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Introduction

Hydropyrolysis: towards fluorescence-free Raman
spectroscopy analysis of internal diesel injector
deposits

Joel Viggars, (2 Sarah Angel-Smith,? Graham A. Rance, 2 > Ahmed Khairy,**
Will Meredith,? Adrienne Davis,? Jim Barker, ©) *¢ Jacqueline Reid,® David J. Scurr’
and Colin E. Snape?®

Micro-Raman spectroscopy (pRS) is an established analytical tool enabling facile determination of the
structural ordering within carbonaceous materials, including the particulate-matter found in vehicle
deposits and environmental matrices. However, if fluorescent species are present within the material
under examination, pRS analysis can be at best complicated and at worst impossible. Common methods
to circumvent this issue, such as changing the excitation laser wavelength and/or photobleaching, are not
always possible. In this study, we demonstrate pyrolysis under high hydrogen pressures (hydropyrolysis,
HyPy) as an effective thermal treatment for the removal of fluorescent species at relatively low tempera-
tures (350 °C), without significantly altering the structure of the parent carbonaceous material. This was
illustrated through pRS investigation of a series of six carbon reference samples, whereby, after HyPy, the
interference from fluorescence was significantly reduced, whilst the positions, widths and intensity ratios
of the diagnostic D and G bands remained largely unchanged. Application of hydropyrolysis to a series of
five internal diesel injector deposits (IDIDs) enabled a pRS investigation of the physicochemical structure
of the deposited carbons for the first time. Moreover, mass spectrometry analysis of the volatile species
removed during HyPy of IDIDs where engine failures had occurred suggested that linear polyunsaturated
n-Cye and n-Cyg alkenes were likely responsible for the fluorescence. As HyPy can be readily applied to a
variety of carbonaceous materials, for example, petroleum source rocks contaminated with drilling muds,
the approach we describe here represents a general strategy for fluorescence suppression enabling struc-
tural investigation of carbons by pRS.

cial availability of the laser as an excitation source, pRS has
been applied widely across a range of sectors, including life

Micro-Raman spectroscopy (uRS) is an invaluable tool for
materials characterisation providing key information on the
structure, chemical composition and local environment of
molecules and molecular materials using the diagnostic finger-
print that the vibrational spectrum uniquely delivers. Over the
last 50 years, and driven principally by the increasing commer-
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sciences, pharmaceuticals, geology, cosmetics, semiconductors
and carbonaceous materials," ® enabling native-state analysis, in
the absence of labels or exhaustive preparation procedures, in a
non-invasive and non-destructive fashion. Of particular note,
the application of uRS for the characterisation of carbonaceous
materials has been extensively explored. Enabling facile dis-
crimination of the carbon allotropes, including fullerenes (0D),
carbon nanotubes (1D), graphene (2D) and diamond (3D), pRS
is now commonly used as a means of quantifying the degree of
structural ordering of carbonaceous materials containing gra-
phitic domains. This involves careful analysis of the two most
prominent peaks in the first-order Raman spectrum, namely the
D and G bands, observed at ~1350 and 1580 cm™" in graphite,
respectively,® *® providing information complementary to that
obtained from *C nuclear magnetic resonance (NMR) spec-
troscopy and X-ray diffraction (XRD) analysis,"®™® but offering
the advantages of lower sample requirements and, when inte-
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grated with confocal optics, permitting analysis from volumes
approaching the optical diffraction limit.

However, as every analyst who has attempted to record a
Raman spectrum will attest, interference from fluorescence
can represent a significant problem. Given the sizeable differ-
ences in cross-section (doguo/d2 ~ 107'° ecm?® sr™* for fluo-
rescence emission, dograman/d2 ~ 1072* cm? sr™! for Raman
scattering),"® if a fluorophore is present, either inherent to the
molecular species under examination or as an impurity, and
closely matches the wavelength of the Raman excitation laser,
fluorescence poses a big problem. The contribution of fluo-
rescence to the observed baseline intensity and associated
reduction in Stokes Raman signal-to-noise ratio can mask and/
or distort the detailed structural information held within the
Raman spectrum and may lead to inaccurate conclusions
being drawn. Consequently, a number of routes have been
explored to solve the fluorescence issue. The most common
approach is to change the wavelength of the excitation laser,
with longer wavelength (e.g., NIR) lasers — where the photon
has insufficient energy to excite strong fluorescence — and
shorter wavelength (e.g., UV) lasers — where fluorescence may
be excited but the emission is sufficiently separated in energy
from Raman scattering that spectral overlap is avoided - both
reported as solutions to the fluorescence problem.?*™’
However, this necessitates access to Raman instrumentation
with multiple excitation sources, with many instruments typi-
cally equipped with only 532 or 785 nm lasers.
Photobleaching, a process involving pre-exposure of the
sample to the excitation laser prior to spectrum acquisition
and resulting in photochemical degradation of the fluoro-
phore, is similarly popular, but must be used with caution,
particularly for laser-sensitive materials like carbons. More
advanced approaches for fluorescence suppression include
time-, frequency- and wavelength-domain and computational
methods, the relative merits and limitations of which have
been extensively reviewed.”® However, in general, these
approaches are considered expensive in terms of time and
cost, involving hardware and/or software not typically found
on current commercial pRS systems, and therefore alternative
approaches should be considered.

