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Interaction of water with the surface of a zeolite catalyst
during catalytic cracking: a spectroscopy and kinetic study
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Abstract

The potential effects of water on the conversion of Lewis into Brönsted acid sites and on the competitive adsorption with hydr
for acid sites during hydrocarbon cracking with zeolites have been investigated by means of in situ infrared spectroscopy (IR) a
temperatures, as well as by studying the kinetics ofn-hexadecane cracking. Both in situ IR and kinetic results show that under the cra
reaction conditions neither an increase of Brönsted acidity nor a competing adsorption effect of water occurs. On the contrar
of water is the same as that of nitrogen, i.e., to act as diluent, improving feed hydrocarbon dispersion and increasing the relat
unimolecular cracking versus bimolecular cracking and hydrogen transfer reactions. We also show that the mechanistic informatio
by spectroscopic and kinetic studies can be directly extrapolated to explain the effects observed when cracking industrial vacuum g
using water as dispersant.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Steam is introduced into industrial fluid catalytic crack
units (FCCU) in order to transport catalysts from regener
to reactor, to vaporize and disperse the feed in the feed in
tors for better catalyst–oil contact, to strip adsorbed hy
carbons from spent catalyst avoiding valuable hydrogen-
hydrocarbons entering into catalyst regenerator, to pre
coke building at the top of reactor, to fluidize catalyst in
stand pipe and catalyst hoppers allowing a smooth cat
circulation, and to cool down regenerator cyclones when
terburning occurs [1–3].

From a chemical point of view, it has been sugges
that the presence of steam in the riser may have a pos
effect since it has been claimed that water can regen
Brönsted active sites by partially rehydroxylating the s
face [4]. Besides those positive effects, steam also ha
important negative effect on fresh catalyst properties s
under the conditions prevailing in the FCC regenerato
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promotes dealumination of the Y zeolite, resulting in a
crease of the surface area with a corresponding loss o
tivity [5]. Furthermore, water owing to its polar properti
may be expected to compete with the feed for the cata
sorption sites and to influence activity and selectivity. Za
and Wojciechowski found that water has a promoting ef
on methyl cyclopentane cracking when working at a low
action temperature (673 K). They reported an increas
cracking and isomerization activity due to the presenc
water [6]. However, no results have been reported work
with industrial FCC feeds or with model hydrocarbons w
higher boiling points under more realistic cracking react
conditions.

In a previous paper [7], we have discussed the effec
feed dilution by nitrogen during cracking of gas oil and
was established that dilution has an important role-in hy
gen transfer reactions, leading to higher olefin yields. It
also shown that the presence of dilution gas improves
vaporization and dispersion when mixed with the feed in
feed injector, resulting in higher conversions as it occur
industrial practice where steam is used to disperse the
Thus, it was logical to study if the presence of steam can
fect the chemistry of the cracking catalyst or simply acts
diluent. To explore this,n-hexadecane as well as vacuum g
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oil have been cracked in a microactivity test reactor. A
kinetic study was performed in order to obtain the value
the adsorption constants as well as the heat of adsorptio
the hydrocarbon and water. In parallel, an in situ infra
spectroscopy (IR) study was carried out at cracking reac
temperatures in the absence and in the presence of wa
the same partial pressure as that in the cracking experim
On the bases of the IR and kinetic results the chemical e
of water during catalytic cracking of hydrocarbons is p
sented.

2. Experimental

2.1. Materials

Cracking experiments were conducted using a vacu
gas oil (FCC feed) whose properties are given in Tabl
and withn-hexadecane from Sigma (> 99%).

A commercial low-rare-earth (1 wt%) USY catalyst fro
Engelhard was used to carry out the cracking experimen
was equilibrated by steam treatment at 1089 K for 4 h w
a mixture of 90 wt% steam and 10 wt% air. The result
equilibrium unit cell size (UCS) was 2.428 nm. Addition
properties are given in Table 2.

Owing to the very low IR signal of the zeolite bridgin
hydroxyl groups in the FCC equilibrium catalyst, in situ i
frared experiments were performed with two ultrastable
f

t
.

olites (USY), CBV720 and CBV760 from PQ Corporatio
whose framework Si/Al ratios were 35 and 62, respective
The corresponding UCS were 2.428 nm for CBV720 a
2.426 nm for CBV760. Additional properties are given
Table 2. Both samples were activated at 773 K under a
of air in order to obtain the pure acidic form.

