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ging of carbon in heterogeneous
refining catalysts

L. Jolivet,ab V. Motto-Ros, *b L. Sorbier, a T. Sozinhoa and C.-P. Lienemann a

Heterogeneous catalyst materials are the core of crude oil purification process performance. Catalyst

deactivation, which is a result of crude impurity deposits into catalyst pores during this process, is

therefore a major concern during refining. However, deactivation mechanisms are not easily

investigated, as they involve carbon transport phenomena over a large range of concentrations, typically

from hundreds of ppm to tens of mass%. Spatially resolved analysis of carbon conducted at the entire

grain scale (�mm2) with a micrometric resolution is therefore of primary importance to better predict,

control, and further improve the purification processes. However, usual spatially resolved approaches are

not easily suitable for mm2-scale analysis and/or not adequate in terms of carbon detection limits. In this

work, we propose a quantitative methodology dedicated to carbon spatially resolved analysis and the

evaluation of its analytical performance. This approach, based on laser-induced breakdown spectroscopy

(LIBS), allows for the first time 2D imaging of carbon at different process times as well as quantitative

profiling of carbon diffusion over more than two orders of magnitude in concentration.
1. Introduction

Rening industries suffer from several challenges during the
purication of petroleum products. Natural sources contain
a high amount of unwanted impurities, and the world demand
for clean oil products is increasing over time. There is thus an
important need for improvements in the conversion and puri-
cation processes of crude oil. Most rening processes involve
heterogeneous catalysts. These materials are composed of
metallic active sites supported by a silica or alumina porous
matrix.1During purication processes, catalysts are poisoned by
coke (self-assembling polyaromatic macromolecules formed by
polymerization/dehydrogenation reactions)2 and by metallic
impurities (Ni, V), which form deposits into their pores. As
porosity is occluded, access to active sites is hindered, and
catalytic functions are inhibited, resulting in a strong decrease
in process performance. Therefore, knowledge of the distribu-
tions of carbon and impurities in the catalysts as a function of
process time is required to better understand catalytic deacti-
vation mechanisms and kinetics, with the idea of progressing
toward a more realistic modeling of such systems and nally
improving processes performance.3

Several works have focused on rening catalyst poisoning by
coke to improve the understanding of deactivation mecha-
nisms, proposing various analytical methods.4,5 In most cases,
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techniques used for carbon analysis are UV-Visible (UV-Vis)6 or
infrared (IR) spectroscopy, as well as thermal analysis such as
thermogravimetric analysis (TGA)7 and temperature pro-
grammed oxidation (TPO).8 These approaches are essentially
bulk analysis techniques and require the whole sample or
a signicant amount of the sample to be burned. When spatially
resolved analysis is required, several techniques can be used,
such as Raman spectroscopy,9 X-ray absorption spectroscopy
(XANES),10 electron spin resonance (ESR) and nuclear magnetic
resonance (NMR) spectroscopies.11 These techniques provide
molecular or functional group characterization. However, they
are not well adapted for a carbon-poisoning study, as no
elemental information can be obtained. In two previous works,
1H NMR imaging of coke was performed, rst on ethanol
dehydration catalysts12 and later on zeolite-based catalysts.13

However, proton NMR provides indirect detection of carbon,
and the results are not quantitative. The technique considered
a reference for studying the elemental distribution in catalyst
materials is electron probe microanalysis (EPMA).14 Pachulski
et al. proposed a quantitative study of carbon repartition from
1.5 wt% to 4.0 wt% over the surface of a spent selective hydro-
genation catalyst.15 EPMA is generally relevant for elemental
analysis but is not well adapted for the quantitative study of
carbon and other light elements (Z < 11) because of carbon
contamination and so X-ray absorption issues.16 Lower
detection limits can be obtained for carbon with only a few
techniques: time-of-ight secondary ion mass spectrometry
(TOF-SIMS),17 scanning transmission X-ray microscopy
(STXM),18 or scanning transmission electron microscopy in
either energy dispersive X-ray spectroscopy mode (STEM-EDX)
This journal is © The Royal Society of Chemistry 2020
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Table 1 Texture characteristics of alumina catalyst supports.30

