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A determinag@o de elementos terras raras (REE) em catalisadores gastos provenientes da
industria de petrdleo € proposta. Foram testados trés procedimentos de tratamento de amostra,
um sem adicdo de HF e outros dois usando diferentes quantidades de HF e dcido bdrico, além
de uma etapa de evaporacao assistida por radiacdo micro-ondas para dissolu¢do dos fluoretos de
REE. O meio contendo 1,0 mL de HF e 8,0 mL de 4cido bdrico foi eficiente para promover a
completa digestdo da amostra. Estudos foram realizados usando uma célula de reacdio para reducgao
de interferéncias por fons poliatdmicos para quatro elementos por espectrometria de massas com
plasma acoplado indutivamente (ICP-MS). Material de referéncia certificado, TDB-1, foi utilizado
para avaliar a exatiddo do método aplicado a dez amostras de catalisadores. O procedimento
proposto € rapido, eficiente e apresentou exatiddo e precisdo adequadas para 14 dos 16 analitos
determinados. Testes de adi¢@o e recuperacdo apresentaram valores entre 87% e 101%.

The determination of rare earth elements (REE) in spent catalyst samples from oil refinery is
proposed. Three sample treatment procedures were tested, one without HF and two using different
amounts of HF and boric acid. A microwave evaporation step to promote the dissolution of the
REE fluorides was carried out. The medium containing 1.0 mL of HF and 8.0 mL of boric acid
promoted the complete digestion. Studies were carried out using a reaction cell to overcome
polyatomic interferences on four elements by inductively coupled plasma mass spectrometry
(ICP-MYS). Certified reference material, TDB-1, was used to evaluate the method accuracy applied
to ten spent catalysts. The sample treatment is fast and promotes the complete digestion of the
samples and the developed procedure led to proper accuracy for 14 of the 16 determined analytes.
Recovery tests presented values between 87% and 101%.
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Introduction

The world demand for rare earth elements (REE) is
heightening drastically as a consequence of the widespread
use of high-tech products and since the renewable and
environment friendly energy technologies, well promoted
nowadays, are possible only because the occurrence of
these elements. The REE demand will continue to grow as
the life conditions in many countries, as for example China
and India, are more and more improving.'
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The REE, 15 from f-block, the lanthanides, and 2 others
from d-block, scandium and yttrium, are not really rare, but
because their similarities, their isolation and separation are
difficult, and since their occurrence is highly dispersed, their
production is expensive.? To supply the increasing demand
and the deficit caused by China’s export restrictions, many
countries are developing REE mining and it is expected that in
few years the world production will grow significantly. Even
so, there is no guarantee that this increase in the production
will be enough to supply the growing demand. Furthermore,
the REE extraction from natural sources is becoming even
more difficult, because the ores are becoming poorer, and
mining activities are related to important environmental
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issues. This calls attention to another important governmental
concern: reducing the environmental impacts caused by the
use of modern technologies.?

The growing use of high-tech products has increased
the production of solid wastes containing REE. To be in
line with the new tendencies for environmental protection
reduce, recover, reuse and recycle concept is being adopted
all over the world.* In Brazil, the national policy for solid
wastes establishes the proper management of solid waste
and requires the industrial sector to implement the recycling
of residues from their process.’ A correct management
implies in a full understanding of the nature and the contents
of the wastes, which requests analytical investigations.
But, these investigations can be difficult since solid wastes
are, normally, highly complex matrix samples and their
conversion in a proper medium, making it possible the
determination of elements by suitable analytical techniques,
is still a challenge.®

Oil refinery industry generates huge amounts of solid
waste from the most widely process used in petroleum
refining, the fluid catalytic cracking (FCC). In this process,
catalysts containing high concentrations of REE are used
to convert heavier oil into lighter and more valuable
products.” However, gradually the catalyst loses its activity
and is rejected as a solid waste. Each year, hundreds of
thousands of tons of spent catalysts are produced and
many applications and re-use, such as masonry block,
road construction and cement mortars, are proposed.
But, considering the crucial importance of REE, their
indispensable role in technologies, the high economic
and environmental costs associated with their production
by mining activities, spent catalysts could have a better
destination. The use of spent catalyst as a source of REE
would be an interesting application, supplementing their
production from virgin ores, and also be in agreement with
the recycling-recovery concept. Hence, investigations are
needed to evaluate the amount and which REE remained
in spent catalysts after the cracking process.®

