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Up-to-date fluid catalytic cracking catalysts for large-tonnage refining processes work

under extremely hard conditions and need to have a high stability to the thermal and

steam treatment. Therefore, the purpose of this work was to compare the effect of lanthanum

and zirconium additives on the porous characteristics and catalytic activity of the

microspherical cracking catalysts in fresh and steamed form that were synthesized based

on the Ukrainian kaolin. The synthesized initial sample contained 30% Y zeolite that was

transferred to the H-form before the modification by lanthanum and zirconium. The

modification led to some decrease in BET surface and samples microporosity, which was

substantially intensified after steaming. In the case of zirconium, such a decrease was less

than for lanthanum. The effect of the catalysts modification on the vibrations of the

structural components of the zeolite lattice was investigated by FTIR spectroscopy. The

observed shifts of absorbance frequencies of the bond at 1070 cm–1, which correspond to

the asymmetric vibrations of tetrahedra after corresponding modifications, indicated the

isomorphic substitution of the aluminum atoms by zirconium ones. The steamed samples

with the zirconium content of 6.5% demonstrated the highest conversion of cumene

cracking (an increase by 20–30% as compared with the unmodified sample). Therefore,

the modification of fluid catalytic cracking catalysts by zirconium affects both on the

adsorption and on the catalytic properties of the steamed samples.
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Introduction

Catalytic cracking is a well-known and
important refining process that aims to increase the
yield of gasoline products [1–4]. Zeolite catalysts,
especially their acidic forms that display
carboniogenic activity, belong to the most important
groups of modern catalysts for petroleum processing
and petrochemistry. Zeolite Y or ZSM-5 is
traditionally used as an active phase of the fluid
catalytic cracking (FCC) catalysts. However, the
extremely hard conditions of catalyst life cycle in
reactor (4500C, 1–3 s) and regenerator (7500C, 20–
30 min) significantly decrease its activity and stability.
Matrix phase in a certain way reduces this negative
impact [5]. The effect of the matrix is particularly
substantial in the case of in situ synthesis of zeolite
on the basis of natural kaolin [6,7]. It is known that

the presence of lanthanum in the zeolite structure
improves Lewis acidity and thermostability of zeolites
[5,8–10]. Therefore, the search for new stabilizers
of the zeolite phase is an urgent task.

The purpose of this work was to compare the
effect of lanthanum and zirconium additives on the
porous characteristics and catalytic activity of the
FCC catalysts in fresh and steamed form that were
synthesized based on the Ukrainian kaolin.

Experimental

Catalyst synthesis
Y zeolite-containing microspheres (ZCM) were

synthesized in situ by a method similar to that
described elsewhere [6–8,11] on the basis of the
Ukrainian kaolin (Prosyana, Dnipropetrovs’k region).
Kaolin microspheres (40–100 m) were fabricated
by spray drying of the kaolin-water slurry. The last
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were divided into two parts, each being calcined at
700 and 950–9800Ñ for 2 h to convert the parent
kaolin into metakaolin and a mixture of reactive silica
with an aluminium silicate spinel. Both parts were
used for zeolite synthesis in aqueous solution of
NaOH. As a result, zeolite phase was synthesized
only on the surface of microspheres. The main part
of them consists of unconverted metakaolin and
alumosilicate spinel.

The hydrogen form (H-FCC) was prepared by
four-fold ion exchange of native sodium cations for
ammonium ones using ammonium nitrate solution
(3 mol dm–3) with intermediate calcinations at 5500C
for 2 hours. Lanthanum and zirconium were
introduced by ion exchange using aqueous solution
of 1 mol dm–3 lanthanum nitrate (HLa-FCC) and
0.04 (H4Zr-FCC) or 0.06 (H6Zr-FCC) mol dm–3

zirconil oxynitrate, respectively.
Catalyst characterization
Porous characteristics of the synthesized

samples were investigated via low-temperature
(–1960C) nitrogen adsorption/desorption isotherms
measured using Nova 1200e (Quantochrome)
porometer. The specific surface areas (SBET) were
calculated according to the BET method utilizing
the nitrogen adsorption data at P/P0 values of 0.06
to 0.2. The micropores volumes (V t

micro) and
micropores surface areas (St

miñro) were estimated using
the de Boer t-plot method.