Specic surface area, SBET (m2 g�1) 200 � 20
Porous volume, VBJH (cm3 g�1) 0.80 � 0.04
Mean pore diameter, dm (nm) 13.7 � 0.7
Structural density, rS (g cm�3) 3.01 � 0.35
Porosity, 3 (%) 69 � 3
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or electron energy-loss spectroscopy mode (STEM-EELS). Each
of these techniques is performed for micro- or nanosized
samples but is not adapted for the characterization of a whole
catalyst grain. In addition, their limits of detection are still not
adequate for studying coke-poisoned catalysts, which implies
a gradient concentration from typically hundreds of ppm to
tens of mass%.

Laser-induced breakdown spectroscopy (LIBS) appears to be
the proper candidate to address the challenge of carbon
impurities in catalysts due both to its high sensitivity for carbon
(up to the ppm scale) and its microscale analysis capabilities. In
recent years, LIBS-based imaging has been the core of impor-
tant advances both in terms of performance and applications.19

Industrial concerns are focused on a growing number of
works.20 The application of LIBS to catalysts was rst reported in
TiO2-supported vanadium oxides21 and later in several works by
the same group, mostly in the frame of automotive catalytic
converters.22–24 More recently, several studies have been con-
ducted on rening catalysts. Trichard et al. demonstrated the
benet of LIBS quantitative imaging on palladium-based
porous alumina catalysts.25 Sorbier et al. used LIBS elemental
images to evaluate the crust thickness.26 In addition, our group
succeeded in detecting Ni and V impurities in hydro-
demetallization catalysts at the ppm concentration scale.27 In
this work, carbon was also detected but with no possibility to be
exploited because of contamination issues occurring during
sample preparation. Such preparation, also used for EPMA
analysis, consisted of embedding catalyst bodies in an acrylic or
epoxy resin, initially liquid, and then curing by increasing the
temperature. Unfortunately, this sample preparation is known
to diffuse the resin into the pores and cracks of catalyst bodies
during the thermal hardening process, inducing carbon
contaminations.28

The aim of this work is to propose a LIBS-based quantitative
methodology allowing carbon imaging of heterogeneous cata-
lysts. The methodology is based on a specic sample prepara-
tion strategy and LIBS data processing and is dedicated to the
accurate characterization of C distribution as a function of
process time. Such results have, to the best of our knowledge,
never been assessed before and could provide a new under-
standing of diffusion mechanisms in catalysts, improve process
modeling and better control rening. More generally, this
approach may be protable to other elds requiring spatially
resolved carbon analysis on porous samples and being affected
by sample preparation issues.

2. Experimental
2.1 Catalyst samples

The catalyst samples used in this study are g-alumina supports
of hydrodemetallization catalysts. They are cylindrical extru-
dates, 6 to 8 mm long, with a 2 mm diameter and a single-mode
pore size distribution centered at 14 nm.29 Their texture char-
acteristics, obtained from porosity characterization performed
by nitrogen adsorption and mercury porosimetry techniques
(according the American Society for Testing and Materials
(ASTM) D3663-03 and D4284-03 methods) are given in Table 1.
This journal is © The Royal Society of Chemistry 2020
To simulate process conditions and interactions with crude
impurities, alumina supports were immersed with varying
impregnation times in a 2 wt% asphaltene solution prepared by
dissolution in toluene at a target temperature of 250 �C and
a high pressure in a hermetic cell.30 Asphaltenes are a heavy cut
from crude that contain polyaromatic hydrocarbons that form
aggregates over several size ranges and are considered under
strong diffusion limitations in heterogeneous hydro-
demetallization rening catalysts.31,32 The asphaltenes were
previously extracted by n-heptane precipitation from a Safaniya
vacuum residue, as described in the French standard NF T60-
115 method.33 Six asphaltene-impregnated samples were
prepared with impregnation times varying from 30 minutes to 6
weeks. The 30 minute impregnation time means that samples
were immersed in the solution during only the increase and
decrease in temperature to reach the target temperature.

