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Abstract: An laboratory-scale procedure has been developed to obtain lanthanum oxide from spent
fluid catalytic cracking catalyst, commonly used in the cracking the heavy crude oil process. Two
different spent fluid catalytic cracking catalysts, which are mainly formed by silica and alumina,
and a certain amount of rare earths were leached under several conditions to recover the rare earth
from the solids waste. Subsequently, liquid phases were subjected to a liquid-liquid extraction pro-
cess, and lanthanum was quantitatively stripped using oxalic acid to obtain the corresponding lan-
thanum oxalates. After the corresponding thermal treatment, these solids were transformed into
lanthanum oxide. Both, lanthanum oxalates and oxides solids have been characterized by wide tech-
niques in order to investigate the purity of the phases.

Keywords: spent fluid catalytic cracking catalyst; waste slag; leaching; lanthanum oxide; rare earths
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1. Introduction

Fluid catalytic cracking catalyst (FCC catalyst) is a widely process used in crude oil
processing in petroleum refineries, which consists to crack the heavy crude oil into lighter
products under the action of catalyst at high temperature [1,2]. The FCC catalyst process
was established in the last century in order to improve gasoline production and increase
the octane number of the fuel [3]. However, this process consumes a great amount of cat-
alyst. It is estimated that more than 700,000 tons are consumed worldwide annually [4].
Normally, FCC catalyst consists of a rare earth-ultra-stabilized zeolite (USY-zeolite) held
in an amorphous silica-alumina matrix [5,6]. The use of rare earths (REEs) in FCC cata-
lysts, especially La and Ce, arose from the need for the use of more active and stable prod-
ucts, with a high yield performance [7,8]. REEs addition improves the catalytic activity
and prevents the loss of acid sites during operation [7].

During the process, the FCC catalyst is frequently purged and replaced with a fresh
catalyst to manage the process performance [9]. The withdrawn material discharged dur-
ing the FCC catalyst process is called spent FCC catalyst (sSFCC), or equilibrium catalyst
(Ecat). This waste slag contains amounts of different elements such as REEs and alumi-
num [2,10] among others. The amount of spent FCCs generated annually is uncertain or
even unknown. Nevertheless, some estimations in recent years have estimated production
of 840,000 tonnes per year [8] reveals the great extension of the problem. Most of the spent
FCC are disposed of in landfills [11], which leads to serious environmental pollution and
human health problems so it is must be treated properly. Because of sFCC consists mainly
of active silica (5iOz) and alumina (Al20s), the final spent FCC catalyst can subsequently
be employed as cement raw material, or as a partial replacement of cement or sand in
cement mortars [12,13]. However, the amount of spent catalyst that can be incorporated
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in cementitious materials is limited and the added value of such kind of applications is
low. Due to the relatively high amounts of alumina and silica in spent FCC catalysts, an
attractive option for decreasing the environmental impact generated by their final dis-
posal is their recycling as feedstock of mullite refractories. Such an application would ad-
mit large volumes of material to be recycled and spare large volumes of minerals [14].

On the other hand, due to their unique physicochemical properties, REEs are indis-
pensable elements in the high technology industry and are widely used in a variety of
advanced applications [2,4,15]. Due to the key roles in the lifestyle, and their wide variety
of uses in electrical and electronic technology development, the demand for rare earths
increases day-to-day indicating that natural resources requirements will also continue to
increase [16]. Secondary resources such as manufacturing waste and used rare-earth-
based materials could be an interesting alternative for REEs demand even and that sec-
ondary-resource processing will become a necessity [17].

Rare earth oxide widely used in catalysts is lanthanum oxide (La20s). Thus, consid-
ering the great amount of spent FCC generated and its content of REEs, recovery of La
from the recycling of spent FCC materials could be an important source of this rare earth
[18].

Hydrometallurgical methods which involve leaching, precipitation, solvent extrac-
tion, and/or ion exchange processes have been reported to metal recovery from different
waste [19,20].

