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ARTICLE INFO ABSTRACT

Keywords: Slow pyrolysis of fructose-derived hydrothermal carbon spheres at temperatures between 200 °C to 600 °C has
Hydrothermal carbonisation been investigated using X-ray Raman spectroscopy and pyrolysis gas chromatography-mass spectrometry in
Pyrolysis ) combination with infrared spectroscopy, elemental analysis and thermogravimetry. This study demonstrates
ﬁ'raﬁ R?Hg‘é‘&;attermg the application of temperature resolved X-ray Raman spectroscopy to map the evolution of carbon functionality
yrolysis

in complex organic materials. The results show that thermolysis of the polyfuranic linking units within
hydrothermal carbon occurs between 300°C to 350 °C. At pyrolysis temperatures above 350°C, a stable C-O
species is observed. The combination of X-ray Raman and pyrolysis GCMS is used in a synergistic approach to
monitor both evolving pyrolysate chemistry and bulk carbon composition. The evolution of key furanic and
aromatic analytes during pyrolysis is reported. This work contributes to our understanding of the thermal
stability and reactivity of these materials, which is essential for optimising their applications as catalyst
supports.

1. Introduction costs by up to 25% [13]. Moreover, HTC is compatible with feedstocks
that possess high inherent moisture content, a common characteristic of

Hydrothermal carbonisation (HTC) is a sustainable thermochemi-
cal process that converts wet biomass into valuable products: liquid
platform chemicals and solid carbonaceous materials [1-3]. The liquid
product, known as process water, contains important chemicals like
levulinic acid and 5-hydroxymethylfurfural (5-HMF), which are cru-
cial platform molecules for producing biomass-derived chemicals [4,
5]. The solid product, hydrochar, can be used to create advanced
carbon materials [6]. HTC is now considered one of the most sustain-
able technologies for upgrading biomass in a circular bioeconomy [7].

biomass materials and waste biomass sources in particular. The process
conditions also facilitate the incorporation of heteroatoms such as
nitrogen, oxygen, and sulphur into the chemical structure of the carbon.
The incorporation of such heteroatoms allows for greater flexibility in
the design of tailored active sites by acting as nucleation sites for cat-
alytically active species [14,15]. Additionally, HTC allows for a degree
of control over the morphology and particle size of the resulting carbon
material, a level of tunability that is generally not achievable through

This article focuses on understanding the bulk carbon chemistry of
secondary chars, and the pyrolysis of the stable polyfuranic carbon
network they are composed of [8,9].

HTC-derived carbon materials have diverse applications, includ-
ing catalyst supports and energy materials like supercapacitors and
carbon anodes, typically using carbohydrate and lignocellulosic feed-
stocks [10-12]. For example, a HTC-derived Fe-N/C catalyst has shown
high efficacy for electrocatalytic oxygen reduction as an alternative to
noble metal catalysts [10]. Compared to slow pyrolysis, hydrothermal
carbonisation (HTC) presents several advantages for carbon production.
It operates at lower process temperatures, which may reduce electricity

* Corresponding author.
E-mail address: luke.higgins@diamond.ac.uk (L.J.R. Higgins).

https://doi.org/10.1016/j.jaap.2025.107542

pyrolysis alone [16]. The aforementioned benefits have resulted in
HTC becoming a successful technology for producing useful, low-cost
sustainable carbon materials for a wide range of applications. However,
to improve certain properties (e.g., low porosity, poor conductivity) of
the raw HTC-derived carbon, a post-synthetic pyrolysis step is often
required at temperatures between 400 °C to 1000 °C depending on the
final application [11,17]. The value of a hybrid pyrolysis-hydrothermal
(pyHTC) approach lies in the combination of the properties of HTC
(e.g., heteroatom sites, morphology/size control, low energy synthesis)
with further control over porosity, conductivity and the development
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of catalytic metal sites on the carbon [16]. The secondary thermal
treatment of hydrothermal carbon — typically conducted via pyrolysis
at elevated temperatures — plays a critical role in enhancing the
material’s physicochemical properties, thereby expanding its practical
utility. This post-treatment significantly increases the surface area and
porosity of the carbon structure, which is essential for applications such
as adsorption, catalysis, and energy storage, where high surface accessi-
bility is crucial [18,19]. Additionally, pyrolysis improves the electrical
conductivity of HTC-derived materials by promoting graphitisation
and reducing the content of oxygen-containing functional groups. This
enhancement is particularly beneficial for electrochemical applications,
including supercapacitors, batteries, and electrocatalysts, where ef-
ficient charge transport is required [20]. Furthermore, the thermal
treatment can stabilise catalytically active species on the surface, for
example M — N, (M = metal) species have been shown to be highly
favourable for a range of reactions [10]. In practical terms, post-
synthetic treatment of hydrothermal carbons is now commonplace for
improving the physicochemical properties of HTC and would likely be
necessary for any real-world deployment. However, the use of a post-
synthetic pyrolysis step comes with a significant energy and process
complexity cost, as well as changes in chemical properties which may
be undesirable. Therefore, it is essential to comprehensively understand
the reaction pathway of pyHTC and monitor the bulk chemistry of the
final product. This knowledge will enable the minimisation of energy
costs and the systematic targeting of specific carbon functionality.