Many techniques to analyze samples containing REE
have been reported, but inductively coupled plasma mass
spectrometry (ICP-MS) is considered the most powerful
technique for this purpose. The ICP-MS attractiveness
is mainly due to its high sensitivity, multi-elemental
capacity, isotopic measurements possibility and a large
linear working range.’ Nonetheless, the determination of
REE, by ICP-MS, finds some drawbacks since they are
refractory and the formation of oxides is not negligible.
Lighter REE oxides and hydroxides can cause polyatomic
interferences on heavier REE. Oxides and hydroxides
of Ba can cause spectral overlap on middle REE and
oxides or hydroxides of Te can interfere with the lighter
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REE.!" To overcome this problem, many approaches
have been proposed, including measurement of doubly
charged ions, use of algebraic corrections, instrumental
parameters modifications and the application of
desolvation techniques. Lately, a solution proposed with
a great potential to overcome polyatomic interferences is
the use of a dynamic collision/reaction cell, into which a
gas is introduced to eliminate or reduce the polyatomic
ions. Some example of gases used are, ammonia, helium,
hydrogen, methane, xenon and neon.'

The determination of the analytes with reproducible
and accurate results, in routine analysis, has the complete
digestion of the sample as prerequisite. The sample
preparation has been considered the most important step
before the determination by ICP-MS. Methods for sample
treatment include alkali fusion, open and closed digestion
on hot plate and microwave-assisted digestion. Despite
being effective, alkali fusion presents some disadvantages,
such as the use of large amounts of fluxing agent, possible
contamination, high blank levels, time consumption and
tedious. Digestion on hot plate is successfully applied
to mafic rocks, a type of mineral with high content of
iron and magnesium, but for refractory minerals it does
not promote the complete dissolution of the sample.
Microwave-assisted digestion is also reported not to be
so effective in accomplishing the complete dissolution of
the sample, especially geological samples. Nevertheless
its use has being increased recently due to some
attractiveness, such as, high temperature and pressure,
sealed vessels that decrease losses, increased digestion
efficiency and its safety for the analyst. Furthermore, its
full potential is still being exploited as reported by Muratli
et al.,> who proposed a procedure using microwave to
evaporate the acids fumes drawing them out through a
series of bubblers containing boric acid, NaOH, and water.
Also, Navarro et al.'> described a procedure in which, after
the digestion steps, a microwave-assisted step was carried
out to accomplish the complete drying of the samples and
solubilize the fluorides.

ICP-MS instrument using a conventional nebulization
system requires the samples to be completely solubilized
since any particle could clog the nebulizer. Many types
of wastes contain high contents of silica, demanding
the use of hydrofluoric acid to accomplish the complete
dissolution of the matrix. However, it is well known
that REE form insoluble complexes with hydrofluoric
acid, making it impossible the introduction in ICP-MS
instrument. Furthermore, the use of hydrofluoric acid
can damage the components of the sample introduction
system, when working with conventional nebulization
manufactured in glass or quartz. Methods using HF with
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or without its elimination have been proposed for different
types of samples, but few accomplish the complete
decomposition of the samples and are time consuming
and laborious.%!?

The goal of this work is to develop a fast and reliable
method for determination of REE concentration in spent
catalyst samples using microwave-assisted digestion
and evaporation procedures to promote the complete
decomposition of the samples and the dissolution of the
REE fluorides. After the digestion of the samples the
measurements of the analytes were carried out by ICP-MS,
using ammonia in a reaction cell to overcome polyatomic
interferences on the signal of four elements. At the best of
our knowledge, the procedure developed in this work is a
novelty for this type of samples, whose REE content has a
great economic and environmental appeal.