In this study, we explore the application of hydropyrolysis
(HyPy) and nitrogen pyrolysis (NPy) for the thermal pre-treat-
ment of carbonaceous samples enabling removal of the
species responsible for fluorescence. HyPy involves heating a
sample under a stream of high-pressure hydrogen (150
bar)**7! achieving a much higher conversion of labile organic
matter to volatiles than conventional pyrolysis, as shown
across a range of carbonaceous materials, including biomass,
petroleum source rocks and coals, whilst preserving the struc-
ture of the volatiles due to the use of lower temperature. This
has led to a number to applications in petroleum exploration
using bound biomarkers released with minimal conformation-
al change. Furthermore, less growth of polyaromatic clusters,
leading to char formation in HyPy, compared to NPy, has been
reported, enabling the fraction of pyrolytic or black carbon in
environmental carbonaceous materials to be determined.*®
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To demonstrate the ability of HyPy and/or NPy to remove
fluorescing species and thereby facilitate meaningful uRS ana-
lysis of the aromatic structures, we have explored their appli-
cation across a range of six carbon reference samples, namely
graphite, multi-walled carbon nanotubes (MWCNT), graphene
oxide (GO), charcoal and two Biochars. Our analysis of these
reference samples indicates that in general HyPy treatment has
little to no impact on the structure of the carbon but elicits
effective fluorescence suppression in cases where this was
observed before treatment. Moreover, the application of HyPy
for removal of fluorescing species has enabled pRS analysis of
Internal Diesel Injector Deposits (IDIDs) for the first time. The
worldwide quest to reduce emissions from diesel engines has
seen significant demands for increased efficiency and perform-
ance from diesel engines. Concurrently, legislation-driven
changes have occurred in the composition of diesel fuel and
design of the injection system of diesel engines. In the last
decade, the introduction of ultra-low sulfur diesel (ULSD) and
biodiesels, such as Fatty Acid Methyl Ester (FAME), have
sought to improve the fuel side. The diesel injectors have seen
combustion shaping, and an increase in temperature, pressure
and the internal tolerance afforded to moving parts to fulfil the
demands of emission legislation. Since these changes in fuels
and diesel injectors, problems arising from deposit formation
inside the injector have been reported worldwide, and form the
subject of many studies with the aim of understanding and miti-
gating their negative effects.** This is a new topic and should
not be confused with External Diesel Injector Deposits (EDIDs),
which have some aspects of their formation which may trans-
ferred, but in general the formation of IDIDs takes place under
different conditions.>***” The deposit and tighter internal injector
restrictions have manifested into a problem for consumers as
typically needles with deposits stick and stop the flow of diesel,
hindering combustion and increasing emissions. IDIDs are of
significant interest due to the detrimental effects on the consu-
mer and environment. It is vital to understand the composition
of the carbonaceous IDIDs to gain an insight into their formation
mechanism. This information can then be applied to avoid their
instigation and/or to design new additives to prevent formation
or to aid in their removal. Due to the insoluble nature of the
deposits and the small amounts of material available, analysis
has been difficult.”??%3*7353840 1n this study, we demonstrate
the ability of HyPy to remove fluorescing species and thus facili-
tate pRS analysis of field sample IDIDs.

Experimental
Materials

General. The hydrogen and nitrogen gases used for pyrolysis
were supplied by the British Oxygen Company (BOC) with a
purity of 99.9%.

Reference samples. Details of the six carbon reference
samples analysed by pRS are included in Table 1.

IDID samples. Details of the five IDIDs analysed by pRS ana-
lysis are included in Table 2. It is important to note that the

This journal is © The Royal Society of Chemistry 2026
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Table 1 Technical details of the reference carbon samples analysed by pRS in this study, including the commercial source or feedstock, the percen-
tage of black or pyrolytic carbon in 8 ring or larger structures determined by HyPy (BCyyp,), Where applicable, and the percentage of total carbon

Reference carbon Commercial source or feedstock BCryypy/% Total carbon/% dry ash free basis
Graphite Sigma Aldrich (808067) n/a 99

Multi-walled carbon nanotubes (MWCNT) Sigma Aldrich (659258) n/a >90

Graphene oxide (GO) William Blythe (JC05-163P) n/a 68

Charcoal Archaeological charcoal, neolithic age 24 52.7

Biochar-A Whole tree wood Biochar 94 76.1

Biochar-B Biochar from ancient coalified wood 97 92.4

Table 2 Technical details of the IDIDs analysed by pRS in this study, including the location where the engine component failed, the fuel used and

the quoted complaint

IDID Location Fuel Complaint

IDID-A Norway Diesel EN590 Injector needle from a heavy-duty truck. Complaints of a non-start due to needle sticking

IDID-B Minnesota, USA US No. 2 Diesel Complaint of poor drivability

IDID-C Louisiana, USA US No. 2 Diesel Complaints included power loss, and a workshop tow was required. The needle misfired
after 40 min and stopped. There was no start

IDID-D Norway Diesel EN590 Injector needle from a heavy-duty truck. Complaints of a non-start due to needle sticking

IDID-E China China Complaint of engine stopping

IDIDs were analysed by pRS whilst attached to the needle, i.e.,
their removal was not required. The needles themselves con-
tributed no significant signal in the Raman spectra. Details of
the five IDIDs analysed by gas chromatography-mass spec-
trometry (GC-MS) are included in Table S8 of the SI.