2.2. Infrared studies

Infrared experiments were carried out with a commer
AABSPEC 2000 stainless-steel transmission cell under
conditions. The cell was equipped with thallium bromide
dide (KRS5) windows, since this material provides a go
transmission range (20000–285 cm−1) and is very resistan
to water content in the gas flow. Spectra were recorded
a Bio-Rad FTS 40 A FTIR spectrometer associated with
3.04 version of win-IR software. The number of scans
spectrum was varied from 10 to 64 with a 4 cm−1 optical
resolution. The experiments were conducted at atmosp
pressure. Water in the gas phase was obtained by pa
a carrier gas (nitrogen) through a saturator containing
tilled liquid water. Water vapor pressure was determined
Antoine’s equation and used to calculate the correspon
weight hourly space velocities (WHSV). All lines located a
ter the saturator were heated at a temperature high enou
avoid water condensation.

The AABSPEC cell offers a very good thermal regu
tion but presents a large dead volume. Since we wante
02

2

8

0

6

Table 1
Feed physicochemical properties

Physical Method Chemical Method

Specific gravity, 288/288 K 0.917 ASTM-D-287 Molecular weight 407 ASTM-D-25
Refractive index, 340 K 1.4909 – Sulfur (wt%) 1.65 ASTM-D-2622
Aniline point (K) 352 ASTM-D-611 Nitrogen (ppm) 1261 ASTM-D-422
K (UOP) 11.82 UOP-375 Sodium (ppm) 0.18 IMP-QA-006
Distillation ASTM-D1160 (K) ASTM-D-1160 Nickel (ppm) 0.2 IMP-QA-006
5% vol 592 Vanadium (ppm) 0.4 IMP-QA-006
10% vol 625 Composition (wt%) ASTM-D-323
30% vol 687 Aromatics 22.96
50% vol 709 Naphthenes 15.16
70% vol 732 Paraffins 61.88
90% vol 785 Aromatic rings 1.17

Naphthenic rings 1.01

Table 2
Catalyst physicochemical properties

Method Commercial Commercial CBV720 CBV76
fresh equilibrated

Bulk density (g/ml) UOP-254 0.9 0.905 0.85 0.85
Total specific area (m2/g) ASTM-D-3663 412 277 780 720
Zeolitic specific area (m2/g) ASTM-D-3663 272 170 780 720
Pore volume (ml/g) ASTM-D-4222 0.198 0.218 0.232 0.179
Unit cell size (nm) ASTM 3942/80 2.449 2.428 2.428 2.42
Framework silica/alumina a 6 35 35 62
Average particle size (µm) ASTM-D-4464 70 70 70 70
Rare earth oxides (wt%) IMP-QA-803 1 1 0 0

a Fichtner et al., Crystal Res. Technol. 19 (1984) K1.
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observe the interaction of water with the zeolite surface
made an experiment without zeolite inside the cell. By
ing this we were able to obtain for each temperature
pure water gas-phase spectrum under flow conditions. W
a zeolite wafer was introduced inside the cell, the obtai
spectra could be corrected from the water gas phase in
to obtain the desired zeolite surface spectra.

2.3. Catalytic cracking experiments

The reaction was performed in an automated compu
controlled MAT unit, which may carry out up to 8 contin
ous experiments. Reactor and capillary tube inner diam
are 15.6 and 1.0 mm, respectively. Details of the app
tus and methodology have been described previously
The reactor was adapted so that nitrogen and/or water c
be injected through the upper part of the reaction tub
through the capillary feed injection tube, in both cases sim
taneously with the hydrocarbon feed. Water and hydro
bon feed were injected by two separated syringes drive
the same motor, and both liquids were mixed before ente
into the reaction system. In a first series of experiments
oil or n-hexadecane was cracked without any diluent to
tain the base case. A second series was run under the
conditions as above but with nitrogen added as diluent a
lected hydrocarbon/diluent ratios and, a third series was
using water instead of N2 at the same hydrocarbon/dilue
molar ratios. Experiments with gas oil were carried ou
773 K, whereasn-hexadecane experiments were conduc
at 673 and 773 K. The experimental protocol was the s
as described in a previous paper [7]: 3.00 g of equilibra
catalyst was located in the catalytic bed, and after eac
of experiments, catalyst was discharged and characte
for specific surface area and zeolite unit cell size. A be
4 cm length of silicon carbide was placed above the cata
bed as a preheater to ensure feed and water vaporiz
Thermal cracking on the preheater zone was measure
sulting in less than 1% for gas oil at 773 K and 0.3 wt%
n-hexadecane.