For each sample, the global carbon concentration in the bulk
was estimated by considering the concentration of carbon in
Safaniya asphaltenes measured by combustion analysis (equal
to 82.3 wt% � 0.4) and the asphaltene concentrations in
supports, estimated by mass balance calculations achieved for
each batch.30 The fresh catalyst support (not impregnated with
asphaltenes) is known to hold a residual homogeneous carbon
content (equal to 0.12 wt%, as measured by combustion anal-
ysis). This fresh support will be considered as the reference
sample in the following sections.
2.2 LIBS setup

The experimental LIBS setup has been previously described.34,35

It included a Nd:YAG laser source operating at 100 Hz and
emitting at 1064 nm (Centurion, Quantel) with an 8 ns pulse
duration. A �15 magnication objective microscope (LMM-
15X-P01, Thorlabs) was used to focus the laser beam onto the
sample surface, and the sample was moved using a motorized
XYZ stage during the scanning sequence. The laser energy was
set at 1 mJ in all performed experiments. The step size between
each laser shot was xed to 25 mm. The acquisition was per-
formed at ambient pressure and temperature. An argon ow
(1.6 L min�1) blowing through the plasma was used both to
prevent surface contamination by ablated material deposition
of the previous laser shots and to obtain a better sensitivity due
to better plasma connement. The entire LIBS imaging setup
was controlled by homemade soware developed in the Lab-
VIEW environment, allowing denition of the scanning
sequence as well as automatic spectral acquisition. The plasma
emission was collected by a lens-ber system coupled to
a Czerny–Turner spectrometer (Shamrock 500, Andor Tech-
nology). This spectrometer was equipped with an intensied
J. Anal. At. Spectrom., 2020, 35, 896–903 | 897
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charge-coupled device (ICCD) camera (iStar, Andor Technology)
and a 600 L mm�1 grating blazed at 300 nm. In this congu-
ration, such a device allows an 80 nm spectral window to be
recorded, with a spectral resolution of approximately 0.15 nm.
The ICCD camera was synchronized to the Q-switch of the laser,
and acquisition was performed with a typical delay of 750 ns
and a gate of 4000 ns.
2.3 LIBS signal extraction

In our mapping experiment, each recorded spectrum is the
result of a single laser shot without any accumulation. Typical
single-shot spectra obtained from the different catalyst samples
are shown in Fig. 1. We used the spectral range from 220 to
300 nm to detect both the C I line at 247.9 nm and several other
lines of interest, particularly for Al (lines doublets at 226, 237,
256 and 265 nm) and Cu (lines at 261, 282 and 296 nm). Note
that the carbon line at 193.1 nm was not appropriate because of
spectral interference by the Al emission lines. As shown in
Fig. 1, several emission lines of Al were detected, as it is the
major element constituting the catalyst. We used the Al I
257.5 nm line since it does not interfere with any other elements
or is saturated. Several trace impurities from the alumina
matrix were also detected, such as Mg and Si, but these emis-
sions will not be considered in the following. The magnied
image in Fig. 1 emphasizes the evolution of the carbon line
signal for three different samples—the reference sample and
two asphaltene-impregnated samples—aer 3.5 hours and 5
days. Note that the upper level of the carbon line for a 3.5 hour
impregnated sample is 2 times lower than the same line
measured on a 5 day impregnated sample. A typical imaging
conducted on a catalyst section corresponds to a scanning
sequence of approximately 15 000 pixels (i.e., plasma) and
represent an experiment time of approximately 2.5 min.