Methods

Hydropyrolysis (HyPy). All the reference carbon and IDID
samples were subject to HyPy. This process involved rapidly
heating the sample to 250 °C (~50 °C min~"), and then at a
rate of 8 °C min™" to 350 °C, under a hydrogen stream at 150
bar and a flow rate of 5 L min™". Once at 350 °C, the tempera-
ture was held for 5 min. The weights of the reference samples
ranged between 10-35 mg. A silica trap and dry ice was used to
isolate the volatile matter from the injector needles, which was
subsequently analysed using GC-MS. The apparatus used for
pyrolysis has been described in detail previously.*®3*3839

Nitrogen pyrolysis (NPy). Select reference carbon and IDID
samples were subject to NPy. This process involved rapidly
heating the sample to 250 °C (~50 °C min~"), and then at a
rate of 8 °C min™" to 350 °C, under a nitrogen stream at 150
bar and a flow rate of 5 L min~". Once at 350 °C, the tempera-
ture was held for 5 min. A silica trap and dry ice was used to
isolate the volatiles.

Computed tomography (CT). One of the failed injector
needles was scanned with a Pheonix V|tomex| M 240 X-ray CT
system (GE Sensing and Inspection Technologies, GmbH,
Wunsdorf, Germany) with a maximum electron acceleration
voltage of 300 kV and detectable detail <1 pm. This analysis
was performed to provide detailed, non-invasive macroscale
imaging of the needle inside the injector body, without the
need to remove it from the injector. Settings were as follows:
220 kV applied potential, 110 pA tube current, 29 pm resolution,

This journal is © The Royal Society of Chemistry 2026

500 ms detector exposure time, 1800 radiograph images over
360° rotation, each radiograph was 1 image. The X-ray beam was
filtered with 0.5 mm of copper. The total scan time was 25 min.
The software used to analyse sample data was datos|x rec, and
visualised using Volume Graphics VG StudioMax (Volume
Graphics, GmbH, Heidelberg, Germany). It was not necessary to
operate at maximum accelerating voltage as the spatial resolu-
tion required to visualise the failed needle was lower than the
maximum achievable for this system.

Scanning electron microscopy (SEM). SEM analysis of one of
the failed injector needles was performed using a XL30
FEG-ESEM (Thermo Fischer, Massachusetts, USA). The acceler-
ating voltage used was 20 kV, with a spot size of 3.0 nm. The
working distance was 28.2 mm. This analysis was performed
to assess the microstructure of the IDID.

Gas chromatography mass spectrometry (GC-MS). GC-MS
analysis of the thermally-labile products released from the injec-
tor needles following HyPy or NPy treatment was performed in
full scan mode (m/z 40-400) using a 7890 GC gas chromato-
graph interfaced to a 5977 MSD mass spectrometer (Agilent,
Santa Clara, USA). Separation was achieved on a HP-5MS fused
silica capillary column (30 m x 250 pm x 0.25 pm), using
helium as the carrier gas, and an oven programme involving
heating to 50 °C, holding for 2 min, then heating to 300 °C at a
rate of 4 °C min~", followed by final hold for 20.5 min. Samples
were prepared for analysis by extracting the volatiles from silica
using 10 mL dichloromethane, which were subsequently evapor-
ated to 100 pL under a stream of nitrogen at room temperature
prior to analysis.

Micro-Raman spectroscopy (URS). pRS was performed using
a LabRAM HR Raman microscope (HORIBA, Lille, France).
Details of the range of instrument configurations applied in
this study are included in Table 3.
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Table 3 Technical details of the instrument configurations used for pRS measurements

Laser Laser power/ Diffraction grating groove Objective lens magnification Spectral Lateral
wavelength/nm mw density/lines per mm (numerical aperture) resolution/em™"? resolution/nm ¢
325 0.30 1200 40x (0.50) 2.5 —

532 0.40 600 100x (0.80) 1.8 480

660 0.25 600 100x% (0.80) 1.2 592

785 0.40 300 100x% (0.75) 1.7 1070

“Measured at the sample using a power meter. ” Defined as single pixel dispersion at the low-energy cut-off of the edge filter. ¢ Estimated using a
spatial resolution standard comprising 100 nm-wide gold stripes on silicon. 4 Not measured.