REEs recovery from spent FCC has previously been reported using different condi-
tions such as mineral acids [21], basic media [22], and/or organic acids [23]. Even different
leaching conditions to extract REEs from the sFCC solid have been reported [19,21]. How-
ever, despite that numerous laboratory-scale studies have been published regarding the
recovery of REEs from several residues or waste [21], no processes were developed on an
industrial scale.

In this work, an laboratory-scale process for lanthanum extraction from two spent
FCC catalysts with very different amounts of Laz203, and the final obtention of La20s was
assessed. In subsequent work, the evaluation of the insoluble residues obtained from the
process as raw materials for refractories is reported. In this sense, the final amounts of
impurities, in particular of La20s, and the alumina/silica ratio in the insoluble residues
will be analyzed for its application [14].

Several conditions were analyzed to recovery lanthanum from the spent fluid cata-
lytic cracking catalyst initial solids by a leaching process. Different leaching agents, as well
as concentrations, were evaluated. Subsequently, liquid-liquid extraction was carried out
to selectively separate the rare-earth of interest. Various conditions were also assessed.
Finally, lanthanum stripped in the liquid phase was precipitated, and the solid formed
was thermally treated to obtain pure lanthanum oxide as products.

2. Materials and Methods

The two different spent fluid catalytic cracking powders were investigated, named
as SC1 and SC2.

2.1. Leaching process of the spent fluid catalytic cracking powders

Different conditions were evaluated in order to recover lanthanum from the spent
fluid catalytic cracking powders (FCC) (SC1 and SC2). Hydrochloric acid (HCI), nitric acid
(HNO:s), oxalic acid (C2H204, OA), and sodium hydroxide (NaOH) were used.

SC1 SC2 were put in contact with a leaching solution into a glass reactor at 60 °C for
4 hours at a 100 g/L pulp density. The leaching process was carried out into a great-capac-
ity glass reactor. Previous investigations have been reported that the leaching efficiencies
of the metals increase with the temperature [2]. The final mixtures were filtered, and the
final solids were dried. Lanthanum content in each liquid phase was analyzed to evaluate
the efficiency of the process.
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2.2. Liquid-liquid extraction procedure

Aqueous feed solutions from the highest lanthanum recovery were used for the ex-
traction experiments. For the liquid-liquid extraction experiments, the extractant used in
the present investigation is the commercially available Cyanex 923, which is composed of
four phosphine oxides (RsPO, R2R'PO, RR2'PO, and RsPO) where R = n-octyl and R" = n-
hexyl. The extractant was used undiluted or diluted in Solvesso 100 (aromatic diluent).

Extractions are carried out in thermostatic separator funnels provided of mechanical
shaking via a four blades impeller (2.5 cm diameter). Various aqueous to organic (A/O)
ratios were investigated. After phases disengagement typically 2-3 minutes, lanthanum
and acid content remaining in the raffinate (aqueous solution) were analysed. Their con-
tent in the equilibrated organic phases was calculated by the mass balance.

Lanthanum content in liquid phases was analyzed by Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES). In addition, acid content was analyzed by ti-
tration with standard NaOH solution using bromothymol blue as indicator.

2.3. Stripping

The stripping step was carried out with oxalic acid using the organic extracted solu-
tion under the optimal conditions. These experiments were performed with 1 M oxalic
acid solution as stripping phase according to the next equation:

L-La(NO)34rg +3C;055rg < Lorg + Lay(Lay04); + 3NO3 g 1)

The precipitates were then centrifuged, and subsequently calcinated at 1200 °C for 2
hours in order to yield the La2Os phase.

It should be noted that in the described process the extractant is regenerated, thus, it
can be recycled and reused to another extraction step.

2.4. Characterization

The chemical composition of the starting powders was determined by X-ray fluores-
cence (XRF) using a PANalytical Axios wavelength-dispersive spectrometer (4kW).

