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variation of D and G bands corresponding to the change of
excitation laser energy to characterize and compare coke species
from various industrial processes are presented. The findings
indicate the different degree of sp> and sp® hybridized bonding
structures of amorphous carbon collected from different industrial
processes as well as heavy carbonaceous deposits generated by
industrial catalysts. This spectroscopic methodology is practical
and highly beneficial in identifying coke formation mechanisms in
industrial processes, as well as supporting design strategies to abate

the undesired coke formation on industrial catalysts.

1. INTRODUCTION

As part of the standardized industrial chemical terminology,
coke is defined as the carbonization product of high-boilin:
hydrocarbon fractions obtained in petroleum processing.
Coke is typically formed in many industrial processes, such as
thermolysis of petroleum residues, crude oil transportation in
pipeline networks, catalytic refining processes such as fluid
catalytic cracking (FCC), and the combustion of their product
fuels (e.g., gasoline and diesel) in internal combustion
engines.”” For efficacy and durability of many industrial
catalysts, coke formation/deposition and removal are defining
factors. Therefore, there is a desire to develop a better
understanding of coke as well as its formation and subsequent
transformations in various industrial processes. Different coke
formation mechanisms impact the coke crystalline structure
(e.g,, sp* and sp® hybridized bonding). The coke formed in the
processes mentioned above is usually amorphous with a
mixture of sp% sp, and even sp'-bonded sites. Depending on
the ratio of these sites, amorphous carbons often show
different optical, electrical, and mechanical properties.
Undesired coke can be removed via various processes
including combustion and gasification. Coke with different
crystalline structures also presents varying physical properties
and activities in the gasification process. Determining the coke
long-range crystalline and short-range bonding structure can
help with the identification of coke formation mechanisms, as
well as the design of effective strategies for coke removal.
Raman spectroscopy measures the counts of photons that
are scattered from a sample surface when an excitation laser
shines on the sample. During the scattering process, the
excitation photons interact with the molecular bond vibrations
leading to the energy shift of the scattered photons. This
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energy shift is called the Raman shift, which is a specific
characteristic of the bond vibration and can be used as the
“fingerprint” of underlying materials and structures. Raman
spectroscopy is a particularly well-suited technique to
characterize carbon crystallinity.*” The long-range crystalline
vibrations and short-range molecular vibrations of carbon
species in different materials result in characteristic fingerprints
in Raman shifts that can help identify specific carbon materials
including graphite, diamond, graphene, carbon nanotubes,
fullerene, and amorphous carbon. A diamond sample has a
Raman response at 1332 cm™', and a crystalline graphite
sample has Raman responses at 1582 (G, a primary in-plane
mode) and 2700 cm™ (G’ or 2D, a secondary overtone of an
in-plane mode). Detailed investigations on various graphene
samples are also reported in the literature.'”"" Recently, there
have also been significant advances in theoretical and
computational studies exploring graphene, bilayer graphene,
and two-dimensional graphene heterostructures.'”"*

An amorphous carbon sample has Raman responses at 1355
(D) and 1575 (G) cm™, where G bands represent the
graphite-type lattice vibrations with E,; symmetry and D bands
reflect the disordered graphite lattice vibrations with A,
symmetry."*~"? A comprehensive theoretical study of Raman
spectra in disordered and amorphous carbon from Ferrari and
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Robertson provided a three-stage model that shows the
variation of G band positions and the intensity ratios of D
and G bands (Ip/I;) as the amorphization trajectory
changes.”'® The spectral analysis from Pdschl et al. provided
a detailed Raman peak deconvolution of the D,, D,, D3, D,,
and G bands under multiple excitation laser energies for soot
materials, where D;, D,, and D, bands with a Lorentzian line
shape refer to the disordered graphitic lattice of different
symmetries, D; refers to amorphous carbon with a Gaussian
line shape, and G bands refer to the in-plane %raphitic lattice of
E,; symmetry with a Lorentzian line shape."” In recent years,
pyrolysis is gaining significant attention with increased
emphasis on sustainability, where the nature and trans-
formation of amorphous carbonaceous species are also studied
in detail with the help of Raman spectroscopy.””*"

In this contribution, multiple examples are studied using
Ferrari and Poschl’s models to qualitatively identify the degree
of sp* and sp® hybridized bonding structures using Raman
spectroscopy in amorphous coke collected in thermolysis of
petroleum residues, crude oil transportation in pipeline
networks, gasoline/diesel combustion engines, and filtered
slurry collected from the fluid catalytic cracking (FCC)
process. As described in the literature, the change in excitation
laser energy can be a prolific approach to derive bonding
structure information.'® The main focus of this investigation is
the application of two different lasers with visible excitation
energies on coke samples generated in various industrial
processes, which could serve as a practical and convenient
method to get bonding structure information on coke samples.