In all cases, the size of the confocal aperture was set to
200 pm. Prior to spectrum acquisition, the spectrometer was
calibrated (for Raman shift) by application of an automated
calibration procedure using the zero-order line (i.e., the zeroth-
order diffraction of incident laser light at 0 nm) and the
phonon mode at 520.7 cm™" from a Si (100) reference sample.
Samples were prepared for analysis by casting powders onto Si.
Spectra were acquired with 60 s integration time and 2
accumulations to remove spectral artefacts, e.g., cosmic rays,
and improve the signal-to-noise ratio, from a minimum of 3-5
random locations to enable investigation of sample heterogen-
eity. Where photobleaching was applied, specific details are
included in the respective figure/table captions. Before
spectra were processed, a measure of the baseline intensity
(defined as Ipase, in counts per s) was determined by extract-
ing the intensity at 1900 cm™'. Unless stated otherwise,
spectra were processed using Labspec 6.7 software as follows:
(i) extraction within the range 900-2000 cm™", (ii) baseline
correction using a first-order polynomial function (64 anchor
points, 16 noise points), (iii) normalisation to the intensity of
the G band, and (iv) extraction of key peak parameters using
the peak limits method. In this method, the height
(maximum intensity value), area (maximum intensity value
multiplied by the peak width), position (spectral position of
the maximum intensity pixel) and width (approximate full-
width at half-maximum of the peak) within a specified spec-
tral range (ie., the “peak limits”) can be extracted. Here, it
was applied for determination of the position, width and
intensity ratio (Ip:Ig using peak heights) of the diagnostic D
and G bands wusing the limits of 900-1500 and
1500-1900 cm™" for the D and G bands, respectively. It is
important to note that application of a linear baseline sub-
traction model and/or use of alternative numbers of anchor
points (the number of data points used to fit the baseline) or
noise points (a correction applied to the baseline calculation)
have negligible impact on the ability to extract quantitative
information from the spectra. OriginLab 10.2 software was
employed for additional peak fitting analysis using Lorenzian
lineshapes (three for graphite and MWCNT, four for GO, and
five for charcoal, the Biochars and IDIDs). In all cases, the
peak fitting was repeated until convergence was achieved,
such that a chi-squared tolerance value of 1 x 107° was
obtained. The same key peak parameters were extracted from
the peak fits.

Analyst

Results and discussion

The effect of HyPy and NPy on the structure of the reference
samples

To assess the ability of HyPy and NPy to suppress fluorescence
without impacting the fundamental structure of the carbon
under examination, six reference carbons were initially
explored, namely graphite, multi-walled carbon nanotubes
(MWCNT), graphene oxide (GO), charcoal and two Biochars
(Biochar-A and Biochar-B). These references were selected
because they encompass a range of structural orders, with
varying BCyypy contents and potential extents of baseline fluo-
rescence. Graphite and MWCNT have low structural disorder,
i.e., exhibit little deviation from the ideal honeycomb lattice of
sp>-hybridised carbons expected in graphitic materials.
Consequently, the first-order Raman spectrum of both graph-
ite and MWCNT (Fig. 1) are dominated by a narrow, intense
peak at ~1580 ecm ™, assigned as a C-C stretching vibration of
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Fig. 1 Representative full Raman spectra (1 = 532 nm) of the six carbon
reference samples employed in this study: graphite (black, bottom),
MWCNT (red), GO (blue), charcoal (green), and Biochar-A (purple) and
Biochar-B (yellow, top). Prior to spectrum acquisition, GO was photo-
bleached for 100 s at P = 0.4 mW. The first-order Raman spectrum
shows the characteristic D and G bands. The second-order Raman spec-
trum of ordered carbons, such as graphite and MWCNT, is dominated by
the 2D band. In more disordered carbons, the intensity of the 2D band is
reduced, with the second-order spectrum representing a superposition
of several low-intensity overtone and combination modes, including the
2D, D + D' and 2D’ bands.

This journal is © The Royal Society of Chemistry 2026
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E,; symmetry (the so-called G “graphite” band), in addition to
a similarly narrow but lower intensity peak at ~1350 cm™, an
A, ring-breathing mode of six-atom rings requiring a defect
for its activation (the so-called D “disorder” band), with often
negligible contributions to the baseline intensity from fluo-
rescence. Under the amorphisation trajectory defined by
Ferrari and Robertson'' such carbons would be classified as
early stage 1. Conversely, charcoal and the Biochars are more
disordered, exemplified by broader and more strongly overlap-
ping D and G bands observed in the first-order Raman spectrum
(Fig. 1) and typically more evident baseline fluorescence
(Table 4). Whilst the origin of this fluorescence is not fully
understood, it is likely associated with HOMO-LUMO tran-
sitions in polycyclic aromatic hydrocarbons (PAHs) and/or func-
tionalised alkenes, ie., species containing sp*-hybridised
carbons, either inherent to, or a byproduct within, the carbon
itself.”** Such carbons are considered early-to-mid stage 2
according to the amorphisation trajectory. GO — a solution-pro-
cessable proxy for graphene with highly tuneable properties
related to its high, but variable, oxygenated functional group
content, and currently finding broad-spectrum applications
including in biomedicines, water treatment and composites****
- is similarly disordered, presenting a Raman spectrum (Fig. 1)
similar to that of the charcoal and the two Biochars. However,
its analysis by pRS is hindered by often significant, sometimes
dominant, baseline fluorescence, attributed to electron-hole
recombination from the bottom of the conduction band and
nearby localised states to a wide-range valence band, involving
both non-oxidised carbon atom regions and the boundary of
oxidised carbon atoms, e.g., in C-O, C=0 and -(C=0)OH func-
tional groups.** It is worthy of note that GO does not readily
map onto the amorphisation trajectory owing to the presence of
oxygen-containing functional groups not considered within the
ternary phase diagram of carbon.