X-ray diffraction study was performed by using
a DRON-4-07 diffractometer with the Ni filtered
CuK radiation in a reflected beam at the Bragg-
Brentano focus geometry in the range 2=5–350 with
an exposure step of 0.05 or 1 s.

X-ray fluorescence analysis was used in
investigation of chemical compositions of the
samples.

Modeling of the sample stabilization process
in the FCC reactor-regenerator system was carried
out by catalyst treating in pure water vapor at a high
temperature. Steaming was performed in a set-up
[11], in which the catalyst steamer was capable of
providing a temperature as high as 10000C in a pure
steam flow at a pressure of 0.1 MPa. The catalyst
steamer was supplied with two control thermocouples.
A flash water boiler also formed a part of the set-up,
being interlocked with the steamer by a steam conduit
and supplied with its own electrical heater to achieve
the temperature of 2000C. The superheated steam
passed into the steamer with the catalyst bed from a
bottom and then removed from the open top part of
the cylinder. The samples after steaming at 8000C
during 2 hours are designated as TWT.

Catalytic tests
Catalytic properties of FCC catalysts were

studied in cumene cracking utilizing micro pulse set-
up based on gas chromatograph which was equipped
with a flame ionization detector [7,11]. Catalyst
sample (0.1 g) was dehydrated firstly in a in a helium
flow (0.5 L h–1) with increasing (200C min–1) reactor
temperature up to 5000C, followed by exposure of
the sample to this temperature for 1 h. The
temperature was then decreased to its operational
value. The reaction was studied at 3200C for fresh
samples and at 4000C for steamed samples. High purity
helium was used as a carrier gas (10 mL min–1).
Cumene was injected by pulses of 1 L using micro
syringe in the helium stream. The products were
collected and cooled by liquid nitrogen trap (–1960C)
and further analyzed online using flame ionization
detector after vaporizing by thermal impulse of 2000C.
Packing column with an internal diameter of 3 mm
and a length of 2 m was used with a stationary phase
«Inerton AW-10-dimethylchlorosilane» (fraction of
0.2–0.25 mm) impregnated by 5 wt.% of an active
phase XE-60.

Propane and benzene were the main cracking
products, admixtures of toluene, ethylbenzene and
unconverted cumene were also detected. The number
of pulses used for testing of each sample was 8.

Results and discussion

According to the XRD data, the crystalline
zeolite phase of samples is Y zeolite. Fourteen
characteristics peaks for faujsite zeolite Y were
identified (2=10.1, 11.8, 15.6, 18.6, 20.3, 22.7, 23.6,
25.7, 26.9, 29.5, 30.6, 31.3, 32.4, and 33.90). XRD
results reveàled the zeolite phase content in the fresh
H-FCC sample of about 30% (Fig. 1). After steaming,
the H-FCC-TWT sample contains 10% of zeolite,
whereas HLa-FCC-TWT and zirconium-containing
samples contain 12% and 15%, respectively.

XRF analysis of the H-FCC sample showed
73% SiO2 and 27% Al2O3. Lanthanum content in
the sample HLa-FCC was 4%, while zirconium-
containing samples revealed slightly more lanthanum:
5.5% and 6.5% in H4Zr-FCC and H6Zr-FCC
samples, respectively.

Figure 2 shows the data on the low temperature
nitrogen adsorption/desorption isotherms of fresh and
steamed zeolite-containing samples. The isotherms
for FCC catalysts demonstrate the existence of
equilibrium Langmuir branches at low P/Po values
and hysteresis loops over higher values, i.e. in the
mesopore range. Such isotherms are typical of zeolite
particles embedded in a matrix phase [7]. The
isotherms belong to IVa type with H4 hysteresis loop
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according to the IUPAC classification [12]. The
presence of the hysteresis loops demonstrates the
implementation of capillary condensation in the
pores.

Porous characteristics are summarized in Table.
A decrease in the BET surface for fresh samples
after modification is not critical and amounts to 13–
37 m2 g–1. Then after water vapor treatment, one
can see an essential decrease in the BET surface and
micropores surface of the catalyst samples. Moreover,
the addition of zirconium significantly affects the
adsorption characteristics, whereas the modification
by lanthanum has only a little effect on these
parameters.