2. RESULTS AND DISCUSSION

2.1. Operando Raman Spectroscopy. One of the carbon
removal processes is the gasification process, which converts
unwanted coke materials to carbon dioxide through catalytic
reactions.”> To study the coke transformations via the
gasification process, mixtures of different coke samples were
prepared and heat-treated together with manganese oxide
under a steam—argon atmosphere for the gasification process.

Manganese oxide is a mixed-oxidation-state material, which
is widely used in the gasification process to provide the source
of active oxygen.”””* As shown in Figure S as part of the
Supporting Information, oxygen can be generated upon
heating the powder of Mn,O; in a 0.5% steam—Ar environ-
ment due to self-decomposition of Mn,0;. A further study on
the mixture of Mn,O; and 10% carbon shows three regions
(#1: 600—770 °C; #2: 770—850 °C; #3: 850 °C or a longer
time at >800 °C) for gasification based on the gaseous
products as shown in Figure S2. The gasification processes
involve a self-reduction of manganese oxide, oxidation of coke,
and water-gas shift reactions. The proposed reactions are given
in the Supporting Information, which is not the essential
objective of this manuscript. In order to get a clear picture of
the change of the solid structure of manganese oxide during
the gasification process, a mixture of Mn;O, and 10% carbon
was heated in Argon up to 850 °C. This process was
monitored by the operando Raman method, coupling Raman
and mass spectroscopy (MS) for gas products and the solid
surface structure change under reaction conditions. Figure 1
shows the Raman spectra (using a 785 nm laser) on the solid
surface collected at 30 (before gasification) and 850 °C (under
gasification). It should be noted that the second spectrum was
collected for a temperature window of 770—850 °C so that the
surface state of manganese oxide can be captured in the regions
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Figure 1. Raman spectra under a 785 nm laser with 10% power, 2
scans at 60 s per scan before and after gasification for 10% carbon
(Sample #1) mixed with Mn;O, powder. The peak assignments are

marked by blue stars (*) for Mn;0,, green squares for MnO, and red
diamonds for amorphous carbon.

#1 and #2 (as mentioned above) before the evolution of a large
amount of H, due to water-gas shift reactions. As shown in
Figure 1, before the gasification process started, the Raman
spectrum shows the Mn;O, phase with signals at 291, 318,
374, 481, and 660 cm™1.>* As the gasification process has been
completed at 850 °C, the Raman spectrum shows the MnO
phase at 542 and 660 cm™.>* The Raman spectra show that
the solid surface changes from Mn;O, to MnO, and the
amount of carbon is reduced after gasification. Although the
detailed reaction mechanism is complicated as discussed
earlier, a simplified net gasification reaction is given below

C + 2Mn,0, — 6MnO + CO, (1)

Interestingly, the CO, release activity is significantly
different for a second coke sample, which was obtained from
the deposits formed in a crude oil transportation pipeline, as
shown in the MS data in Figure 2. The CO, released from coke
Sample #1 gasification is higher than that from coke Sample

CO, release from Mn;O, + coke samples
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Figure 2. Mass spectra of temperature-dependent CO, gasification for
two different types of carbons (Samples #1 and #2) mixed with
Mn;0, powder. Experiments were conducted with a temperature
ramp rate of 10 °C/min, using Ar as a carrier gas with a flow rate of
100 mL/min.
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#2, and the onset temperature is about 50 °C lower than that
of coke Sample #2. This result indicates the retardation of the
gasification reaction for coke Sample #2 (i.e., delay of the
gasification reaction).