Whilst the positions, widths and lineshapes of the D and G
bands provide key information on the physicochemical attri-
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butes of carbons, e.g., extents of strain, doping, etc., it is the
intensity ratio of D and G bands (I : I) that is most used for
quantification of ordering with graphitic carbons.*® However,
interpretation of this simple metric is fraught with errors
throughout the wider scientific literature and worthy of brief
discussion.*®*” Firstly, carbons are known to possess high sen-
sitivity to excitation laser power. Indeed, in control measure-
ments of our reference samples (Fig. S1-S6, SI) we found that
analysis at laser powers above 0.4 mW resulted in changes in
In: I as a direct result of laser-induced heating. The use of
appropriate laser powers, typically P < 0.5 mW for substrate-
bound carbons, is therefore critical to prohibit the onset of
photothermal transformations. Secondly, owing to the double-
resonance scattering mechanism and consequential dispersive
nature of the D band,*®* its position and intensity shows
strong wavelength dependence (Fig. S7-S13 and Table S1, SI).
As such, meaningful comparisons of I, : I can only be made
by considering spectra collected using the same excitation
laser wavelength, and ideally the instrument configuration®?
as even changes in hardware, such as diffraction grating
groove density, can impact Iy:Ig. Lastly, the relationship
between I, : I and defect density (cf. interdefect distance, Lp)
is complex. At low defect density, the development of a D peak
(increasing I, : I) indicates increasing disorder (i.e., the likeli-
hood of locating any defect, as this ring-breathing mode
cannot be activated in the absence of a defect) with I, : Ig ~ 1/
Lp according to the Tuinstra and Koenig relationship.”® For
more disordered carbons, the development of a D peak
indicates increasing order (i.e., the probability of observing a six-
atom ring) and consequently is better described as I, : Ig ~ Lp >
consistent with the model developed by Ferrari and
Robertson."* Therefore, caution must be exercised when
attempting to extract physical meaning from I, : Is.

Visual inspection and subsequent analysis of the 532 nm
Raman spectra obtained from the six reference carbons (Fig. 1
and Table 4) confirm the expected range of structural orders,

Table 4 Spectral characteristics extracted using the peak limits method from the point spectra (4 = 532 nm) of the reference carbons investigated
in this study by pRS before treatment and after HyPy. Values are quoted as mean plus/minus one standard deviation from N = 5 measurements.
Application of the peak limits method was deemed more appropriate than peak fitting as the inability to reliably deconvolute the G and D' bands
through fitting significantly impacted the determined Ip : I (cf. von Neumann’s maxim)

D band G band
Reference carbon Treatment Iase/counts per s Position/cm™* Width/em™ Position/cm™* Width/em™ In:Ig
Graphite None 1.8+0.1 13519+ 2.6 52.0 £ 3.7 1581.3 £1.3 21.4+2.5 0.17 £ 0.07
HyPy 1.3+0.1 1350.3 £ 6.7 54.5 £ 3.5 1579.7 £ 0.7 19.8 £4.2 0.15 + 0.09
MWCNT None 1.6 £0.1 1350.3 £ 2.6 45.6 +7.3 1579.4 £ 1.5 23.3+1.5 0.14 + 0.03
HyPy 1.2 £ 0.0 1352.5£2.4 42.4 +1.8 1580.7 £ 3.0 23.6+1.3 0.14 £ 0.03
GO None“ 92.6 +49.3 1348.0 £10.0 163.0 £ 14.2 1593.1 £ 3.2 103.5 £ 6.5 0.93 £ 0.03
HyPy 6.9+1.7 1354.1+£5.1 158.6 £ 5.0 1593.4+4.2 93.6 £ 2.1 0.90 £ 0.01
Charcoal None 311.8 +106.5 1367.8 £ 6.5 269.1 £11.7 1598.0 £ 3.6 123.1+£15.1 0.77 £ 0.07
HyPy 187.9 £ 69.8 1365.2 £ 6.6 223.3 +4.6 1601.7 £ 1.8 58.5+2.0 0.59 £ 0.01
Biochar-A None 33.0+29.3 1338.8£7.6 274.6 +2.7 1599.2 £ 3.5 84.8 £4.7 0.73 £ 0.02
HyPy 10.7 £ 2.2 1341.0+ 4.0 274.0+2.4 1598.3 +3.4 86.4 +2.8 0.74 £ 0.01
Biochar-B None 17.1+11.3 1339.8 £ 6.8 236.1 £16.7 1603.7 £ 2.3 76.1+1.3 0.73 £ 0.04
HyPy 6.2 +2.1 1333.5+£4.3 216.8 +16.4 1602.7 £ 2.2 749 +1.8 0.75 +£0.03
4 Prior to spectrum acquisition, GO not subject to thermal treatment (i.e., before) was photobleached for 100 s at P = 0.4 mW.
This journal is © The Royal Society of Chemistry 2026 Analyst