Due to the inherent complexities of non-graphitising carbon materi-
als (e.g., multi-scale heterogeneity, high molecular weight, high optical
absorption), methods for following bulk carbon and oxygen function-
ality are limited. Previous studies of the changes in physical properties
of hydrothermal carbons have focussed on the increase in porosity and
changes in surface properties [21]. Work using C NMR spectroscopy
has demonstrated that pyrolysis of model compounds results in the
removal of the furan-type carbon species known to compose the bulk
local structure of hydrothermal carbon [9,22]. However, the low abun-
dance of 13C and the difficulty in performing in situ measurements limit
the information available from NMR. Similarly, X-ray spectroscopy
approaches for studying low-Z materials require surface sensitive, low-
energy, soft X-rays (e.g., XPS, NEXAFS) which must be performed
in vacuum conditions and present significant challenges for utilising
in situ sample environments. A relatively new approach to studying
these materials is X-ray Raman scattering (XRS) spectroscopy, which
enables the measurement of core electron transitions of low-Z elements,
including carbon and oxygen using hard X-rays (ca. 10keV). The use of
XRS spectroscopy has many benefits for studying complex organic ma-
terials compared to other approaches (e.g., NMR, XPS, EELS), including
the straightforward implementation of sample environments such as
furnaces and bulk chemical sensitivity. These benefits are discussed in
more detail elsewhere [23,24].

This study employs a combination of XRS and pyrolysis gas chro-
matography mass spectrometry (pyGCMS), in combination with ele-
mental analysis, infrared spectroscopy and thermogravimetry to inves-
tigate the bulk local structure of hydrothermal carbon during pyrol-
ysis. PyGCMS has been previously used to successfully examine the
structural units within biomass-derived hydrothermal carbon [25-28].
PyGCMS facilitates the identification of evolved gas-phase pyrolysate
species, thereby enabling the tracking of pyrolysis chemistry across
different materials. The synergistic integration of pyGCMS and XRS in
this study allows for a comprehensive analysis of both gas-phase and
bulk solid-phase chemical transformations occurring during pyrolysis of
HTC, which has not been accessible in previous work. Specifically, XRS
provides higher-resolution spectroscopic information than '>*C-NMR for
the furanic species which are the primary component of HTC and can
be used for in situ measurements. This manuscript presents the first
application of these techniques in tandem, combining PyGCMS and
XRS to resolve changes in carbon and oxygen functionalities at known
temperature transitions.
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2. Experimental
2.1. Preparation of carbons

2.1.1. Fructose derived hydrothermal carbon

D(-)-Fructose (> 99%) was obtained from Merck UK Ltd. Hydrother-
mal carbonisation was performed using 20 mL of an aqueous 10 % (v/v)
fructose solution, loaded into a glass liner within a modified 600 mL
benchtop autoclave (Parr, USA). Once sealed, the reactor was heated
using a resistance jacket (5°C min~!) to 200 °C under autogenous pres-
sure, then held for 12 h before the reactor was allowed to naturally cool
to room temperature. The resulting solid was recovered by filtration
without a solvent wash, then dried at 60°C until the total mass had
stabilised. Hydrothermal carbon yield was calculated as the quotient
between the masses of the recovered carbon and the initial feedstock
on a dry basis, with the yield being 58.6 %.

2.1.2. Thermal treatment

Pyrolysis of the produced hydrothermal carbon was performed in
a modified vertical tube reactor at 200°C to 600°C and a ramp rate
of 5°Cmin~! under flowing dry nitrogen gas (BOC N2.0, 130 mL min™")
for a hold time of 1h. Further details of the pyrolysis reactor may be
found in the supplementary information (Figure S1) and in Hammerton
et al. [29]. Pyrolysed fructose-derived hydrothermal carbon are labelled
as pyHTC-XXX where XXX represents the temperature of the thermal
treatment in Celsius.

