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Abstract The purpose of this work was to employ the
differential thermal analysis (DTA) technique to compare
variations in the collapse energy of the zeolite Y crystalline
structure in a fresh catalyst and in the same catalyst
impregnated with nickel and vanadium. A small exother-
mic signal in the DTA curve at 950-1150 °C indicated the
collapse of the crystalline structure. The areas of the exo-
thermic signals in the DTA curves of the two samples
indicated a reduction in the curve of the metal impregnated
catalyst. These results were compared with X-ray data,
leading to the conclusion that metal impregnation affects
the zeolite Y crystalline structure and that the DTA tech-
nique is a potentially useful tool for measuring the integrity
of zeolite Y in catalysts.

Keywords Catalyst - Zeolite Y - Crystallinity -
Differential thermal analysis - FCC

Introduction

A fluid catalytic cracking (FCC) catalyst is a porous
microsphere containing zeolite Y dispersed in a clay matrix
(kaolin and alumina). Zeolite Y is the rate-controlling
constituent during the process of catalyst cracking and the
matrix performs both physical and catalytic functions.
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Hence, its stability is crucial to the rigors of the cracking
process. Heavy metals existing in petroleum feedstock,
such as vanadium and nickel, have the most significant
impact on the performance of FCC catalysts [1]. During the
cracking process, these metals are deposited in the catalyst
and affect both catalyst and selectivity. Vanadium species
have mobility, mainly in the presence of steam, and can
migrate onto the surface of zeolite to destroy its structure.

Extensive research on FCC has focused on understand-
ing the destructive role of vanadium, since it is a major
issue for catalyst performance during the cracking of
residuum-containing feeds [2—4].

The FCC process plays an important role in heavy oil
upgrading. It converts heavy petroleum fractions into
valuable light products such as gasoline and diesel. Over
the years, many improvements have been made in the FCC
process. The development of a very active zeolite cracking
catalyst allowed FCC reactions to be completed in short
contact times in riser reactors [5]. Since the FCC is a
catalytic and heat integration process, efforts have been
devoted to establish the FCC feedstock specification to
meet process constraints such as catalyst deactivation and
heat load requirements. To meet these requirements, the
metal and carbon residue (coke) contents of feedstock are
kept at certain levels.

Thermogravimetry (TG) and differential thermal anal-
ysis (DTA) are the most employed techniques of thermal
analysis [6]. In a DTA technique, the sample and the ref-
erence material are in little crucibles supported on ther-
mocouples which measure the temperatures during the
heating schedule. If the sample undergoes endothermic
event, its temperature will lag behind the reference tem-
perature, which follows the heating schedule. The output
from the thermocouples recording the temperature will
consist of a signal. If an exothermic process occurs in the
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sample, the response will be a signal in the opposite
direction. The DTA curves are registered in AT x Tem-
perature of sample. But as thermocouples are used to
measure the temperature, sometimes the results are
expressed by voltage variation (uV or pVg~'). The area of
the signal can be converted in energy unit (J g~') with
metal standard calibration.

TG and DTA have been employed to evaluate catalysts,
providing valuable information about stability and changes
in heat [7-12]. However, DTA has not been successful in
providing a general, reproducible, and standard method for
measuring and recording thermal stability. Many factors
affect the temperature at which the event is observed.
Therefore, it is useful only for direct comparisons, i.e., to
obtain data using the same device and under the same
conditions.

This paper aims to show that TG/DTA simultaneous
techniques are sensitive techniques that enable one to
observe differences in the crystalline structure of zeolite
catalysts. Our study compares the variation of the collapse
energy of the crystalline structure in a fresh zeolite catalyst
and that of the same structure in vanadium impregnated
catalyst.

Experimental procedure
Samples

A sample of fresh FCC catalyst (CAT-F) containing zeolite
Y dispersed in an inert matrix of kaolin and Al,O3; was
selected for this study. Pure catalytic components (zeolite
Y, kaolin and Al,O3) were also selected.

The basic characteristics of the CAT-F sample were
provided by the manufacturer and are summarized in
Table 1.