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5an00347d

Open Access Article. Published on 23 April 2026. Downloaded on 6/28/2026 9:32:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

exemplified by the Ip:Ig values observed (0.14-0.93).
Moreover, it was noted that acquisition of the Raman spec-
trum of GO, and to a lesser extent charcoal, was complicated
by fluorescence. As discussed previously, there are various
reported methods for fluorescence suppression, including
changing the wavelength of the excitation laser and photo-
bleaching. To explore the potential of these methods here, the
reference carbons were analysed using a range of excitation
wavelengths, spanning the UV-visible-NIR range (Fig. S7-S13
and Table S1, SI), and separately subject to higher power, short
duration (Fig. S14-S19, SI) and low power, longer duration
photobleaching approaches (Fig. $20-S25, SI). In all cases, to
quantify the baseline intensity, which will inevitably be higher
where fluorescence is observed, we introduced and used a new
metric - I, — defined as the intensity of the baseline in
counts per s at 1900 cm™', i.e., near to, but not overlapping
with, the D or G bands. For more ordered carbons, where I 4.
was low at 4 = 532 nm (<2 counts per s, i.e., a measure of the
system noise) and fluorescence not an issue, changing the
wavelength of the excitation laser had negligible impact
(Fig. S7, S8 and S13 and Table S1, SI). However, for more dis-
ordered carbons where I, at 4 = 532 nm was more significant,
a strong wavelength-dependence was observed, with I,e see-
mingly increasing with increasing laser wavelength (Fig. S9-S13
and Table S1, SI). In fact, for GO and charcoal it was not poss-
ible to record a 785 nm Raman spectrum owing to the domi-
nance of fluorescence at this wavelength resulting in detector
saturation. The application of higher power, short duration
photobleaching, whilst to an extent remedying the fluorescence
issue (i.e., reducing I,.s), is NOt an appropriate solution owing
to the irreversible structural and power-dependent changes to
the carbon induced at high laser power (P > 0.4 mW) (Fig. S14-
S19, SI). Interestingly, low power (P < 0.4 mW), longer duration
photobleaching was, overall, an effective tool for fluorescence
suppression. Through acquisition of time maps, where a series
of Raman spectra were collected over the course of 5 minutes
(Fig. S20-S25, SI), we found that: (i) in all cases, the spectra
obtained towards the end of the time map were analogous to
those obtained nearer the start, i.e., low power photobleaching
does not seemingly impact the structure of the carbon; (ii) for
ordered carbons, there was no strong dependence on Ij,,s With
either time or laser wavelength, i.e., the baseline intensity was
stable; and (iii) for GO, and to a lesser extent charcoal, Ipase
could be effectively reduced to a level where meaningful Raman
spectra could be obtained by photobleaching at P < 0.4 mW,
regardless of the wavelength of the laser applied. However, it is
important to note that photobleaching was not universally appli-
cable as increases in baseline intensity with extended bleaching
was observed in some cases.

Given that instrument-based solutions for fluorescence sup-
pression could not seemingly be applied ubiquitously, HyPy
was next explored and a qualitative inspection of the Raman
spectra obtained from post-HyPy carbons relative to the parent
(untreated) carbons undertaken (Fig. 2).

Careful examination of the spectral profiles, including
extraction of key peak attributes using either the peak limit
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(Table 4 and Fig. 3) or peak fitting methods (Fig. S26-S31 and
Table S2, SI), indicates that HyPy has no significant impact on
the structure of the carbons, with negligible changes in the
positions, widths and intensity ratios of the D and G bands
(within the standard deviation of N = 5 measurements)
observed for the majority of the reference carbons. Moreover,
examination of I, reveals that HyPy effectively reduces the
baseline intensity associated with fluorescence. The most sig-
nificant fluorescence suppression was noted for GO, where
Iase Was reduced to ~7 counts per s following HyPy, from
~900 counts per s for the parent carbon in the absence of
photobleaching (~90 counts per s after 100 seconds of low-
power photobleaching), i.e., HyPy reduces the baseline fluo-
rescence intensity by up to two orders of magnitude compared
to photobleaching reducing it by approximately one order of
magnitude. The exception here was charcoal where more
evident changes in the spectral profile, and indeed I, : I, and
only moderate reductions in I,s, were observed following
HyPy. This could arise from the relatively low BCyyp, content
(Table 1) and residual amounts of labile material remaining
after HyPy.

To briefly explore the impact of pyrolysis under different
conditions, a subset of the reference samples was treated
using HyPy at higher temperatures (Fig. S32 and Table S3, SI)
and separately using NPy (Fig. S33-S36 and Table S4, SI).
Interestingly, HyPy treatment of Biochar-A at 550 °C resulted
in a small decrease in I : Ig and subtle narrowing of both the
D and G bands, in addition to a negligible reduction in Ipse
relative to the parent, indicating that HyPy should likely be
applied at a maximum temperature of 350 °C in order to pre-
serve the structural integrity of the carbon whilst remediating
the fluorescence issue. The success of treatment of graphite,
GO and Biochar-A using NPy was more variable. In general,
Iyase Was reduced and Ip:Ig unaffected, consistent with the
results observed using HyPy, but for GO the width of the D
band increased significantly (from ~160 to ~240 cm™), indi-
cating an increase in the range, but not number, of defects
present, likely a result of nitrogen-doping. Whilst there is
inevitably more parameter space that can be explored, HyPy at
350 °C was found to be effective for fluorescence suppression
and as such suitable for application to trickier samples, e.g.,
engine-derived carbons, where fluorescence will be more
significant.