Experimental
Instrumentation

In this work, an inductively coupled plasma mass
spectrometer, model NexION (Perkin Elmer, Shelton,
CT, USA) equipped with a sample introduction system
by a peristaltic pump, a cross flow nebulizer and a
concentric chamber, was used in all studies for procedure
development to determine the concentration of REE. The
instrument is also equipped with a dynamic reaction/
collision cell, into which a gas is introduced with the
purpose to overcome REE polyatomic interferences.
Argon gas, 99.996 purity, (White Martins, Sao Paulo,
SP, Brazil) was used in all measurements on the ICP-MS.
Ammonia (99.995 purity, White Martins) was used in the
studies of the polyatomic interferences on the elements
of interest. The operational parameters of the ICP-MS
instrument are shown in Table 1.

The sample treatments were carried out in a microwave
oven model Ethos Plus, (Milestone, Sorisole, Italy).
The instrument has an evaporation accessory VAC 1000
(Milestone) coupled to the microwave oven to accomplish
the dissolution of the insoluble fluorides. Microbalance
(Mettler, Toledo, Switzerland) was used on the mass
measurements for all samples.

Reagents, standards and samples

All reagents used in this work were at least of analytical
grade purity. Water purified in a system, Milli-Q (Millipore,
Bradford, MA, USA), to a resistivity of 18.2 MQ cm was
used in preparing all samples and solutions. Nitric acid
65% v/v (Carlo Erba Reagenti, Milan, Italy) and hydrochloric
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Table 1. Operational conditions of the ICP-MS instrument for REE
determination in certified material, TDB-1, and in spent catalyst samples

RF power 1600 W
Detector voltage
Pulse 1250V
Analogical -1675V
Gas flow rate
Principal 18 L min™
Auxiliary 1.2 L min™!
Nebulizer 1.02 L min™'
Sampler and skimmer cones Ni
Signal measurements Peak hopping
Reading per replicate 50
Auto lens mode On
Dead time 35 ns
Detector operation mode Pulse
Dwell time 25 ms
Corrections equations -0.012780 1(**’Gd) for Sm
—0.047902 1('*°Er) for Dy
Rejection parameter q of DRC mode 0.45

acid 37% v/v (Vetec Rio de Janeiro, Brazil), used in all
solutions, were purified by double sub-boiling distillation
in a quartz still (Kiirner Analysentechnik, Rosenheim,
Germany). Hydrofluoric acid was also purified by double
sub-boiling distillation in a poly(tetrafluoroethylene) system
(Kiirner Analysentechnik). To accomplish the dissolution
of the insoluble fluorides boric acid (Vetec, Rio de Janeiro,
RJ, Brazil) in a concentration of 5.0% m/v, was used in the
microwave-assisted evaporation step after the digestion
procedure. Multi-elemental solution of REE (Perkin Elmer,
Shelton, USA) was used in the studies and calibration curves,
5.0 to 120 pg L', for the analytes determination.

Ten samples of FCC spent catalysts from oil refining
industry in different regions of Brazil was used to carry
out the studies of sample treatment and the polyatomic
interferences, as well as the determination of the
concentration of REE. In absence of certified catalyst
sample, a reference material with high content of silica,
a rock sample, TDB-1, (CCRMP, Ottawa, Canada) was
submitted to all procedures to evaluate the efficiency of
the sample treatment and the accuracy.

Procedures

In a first sample treatment carried out, 100.0 mg of the
FCC spent catalyst was weighed directly into the Teflon
vessel, 4.0 mL of nitric acid, 2.0 mL of hydrochloric
acid and 2.0 mL of hydrogen peroxide was added and
the mixture was kept standing for 1 h to avoid strong
reactions inside the instrument. Hydrogen peroxide was
added because the samples were used in oil refining
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process, containing organic compounds and the coke
formation within the porous is promoted. After this time,
the samples were submitted to the microwave program.
The temperature program for the digestion procedure
assisted by microwave is shown in Table 2. After that, the
solutions were transferred to 50.0 mL polyethylene tubes
and diluted to a final volume of 50 mL with deionized
water. In order to evaluate the accuracy of the method, a
certified material, rock sample TDB-1, was also submitted
to the same procedures.

