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ABSTRACT

Spherically shaped pellets, usually discarded after use in fluidized-bed catalytic

cracking units (FCCs), were converted to zeolite A-surface-enriched pellets. The

final pellets were obtained through a two-step treatment consisting of: (1)

alkaline thermal activation followed by (2) a hydrothermal crystallization in

selected reaction conditions. The alkaline thermal activation provided pellets

mainly constituted by silico-aluminate compounds. When the pellets are heated

at 800 �C in contact with sodium carbonate, a structural rearrangement occurs

which includes nepheline, crystalline aluminosilicate, and an amorphous frac-

tion expected to be silicon-enriched, preserving the pellet original geometry.

Afterward, reaction mixtures were prepared by adding sodium hydroxide

solution to the heat-treated product. Then, commercial sodium aluminate was

added. During the hydrothermal synthesis at 85 ± 3 �C, zeolite A was formed

from the calcined product and NaAlSiO4 turned out to be an intermediary

crystalline compound. The LTA crystals were already observed for a reaction

time of 0.5 h, but the highest conversion to pure zeolite A was reached after 6 h.

Those final round solid pellets showed an external surface fully covered by well

anchored zeolite A cubic crystals about 1–2 lm in size. Such materials may be

very useful in ion exchange, molecular sieving, and adsorption processes. The

crystalline ordering was followed by XRD, SEM, NMR, and water adsorption.
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Introduction

The discovery and synthesis of zeolites have boosted

chemical technology since the 1940s. These synthetic

or natural aluminosilicates are molecular sieves reg-

ular porous structure of which can accommodate a

wide variety of cations. Due to these features, zeolites

are used to tackle catalytic and adsorptive challenges

in the oil industry. In particular, zeolite-based cata-

lysts are used in the fluid catalytic cracking (FCC)

units to convert petroleum crude oils to more valu-

able gasoline, olefinic gases, and other products. The

modern FCC units are continuous processes that

operate 24 h a day for as long as 2–3 years between

scheduled shutdowns for routine maintenance [1].

A FCC unit processing 75,000 barrels per day

(11,900 m3/day) circulates about 55,900 metric tons

of catalyst per day. Only in Argentina, 360 tons of

waste catalysts per cracking unit are annually gen-

erated. Conventionally, these wastes are mainly dis-

posed as landfills [2, 3].

The main components of the FCC catalysts nowa-

days in use are crystalline synthetic zeolite

(15–50 wt%), an aluminosiliceous matrix (ca. 5 wt%),

binder (ca. 20 wt%, usually Ludox) and kaolin clay

(60–25 wt%). The zeolite present in FCC catalysts

corresponds to the Y type (FAU group), usually fully

hydrogen exchanged (USY).

The chemical composition of spent FCC catalysts

turns out to be 50 % of SiO2 and 45 % of Al2O3; the

remaining 5 % is distributed among other minor

components [4]. Therefore, waste FCC catalysts seem

to be an adequate starting material for the synthesis

of zeolite A, and its formula is Na96Al96Si96O384

(H2O)216, characterized by an atomic Si:Al ratio of 1.

Zeolite A, also known as Linde type A, pertains to the

LTA structural group, and is one of the most syn-

thesized zeolites. Its main uses include ion exchange,

molecular sieving, and water adsorption in industrial

processes. Starting materials may be kaolin [5, 6],

sodium silicate and sodium aluminate [7], metakaolin

[8–10], or powder glass [11], among others.

In previous works, it was found that the exhausted

FCC catalyst is an adequate source to be used to

synthesize zeolite A [12, 13]. The synthesis of zeolite

A was optimized in such a way that the catalyst

calcined at 800 �C using 50 wt% of sodium carbonate

as alkaline activator resulted in the best conversion to

zeolite [13]. It was also demonstrated that aqueous

solutions containing low concentrations of chromium

(III) could be purified by ion exchange using the

zeolitized product [14]. However, the process of the

conversion to zeolite A has not been carefully fol-

lowed and no intermediate compounds have been

reported. Matters as important as how fast is the

zeolite formation or how different are the first crys-

talline products from those of the final material,

remain open.

