate the active surface of catalysts as
a superposition of the following three states:

State A includes platinum metal particles with an

extent of dispersion of 50 to 80% with the localization
of a halogen on the support.

Table 2. Industrial output of commercial catalysts from the
PR and RU-125 series

Catalyst
weight, t
PR-50 and PR-51
1992, Ryazan Petroleum Refinery, Russia 25
1994, Ryazan Petroleum Refinery, Russia 40
1998, Ryazan Petroleum Refinery, Russia 30
1999, Kirishi Petroleum Refinery, Russia 25
2001, Galichina Petroleum Processing 25
Factory, Ukraine
PR-71
2005, LCh-35-11/1000 Lisichansk Petroleum 80

Refinery, Ukraine

2005, L-35-11/300 Saratov Petroleum Refinery, 25
Russia

2005, LCh-35-11/600 Ryazan Petroleum 40
Refinery, Russia
2005, LG-35-11/300 Galichina Petroleum 25
Processing Factory, Ukraine

RU-125
2006, LG-35-11/300 Ryazan Petroleum 25

Refinery, Russia

2007, L-35-11/300 Ryazan Petroleum Refinery, 30
Russia

Total tons 370

Gasoline processing output on PR catalysts, 35
million tons per year

BELYI

State B includes platinum clusters with a higher
extent of dispersion (80-90%) exhibiting electron-defi-
cient properties as a result of interactions with alumina.

State C includes Pt° active sites as surface platinum
complexes—the products of strong interactions with
the crystal structure defects of the support. The limiting
extent of dispersion, the ionic state of platinum, the
occurrence of ligands bound to the support, the absence
of the Pt—Pt bond, and the high resistance to agglomer-
ation are characteristic of the Pt° state. State C exhibits
a set of advantages in the reaction of reforming; there-
fore, methods for the target-oriented synthesis of these
surface complexes should be developed.

Later studies allowed one to develop methods for
the generation of defects on the surface of primary sup-
port particles. These defects are cationic and anionic
vacancies and coordinatively unsaturated aluminum
cations on the surface of alumina. The true density mea-
sured using a helium pycnometer is a defect structure
test. The occurrence of defects increased the fraction of
the Pt° state in the preparation of catalysts and
enhanced the activity and selectivity of the catalysts in
alkane aromatization reactions (Fig. 3).

A systemic approach to the preparation of reforming
catalysts was developed; it involves the end-to-end
solution of the following problems:

(i) synthesis of surface compounds in accordance
with the concepts of the structure of active sites;

(ii) optimization of the pore structure and chemical
composition of the support, as well as the topography
of the active component in the pore structure of the cat-
alyst;

(iii) optimization of the shape, size, and strength of
catalyst grains;

(iv) development of a reforming catalyst technol-
ogy.

With the use of scientific knowledge of the optimum
properties of reforming catalysts, a technology was
developed for the manufacture of these catalysts and
three batches of new catalysts were produced at ZAO
Promkataliz in Ryazan (Table 2). The PR-50 and PR-51
catalysts manufactured in the period 1992-2001 have
been found to be industrially advantageous. Since
2004, an improved catalyst from this series of the PR-
71 brand was manufactured and placed in commercial
operation. Finally, the RU-125 catalyst, which inte-
grates all of the advantages of the previous PR-51 and
PR-71 catalysts and REF catalysts developed at NPP
Neftekhim (Krasnodar, Russia), began to be produced
in 2006. The RU-125 catalyst is a result of the general-
ization of experience accumulated at two research cen-
ters in Omsk and Krasnodar.

About 370 tons of new catalysts were manufactured.
More than 3.5 million tons of gasoline are currently
processed with the use of these catalysts at nine indus-
trial plants in Russia and Ukraine.
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Table 3. Performance characteristics of reforming catalysts
for the 85-180°C fraction*
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Table 4. Material balances for reforming and Biforming
processes (industrial tests at the L-35-11/300 plant)

Average European level | PR-51, PR-71 RU-125

Yield of reforming products, wt %

82-85 86-88 | 90
Yield of hydrogen, wt %
1.6-2.0 | 2.4-2.6 | 2.8
Hydrogen concentration in the hydrogen-containing gas, vol %
73-80 | 83-86 | 86
Average integral temperature, °C
480 | 470 | 465
Research octane number
95-98 | 9598 | 98100

* Feed: paraffins, 60 wt %; naphthenes, 30 wt %; and aromatic
hydrocarbons, 10 wt %.

Table 3 summarizes the results of the operation of
new catalysts obtained in the last 15 years. Much higher
yields of high-octane gasoline (research octane number
of 98-100), hydrogen, and aromatic hydrocarbons were
obtained on these catalysts at much lower process tem-
peratures.