Lanthanum content in the liquid phases was analyzed by Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES) using an Agilent 5100 VDV
model, with an associated analytical error of +2%.

The structural characterization of the final solids was carried out by X-ray diffraction
(XRD) using a Siemens D5000 diffractometer equipped with a Cu anode (Cu Ka,1 radia-
tion) and a LiF monochromator.

Thermal decomposition of the precursor powders was analyzed by thermogravimet-
ric analysis (TGA) and differential thermal analysis (DTA) using a differential thermal
analyzer from 20 °C to 900 °C with a 10 °C/min heating rate, using as an inert medium
helium gas, and aluminum oxide was used as reference material.

Fourier-transformed infrared spectroscopy (FTIR) using a Varian 670 FTIR spectrom-
eter within the frequency range 4000-400 cm! in transmittance mode with a spectral reso-
lution of 4 cm™! was also performed. Measurements were carried out using the KBr pellet
technique.

Finally, the morphological characterization was realized by scanning electron mi-
croscopy (SEM) using a JEOL-6400 electron microscope operating at 20 kV. For sample
preparation, the powder samples were placed on an adhesive conductive carbon disk and
gold-coated.

3. Results and discussion

The chemical compositions of the two starting spent FCC catalyst powders obtained
by XRF are shown in Table 1. According to the bibliography [7], both powders are mainly
composed by alumina and silica. The nature and amounts of minor impurities are similar
while the La20s contents are significantly different.
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Table 1. Chemical composition (wt %) for both spent FCC powders.

Oxide (wt %) SC1 SC2
AlOs 50.00 52.20
SiO2 45.60 39.10
La20s 1.82 4.32
V205 nd 0.24
Na20 0.19 0.30
P20s 0.94 0.27
TiO2 0.89 0.64
Fe20s 0.43 0.36
CeO2 nd 0.26
NiO 0.12 nd
MgO nd 0.88
SOs nd 1.25

3.1. Leaching of the spent FCCs

Different leaching tests in order to recover lanthanum from both powders were car-
ried out using a leaching agent concentration of 2 M. Tables 2 and 3 show lanthanum
recovery percentages from both starting powders, modifying the leaching agent.

Table 2. Experimental conditions and lanthanum recovery of the different tests carried out from
SC1 powder.

Experiment  Leaching agent  La recovery (%)

Ne1 HC1 81
Ne2 HNOs 82
N¢3 OA 11
N°4 NaOH 26

Table 3. Experimental conditions and lanthanum recovery of the different tests carried out from
SC2 powder.

Experiment  Leaching agent La recovery (%)

N¢5 HC1 84
N¢6 HNO:s 85
Ne7 OA 32
N¢8 NaOH 10

As can be appreciated, lanthanum recovery from both starting powders using OA as
well as NaOH was poor. Therefore, these experimental conditions were discarded. The
highest extraction percentages of both REE were obtained when HCl and HNOs were used
as leaching agents.

In order to increase the lanthanum recovery percentage, several additional tests were
carried out using HNO:s in the same experimental conditions (i.e. 60 °C for 4 hours, at a
100 g/L pulp density), but varying the leaching agent concentration. The obtained results
are summarized in Table 4.
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Table 4. Experimental conditions and lanthanum recovery of the different tests carried out from
both starting powders.

SC1 SC2
HNOs (M) Ne La recovery Ne La recovery
(%) (%)
2 2 82 6 85
1.5 9 97 12 95
1 10 47 13 74
0.5 11 66 14 83

The obtained results showed that the highest recovery percentage was found using
a leached concentration of 1.5 M. Table 5 shows the chemical composition obtained by
XRF for both insoluble residue powders (called SC1-B and SC2-B, respectively) after the
leaching treatment under optimal conditions. Lanthanum content in the final solids was
practically despicable. As can also be appreciated in Table 5, lanthanum extraction from
the spent fluid catalytic cracking catalysts leads to partial extraction of aluminum from
the solids.

Table 5. Chemical composition (wt %) for both spent FCC insoluble residue powders.