Thus, the purpose of this work is to study the

structural and morphological evolution of the

microspheroidal catalyst particles during the

hydrothermal synthesis of zeolite A. The intermedi-

ate compounds formed during the synthesis are

characterized to provide a reaction scheme based on

physicochemical parameters. The synthesis mecha-

nism is followed through the radial distribution

function (X-ray diffraction, XRD) and by changes in

the coordination of the aluminum atoms that are Al

IV in zeolite, but Al V in alumina (Nuclear magnetic

resonance, NMR). Additionally, textural evolution is

studied by water adsorption. The morphology of the

resulting products is observed by scanning electron

microscopy (SEM), being the chemical composition

determined by energy dispersive X-ray spectrometry

(EDS).

Experimental

Materials

Waste catalyst sample

A spent fluid bed cracking catalyst provided by a

commercial unit was used for this study. The chem-

ical analysis of the catalyst proved to be (wt%):

SiO2 = 49.5, Al2O3 = 45.1, Na2O = 1.4, Fe2O3 = 1.7,

TiO2 = 1.0, La2O3 = 0.5, P2O5 = 0.5, and other metal

oxides: 0.2. As FCC particles could be broken in

smaller pieces or become smaller in size by attrition,

the size fraction between 100 and 60 lm was selected

by screening (sample named 4090-0).

Hydrothermal synthesis

The procedure was similar to the methodology

detailed in [12]. Briefly, a mixture of the discarded

catalyst (sample 4090-0) and Na2CO3 (Baker, analytic

degree) containing 50 wt% of catalyst was prepared

under sonication. After 5 min of mixing, the solid

5062 J Mater Sci (2016) 51:5061–5072



was activated by calcination under static condi-

tions at 800 ± 10 �C, for 2 h. Hydrothermal crys-

tallization was performed at 85 ± 3 �C, in closed

vessels. Reaction mixtures were prepared by add-

ing a 4 M aqueous NaOH solution to the heat-

treated product, with stirring at room temperature.

Then, commercial sodium aluminate was added

(36.5 % Al2O3, 29.6 % Na2O, 33.9 % H2O), in a

molar proportion (NaAlO2/NaOH) of 0.026. This

mixture was aged for 24 h at room temperature,

without stirring. The alkaline solution added at the

beginning of the reaction was prepared to reach a

starting molar ratio Na2O/Al2O3 = 2:1, which is

favorable to obtain NaA zeolite as main product

[15, 16]. The mixtures enclosed into 250 ml

polypropylene reactors were heated to 85 ± 3 �C,
maintaining constant stirring. Samples were taken

at representative reaction times, 0 min (4090-1),

15 min (sample 4090-3), 30 min (sample 4090-4),

5 h (4090-16), and 6 h (4090-F). In each withdrawal,

the solid sample was separated from the liquid

phase by centrifugation, washed and dried at

110 �C.

Characterization methods

X-ray diffraction

To identify the crystalline compounds, a Siemens

D500 PW powder diffractometer coupled to a copper

anode tube was used to obtain the XRD patterns. The

Cu-Ka radiation was selected with a diffracted beam

monochromator. The amounts of amorphous and

crystalline phases were estimated from the corre-

sponding areas of the diffractograms. No calibration

curve was required as aluminum, silicon, and

sodium have rather similar scattering factors and

compositions [17].

Radial distribution function or pair correlation

function in a system of particles (atoms, molecules,

colloids, etc.), describes how density varies as a

function of distance from a reference particle. Such

density variations may be interpreted as the most

probable interatomic distances. From XRD patterns

obtained using a molybdenum anode X-ray tube

coupled to a Siemens D500 PW powder diffrac-

tometer, those distributions may be obtained. The Ka

radiation was selected with a filter. Intensity data,

measured by step scanning with a scintillation

counter, were the input to the Radiale program [18].

Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) was chosen to

determine the coordination number of aluminum

atoms that is 4 in zeolite, but 5 in alumina. Nuclear

magnetic resonance (NMR) measurements were

performed in a Bruker Avance 400 Spectrometer. The

spectrometer was operated at a resonance frequency

of 79.50 and 104.27 MHz for 29Si and 27Al MAS.