The above properties of catalysts were responsible
for an increase in the efficiency of commercial semire-
generative reforming plants [20-22].

A possible reason for the high activity of new cata-
lysts is that light hydrocarbon gases formed in the
course of reforming are converted into high-octane Cs,
hydrocarbons upon repeated circulation.

Belyi [13] performed representative studies of the
combined conversion of n-butane and gasoline frac-
tions on pilot reforming plants (Fig. 4) and found that
light gases entered into secondary reactions with the
formation of C,—C, isoparaffins and aromatic hydrocar-
bons under process conditions; the conversion of
n-butane depended on pressure and the amount of gas
supplied for processing; the conversion of n-butane into
Cs, products was >50 wt %; the increase in the yield of
valuable Cs, products was as high as 20-30 wt %, as
compared with the reforming process.

With the use of these data, the Biforming process—
the combined conversion of C;—C, gases and gasoline
fractions into high-octane gasoline—was developed
[23, 24]. This process consists in that C;—C, hydrocar-
bons formed in the course of reforming are continu-
ously recycled by mixing with liquid raw material.
Moreover, these hydrocarbons enter into the reaction
zone from an external source.

Upon the addition of no more than 15 wt % gases to
the feed, the yield of the high-octane component
increased by 3-8 wt %.
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Process characteristics Reforming | Biforming-2
Supplied, wt %:
fraction of 105-180°C 100 100
liquefied gas (C,—C, alkanes) - 4.3
Produced, wt %:
stable reforming products 86.0 89.0
including benzene 1.0 0.8
hydrogen-containing gas 10.7 11.7
dry gas 2.2 2.5
hydrogen (in H,-containing 24 2.5
and dry gases)
Loss, wt % 1.1 1.1
Octane number of stable 85.2/95.3 | 85.2/95.2
products of catalysis
(motor octane/research octane)

From 2000 to 2004, in cooperation with Ryazan
Petroleum Refinery, a commercial reforming plant was
reconstructed into a Biforming process plant, and a
pilot run was performed in July 2005 (Table 4) [10]. As
4.3 wt % of liquefied gases was supplied to the process,
the yield of high-octane catalysis products increased by
3.0 wt %, the yield of hydrogen increased, and the yield
of benzene decreased. Thus, the industrial test of the
technology completely supported the results of prelim-
inary studies in pilot plants.

The development and commercialization of new
catalysts made a considerable contribution to an
increase in the efficiency of reforming on the industrial
level. According to our estimations, the new Biforming
process will allow one to implement the next stage in
the development of the process involving the conver-
sion of light hydrocarbon gases.

Conversion of n-Cy, %
60

501
40
30
20
10

2
13.5 kg/crn 35 kg/cm2

1 1 1 ]
0 20 40 60 80
C,/feed ratio, wt %

Fig. 4. Combined processing of butanes and C;—Cy paraf-
fins (pilot plant; P = 3.5 and 13.5 kg/cmz; T =500°C).
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Table 5. Compositions of feed, Biforming products, and hydrogenation products (Ecoforming process)

Characteristics F(;%d f%ascﬁi(‘:m Products
a biforming ecoforming

Hydrocarbon type content, wt %:

isoparaffins 33.8 23.1 22.6

n-paraffins 25.1 94 9.3

naphthenes 29.5 2.5 23.1

arenes 11.5 65.0 45.0
Research octane number 56.8 98.5 93.1
Yield of Cs, products, wt % on a Biforming feed basis 100 95.0 97.1
Octane-tons per ton of feed 56.8 94.5 90.4
Yield (consumption) of hydrogen, wt % - 34 2.1

In recent years, the Biforming process has been
improved toward a decrease in the aromatic hydrocar-
bon content of gasoline. Table 5 summarizes the exper-
imental results on the hydrogenation of liquid reaction
products with the use of hydrogen-containing Biform-
ing gas. In this case, the arene content was decreased
from 65 to 45%. The octane numbers remained at an
industrially acceptable level because of an increase in
the concentration of naphthene hydrocarbons. More-
over, the yield of a liquid product that can be assigned
to the category of environmentally friendly fuel was
increased by the addition of hydrogen to arenes. This
process was referred to as Ecoforming.

In the near future, research and development work
on the nature of active sites in Biforming and Ecoform-
ing catalysts (the formation of surface defects in oxide
supports and the optimization of strong metal-support
interaction effects on this basis) for the subsequent
improvement of the catalysts to solve the problem of
efficient hydrocarbon material processing will be under-
taken at the Institute of Hydrocarbon Processing, Sibe-
rian Branch, Russian Academy of Sciences.
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