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A combination of solid-state NMR techniques supported by EPR and
SEM-EDX experiments was used to localize different carbon species
(coke) in commercial fluid catalytic cracking catalysts. Aliphatic coke
species formed during the catalytic process and aromatic coke species
deposited directly from the feedstock respond differently to dynamic
nuclear polarization signal enhancement in integral and crushed FCC
particles, indicating that aromatic species are mostly concentrated on
the outside of the catalyst particles, whereas aliphatic species are also
located on the inside of the FCC particles. The comparison of solid-
state NMR data with and without the DNP radical at low and ambient
temperature suggests the proximity between aromatic carbon deposits
and metals (mostly iron) on the catalyst surface. These findings
potentially indicate that coke and iron deposit together, or that iron
has a role in the formation of aromatic coke.

Fluid catalytic cracking (FCC) is the main conversion technology
used in oil refineries, converting heavy Vacuum Gas Oil (VGO) and
residual feedstock to valuable transportation fuels like gasoline,
and petrochemical raw materials like propylene. Approximately
14.5 million barrels of feedstock are converted in this process
every day." During commercial operation, FCC catalysts deactivate
rapidly because of the deposition of carbon species. The harsh
process conditions, with temperatures cycling between 720 °C in
oxidative environment in the regenerator and 520-550 °C in the
reducing environment in the riser reactor, enhance the deactiva-
tion. Typical contact times in the riser reactor are in the order
of seconds, after which the catalyst has to be regenerated to
remove the coke species that block the surface and pore system.
Deposition of metals like iron, nickel, and vanadium during
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consecutive cycles may create (de-)hydrogenation activity,
which further promotes coke formation.> Carbon deposition
is not only a negative issue: regeneration of the catalyst by
burning off the coke fuels the endothermic cracking reaction
and the heat requirement for the process. The trick is thus to
limit the amount of coke formed to the absolute minimum
required for the thermal equilibrium of the process, also in
order to limit the amount of CO, formed. However, in a quest to
utilize as much of our fossil fuels as possible, heavier feed-
stocks, like vacuum residues, are more frequently employed.
These heavier feedstocks contain more coke precursors, and
will deposit more coke from the feedstock directly.’

Carbon deposition in catalytic processes has been studied
extensively’ using bulk techniques like TPO/TGA,® *C NMR,”*?
(FT-)IR,*® UV-Vis and confocal fluorescence microscopy,"*"*
NEXAFS,">"” EELS,'® EPR,” PET,"”*° XPS,® supercritical fluid
extraction,® and MALDI-TOF-MS.”%*

Various authors have studied the development of coke
species over time.**>® Cerqueira et al.”>” describe mainly two
types of coke in FCC catalysts, i.e. coke directly deposited from
the feedstock, and coke formed on the catalyst surface as a
(secondary) result of the cracking process. These different types
include hydrocarbons adsorbed on the catalyst surface and
within the catalyst pores. It is very important to be able to
distinguish between these two types. Carbon deposition from
the feedstock can hardly be avoided, but with catalyst design we
can control (i.e. limit) the coke that is formed during catalysis.
Cerqueira et al., in another paper,®® describe the analysis of
carbon deposited on FCC catalysts during cracking of residual
feedstock using a variety of techniques, including *C MAS
(Magic Angle Spinning) NMR.?® They observe spectra consisting
of a large contribution in the aromatic coke range (around
130 ppm) and a smaller signal around 18-20 ppm which is
typical for aliphatic carbons.'> They found that 80-90% of the
carbon is in aromatic rings, and the remainder is in aliphatic
groups. Based on the low H/C ratio observed, they conclude the
aromatic structures must be relatively large. Similar observa-
tions were reported by Barth et al.” and Qian et al.® The work of
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Fonseca et al. on hydroprocessing catalysts® suggests young
catalytic coke formed as a result of the cracking process is more
aliphatic (older catalytic coke will likely be more aromatic).
Snape et al.'® suggest that coke deposited from heavy feed-
stocks is more aromatic. However, no direct data are currently
available on the spatial distribution of the coke species within
integral FCC catalyst particles.