Spectra were recorded after single p/2 excitation with

repetition times of 5 and 7 ls for Si and Al, respec-

tively. Samples were spun at 7.5 and 10 kHz (alu-

minum) and 5 kHz (silicon), and the chemical shifts

were referenced to TMS. Furthermore, the Si:Al ratio

can be calculated from the intensities of the different

signals ISi(nAl), according to

Si

Al
¼

P4
n¼0 ISiðnAlÞ

P4
n¼0 0:25nISiðnAlÞ

where n is the number of aluminum atoms bonded to

tetrahedral silicon (SiO4)
4-, and I is the intensity of

the peaks of NMR spectra [19]

Water adsorption

Although the conventional estimations of specific

surface areas are performed using nitrogen, in this

study, we selected water as adsorbent. Indeed, nitro-

genmolecules are too large to diffuse into the zeolite A

pores whereas water molecules are known to access to

all the zeolite porosity [20]. The surface area of zeolite-

containing samples was evaluated from adsorption–

desorption isotherms in theBET rangeof relativewater

vapor pressure, using the Brunauer–Emmett–Teller

(BET) method [21, 22]. The first step in the application

of the BET method is to obtain the monolayer capacity

(Nm) from the BET plot. The second step is to calculate

the surface area S from the equation S = Nm M-1 L x,
whereL is theAvogadronumber (6.02 9 1023),M is the

molecularweight ofwater (grampermole) andx is the

molecule cross-sectional area (10.8 9 10-20 m2 for

water molecule). If Nm is expressed in grams of

adsorbate (water) per gramof solid, the specific surface

area S (m2 g-1) is estimated from the monolayer

capacity as S = 3612 Nm.
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Scanning electron microscopy and energy dispersive X-ray

spectrometry

Particle size and morphology were observed by

scanning electron microscopy (SEM). The semiquan-

titative chemical analysis aimed at estimating alu-

minum and silicon contents was carried out by

energy dispersive X-ray spectrometry (EDS). A JEOL

JSM-7600F (Field Scanning Electron Microscope)

coupled to an EDS Oxford INCAX-Act was used.

Note that the samples were not sputtered with any

conductor material to avoid any further contribution

to the EDS spectra.

Results

XRD analyses

Compounds

The reference sample (4090-0), i.e., the spent FCC

catalyst elemental composition of which was given in

the introduction section, contained crystalline Y type

zeolite and an amorphous phase [12]. Conventional

XRD patterns of samples 4090-0, 4090-1, 4090-3,

4090-4, and 4090-F are compared in Fig. 1. The

starting material, i.e., sample 4090-1, was the sample

taken from the reactor at time zero; it contained

NaAlSiO4, which had crystallized as a low amount

of nepheline (PDF# 19-1176) and as a crystalline

sodium aluminosilicate (PDF# 11-0221) i.e., low

carnegieite, both are minerals which belong to the

group of nepheline, sodalite and carnegieite, all

feldspathoids with a molar ratio of Si:Al:Na. They

differ on their atomic order. Both nepheline and

carnegieite (mentioned as ‘‘crystalline sodium alu-

minosilicate’’ in this work) have ring structures; still

an amorphous fraction expected to be silicon-en-

riched is present.

In sample 4090-3, small peaks at 2h = 10.1� and

12.4� could be attributed to zeolite A, which turned

out to be the main component of samples, 4090-4 and

4090-F. Sample 4090-4 presents only zeolite A and a

small fraction of amorphous compound (26 %) simi-

lar to the one observed in the initial material (27 %).

In the same way, nepheline content remains constant

during the whole process (\15 %). Sample 4090-F

was the less amorphous (22 %) and contained the

highest amount of zeolite A; still, very small amounts

of hydroxysodalite, with the formula, Na6Al6Si6O24

Na2(OH)2(H2O2), could be inferred by the very low-

intensity peaks at 2h = 14� and 35�, less than ca. 4 %.

In Fig. 1, the zeolite A peak intensities increase with

reaction time, and simultaneously, the peaks corre-

sponding to the crystalline sodium aluminosilicate

(low carnegieite) diminish. Figure 2 shows an XRD

quantification of the evolution of the zeolite A and

the crystalline sodium aluminosilicate content during

the hydrothermal reaction. Zeolite A seems to be

formed from the crystalline sodium aluminosilicate

as the amorphous compound percentage remains

almost constant (22–27 %).

Structure

The radial distribution functions of samples, 4090-1

and 4090-3 (Fig. 3), present a radial distribution

function first peak at r = 1.6 Å and a second one at

r = 3.1 Å. The first one can be attributed to the

interatomic distance (Si, Al)–O (under our experi-

mental conditions, the distances Si–O = 1.60 Å and

Al–O = 1.75 Å could not be resolved) and the second

one to (Si, Al)–(Si, Al) [17, 23, 24]. This second peak

presents a shoulder at r = 2.7 Å that corresponds to

the O–O and/or Na–O distance. The peak at r = 4.05

Å is due to the interatomic distance between (Si, Al)

and O as second neighbors.