Table 2. Temperature program for microwave digestion procedure of spent
catalyst samples with and without HF for REE determination by ICP-MS

time / min Step

5 Heating, from 20 °C to 140 °C

5 Heating, from 140 °C to 210 °C
15 Plateau, 210 °C

15 Ventilation, cooling down to 20 °C

A second treatment aiming to accomplish the total
digestion of the samples was carried out. About 100.0 mg
of one catalyst sample or reference material, TDB-1, was
weighed directly into the Teflon vessels, 4.0 mL of nitric
acid, 1.0 mL of hydrochloric acid and 1.0 mL of hydrogen
peroxide were added and the mixture was kept standing for
1 h. Two procedures using HF were then adopted. In the
first, 0.5 mL of HF was added and in the second, 1.0 mL
of HF was added. The vessels were closed and submitted
to the same microwave assisted program presented in
Table 2. After the digestion and cooling steps, the vessels
were opened and the covers were rinsed with 10 mL of
high purity water into the digestion flasks. Then, when
0.5 mL of HF was used in the digestion procedure, 4.0 mL
of boric acid saturated solution (5.0% m/v) was added and
when 1.0 mL of HF was used, the volume of boric acid
saturated was 8.0 mL. The vessels were covered with proper
evaporation adapters and submitted to an evaporation
microwave assisted program. In this evaporation program,
the power was controlled instead of the temperature. The
microwave program, suitable for the elimination of 15 mL
of the acid solution, is presented in Table 3. After the
evaporation step and cooling, the samples were transferred

Table 3. Microwave program for 15 mL of acid solution evaporation,
using boric acid to accomplish the dissolution of REE fluorides, for
determination by ICP-MS

time / min Power / W
6 250
6 450
6 650
6 250

Silva et al. 1065

to 50.0 mL polyethylene tubes and filled up to a final
volume of 50 mL with deionized water.

Results and Discussions
Sample treatment

The first sample treatment was carried out using nitric
and hydrochloric acids and oxygen peroxide to evaluate
whether this medium would promote the complete
sample digestion or the extraction of the analytes and, in
this case, in an effective degree. H,O, was used because
it improves the decomposition of organic matter. This
treatment did not promote the complete dissolution of
the samples and solid particles remained after digestion
process. Measurements by ICP-MS were carried out
using the supernatant to quantify the concentration of
the analytes and to evaluate the degree of extraction. For
the certified material, TDB-1, the results presented in
Table 5 (values obtained without HF) were in agreement
for nine of the sixteen elements whose concentrations
were determined. For others seven elements, the results
were not in accordance.

In order to improve the efficiency of the digestion
procedure, to obtain the complete decomposition of the
samples and, consequently, to achieve the determination
of the total amount of the analytes, a second treatment
procedure using hydrofluoric and boric acids, with an
evaporation step after the digestion, was carried out. For
this treatment, 100.0 mg of the certified material were used
and the digestion and evaporation steps were carried out
as described in the procedures. The procedure carried out
using 0.5 mL of HF in the digestion step and 4.0 mL of boric
acid, in the evaporation step, was not efficient in promoting
the complete dissolution of the samples. At the end of the
procedure there still remained a small amount of solid
particles. After applying the procedure with 1.0 mL of HF
and 8.0 mL of boric acid, the obtained solutions were limpid
and completely free of precipitate, showing the efficiency
of both, the digestion of the silica and the dissolution of the
REE fluorides. After that, the concentration of the analytes
was determined by ICP-MS using the optimized parameters
of the instrument, nebulizer gas flow rate and RF power, to
promote the minimum oxide formation and also correction
equations, according to the optimized parameters presented
in Table 1. For twelve elements, the concentration values,
calculated as mean + 95% confidence interval (n = 3)
according to student-f test, in the certified material were in
agreement with the provided values and only four elements,
Gd, Lu, Nd and Yb, the obtained values were discordant
with the provided values for the certified material.
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Polyatomic interferences