Oxide (wt %) SC1-B SC2-B
ALlO:s 38.6 44.5
SiO2 59.2 52.7
La20s 0.33 0.52
V205 nd 0.15
Na:=0 nd nd
P20s 0.25 0.096
TiO2 1.12 0.87
Fe20s 0.26 0.23
CeO2 nd 0.28
NiO 0.15 <0.05
MgO nd 0.47
SOs nd 0.18
ALOs/SiO:2 0.65 0.84

It should be noted that, according to the obtained results from leaching experiments,
liquid phases obtained by nitric acid of 1.5 M (i.e. N® 9 and N*® 12) were selected due to
their higher lanthanum content.

3.2. Extraction of the REE from the spent FCC
After the as-described acid leaching for both starting spent FCC powders, the recov-
ery of lanthanum from the corresponding liquid phases was investigated using liquid-
liquid extraction methodology. Starting liquid solutions are composed by 1.1 g/L La and
1.5 M nitric acid.

3.2.1. Extraction of lanthanum from leaching solutions
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Previous experiments showed that the equilibrium of both lanthanum and nitric acid
extractions reached after 5 min of contact between the organic phase and acid aqueous
feed solutions. Thus, 10 min were used as contact time through all experimentation.

The effect of the aqueous/organic ratio (A/O ratio), and the extractant concentration
on lanthanum and nitric acid loading onto the organic phase were investigated. The re-
sults of these investigations were shown in Figure 1 and Figure 2 for lanthanum and nitric
acid extractions, respectively.
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Figure 1. Lanthanum extraction at various Cyanex 923 concentrations. Temperature: 20 °C.
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Figure 2. Nitric acid extraction at various Cyanex 923 concentrations. Temperature: 20 °C.

In the case of lanthanum, the percentage of lanthanum extraction increased with the
extractant concentration (i.e. A/O low ratios), where lanthanum was practically quantita-
tively extracted from the leach solution.

The responsible equilibrium for the lanthanum extraction could be represented by
the Equation 2:

Lagg + 3NO3 4q + Lorg < L - La(NO3) 3616 (2)

where L is the organic extractant, and the subscripts ag and org are the aqueous and
organic phases, respectively.
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The extraction constant for the above equilibrium (Equation 3) can be defined as:

[La(NO3)3 - nL]org
[La3+]aq . [Noglgq . [L]grg

®)

Kext =
and considering the definition of the lanthanum distribution coefficient (Equation 4):

[La*]or,
Dra = [LT]af 4)

where [La**],. and [La®*],, are the total metal concentrations in the organic and
aqueous phases at equilibrium, respectively.

Thus, by substituting in (Equation 2) and the subsequent rearranging leads to the
Equation 5:

logDy, =C+n-log [L]Org 5)

A plot of logDy, versus log [L],, for the experimental data obtained in the present
work, allowed to estimate the value of the stoichiometric n coefficient. Such plot, indicated
that the slope had the value of 3.4 (r2=0.9636), thus it was logical to attribute the value of
3 for the n coefficient in Equation 3.

Once the above estimation was done, the experimental data were treated numerically
by a tailored computer program in order to confirm the proposed model. This program
searched the best set of extraction constants that minimized the squares error sum, defined
as:

U = Z(log Dexp — log D¢yic)? (6)

where Dgy, and Dy are the experimental and calculated metal distribution coeffi-
cients, respectively. D, was obtained by solving the mass balance equation for lantha-
num, extractant and nitrate, assuming a set of species and constants.

The best fit was obtained using the formation of La(NOs)s-3L species in the organic
phase, as derived from the graphical treatment of the data, with a value of the extraction
constant according to:

logKey = —1.10MAX — 0.88,and U =0.113  (7)

In the case of the nitric acid extraction (Figure 2), similar results were found. The
nitric acid extraction decreases with the A/O ratio. Despite that, at the lowest A/O ratio
investigated (i.e. A/O=0.5), the maximum nitric acid extraction reached 60% when undi-
luted Cyanex 923 was used as extractant phase.