Figure 1 X-ray diffraction patterns of samples 4090-0, 4090-1,

4090-3, 4090-4, and 4090-F. The initial crystalline sodium

aluminosilicate is progressively transformed to zeolite A.
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If the radial distribution functions of samples,

4090-3 and 4090-4, are compared, the differences are

clear. They have to be attributed to the fact that one

sample (4090-3) contains NaAlSiO4 as main compo-

nent and the other (4090-4) is composed mainly of

zeolite A. Both present a small fraction of amorphous

compound. The first peak, in sample 4090-4, is loca-

ted at r = 1.75 Å, and the shift of this peak toward

higher values could be correlated with the presence

of aluminum in tetrahedral coordination; the

obtained value agrees with the value already repor-

ted in the literature [25, 26]. The following peak was

found at r = 3.5 Å (sample 4090-4) and, as in the

other samples, it corresponds to a (Si, Al)-(Si, Al)

distance. The next peak appears at 4.95 Å, which is

probably due to (Si, Al)-O (second neighbors). The

radial distribution function of the sample, 4090-F,

reproduces the features of sample, 4090-4. It must be

noted that the radial distribution functions corre-

spond to the full samples; therefore, they include

interatomic distances of all compounds present in

each material.

From the first peaks of the radial distribution

function, distances (Si, Al)–O and (Al, Si)–(Si, Al), as

given in Table 1, and the angle between (Si, Al)

tetrahedra may be evaluated (Fig. 4). For simplicity,

in this figure, the central atom of the tetrahedron is

labeled Si, but it corresponds to Si or Al. Of course,

the Al–Al bond is forbidden by the Lowenstein rule

[15].

In samples, 4090-1 and 4090-3, the angle turned out

to be 176� and in samples, 4090-4 and 4090-F, it

was180�. Therefore, the oxygen tetrahedra assembly

was reorganized until it became linear, as expected in

a cubic structure (zeolite A). Note that if the angle

was calculated for the distance (Si, Al)–(Si, Al) = 2.7

Å
´
which was the shoulder of the radial distribution

function, it corresponds to 116�. Such value may be

due to the atomic network of the noncrystalline

compound observed in conventional XRD patterns.

Some of the obtained interatomic distances were in

agreement with those already reported for other

aluminosilicates [27]; the measured angles between

tetrahedra in zeolite A and the sample, 4090-F,

however, differed from those of Tait [28] (155.2�–
156.9�) due to the precursor reactants as well as the

amorphous compound previously mentioned but

mainly because the synthesized zeolite is A type.

Figure 2 Relative percentages of zeolite A and crystalline sodium

aluminosilicate, both referred to the total amount of crystalline

phase as a function of reaction time.

Figure 3 Radial distribution functions of samples 4090-1,

4090-3, 4090-4, and 4090-F.
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NMR Studies

Environment of Si and Al Atoms

NaAlSiO4 is known to present four well-defined

peaks: at -85.1 ppm attributed to Si(4Al), at

-88.4 ppm attributed to Si(4Al), at -91.4 ppm

attributed to Si(3Al), and at -101.8 ppm attributed to

Si(0Al), with the peak at -85.1 ppm being the most

intense [29]. The 29Si NMR spectrum of kaolin usually

presents a unique peak at -91.4 ppm corresponding

to Si(1Al) [30]; during dehydroxylation, the Si atoms

present different environments with distortion, the

line then broadens due to variations in the Si–O–

Si(Al) bond angles [8]. Zeolite A is characterized by

an intense peak at -89 ppm, but if some X zeolite is

present, a small peak at -85.3 appears [7]. The peak

at -71.3 is usually attributed to silicate with Si(0Al)

[7]. In this context, the interpretation of the obtained

NMR spectra is straightforward. Indeed, the 29Si-

MAS spectrum of sample 4090-0 shows a broad peak

with three maxima, the first two at -78 and -83 ppm

(the most intense), attributed to Si(3Al) and Si(4Al),

respectively, and, the third, at -89 ppm corre-

sponding to Si(3Al) and Si(4Al) species, Table 2 [31,

32].