Since the complete dissolution of the sample was
achieved and for four elements the obtained concentration
values were discordant, meaning above or below the
values for certified material, a study was performed to
verify whether the presence of polyatomic ions would be
interfering on the signal of the analytes and affecting the
results. The isotope '®Gd can suffer interference of the
ions "Pr'®Q'H, '**Nd'%0, and '**Ce'®O. The signal of '"Lu
is affected by '*Gd'®O'H and "*Tb'°O. The ion '*Te'°O
interferes with 'Nd and '"3Gd'°O with "Yb.

To carry out this study, the certified sample submitted
to the digestion and evaporation procedures, with the
addition of REE solution equivalent to 10.0 pug L', was
used to evaluate whether ammonia would be effective in
overcoming the interferences and its optimum flow rate.
Figure 1 presents the effect of ammonia on the background
equivalent concentrations for Gd, Lu, Nd and Yb. The
effect of ammonia on the interferences was evaluated
considering the background equivalent concentration (red
line), calculated as the ratio between the analyte signal in
the sample solution (blue line) and in the blank solution
(green line). The results show that, for all analytes, there
is a reduction in the background equivalent concentration
as the ammonia flow rate increases. For Gd and Nd, this
decrease is all over the flow rate range studied. For Lu, at
first, an increase in the background equivalent concentration
is observed up to 0.4 mL min™' flow rate, then it decreases.
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The behavior of Yb is quite different. A small decrease is
observed in the background equivalent concentration up
to a rate of 0.4 mL min!. After that, an increase in the
background equivalent concentration occurs probably
because ammonia promotes the formation of polyatomic
interfering ions with other elements present in the blank
solution.

From Figure 1 itis also possible to see that the decrease
in the background equivalent concentration is also because
an increasing in the analytes signal with the increase of the
ammonia flow rate. This is consistent because REE are
refractory and tend to form oxides so, as the ammonia flow
rate increases, possibly the oxide bonds are broken resulting
in a growing of the analyte signal. However, at higher gas
flow rate the analyte signal decreases, probably because
ammonia in excess behaves as collision gas and the analyte
is withdrawn out of the cell by collision. This decrease is not
so significant, except for Gd. The ammonia flow rate that
promotes the best background equivalent concentration for
each analyte was chosen as the best combination between
the analyte signal (blue line) and the blank solution signal
(green line). The ammonia flow rate was 0.4 mL min™'
for Yb and 0.7 mL min~' for Gd, Lu and Nd, respectively.

Sample dilution

The concentration of REE varies greatly in the
sample. In this case, the sample dilution is an important
factor in performing the determination of all analytes
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Figure 1. Effect of ammonia gas on the background equivalent concentration (-+-) of REE for the certified material TDB-1, with the addition of 10.0 ug L

of the analytes.
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simultaneously. Besides, a proper dilution of the solutions
introduced into ICP-MS instrument is required because
high concentration of acids can damage the components,
as for instance the cones. Normally solutions with an acid
concentration of 1.0% are used. However, the sample
treatment developed in this work, which included an
evaporation step, accomplished the elimination of great
part of the acids, not being necessary such high dilution.
Thus, solutions were prepared by diluting the sample 10,
20 and 50 folds, considering the variation of the analytes
concentration, and HNO, was added to assure a 1.0% acid
concentration. The dilution, in which all analytes were
simultaneously determined leading to values in agreement
with the certified material for all elements, was 20 times.
So, for the determination of REE elements in the spent
catalyst samples a 20 times dilution was adopted.