The application of HyPy and NPy to IDIDs

As discussed previously,”® IDIDs are commonly found to
develop on the injector needle and tip due to the high temp-
erature and pressure conditions found in these regions that
promote the pyrolysis of fuel and polymerisation reaction and
result in sticky carbonaceous deposits. Indeed, our photogra-
phy and SEM analysis of a representative failed injector shows
a clear carbonaceous deposit at the tip of the needle (Fig. 4).
As anticipated, Raman spectroscopy analysis of the IDIDs at
A = 532 nm was significantly impacted by fluorescence
(Fig. S37-S42 and Table S5, SI), with Iy,s highly variable
location-to-location and on average typically more than 1000

This journal is © The Royal Society of Chemistry 2026
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(d) charcoal, (e) Biochar-A and (f) Biochar-B before (black, bottom)

and after HyPy (red, top). Error bars reflect one standard deviation from N = 5 measurements. Prior to spectrum acquisition, GO not subject to
thermal treatment (i.e., before) was photobleached for 100 s at P = 0.4 mW.

counts per s, well above the level for detector saturation and
precluding acquisition of spectra. Multiple-wavelength and
time-dependent analysis of IDID-A indicated that increasing
the wavelength of the excitation laser generally increases I,
as was seen for the more disordered reference carbons, with
low power photobleaching failing to reduce the baseline fluo-
rescence to the levels required for uRS. It is interesting to note
that I, for IDID-A at A = 325 nm was low enough, following
an extended period of photobleaching, for Raman spectra to
be obtained. This enabled us to confirm the innocence of
HyPy (and NPy) for IDIDs (Fig. S43 and Table S6, SI). However,
it is worth reiterating that most modern Raman systems are
not equipped with UV laser excitation sources, with changes in
I : I harder to discern using shorter wavelength lasers owing
to the dispersive nature of the D band, and therefore HyPy
might represent a more generally applicable tool for fluo-

This journal is © The Royal Society of Chemistry 2026

rescence suppression than photobleaching and subsequent
analysis with UV lasers.

Indeed, following HyPy treatment the 532 nm Raman
spectra of the IDIDs could be readily acquired (Fig. 5 and
Table 5). It is important to note that it was not possible to
obtain 532 nm Raman spectra of the IDIDs following NPy
(Fig. S44, SI) as, even following extensive, low power photo-
bleaching, which in some locations increased the fluorescence
baseline, a5 remained too high. This can be explained by the
inability of nitrogen to remove carbon-carbon double bonds,
as is seen with HyPy.

Analysis of I,se shows that the baseline intensity can be
reduced by more than an order of magnitude relative to the
parent carbon through application of HyPy and thus enabling
532 nm Raman spectra of the IDIDs to be collected and ana-
lysed. Overall, the spectra observed are consistent with those
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Fig. 4 Multiple length scale imaging of a typical injector needle. (a) A
CT image of a needle inside the injector, prior to its removal from the
injector body for subsequent analyses. (b) A SEM image (61x magnifi-
cation) showing the surface morphology of the injector needle and the
discontinuous IDID coverage responsible for the needle sticking. (c) A
photograph of a failed needle removed from the injector body, covered
in carbonaceous material at the tip, appearing as black matter.

obtained from the reference carbons GO, charcoal and the
Biochars, comprising two broad and strongly overlapping D
and G bands, indicating disorder but on a journey towards a
more ordered carbon phase. Examination of the spectral pro-
files, through both the peak limit (Fig. 5 and Table 5) and
peak fitting methods (Fig. S45-S49 and Table S7, SI), indicates
that IDID-C is seemingly the least impacted by baseline fluo-
rescence (lowest Ip,se), and the most ordered (narrowest D and
G bands and highest I,:1;), consistent with a carbon that
would be highly challenging to remove from the injector and
explains the failure observed. It is important to note that the
IDID needles used in the study are from “field” issues and as
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such have seen a wide variety of fuels, conditions, injector set-
tings, field age, and driving range, all of which adds to IDID
accumulation until it has noticeable impact on engine per-
formance. Such variability explains the spectral differences
observed and echoes the build-up of ring structure seen in pre-
vious studies on fuel deposits. The degree of movement
towards ordered carbonaceous deposits is indicative of the
mechanism of IDID formation and a combination of pRS and
HyPy are well placed to deliver this important data.”>>*

Identification of contaminant volatile species

GC-MS was used to analyse the volatile material released
during pyrolysis via HyPy and NPy up to 350 °C from a comp-
lementary set of IDIDs and help identify the species respon-
sible for the fluorescence interference observed in the Raman
spectra (Fig. 6 and Table S8, SI). Both the total ion chromato-
gram (TIC) and the m/z 71 single ion chromatogram (SIC)
arising from acyclic alkanes which help to identify the major
alkane species are shown. As the volatile products from each
needle were dissolved in an equal volume of solvent prior to
analysis, this confirms that considerably less volatile material
was removed under NPy conditions than with HyPy, consistent
with the observations from pRS. n-Hexadecane and n-octade-
cane were not major constituents in the NPy products, due a
combination of cracking and rearrangement reactions and,
clearly, NPy is not effective at reducing the unsaturated species
derived from biodiesel that are responsible for the
fluorescence.

The HyPy products from needles F-H all comprise n-hexa-
decane, n-octadecane, together with other n-alkanes (C;,~Cye)
(Fig. 6). Diesel fuel is the likely origin of the C;,-C,¢ n-alkanes,
giving a reasonably equal distribution and intensity of peaks,
seen in many examples in previous studies.>® The relatively
high levels of n-hexadecane and n-octadecane arise from the
methyl esters in biodiesel incorporated into the deposits.