The peak initially in -83 ppm also decreases up to

a relative intensity of 12 % in the sample 4090-F. This

peak Si(4Al) may be attributed to the initial zeolite Y,

to nepheline, or to zeolite A. Instead, the peak at

-89 ppm, corresponding to Si(4Al) (assigned to

zeolite Y in sample 4090-0, to nepheline or/and a

crystalline aluminosilicate in sample 4090-3 and to

zeolite A in samples, 4090-4 and 4090-F), increases

with synthesis time in agreement with previous

works [7, 33, 34]. In samples, 4090-1 and 4090-3, this

peak was very broad revealing a wide range of

environments due to distortions of the Si–O–Si(Al)

bond angles. In samples, 4090-4 and 4090-F, the peak

Table 1 X-ray diffraction results: correlations between the interatomic distances and the identified compounds (csa = crystalline sodium

aluminosilicate or ZA = zeolite A)

Samples Identified compounds Radial distribution function

First peak

(Si, Al)–O (Å
´
)

Shoulder O–O

or (Si, Al)–Si (Å
´
)

Second peak

(Si, Al)–Si (Å
´
)

Third peak

Si–O (Å
´
)

Si–O–Si

angle

4090-1 csa 1.6 2.7 3.1 4.05 176�
4090-3 csa ? ZAa 1.6 2.7 3.1 4.05 176�
4090-4 ZA ? csaa 1.75 – 3.5 4.95 180�
4090-F ZA 1.75 – 3.5 4.95 180�
a Small amount

Figure 4 Angle between (Si, Al)–O4 tetrahedra in samples 4090-1 and 4090-3 with (Si, Al)–(Al, Si) bond distance of 3.1 Å.
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Si(4Al) became significantly more intense and narrow

showing that the zeolite crystallinity and crystallite

size have increased [7, 34, 35]. The 29Si-MAS spec-

trum of sample 4090-F is presented in Fig. 5. Note

that not only the peak at -89 ppm is detected, but a

small peak at -85.3 is present showing that some

zeolite X is also synthesized.

The 27Al-MAS spectra complemented and corrobo-

rated the 29Si-MAS results. The 27Al spectrum of the

waste catalyst, sample 4090-0, showed a very intense

peak at 59 ppm attributed to a four-coordinated alu-

minum species linked to silicon atoms via bridging

oxygen atoms, Al(O–Si)4, chemical shift of which is

characteristic of aluminum in crystalline Y zeolite [35].

In samples, 4090-1 and 4090-3, this peak (59 ppm)

appeared at the same chemical shift, which is due to

the presence of nepheline and the crystalline alumi-

nosilicate, but it is shifted to 58 ppm in the spectra of

samples, 4090-4 and 4090-F, which corresponds to the

chemical shift value expected in zeolite A [36]. The
27Al-MAS spectra of the sample 4090-F are presented

in Fig. 6. NMR results are, then, in agreement with

the previously presented XRD results: zeolite A

appears as the crystalline sodium aluminosilicate

disappears with reaction time.

Specific surface area

The specific surface areas were determined by water

adsorption (Table 3). The specific surface area of the

spent catalyst (4090-0) was 156 m2/g. Sample,

4090-16, which corresponds to a reaction time of 5 h,

is included.

At the beginning of the reaction, the specific sur-

face area diminished from 202 m2/g (sample 4090-1)

to 134 m2/g (sample 4090-4), i.e., by 35 %. This initial

diminution of specific surface area with treatment

time shows that either the sodium crystalline alumi-

nosilicate is first decomposed in a material of low

specific area, and then this material forms the zeolite

A, or that the pores of the formed zeolite A are

occluded and are not accessible to water. Such dis-

continuities or ‘‘humps’’ in the growing zeolite fea-

tures have been reported previously and have been

attributed to an ‘autocatalytic nucleation’ model of

zeolite crystallization also supporting the hypothesis

about the presence of inhomogeneous nuclei distri-

bution into gel phase [37].

Specific surface area then increases regularly with

synthesis time. It increased up to 314 (4090-16) and

681 m2/g (4090-F), Table 3. Note that with this

Table 2 NMR characteristic

peaks in ppm corresponding to

nepheline and/or the

crystalline aluminosilicate (*),

zeolite A (?), amorphous

silicate (x), and zeolite Y (�)
for 29Si and 27Al

Samples Si(4Al) Si(3Al) and Si(4Al) Si(3Al) and Si(4Al) Al(O–Si)4

4090-0 -88.9 (60 %)� -83.9 (100 %)� -77.7 (50 %)x 59�
4090-1 -88.9 (80 %)* -82.5 (100 %)* -78 (50 %)x 59*

4090-3 -89.3 (100 %)? -83.2 (50 %)*,? -78 (20 %)x 59*

4090-4 -89.6 (100 %)? -83.9 (12 %)*,? -78 (2 %)x 58?