Hydrocarbon stripping was done at reaction tempera
while regeneration was carried out at 813 K.

2.4. Product analysis

Gaseous products were analyzed in a Varian 3600
chromatograph, equipped with a molecular sieve colu
with argon as carrier gas and a thermal conductivity dete
to analyze H2 and N2, and a plot alumina column with he
lium as carrier gas and a flame ionization detector to ana
C1–C6 hydrocarbons.

Liquid products from gas oil cracking were analyz
by simulated distillation according to the ASTM-2887
method using a Varian 3800 chromatograph. PIONA an
sis was used for liquid products fromn-hexadecane using
Varian 3900 equipped with a Petrocol-100 fused silica
umn and a FID detector.
r

e

t

.
-

Coke was determined by measuring the CO2 from the re-
generation flue gas using a Binos 100 infrared analyzer.

2.5. Kinetics

The kinetic equation used to fit the experimental con
sion data and to calculate the adsorption and reaction
constants was derived by combining the mass balance
ideal plug flow reactor, the reaction rate law according
the Langmuir–Hinselwood adsorption model, and the tim
on-stream theory of catalyst decay [9]. Volume expans
during reaction was also taken into account. The resu
equation is

∂X

∂τ
=

(∑
Kri KACA0

(1− X)

(1+ εX)

)

×
(

1+ KACA0
(1− X)

(1+ εX)

+
∑

Kpini CA0X
(1+ ε)

(1 + εX)

(1)+ Kj

Cjo

(1+ εX)

)−1

(1+ Gtf)
−1,

whereKri is the global kinetic rate constant;KA, Kpi , and
Kj are the adsorption constants forn-hexadecane, reac
tion products, and diluents (nitrogen or water), respectiv
X is n-hexadecane conversion;τ is the space time;CA0 is
n-hexadecane initial concentration;G is the catalyst deca
parameter;tf is the time on stream; andε is the expansion
coefficient.

This equation accounts for a global reaction mechan
of n-C16 cracking, includes the adsorption constants o
actant, products, and diluents, and describes the evoluti
instantaneous conversion as a function of space time,
on stream, and dilution ratio. As the reaction test renders
erage conversions, calculated instantaneous conversio
averaged from timet = 0 to time tf = time on stream by
means of the following equation,

(2)X = 1

tf

tf∫
0

X dt,

whereX is the average conversion, andX andtf are defined
above.

Kinetic parameters were calculated by solving Eqs.
and (2) coupled with the Buzzi optimization algorithm [1

3. Results and discussion

3.1. Spectroscopic study

Fig. 1 illustrates the results obtained for the zeolites te
after correction from the gas-phase infrared absorption
the spectra recorded with and without water in the gas ph
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Fig. 1. Evolution of the infrared spectra of USY zeolites: (· · ·) under pure
N2 gas flow (only showen for A as a reference) and (—) under N2 +
H2O gas flow as a function of the temperature (a) 573, (b) 623, (c)
(d) 723, and (e) 773 K. All the spectra are corrected from the gas-pha
absorption.

Experiments were done in the temperature range from
to 773 K and at the same water partial pressure. At 57
on the zeolite sample with the lowest Si/Al ratio there is
clear perturbation of the hydroxyl groups, which may
interpreted as an interaction of water with acidic hydr
yls forming hydrogen-bonded species. Indeed, accordin
Hadjiivanov et al. [11], perturbation of free hydroxyls
form hydrogen-bonded hydroxyls leads to the appeara
of a typical Fermi resonance spectroscopic infrared sys
at 2850, 2400, and 1700 cm−1. As indicated by arrows in
Fig. 1, only the 2850 and 2400 cm−1 bands are observe
with our samples since the band at 1700 cm−1 has low inten-
sity and overlaps with the zeolite structural vibration ban
However, when the zeolite with the lowest framework a
minum content (CBV760) is considered, there is no app
ciable interaction of water with hydroxyls even at 573
This result indicates that the water interaction with the z
lite surface is less intense when the framework Si/Al ratio
of the zeolite is higher, or in other words when the zeolit
more hydrophobic.