2.2. Analytical techniques

2.2.1. X-ray Raman spectroscopy

XRS spectroscopy at the Carbon and Oxygen K-edges (285¢V, 530¢eV)
was performed using the large solid angle spectrometer at beamline
ID-20 using undulator radiation at the ESRF [30]. A combination of
a Si (111) high heat load monochromator and a Si (311) channel
cut post-monochromator were used. Scattered photons were collected
using 72 spherically bent Si (660) crystal analysers arranged in 6
arms containing 12 analyser crystals and a MAXIPIX 2D area de-
tector each. Spectra were collected by scanning the incident energy
between 9.9639 keV to 10.0239keV (300 steps, 5s dwell) for carbon and
10.2089 keV to 10.2689 keV (300 steps, 7s dwell) for the oxygen K-edge
with a fixed analyser energy of 9.6889 keV. The beam was defocussed to
an approximate size of 100 x 80 um (H x V) using a toroidal Kirkpatrick-
Baez optical system. Samples were prepared as 6 mm pressed pellets and
measured in grazing geometry at angle of 5°. Multiple spectra were
collected at different points along the pellet, checked for consistency,
and averaged to reduce the average time of the beam on one point.
Uncertainties are based on Poisson counting statistics and are shown
as 20 confidence intervals in the figures. Full details regarding the
spectrometer design at ID-20 can be found elsewhere [30]. Background
subtraction of the energy-loss spectra was carried out in IXStools using
parametrised Pearson VII functions guided by Hartree-Fock calculated
core atomic potentials [31]. Peak fitting of carbon K-edge X-ray Raman
spectra was performed using the LMFIT software [32]. Gaussian peak
fitting has been widely used for NEXAFS data to follow changes in
key features; in particular, peak fitting at the carbon K-edge is very
commonly applied [33-38]. Gaussian peak fitting has also been used
for fitting XRS data [23,39,40]. In this work, we follow the approach set
out by Stohr et al. [33,41]. The carbon K-edge fitting utilised a series of
Gaussian peaks initialised with a fixed transition energy from literature
values (Table 2), and a variable intensity and full width half maximum
(initially set to the experimentally observed energy resolution: 0.67
eV). Further details on the Gaussian fitting performed here can be found
in the supplementary information.
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2.2.2. Pyrolysis GCMS

0.8 mg of fructose hydrothermal carbon was loaded into quartz tubes
with deactivated quartz wool at both ends. A CDS Analytical Ltd. 5200
pyroprobe instrument was used to pyrolyse the sample from room
temperature to set temperatures (200, 300, 350, 400, 500, 600 °C) for
1h under flowing dry N, gas (BOC N2 grade) at a rate of 5°C min!
mirroring the pyrolysis performed in 2.1.2. All measurements were
performed in duplicate. The evolved gases were trapped on a Tenax
sorbent tube and desorbed at the end of the pyrolysis temperature pro-
gram. Fructose hydrothermal carbon was also subjected to fast pyrolysis
at 500°C with a heating rate of 20°Cms~! to fragment the material
into the key components. The pyroprobe instrument was connected
via heated transfer line (300 °C) to a Shimadzu GCMS-QP2010 SE. The
column used was a 60 m RTX-5, the split ratio was set to 20:1 and the
injector port was kept at 300°C. The column oven temperature was
initially 40°C for 2min then increased to 300°C at 5.0°Cmin~' and
held for 14 min. A diagram of the pyrolysis GCMS instrumentation is
provided in the supplementary information (Figure S2). Analytes were
identified by cross-reference with the National Institute of Standards
and Technology (NIST 2020) mass spectral library using a minimum
match quality of 97%.

2.2.3. Fourier transform infrared (FTIR) spectroscopy

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy was performed on a Nicolet iS-10 IR spectrophotometer
using a diamond crystal. Samples were prepared by ball milling and
measured as a neat powder. Qualitative analyses were performed over
400cm™! to 4000 cm~! with 32 scans per sample. Background noise was
subtracted from the sample runs using a spline function for each data
set to normalise over the 700cm~! to 1800cm™~! range.

