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Abstract

The paper presents a quick method for the quantification of nickel species in spent FFC catalysts; the quantification of known
quantities NiO and NiAl, O, is first done in a matrix of fresh zeolite Y, and then in a complex matrix, similar to the one of
a real spent catalyst. The method is carefully checked and the errors in the quantification are critically evaluated. After the
validation of the method with known quantities of NiO, well below the law limit for direct re-use, a set of real spent catalysts
(representative of a period of 12 months) is analysed.
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Statement of Novelty Introduction

The paper refers to the quantification of very small quantities
of nickel compounds in complex matrices, with a detailed
analysis of the possible issues connected. NiO identifica-
tion and quantification is mandatory for waste recycling in
a circular economy approach.
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Fluid catalytic cracking (FCC) is an industrial process of
extreme economical and environmental importance. It is an
essential process for gasoline production and for the manu-
facturing of base chemicals. One of the most widely used
active components for this process is a stabilized form of
zeolite Y (faujasite), inserted in a composite particle, which
also usually contains clays, alumina, and silica (as described
in [1]).

The structure of zeolite Y comprises pores where large
molecules can penetrate; moreover, thanks to the presence of
acid sites, the pores can be converted to proper dimensions
for the applications. Various alumina and silica sources are
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added, in order to produce a meso- and macro-porous matrix;
these materials, together with clays, also act as fillers [1].
Figure 1 shows a sketch of how most of the FCC pro-
cesses work. Being the process endothermic, there’s the
need to start increasing the temperature, by burning some
of the feedstock in the regenerator [1]. Hot catalyst mate-
rial is combined with pre-heated feedstock at the bottom
of the riser reactor (T =~ 550°C). The reaction produces
gases, that transport the catalyst/feedstock mixture up the
riser reactor, at the top of which the temperature is a bit
lower (T =~ 500 °C). The catalyst (still containing some car-
bon material) is separated from the product mixture and is
transported to the regenerator, where it is burned off. The
catalyst is thus regenerated and re-used continuously [2].
During the reaction-regeneration cycles, various modi-
fications of the catalyst take place; moreover, heavy met-
als may accumulate in the catalyst (usually Ni, V, and
Fe, which are contained in the crude oil in substantial
amounts), poisoning it and thus reducing its catalytic
performances. Meirer et al. [3] showed, in a particularly
interesting paper and by means of element-specific nanoto-
mography, where nickel and iron can be found in a spent
FFC catalyst single particle, and how they likely poison
the catalyst. They found out that Fe and Ni mainly accu-
mulate at and near the surface of the particle, meaning
that they entered the particle from the surface, i.e. during
the catalytic process. Ni penetrates deeper than Fe into the
particle with a peak concentration at about 300 nm and
significant concentration levels up to 3 pm. What is really
interesting, from the process point of view, is the correla-
tion between porosity changes, relative elemental concen-
trations, and distance from the particle surface: from these
comparisons, the authors could say that both Fe and Ni
contaminate the particle from the outside, and that they
tend to clog the macropore space, directly poisoning the
catalyst, as also stated by Etim et al. [4] and Bai et al. [5].
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Fig.1 Sketch of the fluid catalytic cracking process (FCC). Picture
taken from [1]
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Nickel is also problematic from the environmental point
of view, especially for what concerns the disposal of the
spent catalyst (or its direct re-utilization). In fact, some
of the nickel compounds are classified as carcinogenic or
toxic to reproduction (classlA or 1B), so the presence of
nickel must be carefully evaluated and quantified. Moreo-
ver, it is unavoidable to determine which crystalline spe-
cies host the nickel content of the spent catalyst. Without
this piece of information, a precautionary approach must
be applied, considering thus the whole nickel content as
belonging to the most dangerous species (i.e. NiO, bun-
senite), which has a maximum law limit of 0.1 wt% [6]. If
nickel content is over that limit, the spent catalyst must be
classified as hazardous waste, and cannot be reused with-
out a proper pre-treatment, that removes nickel compounds
(or at least, reduces the concentration of nickel below the
legal threshold). Busca and co-authors [7] showed that,
in their samples, nickel oxide can be detected in small
amounts, just larger than the legal limit, using X-ray pow-
der diffraction. In the spent catalysts analysed, nickel was
incorporated in the structure of Al,O;, which has a spi-
nel structure: the presence of Ni in the structure could be
detected by the change in the cell parameter of the alumina
itself. In a recent paper, Spadaro et al. [8] determined the
detection limit of nickel and vanadium compounds, both
from X-ray fluorescence (XRF) data and from X-ray dif-
fraction (XRD) data, in a statistically meaningful way.
They showed, in accordance to [7], that nickel can be pre-
sent either in the structure of alumina, forming a defective
Ni-Al spinel or in the amorphous phase that dominates the
spent catalysts.