Sample determination

After the studies for the sample treatment and the
polyatomic interferences corrections by ICP-MS with a
reaction cell, a procedure for determination of 16 REE
in the certified material, TDB-1, was proposed. In this
method, 12 elements, Ce, Dy, Er, Eu, Ho, La, Pr, Sc, Sm,
Tb, Tm and Y, would be measured in the standard mode
of the instrument. On the other hand, the determination of
Gd, Lu, Nd and Yb would be carried out using ammonia
as reaction gas. The flow rate was 0.4 mL min™' for Yb and
0.7 mL min™' for Gd, Lu, and Nd, respectively.

The sample, after microwave-assisted digestion and
evaporation using HF and boric acid, was analyzed
according to the procedure described above. The calibration
was performed using solutions containing all analytes in a
1.0 % v/v HNO, medium as a compromise condition. The
figures of merit are shown in the Table 4.

The limit of detection (LOD) was calculated as 3 times
the standard deviation of the analyte intensities in the blank
solution (n = 10) divided by the slope of the calibration
curve. The LOD values ranged from a 1.0 ng g™, for Lu
andY, to 1.1 pg g™' for Sc. The relative standard deviation
(RSD), that expresses the precision of the method, was
evaluated by the repeatability of a set of measurements
and the found values are considered acceptable, except for
Yb, for REE determination by quadrupole ICP-MS, which
range up to 15%." The linear correlation coefficient (R)
was higher than 0.9998 for all analytes.

The results for the REE determination in the certified
material digested with and without HF and posterior
microwave evaporation step are presented in the Table 5.
The procedure without HF and determination without
ammonia as reaction gas presented values in disagreement
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with the provided values for 7 elements (Nd, La, Pr, Eu, Dy,
ScandY). Beside this, for those in agreement the deviations
between the replicates were high. Since the sample

Table 4. Figures of merit for determination of REE in spent catalyst
samples by ICP-MS, after microwave-assisted digestion and evaporation
with HF with boric acid

Analyte R LOD/(ng g") RSD/ %
Yb* 0.99989 1.0 18.5
Gd* 0.99991 40.7 12.4
Nd* 0.99996 2.1 1.3
Lu® 0.99997 1.0 9.3
La 0.99998 81.1 0.4
Ce 0.99996 52 14.8
Pr 0.99995 3.3 35
Sm 0.99997 8.3 10.9
Eu 0.99996 3.3 1.8
Tb 0.99993 2.0 2.4
Dy 0.99997 273 11.1
Ho 0.99994 7.7 2.7
Er 0.99996 5.3 2.3
Tm 0.99995 2.0 3.6
Sc 0.99998 L1 8.2
Y 0.99998 14.1 9.7

“Values using ammonia reaction gas; value in pg g~'.

Table 5. Certified and obtained REE concentration values, in pg g!
(confidence interval 95%; n = 3), after microwave-assisted digestion
with and without HF, followed by an evaporation step with boric acid for
certified material TDB-1, by ICP-MS

. Determined Determined

Analyte cor?:;?t?zgon cor?centration concentration
without HF with HF

Yb 34+04 29+09 2.7+0.5¢
Gd 7 7.6x2.1 9.7+ 1.2¢
Nd 23+ 1 1534 +4.0 23.4+0.3¢
Lu 0.52 +0.06 04x0.1 0.75 £0.07¢
La 17+2 11.2+£35 17.6 £0.7
Ce 41 = 4° 42.1+6.2 41.0+1.0
Pr 6" 3.6+1.0 57+0.2
Sm 6.0+0.2 5515 6.4+0.7
Eu 2.1x0.1 1204 2.26 £0.04
Tb 1.2£0.1 1.1+03 1.25+0.03
Dy 8x1 56+1.6 8.1+0.9
Ho 1304 1204 1.48 £0.04
Er 42 3.1+09 43+0.1
Tm 0.6+0.1 0.5x0.1 0.56 +£0.02
Sc 36+3 10.1 £4.4 414+34
Y 36 +4 20.1£5.6 31.0£3.0

{Informed values; "certified value; “values using ammonia reaction gas.
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contains high levels of silica, the digestion procedure
using only HNO,, HCI and H,0, does not promote the
complete decomposition of the sample, remaining after
the end of the process an amount of precipitate. In fact,
this procedure only promotes the extraction of the analytes
from the sample, but this extraction is not as effective as
demonstrated by the high deviation values.