A sample containing vanadium and nickel catalyst
(CAT-I) was prepared with CAT-F impregnated with
vanadium and nickel, following the method described by
Mitchell [13]. Prior to metal impregnation, the CAT-F was

Table 1 Characteristics of fresh catalyst (CAT-F) under study

Properties Values
Total area/m*/g 337
Particle medium size (micra) 76
Apparent density/g/cm® 0.72
Pore volume/cm?/g 0.34
Na/p/p 0.31
Fe,O5/p/p 0.44
P,0s (ug/mg) 0.70
AL Os/plp 40.7
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activated at 540 °C and, after impregnation with vanadium
naphtenate and nickel naphtenate, it was calcined at 600 °C
for 3 h, to eliminate organic material. The amount of
vanadium and nickel—3000 pg of each metal per gram of
catalyst—was chosen based on the traditional cyclic
impregnation and aging treatment for activity studies. In
the Mitchell methodology, after impregnation the catalyst
is deactivated by steam. However, since the objective of
our study was to observe differences in the catalyst only in
response to the addition of metal, steam was not introduced
here.

A sample, which we will refer to as CAT-Fycqed, Was
prepared by treating CAT-F at the same temperatures
proposed by Mitchell, but without the addition of organo-
metallic compounds. The objective was to observe the
effect of temperature on the fresh catalyst.

Thermogravimetry and differential thermal analysis

All the experiments were conducted in a Netzsch STA-
Luxx 409 thermal analyzer, using alumina crucibles
(300 pL) at a heating rate of 50 K min~! and an initial
sample weight of 80 mg. Dynamic atmosphere of N, at
100 mL min~" from 35 to 1200 °C was used. The sample’s
temperature was measured with a thermocouple attached
directly to the crucible, i.e., very close to the sample. The
temperature and the relation of peak area and energy were
calibrated with nickel, gold and aluminum. So the calcu-
lation of the area of the exothermic event in DTA curves is
expressed in energy units per gram of sample (J g~ ).

The STA-Luxx 409 simultaneous thermal analyzer
allows for simultaneous thermogravimetric and differential
thermal analysis (TG/DTA). Its use therefore enabled us to
monitor the mass loss of the catalyst during heating. The
release energy was calculated based on the mass at the
beginning of the exothermic event. This calculation was
made possible by the simultaneous TG/DTA analysis. To
facilitate viewing, we used the resources of a data handling
program which allows the DTA curve to be adjusted so that
it starts at 0 mW/mg.

X-ray diffraction

The X-ray diffraction patterns were recorded on a
BRUCKER D8 diffractometer using CuK, radiation from 3
to 70° at step of 0.5° at 3 s/step.

The samples crystallinity was calculated based on
ASTM 3906-03 methodology [14]. The XRD patterns of
the sample and the reference are obtained under the same
conditions. The fresh catalyst was considered as a reference
sample (100% crystalline). The sample’s X-ray diffraction
intensities of the (533) peak (23.5°) are compared to
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provide %XRD intensity/reference CAT-F (533). The
intensity ratio, expressed a percentage of crystallinity
%XRD crystallinity

_Y-zeolite peak intensity in the sample

= - : —— x 100
Y-zeolite peak intensity in the CAT-F

Results and discussion

During the FCC process, the catalyst is subjected to high
temperatures, and during the cracking process, metals are
deposited in the catalyst, affecting both catalysis and
selectivity. To study the influence of metals on the crys-
talline structure of the catalyst, a fresh catalyst (CAT-F)
was impregnated vanadium and nickel using Mitchell’s
procedure, which simulates metal impregnation of catalysts
in a FCC process. Therefore, to study the influence of
temperature by the Mitchell procedure during metal
impregnation, the CAT-F was heated in controlled furnace
at 540 °C for 3 h to release water and at 600 °C for 6 h
(CAT-Fyeqreq)- All the samples—CAT-F, CAT-Fyeqteq, and
CAT-I—were then analyzed by TG/DTA to observe their
thermal behavior with respect to mass and energy varia-
tions resulting from the different events to which the
samples were subjected.

The resulting TG/DTA curves indicated that CAT-F
sample (Fig. 1a) underwent two different events. The first
was caused by the evolution of bound water (120-400 °C)
and the second by strongly bound water (400-550 °C)
present in the components of the catalyst [15, 16]. The
DTA curve of CAT-F (Fig. la) shows two endothermic
signals and a very weak exothermic signal between 1000
and 1150 °C. The third signal is clearly visible in an
enlarged graph (Fig. 1b). To facilitate visualization, we
used a data handling feature that allows the DTA curve to
be adjusted to start at 0 mW/mg. Under these conditions,
the exothermic signal revealed the occurrence of two
events.
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Fig. 1 TG/DTA curves of (a) CAT-F sample and (b) enlarged DTA
curve at 980-1100 °C

An XRD analysis of the CAT-F sample indicated a
pattern typical of crystalline substances (Fig. 2a), with
sharp well-defined peaks with a signal characteristic of
zeolite Y [17]. The diffractogram of the residual mass, i.e.,
after it was subjected to a temperature of 1200 °C, in TG/
DTA, showed an amorphous substance (Fig. 2b), indicat-
ing the complete destruction of the crystalline structure of
the catalyst, confirming that the exothermic signal in DTA
curve represents the destruction of the zeolite Y’s crystal-
line structure and corroborates with what is shown in the
literature [18-22].