In the present paper, the authors would like to show how
two nickel species (NiO and NiAl,O,) can be detected and
quantified, even in the tiny quantities that represent the legal
limit for waste classification [6], in a simplified matrix, as
well as in a complex matrix such as the one of an FCC spent
catalyst (for NiO). To do so, a three-step method was applied
on high resolution X-ray diffraction data from synchrotron
radiation: (i) quantification of added NiO in a fresh zeolite
Y, down to 1000 mg kg~! by means of Rietveld refinement,
(ii) construction of calibration lines using peak area and peak
intensity + testing in the quantification of known quantities
of NiO and NiAl,O, in a fresh zeolite Y, (iii) test of the
calibration line with the quantification of known quantities
of NiO added in a real spent catalyst matrix. The obtained
outcomes provide a reliable quantification method of NiO,
presents in a very low amount in a complex matrix. Never-
theless, our results allow us also to verify the accuracy of
the evaluation, providing thus a consistent analysis protocol,
complete with error evaluation in the quantification proce-
dure. The whole procedure is then tested on a number of real
FCC spent catalysts, coming from about 12 months sampling.



Waste and Biomass Valorization

Experimental
Sample Preparation

Three sets of samples were prepared: (1) Na-zeolite Y (Alfa
Aesar, CAS nr. 1318-02-1) with added NiO (Alfa Aesar,
99%, CAS nr. 12359) in decreasing amounts (from 20 wt%
down to 0.1 wt%); (2) Na-zeolite Y with added NiAl,O,
spinel, in decreasing amounts (from about 0.25 wt% down
to about 0.07 wt%); 3) a spent catalyst with added NiO, in
decreasing amounts (from 1 wt% down to 0.05 wt%). The
composition of all samples can be found in Table 1.

The NiAl,O, spinel has been synthesised starting from
stoichiometric quantities of nickel nitrate (Ni(NO5)2-6H,0,
Sigma Aldrich 99%, CAS nr. 13478-00-7) and aluminum
nitrate (Al(NO5)3-9H,0, Fluka, 98%, CAS nr.13473-90-0),
mixed carefully and heated up to 850 °C, in order to decom-
pose the nitrates. The resulting powder was ground and cal-
cined at 1100 °C for 5 h. The results of the synthesis were
checked by means of X-ray powder diffraction, with a PANa-
lytical X’Pert pro, equipped with a multichannel detector
(X’Celerator), with Cu Ka wavelength, a step size of about
0.02°26, and a counting time of 30 s step™".

All samples were carefully mixed in a ball mill for 5 min.

Data Collection and Rietveld Refinement

Data were collected at the ESRF, at the high resolution
powder diffraction beamline ID22, with a wavelength of
0.354359 A. The beamline detailed description can be
found on the ESRF website [9]. The wavelength was set
by a channel-cut Si(111) crystal monochromator. Diffracted
intensity was detected, as a function of 26, by a bank of nine
scintillation detectors, each preceded by an Si(111) crystal
analyzer. Measurements were performed in transmission,
using a boro-silicate glass capillary with an internal diam-
eter of 0.7 mm.

The Rietveld refinements were performed using GSAS-
IT [10]. The instrumental contribution to broadening was
evaluated using LaB, (NIST SRM 660c), binned with a very
small step size.

X-ray Fluorescence Analyses

X-ray fluorescence analyses were performed with a TIGER
S8 spectrometer (Bruker) on glass pellets obtained with a
Breitlander autofluxer. The recipe for the glass pellets was
as follows: 1 g of sample powder and 8 g of a fluxer made
by XRF services srl. The fluxer is composed of 66 wt% of
lithium tetraborate, 34wt% of lithium metaborate, plus an
added 0.2 wt% of lithium bromide. The glass pellets were
then analyzed in the spectrometer, using a calibration line
(for each element) obtained with standards mixed in various
proportions. The software used is SPECTRA plus, version
3.0.2.8. The method is checked and validated everyday with
mixtures with a known composition of the elements to be
analyzed. Nickel, being in very small amounts, needed some
extra work: the mixtures used for the calibration were made
using very small amounts of nickel, for a better precision.
Total carbon and sulphur were measured with an elemental
analyser (Icarus G4, Bruker).