The determinations according to the procedure developed
in this work, in which the digestion is carried out with HF
and with a posterior microwave-assisted evaporation step
with boric acid, to accomplish the dissolution of the REE
fluorides, and the use of ammonia as reaction gas, presented
values in disagreement for only three elements, Gd, Lu and
Y. The superiority of the procedure can also be seen by the
RSD values, which were lower when compared with the
values without HF and boric acid. In this procedure the use
of HF is essential to achieve the complete mineralization
of the sample, whose silica content is high.'> To solubilize
the REE fluorides, formed in the digestion procedure, boric
acid and evaporation step were imperatives, enabling the
determination of the total concentration of the analytes.
The RSD values confirm this. Addition and recovery tests
were performed by adding REE solution equivalent to a
final concentration of 30 and 60 pg L' of the analytes to the
sample before the digestion procedure in order to evaluate all
steps of the method. The results presented good recoveries
with values between 87% and 101%.
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The use of ammonia as reaction gas to reduce
polyatomic interferences was effective as can be seen in the
studies performed with a reaction cell, discussed before. For
two of the four elements whose determination was carried
out with ammonia as reaction gas, the concentrations
obtained were in agreement with the provided values
for the certified material. For the other two elements, Gd
and Lu, the reduction in polyatomic ions was not enough
to achieve the values of the certified material. Maybe
another gas would work better. Even so, the concentrations
obtained for Gd and Lu were not so discrepant with the
certified material, so the values for the real samples can
be considered an advantageous information.

The procedure, in which 12 elements were determined
without reaction cell and 4 elements using ammonia as
reaction gas, was applied to ten spent catalyst samples.
The results, presented as mean + 95 % confidence interval,
are shown in Table 6. The RSD for the majority of the
elements were within the range up to 15 %, indicating the
good precision of the method." For the majority of the
elements the concentration values are of the same order of
magnitude that of the certified material, possibly because
the material used to prepare the catalyst is from natural
source. But for La, the concentration is in the range of
percentage. This reveals that La is, in fact, the element used
to improve the cracking characteristics of the catalyst and
that a high amount is necessary. Other elements presented

Table 6. Concentration values for REE by ICP-MS (confidence interval 95%, n = 3), in ten spent catalyst samples after digestion with HF and evaporation

with boric acid, assisted by microwave

Concentration / (ug g™)