Here we demonstrate the use of a dedicated solid-state NMR
approach that involves the application of one- and two-dimensional
MAS solid-state NMR experiments conducted at different tempera-
tures in combination with Dynamic-Nuclear-Polarization (DNP)-
supported solid-state NMR***' to examine the spatial distribution
of coke species in a commercial equilibrium FCC catalyst
containing 1.75 wt% of coke, 0.65 wt% Fe, 950 ppm Ni, and
70 ppm V. The catalyst was selected from a database of equili-
brium FCC catalysts based on its high carbon content. Catalyst
particles were sieved to obtain a sieve fraction of 38-76 pm.
Crushed catalyst material was obtained by crushing the FCC
particles in a mortar. Previous work®*** has shown that additional
line broadening under low-temperature DNP conditions only
occurs due to freezing out of local molecular mobility and
paramagnetic relaxation very close to that of the DNP radical
itself. In the current situation, both effects can be neglected and
we hence expect, similar to previous work,***® spectroscopic
resolution similar to conventional solid-state NMR experiments.
While DNP-NMR has been performed before on solids and
catalysts,>*>® this paper is a first demonstration of the elusive
speciation of coke in FCC catalysts using the technique.

In Fig. 1A, we compare DNP results obtained at 400 MHz for
whole (Fig. 1A, top lines) and crushed (Fig. 1A, middle lines)
FCC samples in reference to the free solvent. From the experi-
mentally detected **C chemical shifts as well as from 'H chemical
shifts derived from an (*H,"’C) FLSG-HETCOR® spectrum
obtained under DNP conditions (Fig. 1B), we concluded, in line
with earlier work,”®?® that our **C spectra are dominated by
aliphatic and aromatic *C moieties. Note that "*C signals at
about 150 ppm are missing in the HETCOR experiment that was
recorded using a short Cross Polarization (CP) contact time, in
line with the absence of quaternary carbons. As presented in
Fig. 1A, we observed relative DNP signal enhancements varying
between 2.5 and 4.6, with higher enhancements generally
observed for crushed FCC particles.

While the relative signal enhancement for aromatic resonances
only changed by about 13% between both preparations, we
observed a significant increase of about 43% for the aliphatic
peaks around 40 ppm. Assuming that the DNP enhancement is
largely confined to the surface of our preparations (due to the
low proton density),>>*%*" these results suggest that a significant
portion of aliphatic carbon must be embedded within the FCC
particle and only becomes DNP active, i.e., solvent exposed, after
crushing. Barth et al” and Qian et al.® assume that the aliphatic
carbon and aromatic carbon are always constituent of the same
molecules. Our results indicate that this is not necessarily the case.

Next, we examined whole FCC particles under 800 MHz/
527 GHz DNP conditions and compared the results obtained to
the 400 MHz DNP case. This is shown in Fig. 2. Including MAS
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Fig. 1 (A) C CP-MAS spectra measured on a 400 MHz DNP system at
100 K. Black represents spectra with irradiation of microwaves and red
represents spectra without irradiation of microwaves. The top spectra are
recorded on whole FCC particles, the middle spectra are recorded on
crushed FCC particles. The blue spectrum was recorded on just the
solvent used for wetting the sample. The numbers indicated represent
the DNP-enhancements computed from the intensity ratios of on- and
off-DNP experiments: the enhancement is strongest for the aliphatic
signal in the crushed particles; (B) FLSG-HETCOR spectrum®® of whole
FCC particles under DNP condition using a short CP contact time of 50 ps.

sideband intensities at higher B, field, the relative NMR
signal intensity between the aromatic and aliphatic signals
remained largely constant. As expected,”> DNP enhancements
were reduced at 800 MHz compared to the data obtained at
400 MHz. In line with earlier results, the observed reduction
was lower than that observed for AMUpol** which may be due
to the smaller molecular size of Pypol leading to an, on average,
stronger hyperfine coupling that determines the DNP transfer
efficiency.*?