Signal extraction processing was performed according to
a previous study.36 The signal of interest IS was extracted by
Fig. 1 Example of single-shot spectra over the 220–300 nm spectral ran
day impregnated support and comparison of their respective carbon em

898 | J. Anal. At. Spectrom., 2020, 35, 896–903
dening two spectral windows: a rst window covering the line
of interest and a second window covering the surrounding
background, containing a number of points equal to nS and nbg,
respectively (cf. Fig. 1). We calculate the total intensity
measured in the rst window by summing the raw signal

measured on each of the nS points
PnS
i¼1

Ii. To this value we

subtract the average intensity of the background IBG calculated
in the second window and multiplied by nS, the number of
points considered in the previous sum. Finally, the value for IS
was obtained, using the equation:

IS ¼
XnS

i¼1

Ii � nSIBG (1)

3. Results
3.1 LIBS imaging processing

In the case of heterogeneous catalysts, carbon species penetrate
during impregnation in all directions inside the alumina bead
with a concentration gradient that can be considered uniform
with respect to the catalyst border. It is therefore possible to
obtain the average elemental prole by averaging the entire
spectra associated with the same distance from the border. The
method used to extract the average diffusion proles is illus-
trated in Fig. 2. First, the Al image is computed from the Al I
257.5 nm line (Fig. 2a) and a threshold is applied to obtain
a binary image with a null pixel under the threshold (Fig. 2b).
The resulting binary image represents the catalyst section. The
applied threshold was set to 15% of the maximum intensity of
the Al image. Then, the image of carbon is obtained by applying
the binary mask on the global image of carbon extracted from
the C I line at 247.9 nm (Fig. 2c). This step is required to discern
the carbon in the catalyst section from the carbon in the resin
around the section. Finally, a distance transform algorithm is
ge for the reference support, a 3.5 hour impregnated support and a 5
ission lines at 247.9 nm.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 LIBS imaging processing principle, illustrated for low (top) and high (bottom) C contents. (a) Al images representing the Al2O3-matrix. (b)
Binary masks obtained from Al images. (c) Masked C images. (d) Distance transformed representation applied to the mask. (e) Intensity profiles
illustrating the C repartition from the border to the core of the catalyst section.

Paper JAAS

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/1

4/
20

25
 5

:3
7:

43
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
applied to the binary mask with the aim of obtaining a distance
map of the section associated with each pixel a value equal to
the distance, in pixel, from the edges of the section. The
resultingmap (Fig. 2d) associates the same value with each pixel
located at the same distance from the catalyst border. From this
distance map, it is then possible to average all spectra at the
same distance from the border of the catalyst. The average
diffusion proles of carbon in the catalyst are then obtained by
extracting the carbon signal of this series of averaged spectra. In
addition to providing global information regarding the diffu-
sion process, such a method allows both a signicant
improvement of the analytical performances due to the aver-
aging and the evaluation of associated statistical errors. Such
averaging indeed allows the signal-to-noise ratio (SNR), and
thus the limit of detection (LoD), to be improved by a factor offfiffiffiffiffiffi
N

p
, where N is the number of averaged spectra. Such

improvement is, however, not constant throughout the prole
since each averaged spectrum is obtained from a different
number of measurements.
3.2 Carbon-free sample preparation