The modification by zirconium contributes to
the preservation of a larger fraction of the BET surface
after TWT (157 and 134 m2 g–1 versus 121 m2 g–1),
while the modification by lanthanum, on the contrary,
causes a decrease in the surface to 106 m2 g–1 with
the same micropore content as in the H-FCC-TWT
sample. After modifying the fresh samples, the
average pore radius decreases slightly. Apparently,
this is due to the introduction of cations larger than
the proton size. As a result, both modifiers contribute
to a smaller expansion of the medium pore radius
after steaming than for an unmodified hydrogen-
form sample. Moreover, this size is a bit smaller for
zirconium than for lanthanum.

Therefore, in addition to XRD results, nitrogen
adsorption data confirmed a smaller destruction of

Fig. 1. XRD patterns of catalyst samples:

1 – H-FCC, 2 – steamed zirconium-containing samples,

and 3 – H-FCC-TWT

zeolite phase during TWT treatment for the
Zr-containing samples.

Porous characteristics of the fresh and steamed FCC
catalysts

Sample SBET, 

m2 g–1 
St

micro, 

m2 g–1 

Vtotal, 

cm3 g–1 

Vt
micro, 

cm3 g–1 

R,  

nm 

H-FCC 275 135 0.41 0.059 2.95 

H-FCC-TWT 121 29.3 0.30 0.012 4.99 

HLa-FCC 238 125 0.34 0.054 2.82 

HLa-FCC-TWT 106 28.0 0.24 0.012 4.54 

H4Zr-FCC 266 130 0.37 0.054 2.82 

H4Zr-FCC-TWT 157 31.4 0.30 0.013 4.48 

H6Zr-FCC 262 128 0.36 0.055 2.70 

H6Zr-FCC-TWT 134 33.3 0.35 0.014 4.46 

 

The IR spectra of the synthesized catalysts are
shown in Fig. 3. Vibrations of the frameworks of
zeolites give rise to typical bands [10]. Sample
H-FCC demonstrate an intensive band at 1070 cm–1

both in fresh and in TWT form, which corresponds
to the internal asymmetric vibrations of TO4

tetrahedra, where T is aluminium or silicon [13].
Modification by La or Zr leads to the shift of this
band to the lower frequency region (1030–1060 cm–1),
which indicates the formation of La–O–Si (Al) or
Zr–O–Si (Al) bonds. The presence of the latter is
also confirmed by the shoulder at 1200–1150 cm–1

in the zeolite spectra as the result of asymmetric
stretching vibrations of the external linkages of the
primary zeolite structural units. In the case of
lanthanum, the shift of 1070 cm–1 bond is
significantly more sensitive (40 cm–1), whereas for
zirconium it is 10 and 20 cm–1 only (greater
displacement in the case of higher zirconium
content).

After the TWT treatment, the lanthanum-
containing sample is only partially turning towards
the high-frequency region showing a band at 1040 cm–1,
whereas almost complete return to the frequency at
1070 cm–1 takes place for zirconium-containing
samples. This may be due to distortions resulting
from the overlap of a 1089 cm–1 band, which is
intrinsic to ZrO2. In addition, the transition to a
high-frequency region may be due to an increase of
zeolite Si/Al ratio. This can happen only through
aluminium removing. The latter may indicate that
zirconium, being a four-coordinated isomorphic
substitute of the aluminium atoms during steaming
of samples, increases the zeolite Si/Al ratio and,
accordingly, its thermal stability. The possibility of
the existence of gallium, germanium, tin and
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zirconium-containing zeolites was shown previously
[14,15]. In the case of lanthanum, its entry into the
zeolite lattice obviously does not occur.