Finally, we examined the influence of the biradical itself on
our solid-state NMR spectra for two different temperatures. The
results are shown in Fig. 3. In the absence of biradicals, the
spectrum is dominated by aromatic signals both at high and
lower temperatures and the relative increase in signal intensity
is in line with thermodynamic predictions. Upon addition of
Pypol, signal intensities strongly increase at lower temperatures
(factor 40 in Fig. 3) and aliphatic contributions appeared that
remained largely invisible in the absence of the biradical.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 1C CP-MAS spectra measured with the 400 MHz (top spectra) and
800 MHz (bottom spectra) DNP system at 100 K. Black lines represent the
spectra with irradiation of microwaves, red lines represent spectra without
irradiation of microwaves. MAS sidebands are indicated by *.
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Fig. 3 1°C CP-MAS spectra of FCC particles measured with the 400 MHz
DNP system without microwaves. Black lines represent the spectra of the
sample with the added radical and red lines represent spectra measured
without the radical. The top lines (LT) represent the spectra measured at
100 K, the bottom lines (RT) depict the spectra measured at 293 K.

These results obtained in the absence of radical can
be explained by (a) a dominant aromatic coke contribution
compared to aliphatic species or (b) favourable relaxation
properties for aromatic species possibly due to paramagnetic
effects resulting from the proximity of e.g. metal(ion) species,
such as Fe, V or Ni species. Upon addition of biradicals, surface

This journal is © The Royal Society of Chemistry 2017

View Article Online

Communication

species become dominant and they both contain aromatic and
aliphatic *C moieties.

Previous work using (Scanning) Transmission X-ray Micro-
scopy ((S)TXM), X-ray Fluorescence (XRF) and SEM has yielded
strong evidence for the concentration of Fe and Ni in an outer shell
of FCC equilibrium catalyst particles.**>" In order to corroborate
these findings, we have conducted SEM-EDX analysis of the FCC
catalyst material used in the NMR-studies. We find an increased
concentration of iron in the outer shell with some variations
between individual particles (see Fig. 4 and Fig. S1-S8, ESI). Since
the sample is an equilibrium catalyst with an age-distribution, it is
not unexpected that the intra-particle metal distribution and inter-
particle concentrations vary between the FCC particles.

In addition, we have performed EPR experiments, which
show that iron is the dominant paramagnetic species present in
the FCC catalyst particles (see Fig. S10, ESIT). The EPR shows a
minor contribution from Mn, which is confirmed by SEM-EDX
(Fig. S9, ESIT). The DNP experiments indicate a concentration
of aromatic coke on the outside of the FCC particles, while
SEM-EDX and EPR indicate that paramagnetic iron species are
also concentrated on the outside of the FCC particles. The
combination of these two sets of observations suggests that
the effect observed in Fig. 3 can be explained mainly by
paramagnetic relaxation effects.

We have described a tailored solid-state NMR approach,
supported by EPR and SEM-EDX, that provides insight into
the molecular environment of *C coke species: aromatic
groups are largely surface exposed and contain a significant
fraction that most likely is located close to a paramagnetic
species, such as Fe. Likewise, aliphatic coke species are located
at the surface of the FCC particle but they can also be found in
the interior of the FCC particle and are located more distant
from paramagnetic species compared to aromatic species.
These experimental observations support a model where large
heteroaromatic carbon species are preferentially deposited on
the outer surface of the catalyst, and catalytic coke, more
aliphatic in nature, is formed inside the catalyst particle. This
first evidence of spatial distribution of the two different coke
species (deposited from feedstock and formed during catalysis)
provides valuable insight into the deactivation mechanism of
the largest commercial catalytic process, and will eventually
allow the most efficient use of our scarce raw materials.

25 pum
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Fig. 4 SEM-EDX analysis of iron distribution in FCC particles. The left
panel shows an iron greyscale-coded image. The relative concentration in
the outer shell is obvious. The right image shows the radial distribution of
iron as a function of distance to the edge of the particle (outer edge is to
the left) for two different FCC particles.
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Our studies also showcase the beneficial effect of using DNP in
the context of in situ solid-state NMR material science studies
providing the spectroscopic basis for further in-depth studies of
FCC catalyst particles, for instance, by studying the effect of
catalyst age on carbon deposition and formation, as well as
more detailed localization and speciation of the carbon inside
the catalyst particles as a function of catalyst age.

This research is part of the Strategic Theme Sustainability of
Utrecht University and a related subsidy. The solid-state NMR/DNP
studies were supported by the Netherlands Organization for
Scientific Research (NWO) (grants 700.26.121 and 700.10.443 to
M.B.). The authors thank Leo Woning for recording the SEM images.
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