Usual sample preparation for LIBS analysis of catalysts is the
same as the sample preparation for microprobe analysis. It
consists of embedding catalyst bodies in an acrylic or epoxy
resin, initially liquid, which is hardened by increasing the
temperature, followed by polishing of catalyst sections with
silicon carbide-coated abrasive foils.37 As mentioned above,
this procedure is not adapted for carbon quantication due
to contamination issues because carbon species from the
resin are diffusing into pores and cracks of alumina catalyst
bodies.27 To overcome this issue, a specic update of the
This journal is © The Royal Society of Chemistry 2020
usual preparation procedure is required. We propose to apply
a lm on catalyst bodies to act as a barrier to the resin during
the embedding process and prevent carbon diffusion from
the resin. We rst investigated the workability of the anal-
ysis, depending on the nature of the lm, with the idea to
choose the most appropriate one. First, the material used for
the coating must not interfere with the emission lines of
interest. This means that the major constituent of the lm
should not have emission lines at approximately 247.9 nm
and must be as pure as possible. The behavior of the lm
through polishing is the second critical point. In particular,
catalyst bodies may not be sufficiently attached on the
coating and could break away during polishing. This
depends on the grip between the lm and the catalyst
material. Considering these different aspects, the best
candidate was the use of a high-purity copper lm (Good-
Fellow, copper foil, 0.25 mm thick, 99.9% pure), avoiding
spectral interference and providing good attachment onto
alumina. Small strips of 25 � 13 mm2 were cut and then
applied by hand all around the catalyst body (Fig. 3b). Each
lm extremity was properly curled to avoid resin penetration
from the top and the bottom of the extrudate. Aer this Cu
coating, the samples were embedded in resin as usual
(Fig. 3c). It was possible to embed up to 20 catalysts simul-
taneously in a 2.5 cm diameter mold. We nally used silicon
carbide-coated abrasive foils for surface polishing by
following a procedure of up to 5-micron granulometry. An
example of the resulting stub is shown in Fig. 3d. The total
preparation time for a 10-catalyst stub was approximately 3 h
and 30 min, including 10 minutes to apply the lm, 3 h of
resin hardening, and 20 minutes of polishing.
J. Anal. At. Spectrom., 2020, 35, 896–903 | 899
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Fig. 3 Carbon-free sample preparation. (a) Catalyst supports. (b) Copper-coated catalysts. (c) Preparation of the catalysts for resin embedding.
(d) Final stub after embedding and polishing.
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3.3 Evaluation of the carbon-free sample preparation

Two batches of reference catalyst supports samples (i.e., not
impregnated with asphaltenes) were prepared. The rst batch
was prepared according to the carbon-free preparation
described above, and the other batch was prepared by the usual
preparation process (cf. Fig. 4a). The corresponding images of
aluminum and carbon are shown in Fig. 4b and c, respectively.
As mentioned above, the resin regions were removed from
carbon images by applying the Al mask. As expected, an
important carbon contamination was observed on samples
prepared via the usual procedure. As shown in the le images of
Fig. 4b, this preparation induced a carbon gradient associated
with a strong signal in the periphery of the catalyst sections
(brown color), which was also observed in the cracks of the
catalyst body (the cracks are visible in the Al images in Fig. 4b).
In contrast, the results obtained from the carbon-free prepared
samples show a homogeneous carbon signal with an intensity
reduced by more than half. This carbon signal is due to the
grade of the used alumina matrix that contains residual carbon
(0.12 wt%) (cf. Section 2.1) and possibly by uniform carbon
contamination during polishing. Importantly, no carbon
gradient from the border of the catalyst section was observed,
which validates the performance of the proposed carbon-free
preparation.
Fig. 4 Evaluation of the carbon-free preparation for LIBS analysis. (a)
Optical images. (b) Corresponding LIBS images of Al and Cu. The Cu
signal was extracted from the 261.8 nm emission line. (c) Corre-
sponding LIBS images of carbon.

900 | J. Anal. At. Spectrom., 2020, 35, 896–903
In addition, as observed in Fig. 4, the Al signal is higher for
the carbon-free preparation than for the usual preparation. It is
nally important to mention that for each prepared stub of
a given process time (i.e., impregnated with asphaltenes), we
always included one or several reference samples (i.e., not
impregnated), as shown in Fig. 3d. In this way, the residual
carbon signal (i.e., measured from the reference sample) was
subtracted from the impregnated supports with the aim of
obtaining only the carbon signal related to asphaltenes.