This journal is © The Royal Society of Chemistry 2026
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Table 5 Spectral characteristics extracted using the peak limits method from the point spectra (A = 532 nm) of the IDIDs after HyPy treatment
investigated in this study by pRS. Values are quoted as mean plus/minus one standard deviation from N = 5 measurements

D band G band
IDID Ipase/cOunts per s Position/cm™* Width/em™ Position/cm™* Width/em™ In: I
IDID-A 176.2 + 47.6 1360.2 + 11.5 256.2 + 6.4 1591.6 + 9.8 121.6 £ 13.8 0.77 £ 0.03
IDID-B 296.4 + 59.0 1344.9 + 18.4 247.5 + 3.1 1598.1 £ 3.1 127.2+ 6.4 0.82 £ 0.02
IDID-C 12.5+ 4.6 1340.8 + 7.3 178.5 £ 29.2 1600.0 + 4.8 91.4 +12.3 0.91 £ 0.07
IDID-D 452.1 +70.6 1342.4 + 10.6 269.8 +4.9 1600.9 + 1.3 118.2 £16.0 0.81 £ 0.01
IDID-E 172.5 + 39.0 1365.6 + 12.9 250.4+7.4 1600.0 + 2.8 115.3 + 8.9 0.87 +£ 0.02

There is also the possibility that lubricity and corrosion inhi-
bition additives, albeit present in ppm concentrations, also
containing functionalised n-C;¢ and n-Cyg acids, could contrib-
ute to the n-hexadecane and n-octadecane observed. Thus, the
fluorescence probably arises from unsaturated n-C;¢ and n-Cqg
chains from biodiesel that are fully reduced during HyPy.>
Needle G was ran on ULSD, with unknown additives present in
the fuel; however, due to the lubricity properties of ULSD, it is
likely there would have been an additive package. The GC-MS
data shows a large distribution of high molecular weight
species mostly above n-C;g. Needle H was obtained from a
DW10B engine test ran on RF06 reference fuel with no addi-
tives but with added non-commercial low molecular weight
polyisobutylene succinimide (PIBSI), which has been known to
cause sticking.?”

Needle I displays a uniform distribution of n-alkanes in the
range C1,-Cys and, as with needles F-H, these were likely
derived from a diesel fuel as needle I was run on a ULSD. The
chromatogram for the alkanes in needle J is dominated by an
unresolved complex mixture (UCM) where the branched
alkanes, which could arise from lube oil. Furthermore, a series
of doublets in the TIC is evident, identified as isomers arising
from methyl-substituted alkenes based on nonene, which
could be derived from the PIBSI present in this fuel. These

This journal is © The Royal Society of Chemistry 2026

peaks are not observed for Needle G in HyPy because the PIBSI
chains are not subjected to extensive cracking as in NPy.

Mechanistic considerations

Overall, the evidence supports the building of archipelago ring
structures.”*? In IDID formation, a reversal of the amorphisa-
tion trajectory described by Ferrari'® from fuel to ordered
carbon occurs, as depicted in Fig. 7. In stage 3, the change in
carbon atom hybridisation from sp® to sp® represents the
onset of aromatisation, whilst, in stage 2, aromatic structures
increase in ring size, increasing the intensity of the G band. At
stage 1, the G band moves from ~1580 to 1600 cm™" with
chains of sp>hybridised carbon atoms converting into large
ring structures, the D band reducing as there is a reduction of
the topological disorder within an ordered graphitic layer.”®
Clearly, the needles analysed are nearer to stage 1 than 3
because of the processing whereby small ring aromatic struc-
tures will have been released as volatiles in HyPy.>® For NPy,
the possible formation of aryl nitrogen species cannot be ruled
out. However, as noted by Ferrari,>® there is little difference in
the D-G region due to nitrogen-containing and nitrogen-free
carbon films, so the NPy spectra can be compared with their
HyPy counterparts. The fact that G bands are observed at
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Fig. 7 Amorphisation trajectory from fuel to ordered carbon with the
stage numbers described by Ferrari.*

higher Raman shift for the NPy residues could reflect the
additional aromatisation that has occurred compared to HyPy.

Conclusions

We have shown that HyPy successfully removes the fluorescing
species from carbonaceous deposits in IDIDs to facilitate first-
time characterisation by pRS. Systematic analysis of six carbon-
aceous reference materials, spanning a range of structural
orders, carbon contents and extent of fluorescence, demon-
strates a considerable reduction in baseline intensity but with

Analyst

negligible changes in I:I; following HyPy. This is most
clearly observed for GO, a technologically-important carbon-
based material which can be challenging to analyse by pRS,
with HyPy treatment surpassing the results observed using the
more commonly explored options of alternative excitation laser
wavelengths and/or photobleaching. NPy has similarly
minimal impact on I:Ig, but there is some evidence for a
change in the range of defects within the carbon and is there-
fore less desirable. For the IDID carbonaceous deposits,
GC-MS analysis of the volatile species released following HyPy
indicates that the fluorescence arises from unsaturated n-C,g
and n-C;g fuel components. The profiles obtained from pRS
analysis of the IDIDs are similar to those acquired from the
more disordered reference carbons. Hydropyrolysis can be
applied to a variety of other carbonaceous samples, including
petroleum source rocks and shales, where fluorescence is
likely to arise from additives in the drilling muds.
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