Analyte

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Sample 10
Yb* 0.47 +0.01 0.59 +0.05 091 +0.28 0.57 +0.07 0.48 +0.09 0.69 +0.02 0.61 +0.09 0.61 +£0.25 0.55 +0.07 0.62+0.12
Gd? 24.11+0.06 2334+036 4242+568 1143+136 1097171 84.79+11.66 1542+2.66 2552+5.02 1226+1.00 30.89+541
Nd# 12290 £0.31 129.10£1.95 125.69+13.61 58.19+7.02 5434746 108.33+13.77 86.41 +£1528 123.0+20.80 54.19+4.43 157.76+28.08
Lu® 0.11£0.01 0.14 £ 0.03 0.18 £0.02 0.12 £ 0.05 0.09 £ 0.01 0.12 £ 0.07 0.12£0.03 0.14 £ 0.05 0.13£0.02 0.15+0.01
La 185722 +46  26325+403 25114 +960 23414 +3140 20550 +2129 30963 +5674 20288 +3248 18461 £3171 17827 £ 1907 33545 + 9947
Ce 479.39 £1.19 314.43 = 11.13 243.28 £ 18.95 127.07 £ 19.63 163.91 + 19.04 214.86 +37.73 177.65 + 28.74 427.51 £76.70 160.94 = 15.55 501.0 = 136.3
Pr 8.10+0.02 21.99+0.12 31.00+2.06 8.74+0.79 5.02+0.58 7.20+1.26 13.13+2.01 10.07+1.99 5.26+0.64 15.83 £4.65
Sm 8.12+£0.02 13.32+0.21 2048 +0.34  5.33+0.65 3.18 £0.49 16.00 +£3.30 7.03+1.23 9.04 +2.08 5.99+0.71 17.38 £5.73
Eu 0.48 +0.01 0.60 +0.01 0.76 + 0.05 0.46 + 0.05 0.37 +0.05 0.39 +0.05 0.51 +0.07 0.47 +0.08 0.40+0.04  0.628 £0.17
Tb 0.23 +0.01 0.63 +0.01 1.02 +0.10 0.32+0.03 0.20 +0.02 0.38 +0.06 0.40 + 0.04 0.27 £ 0.05 0.20+0.03  0.400+0.13
Dy 1.09 +0.01 2.29 +0.06 3.28+0.14 1.48 +0.21 1.01 +0.14 2.10+0.25 1.68 £0.17 1.23+0.35 1.02 +0.15 1.63 +0.40
Ho 0.18 £ 0.01 0.29 +0.02 0.40 + 0.06 0.24 +0.04 0.16 £ 0.03 0.10 £ 0.01 0.23 +0.02 0.20 = 0.06 0.18 £ 0.02 0.23 +0.04
Er 0.53 +0.00 0.79 £ 0.06 1.13+0.09 0.71 £0.07 0.51+0.13 1.27 £ 0.07 0.69 = 0.06 0.60 = 0.17 0.55+0.16 0.66 +0.12
Tm 0.070 £0.007  0.07 £0.01 0.10 £ 0.02 0.08 +0.01 0.06 +£0.01  0.035+0.003 0.07+0.014 0.07+0.02 0.070£0.006 0.07 £ 0.01
Sc 9.73 £ 0.02 6.76 +3.93 7.24+£2.89 9.42+0.72 9.69+0.62 1671240 939x1.24 9.82+1.76 9.81 £ 0.66 9.16 £2.96
Y 3.44+0.01 5.38 £0.09 8.37+0.77 4.60 +0.49 3.14+0.50 2.61+0.12 4.26 +0.38 428 +1.15 3.67 +0.46 4.30+0.71

*Concentration values obtained using ammonia as reaction gas.
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considerable concentrations. The estimated abundance
on the bulk of the earth for Ce and Gd are 60 pg g
and 5.4 pg g, respectively.'* The amount of Ce found
in the spent catalyst samples ranged from 127 pg g™' to
501 ug g', about 2 to 8 times higher than the estimated
abundance. For Gd, the obtained concentrations ranged
from 11.4 pg g7' to 84.8 ug g7!, about 2 to 15 times higher
than the estimated abundance. Neodymium and Sm also
presented concentrations significantly higher than their
estimated abundance, up to 5 times for some samples. The
results of the determination show that the spent catalyst
from oil refinery would have a more valuable destination if
was used as a row material for REE instead of the solutions
normally proposed.

Conclusions

In this work, a method for determination of 16 REE in
spent catalyst sample is proposed. Three sample treatments
were tested, one using HNO,, HCl and H,O, and two others
using HNO,, H,O, and HF, to promote the decomposition
of the silica containing compounds and an evaporation
procedure with boric acid to dissolve the REE fluorides.
Both, digestion and evaporation procedures, carried out with
microwave assistance, made possible the determination of
the total concentration of the analytes and allowed the
introduction of the acid digests into the instrument without
damaging the sample introduction system. Ammonia was
evaluated as reaction gas in overcoming the interferences
on four elements, Gd, Lu, Nd and Yb. The study showed
that ammonia as reaction gas is effective in reducing
polyatomic interferences. Although, only two of the four
analytes had the concentration values in agreement with the
provided values for the certified material, the values of the
other two elements presented only a small discrepancy. It is
noteworthy that the RSD achieved for the proposed method
are much lower when compared with the method without
the use of HF and microwave evaporation procedure. Spent
catalyst samples from oil refinery contain a great amount
of La and a considerable concentration of Ce, Gd and Nd,
presenting a great potential as raw material for REE.
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