The activity difference of the two types of coke can be
explained by the bonding variation observed in the operando
Raman spectra during the gasification processes. Figure 3
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Figure 3. (a)b) Peak fittings for Raman spectra of the two types of
coke under a 785 nm laser with 10% power, 2 scans at 60 s per scan.
The background was chosen as a linear background. I(D,)/I(G)
ratios for coke Samples #1 and #2 are 3.8 and 2.4, respectively. The G
peak positions are at 1598 and 1599 cm™ for Samples #1 and #2,
respectively.

shows the peak fittings of the D and G peaks in the Raman
spectra. The peak deconvolution was conducted usin§ the
three-stage model reported by Ferrari and Robertson.”" and
the five-peak model reported by Péschl et al.'” The
deconvoluted peaks include the Lorentzian shape and the
Gaussian shape for phonon finite lifetime broadening and
random lifetime broadening, respectively. The G peak
represents ideal graphitic vibrations with E,, symmetry,
which can be found in graphitic rings and chains consisting
of sp? C atoms.* The D peaks represent the breathing mode of
the six-member ring of carbon or disordered graphitic
vibrations with A;, symmetry at ~1305 (D; band with a
Lorentzian shape) and ~1160 cm™' (D, band with a
Lorentzian shape), with Gaussian-type Dy at ~1510 cm™/,
and with E,, symmetry at ~1650 cm™' (D, band with a
Lorentzian shape).'” The sp®> and sp> content in the
amorphous carbon depends on the ratio of I(D,)/I(G) and
the position of the D and G peaks.* Based on the peak fitting
data shown in Figure 3 and Table 1, I(D,)/I(G) ratios for the

coke Samples #1 and #2 are 3.8 and 2.4, respectively. The
standard errors of Monte Carlo calculations for the fitting are
given for the confidence levels of the fitting results. The G peak
positions are at 1598 and 1599 cm ™' for coke Samples #1 and
#2, respectively. Both coke Samples #1 and #2 have structural
spectroscopic responses close to nanocrystalline graphite.” The
comparison of I(D,)/I(G) ratios for the two samples indicates
the higher degree of graphitization for coke Sample #1. On the
other hand, the chemical activity data (Figure 2) also show
coke Sample #1 as having a higher activity in the reaction with
Mn;0,. This example shows a correlation of coke activity with
its structure, which suggests the importance of an in-depth
understanding of the carbon structural properties for a better
understanding of its activity performance.

One reason for seeing lower overall carbon signals in Figure
3 when using a 785 nm Raman laser can be due to the different
amount of coke in the detecting area on the mixture sample.
There is also another possibility due to the different degree of
structural disorder—the different ratio of sp> and sp® bonding.
To further investigate the different ratio of sp® and sp*
bonding, ex situ Raman analysis was performed on the second
set of samples, which come from the soot of gasoline (Sample
#3) and diesel (Sample #4) engines.

2.2. Ex Situ Raman Spectroscopy. Visible Raman
spectroscopy is more sensitive to z-bond (sp®) than o-bond
(sp®) vibrations due to the fact that 7z bonds are more
polarizable (a larger Raman cross section) than o
bonds.”'*'7'® Increasing the excitation laser energy can
increase the detecting cross section, which makes the o-bond
(sp®) vibrations more sensible.'””'® Therefore, in this Raman
analysis, two laser energies were used to identify the carbon
long-range crystallinity and short-range bonding disorders of
the samples. The 785 nm laser excitation (shown in Figure 4a)
is more sensitive to the z-bond (sp?) vibrations, and the 488
nm laser (shown in Figure 4b) is more sensitive to the o-bond
(sp*) vibrations. The gasoline soot (Sample #3) shows a higher
intensity for amorphous carbon peaks than the diesel soot with
the 785 nm excitation laser energy (the black trace on top of
the red trace), and a reversed intensity order is observed for
the 488 nm laser (the red trace on top of the black trace). For
each sample, the Raman spectrum was collected under the 785
nm laser; then, another spot on the same sample was chosen
when switching to the 488 nm laser to minimize the possibility
of any change associated with excitation lasers. The alternated
order of peak intensities in Raman spectra under the two lasers
suggests a change of Raman signal sensitivity in this region
correlated with excitation energy. The 7 bond (sp?) is more
impacted by the change of excitation energy due to its

Table 1. Raman Peak Deconvolution Results for Spectra in Figure 3

center area integrated, relative
laser (em™) peak type (%)
Sample #1, 785 nm 1162 Lorentzian 4.2
1306 Lorentzian 66.1
1518 Gaussian 10.8
1598 Lorentzian 17.5
1650 Lorentzian 1.4
Sample #2, 785 nm 1158 Lorentzian 0.0
1308 Lorentzian 64.6
1510 Gaussian 7.4
1599 Lorentzian 26.9
1650 Lorentzian 1.0
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area integrated, standard error (yEr, peak