Results

Powder Diffraction Methods for the Quantification
of NiO and NiAl, 0, in a Fresh Zeolite Y

In this section, three different methods (i.e. Rietveld refine-
ment, calibration with peak area, and calibration with peak
height) are tested for the quantification of NiO and NiAl,O,
added in known amounts to a fresh zeolite Y. The powder
diffraction patterns of the samples with NiO (top graph) and
of NiAl, O, (bottom graph) can be found in Fig. 2. The peaks
for bunsenite are clearly marked and still visible even at the
lowest concentration. The red pattern in the top graph of
Fig. 2 is the one without NiO, for a better visual estimation
of the presence of bunsenite peaks. In the bottom graph of
Fig. 2, the presence of nickel aluminum spinel is clearly
visible down to the sample with 0.1wt%, while the situation
is not so clear for the 0.047 wt% one (even though the most
intense peak at 8.39°26 is still visible).

Rietveld Refinements
Rietveld refinements of all the samples containing zeolite

Y and NiO were performed using an accurately refined
structure for zeolite Y (on single phase diffraction data,

Table 1 Phase composition for

Base dopant wt% wt% wt% wt% wt% wt%
all samples

Zeolite Y NiO 20 2 1 0.5 0.25 0.1

Zeolite Y NiALO, 0.25 0.12 0.047

Spent catalyst NiO 1 0.5 0.25 0.12 0.05
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Fig.2 Comparison of powder diffraction patterns of zeolite Y with
known quantities of NiO (top graph) and with known quantities of
NiAl, O, (bottom graph). The sample with 20 wt% of NiO was omit-
ted from the figure for a better clarity. The red curve in the top graph
corresponds to pure zeolite Y, to better appreciate the presence of
NiO

specifically collected). Structure reported in Polisi et al.
[11], was used as initial model. Si—O distances were
soft-constrained, gradually decreasing the weight of

the constrain (up to 10) after the initial stages. Extra-
framework species were located into the zeolite porosi-
ties inspecting carefully the Fourier difference map of the
electronic density and using the starting model, their loca-
tion and species were determined considering the bond
distances and the mutual exclusion rules. Species and their
locations were similar to those reported in Polisi et al.
[11], excect for W1 water molecule that in our refinement
presents an occupancy factor equal to zero. The results of
the Rietveld refinements of the samples containing zeolite
Y and bunsenite can be seen in Table 2, which shows the
main parameters that were refined, with the standard errors
(provided by the minimization procedure) on the last deci-
mal place in brackets. The magnitude of the standard error
on NiO refined parameters obviously increases with the
decrease of the amount of NiO in the sample: for instance,
the standard error on the cell parameters is on the fifth
decimal place for the samples with the highest NiO con-
centration and goes up to the third decimal place for the
less concentrated samples. The size and strain parameters
of NiO were refined only for the sample with the largest
concentration, and then used and kept fixed for all the oth-
ers, because refining the microstructural parameters (i.e.
when the peak intensity is very small) provides unreliable
results and affects the accuracy of the phase quantification.
Microstrain is a particularly sensitive parameter: its effect
on the broadening of the peaks’ tails produces integrated
intensities that may be highly unreliable, with the conse-
quent excess on the phase scale. An example of the actual
fit, for an amount of NiO corresponding to 0.5 wt%, is
shown in Fig. 3: it can be clearly appreciated that the small
amount of NiO can still be easily (and reliably) fitted.
Table 3 provides the results of NiO quantification.
The last two columns represent the difference between
the nominal and the refined concentrations, and the
relative difference % (i.e. 100*(refined-nominal)/nomi-
nal). Similarly to what has been done for zeolite Y and
NiO, known (and small) quantities of nickel aluminum
spinel (NiAl,O,) have been quantified through Rietveld

Table 2 Results of the Rietveld refinements performed on the samples with zeolite Y and known quantities of nickel oxide

NiO (wt%) NiO zeolite Y
a (A) ¢ (10\) Size (pm) Microstrain a (10\) Size (pm) Microstrain Rwp