The carbon images obtained with the carbon-free prepara-
tion were used to evaluate the limit of detection (LoD) in
a single-shot conguration. We obtained a LoD value of
305 ppm by using denition:38

LoD ¼ 3� s

IMAX � IMIN

� Cel; (2)

where s is the noise measured on the spectrum baseline, Cel is
the carbon concentration in the sample (considered homoge-
nous), IMAX is the line maximum intensity and IMIN is the
background intensity.
3.4 Imaging

We analyzed the seven samples previously described, including
the reference and the six samples impregnated with asphal-
tenes over a time range from 30 min to 6 weeks (cf. Table 2). For
each sample, ve catalyst sections were analyzed. The optical
and elemental images of two of these 5 sections are shown in
Fig. 5. Al images may reveal the sample morphology by
evidencing eventual cracks in or deterioration of the matrix
(Fig. 5b). The carbon images shown in Fig. 5c demonstrate that
carbon is successfully detected over the whole concentration
range involved. In addition, carbon gradients are clearly evi-
denced, attesting the diffusion of carbonaceous molecules
contained in the asphaltenes as well as the expected radial
symmetry of the diffusion processes. Whereas optical images do
not show any change in contrast aer only 6.5 hours of
impregnation, carbon imaging reveals the accurate poisoning of
catalysts as a function of time. These results illustrate the
relevance of LIBS imaging for the study of carbon transport into
catalyst materials. The stability of the Al intensity as a function
of impregnation time allows us to consider that the matrix
effects can be neglected over the concentration range involved,
despite a signicant change in the color and composition
between the samples.
This journal is © The Royal Society of Chemistry 2020
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Table 2 Global carbon concentration in asphaltene-impregnated supports. Uncertainties are for a 95% confidence interval

Impregnation duration 30 min 3.5 h 6.5 h 5 days 3 weeks 6 weeks
Carbon concentration (wt%) 2.50 � 0.3 7.03 � 0.3 8.51 � 0.3 13.53 � 0.2 16.2 � 0.2 16.99 � 0.2
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3.5 Intensity calibration

Homogeneous standards of porous alumina catalysts are
difficult to develop mainly because of their heterogeneous
texture and porosity. To overcome this issue, we propose to
calibrate the LIBS intensities by considering the global
amount of carbon contained in the supports for the different
impregnation times. As mentioned above, the diffusion of
carbon follows a radial distribution. It is therefore possible to
hypothesize that the surface analysis conducted by LIBS is
representative of the bulk concentrations. The global carbon
LIBS intensity can then be obtained by summing all the pixel
intensities contained in the alumina matrix (positive pixels in
the Al mask). It is important to mention that our aim is to
focus only on carbon coming from asphaltenes, so the residual
carbon signal measured on reference samples has to be sub-
tracted for each sample of interest. Fig. 6 shows these cor-
rected intensities as a function of the bulk carbon
concentration. For each point, the y error bars correspond to
the standard deviation of the retrieved intensities for the ve
analyzed sections. As seen, these data can be modeled accu-
rately by a quadratic regression (i.e., determination coefficient
of R2 ¼ 0.995). The use of a quadratic model is justied since
the used carbon line appears to be self-absorbed at high
concentrations (typically > 10 wt%).39 However, this line of
Fig. 5 Carbon distribution on alumina refining catalyst supports impreg
supports and the asphaltenes solution. (a) Optical images of the catalyst s
(c) LIBS images of the C distribution.

This journal is © The Royal Society of Chemistry 2020
saturation remains moderate and may not affect the quanti-
cation performance.
3.6 Diffusion proles

The diffusion proles obtained from the method described in
Section 3.1 and by applying the calibration model (cf. Fig. 6) is
shown in Fig. 7 for the 6 process times. A logarithm scale is used
for the concentration axis to highlight the dynamic range of
measurements. These proles represent an average for each
impregnation time of the results obtained for the ve catalyst
sections. These results show that carbon impurities transport
from the border to the core of the catalyst sections. Two classes
of carbon molecules are observed. First, there is an increasing
carbon content reaching the core of the section as a function of
impregnation time, and second, there is a continuously
increasing carbon content at the catalyst support border,
showing nonhomogeneous carbon proles even at the equilib-
rium state. Such representation is perfectly adapted to compare
with modeling of the diffusion process. It is important to
emphasize that they represent the global diffusion (all the pixels
of the images are considered) and allow the relative statistical
errors to be evaluated (not shown in Fig. 7 for better clarity).
Such errors depend on the number of averaged spectra and
typically range from 0.2% at the section periphery to 3% at the
nated with asphaltenes during different times of contact between the
upport sections. (b) LIBS images of the Al matrix and the Cu foil coating.