4090-F -89.6 (100 %)? -83.2 (12 %)? – 58?

Figure 6 NMR spectra for 27Al at 10000 Hz; sample 4090-F.Figure 5 NMR spectrum for 29Si at 5000 Hz: sample 4090-F.
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technique, the last steps of zeolite A crystallization

are differentiated. Indeed, as the crystalline alumi-

nosilicate (its surface area must be small compared to

zeolite A) disappears, zeolite A is formed.

Morphology

The morphology and particle size of the reaction

products were observed via scanning electron

microscopy, macroscopically (low magnification) and

microscopically (high magnification). SEM micro-

graphs clearly show that the hydrothermally syn-

thesized products maintain the pellet morphology of

the starting catalyst even after a reaction time of 6 h,

the obtained pellet diameter was similar to the

diameter of the pellet of the original cracking catalyst,

ca. 60–100 lm (Fig. 7).

After being aged for 24 h at room temperature

(sample 4090-1), the pellets show a surface covered

by needle-shaped crystals which are identified as the

crystalline aluminosilicate by the XRD results,

Fig. 8a. At a higher magnification, Fig. 8b, the crys-

tals of zeolite A, globularly shaped (d = 0.8 lm),

begin to grow on the pellet surface. As the reaction

proceeds (samples 4090-4 and 4090-F), Fig. 9, the

pellet surface is increasingly transformed in cubically

shaped crystals, typical of zeolite A. The average size

of the crystals in sample 4090-F is d = 1.2 lm, the size

distribution is rather homogeneous, and no more

needle-shaped particles are observed. Note how the

zeolite crystals emerge from the pellet surface, sam-

ples 4090-4, and 4090-F, Fig. 9. In sample 4090-4, the

zeolite A presents two crystal sizes, a larger one

which is of ca. d = 1.0 lm, and a large amount of

smaller ones of ca. 0.3 lm.

Table 3 Specific surface areas as determined by water adsorption

Sample Synthesis features Specific surface

area (m2/g)

4090-0 Waste catalyst 156

4090-1 Starting material 202

4090-3 15 min –

4090-4 30 min 134

4090-16 5 h 314

4090-F Final 681

Figure 7 SEM micrograph of the exhausted FCC catalyst,

4090-0. Bar 10 lm.

Figure 8 SEM micrographs of sample 4090-1 at two different magnifications. a Bar 10 lm, b Bar 1 lm.
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Figure 9 Comparison of the SEM micrographs of a sample 4090-4 (bar 1 lm) and b 4090-F (bar 1 lm).

Figure 10 SEM-EDX analyses for sample 4090-F, showing the same selected area in the four pictures. Bar 10 lm. a SEM micrograph, b,

c, and d Aluminum, silicon, and sodium EDX mapping corresponding to the micrograph shown in a, respectively.
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Elemental composition

TheEDSanalysisof sample4090-1confirms that theSi:Al

ratio = 1.46 should provide zeolite A with SiO2 in

excess. This analysis is interesting as it corresponds to a

layer of 2–3 lmwhich is the depth atwhich the electrons

penetrate. Hence, as zeolite A composition guarantees a

Si:Al = 1, the small growing crystals couldbe supported

on a Si-enriched amorphous compound which may

correspond to theamorphous silicate already reported in

the X-ray Diffraction and Nuclear Magnetic Resonance

sections. As reaction time increases (samples 4090-4 and

4090-F), the Si:Al ratio is maintained as expected. Still

some nickel is observed in all analyses. It has to be

attributed to residual heavy metals which are often

incorporated during the cracking process.

As the previous analyses are local, a mapping of Si

and Al is presented for 4090-F, Fig. 10. Silicon is found

all over the sample surface, whereas aluminum is

missing in some selected areas as shown in the fig-

ure with continuous circles, Fig. 10b, c. Those small

regions must correspond to the unreacted catalyst

surface which is enriched with silica, and they can be

correlated to the underlying very small particles

observed in the micrograph, Fig. 10a. The surfaces

where both elements (Al and Si) are present match

with the sodium map of Fig. 10d. They can be associ-

ated to the image cubes attributed to zeolite A. The

zones encircled with a broken line, which do not cor-

respond to silicon or to aluminum or to sodium and

appear dark in all mappings, can be explained as an

experimental artifact. Indeed, rough samples which

present different levels tend to absorb the emitted

X-rays. Geometric effects due to surface roughness can

impact X-ray generation and propagation sufficiently

to result in relative intensity contributions of a factor as

high as ten in severe cases [38].