20 2.95588 (3) 7.22979 (6) 6.8 (8) 656 (80) 24.5013 (3) 0.358 (4) 944 (44) 17.10
2 2.95582 (7) 7.2298 (2) - - 24.5147 (2) 0.387 (4) 1668 (36) 14.12
1 2.9559 (1) 7.2296 (3) - - 24.5160 (2) 0.398 (4) 1924 (35) 12.73
0.5 2.9557 (2) 7.2301 (5) - - 24.5170 (2) 0.394 (4) 1894 (36) 12.35
0.25 2.9559 (4) 7.229 (1) - - 24.5162 (2) 0.357 (4) 1623 (36) 14.06
0.1 2.956 (2) 7.230 (5) - - 24.4969 (4) 0.314 (4) 152 (64) 25.35

The first column represents the nominal concentration of nickel oxide (in wt%). The number in brackets represents the standard error on the last

decimal place, taken from the Rietveld least-squares procedure
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Fig.3 Rietveld refinement results for zeolite Y spiked with 0.5 wt%
of NiO. The black curve at the bottom represents the weighted differ-
ence between the observed and calculated diffraction pattern ([obs-
cal]/sigma); the square of this is what is actually minimized. In the
inset, a zoom with two of the NiO peaks clearly visible

Table 3 Results of the phase quantification for NiO and NiAl,O, with
the Rieveld method

Dopant Nominal Refined Difference Rel. difference
wt% wt% %
NiO 20.00 19.3 (1) -0.7 -35
NiO 2.00 1.86 (4) -0.14 -17.0
NiO 1.00 0.91 (3) —-0.09 -9.0
NiO 0.50 0.52 (3) 0.02 4.0
NiO 0.25 0.22 (2) —-0.03 - 12.0
NiO 0.12 0.07 (8) —-0.05 —-41.7
NiAlL, O, 0.25 0.23 (2) —-0.02 -8
NiAlL, O, 0.12 0.11 (8) —-0.01 -83
NiAlL, O, 0.047 0.04 (3) —0.007 - 149

The number in brackets represents the standard error on the last deci-
mal place, taken from the Rietveld least-squares procedure

refinement. The results of the quantification are shown in
Table 3. The relative errors % were calculated in the same
way as for NiO.

Calibration Lines Using Peak Areas and Peak Heights

An alternative method has been tested, in order to obtain
a quick quantification of NiO and NiAl,O,, and to study
its accuracy in standard and in real samples. For this pur-
pose, a calibration using the peak areas of NiO could be
fast and reliable enough. Peak areas have been evaluated
using a pseudo-Voigt function. The area of the main peak
on NiO in zeolite Y (same samples as in Sect. 4.1.1) was
calibrated against concentration, giving a regression line

with a R? = 0.99975 and a slope of 2.054, providing the
concentration on NiO as Z4=%"4 However, the area in peaks
with such a small intensity is quite difficult to evaluate in
a reliable way: the limits of the peaks are ill-defined, and
it is always an issue to reliably evaluate how wide are the
peaks vs background. Small errors in the fit can result in
large errors on the area itself. Even though the peak area is
generally considered far more reliable than the peak height,
when used for quantification purposes, the situation is dif-
ferent when the peak intensity is very small. The peak height
may be, in such ill-conditioned cases, a safer choice. Peak
heights have been evaluated using a pseudo-Voigt function.
Using peak heights, the regression line has R? = 0.99983
and a slope of 267.43, providing the concentration on NiO as
’% The same type of calibration has been done with
NiAl,O,, using both peak areas and peak heights, provid-
ing an R? = 0.9702 and a slope of 14.76 for the areas, and a
= 0.989 and a slope of 308.35 for the heights.

The first check to be done is to understand how accurate
we can be with these regression lines: in order to quantify
the error made just because of the limited number of deci-
mals in the calibration, we decided to use the regression
lines to quantify the standard samples, i.e. the samples with
known analyte amounts that were used to construct the cali-
bration lines themselves. For this purpose, we quantified
NiO and NiAl,O,, with the area and the height calibration
lines, in the same samples already described. Table 4 pro-
vides the details of this quantification.