%) FWHM assignment I, /I
03 82 D,

1.0 152 D, 3.8
43 179 D,

0.8 58 G

6.1 300 D,

0.0 5 D,

1.2 102 D, 2.4
34 138 D,

1.5 60 G

73 300 D,
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Figure 4. Raman spectra of gasoline and diesel soot powders (Samples #3 and #4) with (a) 785 nm laser with 0.1% power, 2 scans at 60 s per scan,
and (b) 488 nm excitation laser with 100% power, 2 scans at 60 s per scan.
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Figure S. Raman spectra (deconvoluted in green) of a filtered slurry sample from FCC processes (Sample #5) under (a) 785 nm with 10% power,
2 scans at 60 s per scan, and (b) 488 nm excitation lasers with 100% power, 2 scans at 60 s per scan.

Table 2. Raman Peak Deconvolution Results for Spectra in Figure 5

laser center (cm™!) peak type area integrated, relative (%)
78S nm 1208 Lorentzian 21.1
1337 Lorentzian 34.8
1492 Gaussian 9.0
1581 Lorentzian 10.5
1700 Lorentzian 24.6
488 nm 1255 Lorentzian 12.6
1352 Lorentzian 33.1
1479 Gaussian 13.8
1594 Lorentzian 40.5
1735 Lorentzian 0.0

area integrated, standard error (yEr+, %) FWHM  peak assignment I, /I
4.1 216 D,
7.3 208 D, 33
33 160 D,
1.8 72 G
12 300 D,
4.1 127 D,
8.9 128 D, 0.8
5.6 185 D,
22 62 G
0.0 5 D,

resonance effect in the visible wavelength range. At a
qualitative level, this result suggests that the gasoline soot
has more sp” content, and the diesel soot (Sample #4) has
more sp® content. Both samples are amorphous carbon with
graphite-like local crystallinity. A fine-size effect can be seen by
the broadening of the peaks. Defect sites on the graphite-like
sheets exist with evidence of a pentagonal pinch vibration
mode at 1440 cm™.

Further analysis of a third type of hydrocarbon sample
(Sample #5) is shown in Figure S and Table 2. This sample is
filtered carbonaceous powder from the slurry generated by an
actual fluid catalytic cracking (FCC) unit that is processing a
heavy-resid feedstock. Under the two excitation laser energies
(785 and 488 nm), the Raman spectra show significantly
decreased I(D,)/I(G) ratio (from 3.3 to 0.8) and an upper
shift of the G position (1581 to 1594 cm™). As pointed out by

2568

Ferrari and Robertson, the decrease in the I(D,)/I(G) ratio
and the upper shift of the G peak position indicate the greater
impact from sp® for chain-type structures.” This example
clearly demonstrates that by changing the excitation laser
energy from 785 to 488 nm, sp® hybridized bond features are
more sensible in Raman spectroscopy.

As seen in the experimental results presented above,
systematic analysis of the intensity variation of D and G
bands corresponding to the change of excitation laser energy
indicates significant diversity with varying degrees of sp> and
sp® hybridized bonding structures for coke species collected
from different industrial processes as well as heavy carbona-
ceous deposits generated by industrial catalysts. Catalytic
formation of coke can be described as transformation of
carbonaceous species into structures that contain a further
delocalized bond electron distribution. The varying ratios of
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sp> to sp” bonding structures in these diverse sets of samples
highlight the variation in the conjugated 7 electron system
based on the nature of the process and catalysts as well as the
precursors.

Other established characterization techniques such as *C
solid-state nuclear magnetic resonance (ssNMR) spectroscopy
have been employed for elucidation of the structure of coke-
type carbonaceous species from industrially relevant processes
such as biomass conversion”® for many decades. Coupling this
technique with the type of systematic Raman spectroscopy
investigation presented in this contribution can further
increase the insights gained into coke formation in industrial
processes and into industrial catalysts in terms of the enhanced
structural resolution. Recent technical advances in the field of
ssNMR, such as new magic angle spinning probes, high-field
spectrometers, and superior pulse sequences for spectral
editing, make the combination of these techniques even
more powerful in such structural analyses on industrial coke
samples and mechanistic studies on coke formation in
industrial processes.