J. Anal. At. Spectrom., 2020, 35, 896–903 | 901

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ja00434c


Fig. 6 Calibration of carbon LIBS intensities.

Fig. 7 Averaged carbon diffusion profiles for different asphaltene
impregnation times.
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center. As an example, in EPMA, elemental proles are obtained
from one unique catalyst section and contain information from
only one line that crosses a section. A deviation in the results
was observed between the 3.5 and 6.5 hour samples. The carbon
content at the border should indeed be higher for the 6.5 hour
condition. This may be explained by sample alteration. As can
be observed in Fig. 5, the 6.5 hour sections show irregular
shapes, cracks and important alterations in the external
regions. However, we did not exclude this batch from the study
because reliable information is obtained for the core of the
sample.
902 | J. Anal. At. Spectrom., 2020, 35, 896–903
The two classes of observed carbon molecule diffusion
behaviors can be correlated with the aggregation tendency and
size polydispersity of asphaltene molecules,40 with the smallest
molecules diffusing at the core earlier in the impregnation
process and the larger aggregates accumulating slowly at the
near border. A similar behavior was proposed for Ni and V
species in our previous work, and several hypothesis have been
proposed to explain the asphaltene transport phenomena into
catalyst bodies.40 The simple diffusion models generally
considered suppose reversible adsorption and imply a at
prole at equilibrium. In light of these nal results, such
models are apparently not adequate to describe the transport of
carbon impurities into catalysts. This is an unprecedented
conclusion that could be further complemented with an
appropriate diffusion model able to reproduce the observed
proles.

4. Conclusions

In this work, we propose to address the challenge of carbon
analysis with an innovative LIBS-based analytical procedure.
The procedure includes a carbon-free sample preparation as
well as a specic data processing procedure. Such a procedure is
able to provide, for the rst time, quantitative imaging and
proling of the diffusion of carbon impurities into alumina
catalysts. A large range of carbon concentrations, covering more
than two orders of magnitude from 0.12 wt% to 17 wt%, has
been successfully analyzed in a very small amount of time. The
single-shot LoD of carbon is estimated at 305 ppm, which is
small enough to quantify carbon on a large variety of catalyst
samples. The nal quantitative proling provides new and
meaningful data that can be directly compared to the data ob-
tained from carbon diffusion models. These models will allow
a better understanding of the hydrocarbon transport mecha-
nisms and kinetics.

LIBS-based imaging offers many advantages, such as multi-
elemental capabilities, high acquisition speed extended to the
kHz range and operation at atmospheric pressure. LIBS images
contain elemental information with ppm-scale sensitivity and
mm-range resolution. Light elements can be detected with very
interesting performance, whereas they are not detected with the
commonly used EPMA at the same speed. We believe that LIBS
imaging applied to the eld of catalysis has the potential to
characterize the elemental repartition on various catalytic
systems, including light elements such as H, Li, C and S.

As an extension, the proposed methodology can be applied
to the investigations of coke deposition in catalysts or to the
study of the carbonaceous additives employed during the
catalyst preparation step. Such a methodology may also benet
the carbon analysis of porous samples from various other elds.
We can cite natural materials such as reservoir rocks, soil
samples and wood (corks) or body organs such as bones.
Synthetic materials can also be considered, such as concretes
containing many carbonate phases, anatomical prostheses and
innovative materials such as open-cell foams (polymer foams
with introduction of ceramic or metal) considered as in-growth
materials in the aerospace or industrial elds.
This journal is © The Royal Society of Chemistry 2020
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