Comparison of the Various Methods

It is now interesting to compare the two methods and two
dopants, in terms of their accuracy (defined here by the rela-
tive error %). Figure 4 shows such a comparison. The blue
histogram and the grey line refer to NiO, with the height
and the area regression method, respectively. The orange
histogram and the yellow line refer to NiAl,O,, with the
height and the area regression method, respectively. We can
observe, from the figure, that the relative errors % are sys-
tematically larger, in absolute value, for the area regression
method than for the height one, for both NiO and NiAl,O,.
Moreover, it seems more difficult to get accurate values for
spinel data than for NiO data, as the relative error % are
systematically much larger for the NiAl,O,, in accordance
with the worse R? for the spinel regression lines.

Figure 4 also shows, with a dashed cyan line and with a
red dashed line, the relative error % for the Rieveld quanti-
fication of NiO and of NiAl,O, , respectively, in the same
samples used for the regression line method. The compari-
son is not fair, because of the very different issues in the
quantification for the two methods, but it is still edifying to
make. The data, relative to the Rietveld results, are taken
from Table 3. Apparently, the Rietveld method works best

@ Springer
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Table 4 Results of the phase quantification for NiO and NiAl,O, with
the area and the height regression method in samples with fresh zeo-
lite Y

Dopant  Method Nominal Calculated Difference Relative
difference
wt% wt% %

NiO Area 20.00 20.029 0.029 0.15
NiO Area 2.00 1.923 —-0.077 -3.85
NiO Area 1.00 0.750 -0.25 —25.02
NiO Area 0.50 0.336 —0.164 —32.81
NiO Area 0.25 0.185 —0.065 —26.00
NiO Area 0.12 0.097 —0.023 - 19.17
NiO Height 20.00 20.009 0.009 0.04
NiO Height 2.00 2.061 0.061 3.06
NiO Height 1.00 0.774 —0.226 —22.60
NiO Height 0.50 0.388 -0.112 — 2241
NiO Height 0.25 0.212 —0.038 —15.34
NiO Height 0.12 0.095 —0.005 —20.83
NiAL,O, Area 0.25 0.262 0.012 4.83
NiAL,O, Area 0.12 0.103 —-0.017 - 1422
NiAL,O, Area 0.047 0.026 —0.021 —43.81
NiAL,O, Height 0.25 0.257 0.007 2.79
NiAL,O, Height 0.12 0.110 —-0.010 —8.38
NiAl,O, Height 0.047 0.036 —0.011 —24.31
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Fig.4 Comparison of the accuracy for the quantification with the
regression line method, with peak areas and peak heights. Rietveld
results are shown for comparison. Data are taken from Table 3

for the larger NiO concentrations, while it’s not as accurate
for the smaller ones. For what concerns NiAl,O,, with only
three data points, it is difficult to comment sensibly.

Powder Diffraction Methods for the Quantification
of NiO in a Real Spent Catalyst

Very small quantities of NiO and NiAl,O, were detected
with ease, when present in well crystallised fresh zeolite

@ Springer

Y, as shown in Sect. 4.1. However, the presence of these
phases must be detected, in real life, in a complex matrix,
such as the one of spent catalysts, containing various crystal-
line phases, and one or more amorphous ones, resulting in
a structured and high intensity background. Figure 5 shows
a multiphase diffraction pattern of a typical spent catalyst,
where 6 alumina was likely used as a support. The active
catalytic phase (zeolite Y) is still present, even though with
broader peaks; it clearly underwent some temperature driven
decomposition reaction, as mullite is present in substantial
amount. Anatase is usually present in FCC catalyst as an
active matrix component and specifically as the active phase
of vanadium traps [12, 13]. Moreover, the structured back-
ground is a sign that the process of thermal decomposition
of zeolite Y was almost complete, as an amorphous phase
is definitely present.

The phase identification has been performed by means of
PANalytical Highscore plus [14]. With this sort of matrix,
the identification and the quantification of nickel oxide and/
or of nickel aluminum spinel can be challenging. In par-
ticular, the Rietveld method will not be easy to apply, as it
requires an internal standard for the quantification of the
amorphous component, with some issues on the accuracy
[15]. The Rietveld method, in fact, normalises the phase
fractions, so that their sum is 1. In this way, only crystalline
phases are taken into account in the quantification, lead-
ing to a gross overestimation of the crystalline components
(especially when the amorphous content is large, like in
this case). The only way to use the Rietveld method, when
an amorphous component is present, is to couple it with
RIR method, by means of addition of an internal standard;
the procedure, however, is long and complex, subjected to

6000 —| -
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Fig.5 Powder diffraction pattern of a typical spent catalyst sample
with phase identification. Peaks labelled with ‘mu’ belong to mullite,
those labelled with ‘an’ belong to anatase, and those labelled with ‘al’
belong to a theta allumina support. All the other peaks belong to zeo-
lite Y
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quite large errors in the amorphous content evaluation, and
to issues in the choice of the proper internal standard [15].