Regarding the evolution of IR spectra with zeol
CBV720 with adsorption temperature (Fig. 1), it can be s
that water adsorption decreases whith increasing tem
ature and for values higher than 673 K the interaction
zeolitic hydroxyls with water is not visible anymore. The
results suggest that at high reaction temperatures (> 673 K),
Table 3
Kinetic parameters

Temperature (K)

673 773

Adsorption constants (lt/mol)
n-Hexadecane 2.31 0.096
Nitrogen 0.0019 0.00023
Water 0.0027 0.00032
Products 1.82 0.016

Reaction rate constants (s−1)
n-Hexadecane 8.6 1147
n-Hexadecane+ N2 capillary tube 18 2050
n-Hexadecane+ H2O capillary tube 17 2000

Deactivation constants (s−1)
n-Hexadecane 2.2 2.1
n-Hexadecane+ N2 capillary tube 2.0 2.0
n-Hexadecane+ H2O capillary tube 2.0 2.0

the adsorption of water on the hydroxyl groups of the U
zeolite does not occur, at least in the time frame observ
by infrared. If this is so, from a spectroscopic point of vie
we may conclude that water does not increase the popul
of bonding hydroxyl groups and also should not comp
with the feed for the surface hydroxyl acid sites. This conc
sion is somewhat surprising since water by being more p
than hydrocarbons should compete favorably for adsorp
on the acid sites, especially in the case of alkanes. How
in order to properly discuss this, the adsorption equilibri
constants for water and hydrocarbon should be obtained
der reaction conditions. In order to do this, we have car
out a kinetic study using the Langmuir–Hinselwood form
ism and the adsorption constant and the heat of adsor
for water andn-hexadecane were also calculated.

3.2. Kinetic results

In Fig. 2 the close correlation between calculated con
sions (according to the kinetic model described above)
experimental conversions is shown. In all cases, conver
increases with increasing contact time and reaction temp
ture and decreases with time on stream due to catalyst de
vation, as could be expected. The correlation factor betw
experimental and calculated data was in all cases higher
0.98. The kinetic parameters obtained are given in Table
can be seen that the value of a true kinetic rate constant i
same regardless of whether nitrogen or water is introdu
together with hydrocarbon feed, indicating that water d
not interact with the catalyst, at least to the point of chang
either the intrinsic rate constant or the concentration of
tive sites. This conclusion is in agreement with the very
value of the adsorption equilibrium constant for water (a
is for nitrogen) which in any case is much lower than the
sorption constant forn-hexadecane. Note, however, that t
kinetic rate constant increased when water or nitrogen is
troduced due to the reported effect of better dispersion
contact between the feed and the catalyst [7].
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Fig. 2. Theoretical curves and experimental points forn-hexadecane conversion as function of space time(τ ) and time on stream (tos).
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When the heat of adsorption ofn-hexadecane was ca
culated by means of Vant Hoff’s equation, a value
137 kJ/mol was obtained, which is in good agreem
with the value of 130 kJ/mol that should be obtained fro
Kiselev’s correlation for adsorption ofn-paraffins on fau-
jasite X zeolite as a function of the number of carb
atoms in the linear chain [12]. It is possible then to c
clude that under ourn-hexadecane cracking conditions a
with the equilibrium catalyst used, water does not inte
with the hydroxyl groups of the zeolite either by gener
ing new acidic sites or by competing with the adsorpt
of n-hexadecane. On the contrary, the role of water is
same as that of nitrogen, i.e., to act as a diluent. If thi
the case, we should expect from water the same effect
nitrogen has on product selectivity, i.e., a decrease in
lectivity for bimolecular reactions such as those respons
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Fig. 3. Dilution effect on olefin to paraffin ratio as a function of conversion and reaction temperature. Diluent/n-hexadecane molar ratio= 1.63.n-Hexadecane feed rate= 3 g/min.
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Fig. 4. Dilution effect on olefin to paraffin ratio as function of conversion and reaction temperature. Diluent/n-hexadecane molar ratio= 1.63.n-Hexadecane feed rate= 4 g/min.
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Fig. 5. Diluent effect on gas oil conversion and product yield at 773 K. Gas oil and diluent fed together through capillary feed injection tube, Cap. Duent fed
separated from gas oil through reaction tube, Trxn.
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for hydrogen transfer and coke formation. Indeed, res
from Figs. 3 and 4 clearly show that the introduction
either nitrogen or water produces an increase of the o
to paraffin ratio and a decrease of coke yield. A lower
lectivity to coke should result in a decrease of the cata
decay constant. The results presented in Table 3 show
same decay constant for the reaction in the presence o
trogen or water, which is almost the same as that when
reaction is carried out in the absence of diluents, indi
ing that a direct correlation between catalyst decay and c
yield is not necessarily found, in agreement with previ
reports [13].
-