After the metal impregnation, the CAT-I sample was
analyzed by TG/DTA. The resulting TG curves (Fig. 3a)
revealed that a mass loss occurred between 120 and
400 °C, but no significant mass loss between 400 and
550 °C. The phenomenon was attributed to the fact that
the catalyst was heated at 650 °C during the metal
impregnation procedure, when it lost its bound and
strongly bound water. As expected, the DTA curve
showed only one endothermic signal and an exothermic
signal of low intensity when compared with the same
signal observed in the CAT-F curve. The profile of the
exothermic signal, which is clearly visible in an enlarged
graph (Fig. 3b), suggests two events, as in the CAT-F
sample.

The DTA curve of the CAT-Feueq sample (Fig. 4a)
showed only one endothermic signal corresponding to the
loss of humidity, and a very weak exothermic signal
between 1000 and 1150 °C. Like the CAT-F and CAT-I
samples, the exothermic signal is more clearly visible in
the enlarged region between 950 and 1120 °C in the graph
(Fig. 4b).

The released energy represented by the exothermic
signal in the DTA curves was calculated by determining
the peak area based on the mass at the beginning of the
exothermic event of the CAT-F, CAT-I, and CAT-Fcated
samples. Three replicates of each sample were recorded
for a reproducibility study. The average area of the
exothermic peak in CAT-F was 12.8 J/g, while
CAT-Fyeaea and CAT-I showed 10.7 and 8.6 J/g,
respectively. The average values were compared statis-
tically leading to the conclusion that the three samples
showed different values [23]. As can be seen, the areas
in CAT-F show changes after heat treatment and metal
impregnation. The phenomenon was observed in prior
work when pure zeolite Y was impregnated with vana-
dium and nickel [24].

To identify the origin of the two signals present in the
DTA exothermic signal, the three major catalyst compo-
nents—zeolite Y, kaolin, and alumina—were analyzed by
TG/DTA to determine which components contributed to
the occurrence of the exothermic signals at 980 and
1200 °C.
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Fig. 2 X-ray diffraction
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Fig. 3 TG/DTA curves of (a) CAT-I sample and (b) enlarged DTA
curve at 980-1100 °C
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Fig. 4 TG/DTA curves of (a) CAT-Faeq sSample and (b) enlarged
DTA curve at 980-1100 °C

The TG curves in Fig. 5 indicate that Y kaolin and alu-
mina lost bound water (120-400 °C) and strongly bound
water (400-550 °C), while the zeolite sample lost only
adsorbed water. The DTA curves of the three components
show endothermic events involved in energy-related water
release, as mentioned previously (Fig. 6a). However, the
kaolin and zeolite Y presented an exothermic event at 950—
1150 °C, which is clearly visible in the magnified curve in
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Fig. 5 TG curves of (a) Y zeolite, (b) kaolin, and (¢) alumina at
50 K min~! in N, flow (50 mL min™")
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Fig. 6 (a) DTA curves of Y-zeolite, kaolin, and Al,O3; samples at
50 K min~! in N, flow (50 mL min~'); (b) Enlarged DTA curves at
900-1150 °C

the region of 950-1200 °C (Fig. 6b). These events repre-
sented a rapid reorganization of oxide ions in the kaolin lattice
structure [15] and the collapse of the zeolite Y structure [19,
20]. The highest exothermic event in kaolin occurred at
980 °C and in zeolite Y at 1130 °C. The peak area of zeolite
collapse represents 152 J/g and the kaolin lattice reorganiza-
tion, 41 J/g. The energy release to zeolite collapse is fourfold
higher than that of the kaolin reorganization.
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Fig. 7 Deconvolution of DTA peaks (a) CAT-F (b) CAT-Fycaeq and
(c) CAT-1

Table 2 Peak area of peak 1 and peak 2 after deconvolution
calculation

SAMPLE Peak 1 area/lJ/g  Peak 2 area/]/lg  Total area/J/g
CAT-F 2.0 10.9 12.8
CAT-Fieatea 3.2 7.5 10.7
CAT-1 29 5.7 8.6

Therefore, in the DTA conditions employed here to
analyzed catalyst samples, the first signal observed in
catalyst samples at an initial temperature of about 1000 °C
was attributed to a reorganization of the kaolin structure,
and the second, which overlapped the first at approximately
1028 °C, was attributed to the collapse of the zeolite Y
crystalline structure.