The obtained results evidenced that the separation of lanthanum from the nitric acid
might have been plotted as Figure 3.
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Figure 3. Separation La(IIl)-HNQO:s at various A/O ratios. Organic phase: 75% v/v Cyanex 923 in
Solvesso 100. Temperature: 20 °C.

Effectively, using the and A/O ratio of 8, a quantitative La-HNOs was yielded, since
D1.=355, and not nitric acid extraction was achieved. In this condition, lanthanum concen-
tration in the organic phase reached 7.8 g/L, thus a metal concentration factor near 8 was
reached just in one step (it should be noted that the initial concentration of lanthanum in
the aqueous phase was 1.1 g/L). Moreover, after the proper acid adjustment, the raffinate
can be recycled to another leaching step.

The responsible equilibrium for the nitric acid extraction could be represented by
Equation 8 at these nitric acid concentrations (at around 1-2 M), since the value of the
extraction constant was dependent on the diluent used in the organic phase [24].

Hig + NO3,q + Lorg < 3HNO; o1 8)

3.4. Characterization of the final solid products
3.4.1. X-ray diffraction (XRD)

XRD patterns of the final solids are shown in Figure 4. In the case of the stripped
solids using oxalic acid Figure 4a, not well-defined diffraction maxima were obtained.
These results could be due to the possible presence of the organic phase in the powder
samples. After the stripping with the organic phase, an insignificant amount of Cyanex
923 could adhere onto the surface of the particles, resulting in an amorphous diffraction
pattern. Despite this, the diffraction maxima can be attributed to the lanthanum oxalate
in both cases. These results reveal the formation of the lanthanum oxalate phase as a
unique phase, which can be used as a precursor to the corresponding rare earth oxides.

After the subsequent thermal treatment at 1200 °C for 2 hours of both samples, sev-
eral diffraction maxima were found in the XRD patterns Figure 4b. All diffraction maxima
can be indexed to a La20s phase. Miller index for the more intense diffraction maxima are
also shown in each corresponding peak. No peaks attributable to secondary phases were
detected within the sensitivity of the experimental system used, which reveals the purity
of the obtained samples. These results reveal that it is possible to recover lanthanum from
spent FCC catalysts and to reach a yield lanthanum oxide.
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Figure 4. XRD patterns of (a) the stripped precursor solids and (b) after the subsequent thermal
treatment.

3.4.2. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA)

Thermal decomposition of the stripping solids was examined by thermogravimetric
analysis (TGA) and differential thermal analysis (DTA). Similar thermal decomposition
behaviour was found in both precursor samples. As an example, Figure 5 exhibits
DTA/TGA curves for the lanthanum oxalate sample obtained after the corresponding
stripping step.

Different endothermic peaks were found. First, an endothermic peak can be observed
between the range of 106 °C-191 °C with a maximum centered at 135 °C with a mass loss
of about 5.9 wt%, which can be assigned to the loss of two water molecules to the lantha-
num oxalate decahydrate. On the other hand, a second endothermic peak can be appreci-
ated between 191°C - 385°C (Tmax =249 °C) corresponding to a mass loss of 23.3 wt%. This
result could be attributed to the loss of six water molecules and the lanthanum oxalate
anhydre formation. The next endothermic peak appears between the range of 383 °C - 488
°C (Tmax= 424 °C) with a mass loss of 21 wt% can be assigned to the formation of lanthanum
carbonate basic or La-dioxycarbonate, according to Equation 8:

La,(C,0,)s — La,0,C05 + 3CO + 2CO, 8)
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Finally, the last endothermic peak can be observed at around 745 °C - 840 °C (Tmax =
800 °C), which corresponds to the lanthanum oxide formation with a mass loss of about
4.9 wt%, according to the Equation 9:

La,0,C0; — La,0; + CO, )