Fresh and steamed catalysts were investigated
in a test reaction of cumene cracking. Fresh samples
in the pulse cumene cracking showed a high activity
in the whole diapason (Fig. 4,a). Cumene conversion
was 70–100%, the highest was observed for the fresh
H-FCC sample and the lowest was detected for the
HLa-FCC one. Samples modified by zirconium
showed lower activity than H-FCC. After TWT
treatment, a considerable decrease in activity
occurred (Fig. 4,b). However, Zr-containing samples
retained their activity better than pure hydrogen-
containing form H-FCC-TWT and La-containing
HLa-FCC-TWT samples. The conversion of cumene
for the HZr-FCC-TWT sample was by 20–30%
higher than that for the H-FCC-TWT sample. It
seems that zirconium, in addition to the stabilizing

Fig. 2. Low temperature nitrogen adsorption/desorption isotherms for the fresh (a, b) and steamed (c, d) samples:

1 – H-FCC, 2 – HLa-FCC, 3 – H4Zr-FCC, and 4 – H6Zr-FCC

Fig. 3. FTIR spectra of the synthesized fresh (1 – H-FCC,

2 – HLa-FCC, 3 – H4Zr-FCC, and 4 – H6Zr-FCC) and

steamed (5 – H-FCC-TWT, 6 – HLa-FCC-TWT,

7 – H4Zr-FCC-TWT, and 8 – H6Zr-FCC-TWT) FCC

samples
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effect of the kaolin matrix [6,7], enhances the
thermostability of the zeolite phase.

Conclusions

The addition of lanthanum and zirconium to
the FCC catalyst was evaluated from the point of
view of porous characteristics of the synthesized
samples and their activity and stability.

XRD results and low temperature nitrogen
adsorption/desorption data confirmed a smaller
destruction of zeolite phase during TWT treatment
for Zr-containing samples than for La-containing
ones. Modification of both elements led to a decrease
in BET and micropores surface, but zirconium
promoted the stability of zeolite phase after thermal-
water treatment and, as a consequence, an average
radius of the samples become smaller.

Zirconium stabilizing effect was treated by its
isomorphous exchange of aluminium lattice with an
increase in Si/Al ratio.

FCC catalyst with 6.5% of Zr demonstrated

the highest activity among stabilized samples. The
conversion of cumene was 50–85% for this catalyst,
whereas it was only 25–50% for the unmodified
sample.
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ÂÏËÈÂ ÌÎÄÈÔ²ÊÀÖ²¯ Zr ÒÀ La ÍÀ ÏÎÐÈÑÒ²
ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÒÀ ÊÀÒÀË²ÒÈ×ÍÓ ÀÊÒÈÂÍ²ÑÒÜ
ÑÈÍÒÅÇÎÂÀÍÈÕ IN SITU Ì²ÊÐÎÑÔÅÐÈ×ÍÈÕ
ÊÀÒÀË²ÇÀÒÎÐ²Â ÊÐÅÊ²ÍÃÓ