There are also new characterization methods that have been
developed in recent years that can provide critical information
for monitoring catalyst coking and deactivation in industrial
catalytic processes. A prominent example is the new micro-
wave-based approach”” that investigates the nature of catalytic
coke formation as an evolution from sp* carbons to sp? carbons
that possess a further delocalized bond electron distribution.
This novel nonintrusive method is based on microwave cavity
perturbation analysis for characterization of both the amount
and the chemical composition of coke species formed over
catalysts with sample full-body penetration.”” In this technique,
the obtained dielectric loss value reflects the overall coke
amount, and different compositions of coke lead to markedly
different absorption efliciencies. This new and practical
technique can also be effectively used in combination with
the systematic Raman spectroscopy approach highlighted in
this contribution to complement and further validate the
results generated by Raman spectroscopy.

3. MATERIALS AND METHODS

For sample information, detailed descriptions are listed in
Table 3. Samples #1—5 were investigated by operando Raman

Table 3. Powder Sample IDs and Description

sample
ID description
coke from thermolysis of petroleum residues
2 coke deposited during crude oil transportation in pipeline
networks
3 gasoline engine exhaust soot
diesel engine exhaust soot
S filtered FCC slurry from a resid-FCC unit

spectroscopy for coke characterization. Samples #1 and #2
were two types of coke collected in two industrial processes—
thermolysis of petroleum residues and crude oil transportation
in pipeline networks. These two coke materials were mixed
with manganese oxide (Mn;0,) (Sigma Aldrich) and analyzed
by operando Raman spectroscopy during high-temperature
gasification processes. Samples #3 and #4 were two soot
carbon materials collected at the gasoline/diesel engine
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exhaust. The mixtures of coke and manganese oxide were
ground into fine powders with a mortar and pestle.

Raman spectra were collected on a Renishaw inVia Raman
microscope with 785 and 488 nm lasers as the excitation
source. A Leica N PLAN microscope/S0X objective lens was
used to focus the 785 nm laser beam on the sample surface at
0.1 to 10% in power usage (100% power for the 488 nm laser).
The ground powder samples were loaded as a flat thin layer on
a piece of a glass slide. Raman spectra were collected
repeatedly under the same excitation laser after changing to
the other laser in order to check for possible beam damage.
There was no significant change in the Raman signals after the
switch, which suggests that there was no detectable beam
damage in these experiments.

Operando Raman analysis was conducted on the mixture of
10% carbon with manganese oxide (Mn;O,) powder. The
ground powder mixture (~40 mg) was loaded into a Linkam
CCR 1000 reactor and heated up to 850 °C at a ramping rate
of 10 °C/min under a steam—Ar environment, maintained at
850 °C for 10 min, and cooled down (20 °C/min) under the
same environment to 30 °C. A mass spectrometer (Hiden
Analytical, Inc., HPR2030) was used to monitor the formation
of H,0, H,, O,, CO, and CO, as a function of temperature.
Raman spectra were also collected before and after treatment.

4. CONCLUSIONS

Industrial examples are provided on the use of operando
Raman spectroscopy for characterization of crystalline
structures and bonding configurations of carbonaceous
samples obtained at various stages of petroleum processing
and utilization. Gasification activities of coke from different
sources were studied in detail by comparing the I(D,)/I(G)
ratio and the G peak position. To explore the ratio of sp* and
sp® bonding in greater detail, an ex situ Raman analysis was
conducted using two lasers with different excitation energies
on the filtered slurry samples from the fluid catalytic cracking
process as well as soot powders from gasoline and diesel
engines. By changing the excitation energy of the laser, the
sensitivity of Raman signals was modified for the 7 bond (sp*)
and ¢ bond (sp?) vibrations. With this approach, the gasoline
soot was found to have more sp” content, and the diesel soot
has more sp’ content. This methodology proves to be a
practical means to support research activities by identifying
coke structural variation in various industrial processes and its
correlation with activities, which could help efforts on
developing methods for targeted coke removal for different
crystalline structures. For further insights into the nature of
coke formation in industrial processes and into industrial
catalysts, solid-state *C NMR spectroscopy”” and dielectric
measurements via microwave cavity perturbation analysis23 can
be utilized to complement the results generated by Raman
spectroscopy.
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