The overlapping peaks in the CAT-F, CAT-I, and CAT-
Fireatea DTA curves were separated using a Gaussian peak
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Fig. 8 X-ray diffraction patterns of (a) CAT-F (b) CAT-Fycateq and

(c) CAT-I

Table 3 Comparison of crystallinity os CAT-F, CAT-Feaeq, and
CAT-I obtained by DTA and XRD

Sample Crystallinity (%)

DTA XRD
CAT-F 100 100
CAT-Fireated 69 75
CAT-1 52 64

profile (Fig. 7), which indicated that the highest contribu-
tion of energy came from zeolite Y. Thus, after deconvo-
lution, the area of the second exothermic signal indicated
the amount of energy released during the collapse of the
zeolite Y structure, and its intensity was assumed to be
proportional to the integrity of the three-dimensional
structure in the catalyst.

The area of the second exothermic signal of a fresh
catalyst (CAT-F) was taken as a reference, and any alter-
ation of this value was considered a modification in the
zeolite Y crystalline structure. All the DTA curves pre-
sented here were treated equally to allow for their
comparison.

Table 2 showed the results after calculation. Thus,
10.9 J/g corresponded to 100% of crystalline zeolite Y
present in the CAT-F. On the other hand, the value found
for the CAT-Fyeaeq sample indicated that the zeolite Y in
CAT-F lost 31% of its crystallinity after thermal treatment,
while the CAT-I sample indicated a loss of 48% of its
crystallinity. The temperature employed during metal
impregnation appeared to affect the crystalline structure of
zeolite Y in the catalyst, as did the introduction of metal.
These observations, which are based on the DTA curve,
lead us to believe that heat treating the catalyst at the
temperatures of metal impregnation causes a partial loss of
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the crystallinity of zeolite Y and that this loss of crystalline
structure increases after the addition of metals.

To confirm the hypothesis that the three catalyst samples
still retained a certain state of crystallinity after heat
treatment and metal impregnation, the samples were ana-
lyzed by XRD. The resulting diffractograms (Fig. 8)
revealed patterns of typical crystalline structures with sharp
well-defined peaks, indicating that all three samples still
retained a certain state of crystallinity after temperature
and impregnation with metal. The samples crystallinity was
calculated based on ASTM 3906-03 methodology [14] and
assuming that the fresh catalyst (CAT-F) was 100% crys-
talline, the crystallinity of the other samples was affected in
response to the treatments, decreasing after the heat treat-
ment and metal impregnation (Table 3). These differences
may have resulted from the introduction of the metal. Be
that as it may, the DTA technique displayed good sensi-
tivity for detecting minor differences in the area of mea-
surement of the collapse of crystalline structures.

A comparison of the XRD and DTA results (Table 3)
indicates that the sensitivity of the DTA technique sufficed
to reveal the crystalline modifications in the catalyst caused
by temperature and metal impregnation. It is known that
vanadium species are mobile, particularly in the presence of
steam, and can migrate onto the surface of zeolite to destroy
its structure [3]. Steam was not used in this study, although it
is the main factor responsible for destroying the crystalline
structure of zeolite Y. However, even without the presence
of steam, DTA, like XRD, revealed changes in the zeolite Y
structure after the introduction of metal. Cristiano-Torres
et al. [25] presented recent results showing that vanadium
can migrate on zeolite surface without water required for
that movement and proved in their experiments that vana-
dium drastically affect catalyst selectivity.

Conclusions

The DTA technique proved sufficiently sensitive to detect
slight changes in the integrity of three-dimensional structures
in catalysts. Although this technique did not provide repro-
ducible results for thermal stability measurements, it proved
satisfactory for straightforward comparisons. The results
presented here confirm the relevance of conducting more in-
depth studies to correlate the collapse energy of zeolite Y in a
specific catalyst with its resistance to high vanadium con-
centrations. Our studies to correlate the area of the exothermic
signal obtained by the DTA curve and catalyst stability results
obtained by traditional methods are ongoing.
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