Discussion

Our results may be summarized as follows. Macro-

scopically, the spherically shaped pellets are fully

covered by zeolite A at a reaction time as small as

30 min (sample 4090-4), in which sample the zeolite

particle edges are smoothed. As expected, the zeolite

crystals grow and turn out to be cubic with sharp

edges with reaction time (sample 4090-F).

Microscopically, the synthesis follows two sequen-

tial steps: first, the crystalline aluminosilicate is

formed, and then the crystalline aluminosilicate

generates zeolite A; still, small fractions of nepheline

and the amorphous compound initially present in the

catalyst do not react. In the first step, i.e., the calcina-

tion of the catalyst at 800 �C in the presence of Na2
CO3, nepheline anda crystalline sodiumaluminosilicate

are obtained as has been often reported earlier [27, 39].

However, the transformation of the crystalline alumi-

nosilicate to zeolite A (second step) implies the

reordering of the hexagonal network of this compound

to the cubic lattice of zeoliteA. Both compounds present

8-ring windows with size of 3.7 9 4.8 Å2 in carnegieite

and 4.1 9 4.1 Å2 in zeolite A [40].

The early stages of nucleation of zeolite A are

dominated by four ring species as shown by theo-

retical studies [41]. However, in our study, the ini-

tially synthesized crystalline sodium aluminosilicate

provides other building units. In this reaction, the

geometry of the 8-ring windows evolves with time as

crystalline sodium aluminosilicate collapses and

zeolite A appears. Such transformation can only be

due to the synthesis conditions which have a high

hydration rate and a very high pH value. The col-

lapse of crystal lattice is commonly described as a

loss of long-range order, which manifests, in radial

distribution functions, as peak fading for high r val-

ues. Sample 4090-1 did not show this feature.

Therefore, conversion of crystalline sodium alumi-

nosilicate to zeolite A takes place by direct solid–solid

topotactic transformation. The dehydrated crystalline

sodium aluminosilicate in the presence of high

amounts of water is transformed directly at low

temperature to cubic zeolite A. The initial pH value is

revealed by the rounded edges of the zeolite A

formed in sample 4090-3. Indeed, such morphology is

obtained after a controlled nucleation period and

increased redissolving due to the high alkalinity of

the mixture after crystallization [42].

Besides, Si:Al ratio obtained by NMR presents

similar values compared to those obtained by EDS

analysis. For sample 4090-1, the Si:Al ratio is greater

than 1, and this value guarantees the synthesis of

zeolite A with SiO2 in excess. As reaction time

increases, for the samples 4090-4 and 4090-F, the Si:Al

ratio turns out to be 1, which value confirms the

presence of zeolite A.

Simultaneously, the specific surface area increased

with reaction time as zeolite A appears, excluding

sample 4090-4 with the specific surface area of ca. 33 %

being lower than the starting material. As zeolite A is

already observed, the topotactic transformation of
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crystalline sodium aluminosilicate has started. The

corresponding expected surface area was much higher

than the measured one. Therefore, a fraction of the

total surface must be inaccessible to water adsorption.

Zeolite A crystallite surface must be covered by a

nanometric layer of an amorphous compound beyond

the resolution of scanning electron microscopy.

Conclusions

Zeolite A could be efficiently synthesized from waste

FCC catalysts via a rather simple process. Such

methodology opened an important window to the

use of exhausted catalysts produced by the oil

industry. The crystallization of zeolite A was fol-

lowed by complementary techniques such as XRD,

NMR, and water adsorption. The results showed that

the progressive structural modifications were due to

the network ordering. First, a crystalline sodium

aluminosilicate is synthesized as an intermediary

compound to give rise to zeolite A, which, as time

goes on, may partially redissolve due to the very high

alkalinity. Increased crystallinity was observed as the

surface of the spherical particles was progressively

covered with zeolitic crystals. The final zeolite A on

top of the pellets turns out to be fully crystalline with

a clear cubic morphology. In this sense, the obtained

solid is the most valuable material as it may prove to

be a good industrial adsorbent.
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