Ë.Ê. Ïàòðèëÿê, Î.Ï. Ïåðòêî, Â.À. Ïîâàæíèé,
Î.Â. Ìåëüíè÷óê

Ñó÷àñí³ ì³êðîñôåðè÷í³ êàòàë³çàòîðè êðåê³íãó äëÿ áàãà-
òîòîííàæíèõ ïðîöåñ³â íàôòîïåðåðîáêè ïðàöþþòü ïðè íàä-
çâè÷àéíî âàæêèõ óìîâàõ, à òîìó ïîâèíí³ ìàòè íàëåæíó
ñòàá³ëüí³ñòü äî ä³¿ âèñîêèõ òåìïåðàòóð òà âîäÿíî¿ ïàðè. Ìå-
òîþ äàíî¿ ðîáîòè áóëî ïîð³âíÿííÿ âïëèâó ìîäèô³êóâàííÿ Ëàí-
òàíîì òà Öèðêîí³ºì íà ïîðèñò³ õàðàêòåðèñòèêè òà êàòàë³-
òè÷íó àêòèâí³ñòü ñâ³æîãî òà ïàðîîáðîáëåíîãî ì³êðîñôåðè÷-
íèõ êàòàë³çàòîð³â êðåê³íãó, ñèíòåçîâàíèõ íà îñíîâ³ óêðà¿í-
ñüêîãî êàîë³íó. Ñèíòåçîâàíèé âèõ³äíèé çðàçîê ì³ñòèâ 30% öå-
îë³òó òèïó Y, ÿêèé áóëî ïåðåâåäåíî ó Í-ôîðìó ïåðåä ââåäåí-
íÿì Ëàíòàíó òà Öèðêîí³þ. Ìîäèô³êàö³ÿ ïðèçâåëà äî äåÿêîãî
ïàä³ííÿ ïîâåðõí³ çà ÁÅÒ òà ì³êðîïîðèñòîñò³ çðàçê³â, ùî ñóò-
òºâî ³íòåíñèô³êóâàëîñÿ ï³ñëÿ ïàðîîáðîáëåííÿ. Ó âèïàäêó Öèð-
êîí³þ òàêå ïàä³ííÿ áóëî ìåíøèì. Âïëèâ ìîäèô³êóâàííÿ êàòà-
ë³çàòîð³â íà êîëèâàííÿ ñòðóêòóðíèõ åëåìåíò³â öåîë³òíî¿ ðå-
ø³òêè äîñë³äæóâàëè ìåòîäîì ²×-ñïåêòðîñêîï³¿ ç Ôóð’º ïåðå-
òâîðåííÿì. Ñïîñòåðåæåíèé çñóâ ÷àñòîòè ïîãëèíàííÿ ñìóãè ïðè
1070 cì–1, ùî â³äïîâ³äàº àñèìåòðè÷íèì êîëèâàííÿì òåòðà-
åäð³â ï³ñëÿ â³äïîâ³äíèõ ìîäèô³êàö³é, ñâ³ä÷èòü ïðî ³çîìîðôíå
çàì³ùåííÿ àòîì³â Àëþì³í³þ ÷îòèðèêîîðäèíîâàíèì Öèðêîí³ºì.
Ïàðîîáðîáëåíèé çðàçîê ç 6,5% âì³ñòîì Öèðêîí³þ äåìîíñòðóº
íàéâèùó êîíâåðñ³þ êóìîëó, çà ÿêîþ â³í ïåðåâàæàº íåìîäèô³-
êîâàíèé çðàçîê íà 20–30%. Òàêèì ÷èíîì, ìîäèô³êàö³ÿ ñèíòå-
çîâàíèõ êàòàë³çàòîð³â êðåê³íãó Öèðêîí³ºì ïîçèòèâíî âïëèâàº
ÿê íà àäñîðáö³éí³, òàê ³ íà êàòàë³òè÷í³ âëàñòèâîñò³ ïàðîîá-
ðîáëåíèõ çðàçê³â.

Êëþ÷îâ³ ñëîâà: ì³êðîñôåðè÷íèé êàòàë³çàòîð êðåê³íãó,
Öèðêîí³é, Ëàíòàí, ïîðèñò³ õàðàêòåðèñòèêè, êàòàë³òè÷íà
àêòèâí³ñòü.
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Up-to-date fluid catalytic cracking catalysts for large-tonnage
refining processes work under extremely hard conditions and need to
have a high stability to the thermal and steam treatment. Therefore,
the purpose of this work was to compare the effect of lanthanum and
zirconium additives on the porous characteristics and catalytic activity
of the microspherical cracking catalysts in fresh and steamed form
that were synthesized based on the Ukrainian kaolin. The synthesized
initial sample contained 30% Y zeolite that was transferred to the
H-form before the modification by lanthanum and zirconium. The
modification led to some decrease in BET surface and samples
microporosity, which was substantially intensified after steaming. In
the case of zirconium, such a decrease was less than for lanthanum.
The effect of the catalysts modification on the vibrations of the
structural components of the zeolite lattice was investigated by FTIR
spectroscopy. The observed shifts of absorbance frequencies of the
bond at 1070 cm–1, which correspond to the asymmetric vibrations
of tetrahedra after corresponding modifications, indicated the
isomorphic substitution of the aluminum atoms by zirconium ones.
The steamed samples with the zirconium content of 6.5% demonstrated
the highest conversion of cumene cracking (an increase by 20–30%
as compared with the unmodified sample). Therefore, the modification
of fluid catalytic cracking catalysts by zirconium affects both on the
adsorption and on the catalytic properties of the steamed samples.

Keywords: fluid catalytic cracking catalyst; zirconium;
lanthanum; porous characteristics; catalytic activity.
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