The thermal decomposition of lanthanum oxalate decahydrate has previously been
described by Grivel et al. [25] and Purwani et al. [26] through three steps: first, the loss of
10 water molecules to form the acetate anhydre; next, the formation of lanthanum car-
bonate basic, and finally, the formation of lanthanum oxide. In this sense, lanthanum
oxalate decomposition has been reported by Balboul et al. [27] according to twelve steps,
which also include the loss of water molecules, the formation of different basic carbonates
(La2(COs)2, La20(COs)2 y La202C0Os) and finally, the formation of lanthanum oxide. Zhan
et al. [28] described the decomposition of lanthanum oxalate decahydrate through three
endothermic dehydration reactions in which the loss of six, two, and two water molecules
occurs followed by the formation of lanthanum carbonate basic (Tmax = 410 °C), and the
formation of lanthanum oxide (Tmax = 708 °C).

The dehydration process proposed in the present work is slightly different in the de-
hydration stages. This result could be a consequence of the obtention process of the lan-
thanum oxalate by precipitation with oxalic acid in an organic medium.
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Figure 5. DTA/TGA curves of the obtained lanthanum oxalates.

3.4.3. Fourier Transform Infrared (FTIR)

FTIR spectra of lanthanum oxalates are exhibited in Figure 6. The corresponding as-
signations of each registered band are also shown in it [29-31]. It can be appreciated a
broad emission band peaked at 3500 cm! that can be attributed to the -OH of the carbox-
ylic group. According to their structure, oxalates do not exhibit this type of H* so that the
presence of this band suggested the presence of the coordinate H2O molecules, and a
strong link between the chemical structure and the oxalate. Other bands at around 1600
cm? and 1500 cm, which can be attributed to the asymmetric and the symmetric vibra-
tions of the carboxylate group, respectively, can also be appreciated. The intense band at
around 1300 cm! corresponds to the asymmetric tension of the C-O bond. A typical band
of this type of compound was found at 800 cm™, and corresponds to the vibration of the
La-O bond, as well as the bending of the O-C=0O group. In addition, a band at around 650
cm! was registered related to the water molecules content. Finally, the band at 500 cm is
related to the La-O bond vibration, and the chelated ligand ring deformation.
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Figure 6. FTIR spectrum of the obtained oxalates.

3.4.4. Scanning electron microscopy (SEM)

Figure 7 exhibits SEM micrographs of the lanthanum oxalates (Figure 7a,b) obtained
from both initial sSFCC powders, and the corresponding lanthanum oxides after the ther-
mal treatment (Figure 7c,d).

Particles agglomerates with approximately sheet-like particles were found in the case
of the obtained lanthanum oxalates (Figure 7a,b). After the thermal treatment at 1200 °C
for 2 hours (Figure 7c,d), the powder samples exhibit nanoparticles agglomerates with an
irregular particle shape and size. This morphology is in good agreement with that previ-
ously reported in calcined samples of La2Os composition [32].

Figure 7. SEM micrographs of (a-b) lanthanum oxalates and (c-d) lanthanum oxides samples.

5. Conclusions

An effective process to obtain lanthanum oxide from spent fluid catalytic cracking
(sFCC) catalysts has been assessed. Two different sFCC solids were used in the investi-
gated work. First, acid leaching was evaluated under different conditions to extract lan-
thanum from the initial solids. Leaching using nitric acid with a 1.5 M concentration

proved to be the most effective condition for the recovery of lanthanum for both samples
investigated.
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Subsequently, liquid-liquid extraction process was investigated to selectively sepa-
rate lanthanum from nitric acid. Optimal separation was found for A/O ratio of 8. Finally,
lanthanum was stripped from the organic phases using oxalic acid to precipitate the cor-
responding lanthanum oxalate. After a thermal treatment, lanthanum oxide was effec-
tively obtained. The present work demonstrate that it is possible to obtain lanthanum ox-
ide from spent fluid catalytic cracking catalysts by the as-described industrial-scale pro-
cedure.
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