If the conclusions obtained fromn-hexadecane crackin
are extrapolated to the cracking of a vacuum gas oil ind
trial feed, it could be expected that water should not have
effect on activity except that derived from a better dispers
of the feed as observed when cofeeding nitrogen. Howe
the presence of water should have an important effec
selectivity and thus coke and dry gas should decrease
the olefin to paraffin ratio in LPG should increase. Inde
Figs. 5 and 6 show that when the gas oil was cracked in
presence of water or nitrogen at the same partial pres
and they were fed mixed with the hydrocarbon through
capillary feed injection tube, conversion curves were pr
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Fig. 6. Diluent effect on olefin yield and olefin to paraffin ratio at 773 K. Gas oil and diluent fed together through capillary feed injection tube, Capluent
fed separated from gas oil through reaction tube, Trxn.
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tically equivalent. Contrary to this, when nitrogen was
simultaneously but separately from the hydrocarbon fe
conversion decreases when the partial pressure of nitr
is descreased. These results indicate again that water
the same role as nitrogen, i.e., acting as diluents as occ
when crackingn-hexadecane. The diluent effect of water
also shown when studying the yields to the different pr
ucts. When adding either water or steam together with
oil, selectivity to the different cracking products is prac
cally the same and different than that obtained when cr
ing gas oil alone. Indeed, when adding the diluent, propy
n
s
d

and butene increase while propane and butane yields
crease. Meanwhile gasoline and LCO selectivity show l
variation. Conversion and product yields clearly indicate
the presence of steam has a dilution effect in the same
as nitrogen, and decreasing the hydrocarbon partial p
sure has a larger effect on bimolecular reactions, lea
to hydrogen transfer and coke, than on unimolecular cr
ing reactions. Following this, it can be established that
higher the dilution the lower the relative rate of the hyd
gen transfer reactions and consequently the higher the
to olefins.
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4. Conclusions

1. Infrared spectroscopy shows that at low temperat
(< 623 K), there is an interaction between the brid
ing hydroxyl groups of the USY zeolite and water. Th
interaction is less intense when the unit cell size of
zeolite is decreased.

2. Neither interaction of water with the acid OH groups n
formation of new hydroxyl groups is observed at mo
realistic cracking reaction temperatures (> 673 K) re-
gardless of the unit cell size of the USY zeolite. Th
as far as IR spectroscopy is concerned, formation
new acidic OH groups by interaction of Lewis acid si
with water is not observed under the conditions stud
here. Moreover, water adsorption on zeolite Bröns
sites with the corresponding effect on the IR spectr
is neither observed at temperatures typical of catal
cracking.

3. In agreement with spectroscopic results, the kin
study shows that at typical cracking temperature, n
ther water nor nitrogen adsorbs significantly on the c
alyst surface, which is evidenced by the low values
the corresponding adsorption constants. The pres
of water in the reaction media during catalytic crack
has the same effect as nitrogen; i.e., they act as d
ents.

4. Besides the dilution effect, water or nitrogen addition
the feed through the capillary injection tube improv
feed dispersion, which resulted in a higher reaction c
stant rate. Addition of an inert diluent decreases
ratio of bimolecular to cracking reactions, producing
increase of olefins in the C3 and C4 fractions, while de-
creasing coke yield.
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