The idea was then to check whether NiO was still detect-
able in a complex matrix: small amounts of NiO were added
to a spent catalyst with a very low amount of nickel (deter-
mined by XRF, as shown in the experimental section). The
usual 1 wt%, 0.5 wt%, 0.25 wt%, 0.1 wt%, and 0.05 wt%
were added to the matrix. Figure 6 shows the correspond-
ing powder diffraction patterns. The inset shows a zoom
of the data, where NiO peaks are well visibile above the
background.

The samples of the spent catalyst with added NiO (Fig. 6)
were used to check whether the calibration lines previously
obtained were working also in complex samples with a high
background. The presence of an amorphous phase, in fact,
usually constitutes an issue in the quantification of very
small amount of crystalline materials by means of powder
diffraction. The introduction of known quantities of the stud-
ied species in one of such samples, should help to under-
stand how and if the calibration lines are working in such
ill-condition cases. In the same way as previously done, the
calibration for peak area and peak heights were used and
compared.

Table 5 shows the results. The peak areas and the peak
height were determined using PANalytical Highscore plus
[14].

The last column, i.e. the relative difference %, shows
clearly that the height method performs much better than
the area method with such small quantities. Even though
the accuracy is not optimal, the method is very quick and
reliable. The relative differences are much larger than those
estimated for the samples with fresh zeolite Y (see for com-
parison Table 4). It is then clear that the complex nature of
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—— NiO 0.5%wt
7004 — NiO 1%wt

3 6001
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Fig.6 Comparison of powder diffraction patterns of a spent cata-
lyst with known quantities of NiO. In the inset, a zoom of the graph,
where the peaks from NiO are clearly visible

Table 5 Results of the phase quantification for NiO in the spent cata-
lyst using the peak areas and the peak heights

Dopant Method Nominal Refined Difference Relative dif-
ference
wt% wt% %
NiO Area 1 2434 1.43 143
NiO Area 0.5 2.244 1.74 349
NiO Area 0.25 1.042 0.79 317
NiO Area 0.12 1.232 1.11 927
NiO Area 0.05 0.915 0.87 1730
NiO Height 1 0.705 —0.30 -29
NiO Height 0.5 0.417 —0.08 -17
NiO Height 0.25 0.177 - 0.07 -29
NiO Height 0.12 0.1199  0.00 —0.08
NiO Height  0.05 0.079 0.029 58

the matrix, its many diffraction peaks and the presence of
an amorphous component play a key role in determining the
accuracy of the method. Regarding the results for NiO, it
can be noted that the larger concentrations tend to be under-
estimated, but this is not true for the smallest one, which is
largely overestimated. Even though the relative difference
% of this particular sample is quite large, it goes in the right
direction for a conservative approach to the environmental
issue described in this paper. The results of this paragraph
show that it is possible, quickly and easily, to evaluate a NiO
concentration as low as 500 ppm; even taking into account
the large positive uncertainty of the determination, the result
will still be below the law limit of 1000 ppm.

Powder Diffraction Data and X-ray Fluorescence
Analyses in a Set of Real Spent Catalysts

After the validation of the quantification method, the analy-
sis of the issues connected to it, and the evaluation of the
errors that can affect the measurement, the following step
was to apply the method (and the corresponding minimum
detectable quantity) to some real samples of spent catalysts.
The samples are representative of quite a long period (12
months) and have been characterised first from the chemical
point of view by means of XRF.

The results of the chemical analyses can be found in
Table 6: nickel concentration, recalculated as ‘NiO’, varies
between about 0.2 wt% and about 0.5 wt%.

X-ray powder patterns of all the samples were then
checked for the presence (and eventual quantification) of
nickel containing species. The graph in Fig. 7 shows the
powder diffraction patterns collected for the real spent
catalysts. The inset shows the region of interest for the
species studied. It can be seen that no peak is present in
the regions of the two main peaks for both species. Even
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Fig.7 Powder diffraction patterns for the spent catalysts. The inset
represents the same data in the region of interest for NiO (black lines)
and NiAl,O, (red lines). (Color figure online)

though some doubt may arise for the region around 8.4°20,
the 9.7°20 peak is not present; the latter is the most intense
peak, while the one at 48.4°26 has an intensity of 60% of
the most intense. In the same way, NiAl,O, is not present
in the powder diffraction patterns. As we know that 0.05
wt% of NiO is still well detectable and quantifiable in a
similar matrix, we can say that NiO is certainly below
0.05 wt%.

Conclusions

The paper shows a very quick and relatively accurate way
to determine whether a spent catalyst sample contains NiO
(with the corresponding concentrations, down to 0.05 wt%)
and NiAl,O,4, though only qualitatively.

A detailed study of known and very small concentrations
of the two species in simple and more complex matrices
provided the possibility to deeply understand their detection
limit and the errors connected to their quantification. Various
methods have been applied for the quantification, and the
following conclusions can be drawn: - the Rietveld method
is quite accurate and reproducible, but it can be applied only
when the matrix is crystalline and not particularly complex;
using it in complex matrices, with an amorphous compo-
nent, requires an internal standard, and it is not particularly
accurate, in general, for very low concentrations of the two
studied species; - the peak area and peak height methods
showed to be very fast and quite reliable in the samples with
fresh zeolite Y: in particular, for the smaller concentrations,
the peak height method provides better results; in a complex
matrix, similar to the one of real spent catalysts, the presence
of NiO is well visible (and quantifiable) down to a concen-
tration of 0.05 wt%.

The concentration limit of NiO for the direct re-use of
waste materials is 0.1 wt%: with the method proposed it is
possible to determine whether the spent catalysts are directly
recyclable. Even though the method needs to be carefully

Table 6 Sample composition

. . Sample LOI  C(tot) S(tot) SiO, Fe,0; ALO; CaO MgO Na,O NiO TiO, P,0;
for spent catalysts obtained with

XRF-WDS analyses wt%  wth  wth  wt% wt% wth wth  wth  wth  wt%  wt%
17-010 1.11 033 0.05 39.85 048 4892 0.70 0.00 024 0260 0.81 051

17-022 027 0.08 0.05 4506 107 4050 120 161 053 0472 176 0.06

18-071 028 005 0.16 4793 090 3961 0.74 192 007 0.197 186 041

18-074 0.89 009 3.04 4362 170 4125 155 106 072 0525 122 0.12

18-077 0.12 009 0.12 4654 094 40.77 0.77 186 0.12 0.259 1.88 0.31

18-078 11.02 0.13 220 4020 0.76 47.64 0.88 0.00 3.70 0.256 092 0.46

18-079 052 0.09 0.11 4593 094 4048 0.77 172 0.13 0277 185 0.28

18-083 022 0.10 0.08 4634 1.00 4158 0.79 1.66 0.19 0335 1.89 0.21

18-086 031 0.09 0.08 4574 1.00 4144 0.82 1.65 0.18 0332 1.89 0.22

18-089 0.27 0.12 0.06 4529 1.02 4176 085 151 022 0365 1.88 0.15

18-093 038 0.12 0.05 4470 1.01 4152 082 150 022 0365 186 0.14

18-095 0.29  0.11 0.05 4450 1.02 4155 081 152 022 0365 1.85 0.13

18-099 0.40  0.11 0.04 4405 1.01 4121 081 144 023 0375 184 0.12

18-108 0.67 0.10 0.03 43.80 1.02 41.65 0.78 138 0.26 0365 1.81 0.08

18-110 0.51 0.10 0.04 4400 1.01 4147 082 140 023 0375 184 0.12

18-123 254 011 0.05 3870 042 49.12 0.70 0.00 034 0313 081 045

18-127 0.65 022 0.03 4339 1.10 4155 0.81 155 027 0439 1.77 0.09

18-135 0.51 0.18 0.03 4325 1.10 4150 0.81 1.64 026 0443 1.78 0.09

18-137 036 0.19 0.02 4326 1.13 4269 081 172 027 0457 - 0.08
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checked before applying it to different matrices/samples,
the authors think that the way showed in this paper can be
useful when extended to other situations. The use of a very
high resolution powder diffraction beamline, such as ID22
@ESREF, provided very good results, because of its excep-
tional signal-to-noise ratio, and may be instrumental for the
continuation of this work.
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