2.2.4. Thermogravimetric and elemental analysis

Thermogravimetric analysis (TGA) was performed using a Mettler
Toledo TGA/DSC 1 analyser with ca. 10 mg of sample, a heating rate of
1°Cmin~! and a maximum temperature of 650 °C under 50 mL min~" of
He (BOC) in platinum crucibles. TGA measurements were performed
in duplicate. Elemental (C, H, N, S) and O analyses were performed
using a FLASH-EA2000 elemental analyser fitted with an auto-sampler
and thermal conductivity detector (Thermo Scientific). The FlashSmart
elemental analyser (Fisher Sci.) used He as a carrier gas (BOC; CP
Grade), with flow rates of 140 mL min~" (sample side) and 100 mL min~!
(reference side). For CHNS analysis 1.5mg to 2.5mg of sample was
pressed into tin capsules and analysed using a pre-packed CHNS ox-
idation/reduction reactor (CE Instruments Ltd) with oxygen as the
oxidising gas (BOC; Grade N5.0) at a temperature of 900°C. Oxygen
analysis was performed with 2mg to 3.5 mg of sample in silver capsules
and analysed using a pre-packed pyrolysis reactor (Elemental Micro-
analysis Ltd) at a temperature of 1050°C. Both CHNS and Oxygen
analyses were performed in triplicate with analytical standards. Sul-
phur analyses were found to be below the instrument detection limits
and are not reported here.

3. Results and discussion
3.1. Elemental and thermogravimetric analysis

The Van Krevelen diagram in Fig. 1 shows significant changes in the
ratio of O:C within pyHTC as a function of pyrolysis temperature. These
changes appear to be primarily driven by condensation reactions which
are observed in the thermogravimetric analysis as a 33 +5% mass loss
during pyrolysis at 600 °C. It is also observed that there is a significant
drop in O:C ratio between 300 °C to 400°C (see Table 1). The results
agree with other studies that have investigated similar changes in
hydrothermal carbon, all of which show a significant mass loss between
350°C to 450°C [21,42]. Other studies have demonstrated using gas
adsorption studies measurements that pyrolysed hydrothermal carbons
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Fig. 1. Van Krevelen diagram for pyHTC between 200°C to 600°C from
elemental (CHNS and O) analysis.

Table 1
Elemental analysis of pyHTC samples.
Sample C (%) H (%) N (%) O (%) H:C 0:C
pyHTC-200 53.84 3.98 0.00 15.72 0.88(4) 0.22(1)
pyHTC-300 54.39 3.38 0.00 14.19 0.74(3) 0.19(2)
pyHTC-350 69.76 4.08 0.15 12.57 0.69(3) 0.13(1)
pyHTC-400 67.94 3.71 0.14 11.97 0.65(3) 0.13(2)
pyHTC-450 63.91 3.24 0.17 8.23 0.60(2) 0.09(3)
pyHTC-500 57.42 2.63 0.15 5.60 0.55(5) 0.07(3)
pyHTC-600 59.44 2.38 0.16 2.55 0.48(6) 0.03(3)
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Fig. 2. Thermogravimetry for pyHTC between 150°C to 600 °C.

show a relatively low porosity for the low-temperature treated carbons
which increases upon higher temperature pyrolysis treatments [21,39].
In biomass-derived carbons, the inflection point at ca. 450 °C is due to
the cracking of C-C bonds [43].

The differential thermogravimetry curve in Fig. 2 shows three rel-
evant regions of mass loss in the thermosequence: (1) between 250°C
to 350 °C, (2) between 350°C to 450 °C and (3) 450 °C to 600 °C. These
regions are proposed to be due to (i) the removal of volatile surface
species (ii) the thermolysis of the polyfuran network and (iii) the
condensation and aromatisation of the remaining carbon respectively.
The inflection point in the differential TGA curve occurs at ca. 400°C
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to 450°C and is most likely due to the thermolysis of the polyfuran
network, resulting in the removal of C-O bonds.

3.2. pyGCMS

Pyrolysis gas chromatography mass spectrometry (pyGCMS) was
used to fragment hydrothermal carbon into smaller volatile fragments
(pyrolysate), representing the structures present in the high molecular
weight polymer structure. The pyroprobe instrument gives a great deal
of control over the pyrolysis heating rate and flow delivery of the
pyrolysate to the GCMS, which enables both slow and fast pyrolysis to
be performed with accurate temperature control and fast ramp rates.

3.2.1. Fast pyrolysis

During fast pyrolysis (500 °C, 20 °C ms~!), the pyrolysate (gas phase)
was mainly composed of furans, lactones and cyclopentanones/enones
(supplementary information) [44]. Cyclopentanones/enones present
in hydrothermal carbon (e.g., 3-M-2-cyclopenten-1-one) were likely
formed by ketonisation of organic acids, rearrangement of the poly-
furanic structure, and oxidation of lactones, which form during HTC
and have been detected both in the formed carbon, but also in the
process water [45,46]. A study of the aqueous fraction (process water)
produced during hydrothermal carbonisation also confirmed the pres-
ence of the species observed here during fast pyrolysis GCMS, notably
cyclopentanones/enones and benzofurans [47]. Several oxygenated
aromatic fragments were also detected during fast pyrolysis of the
parent fructose-derived hydrothermal carbon, the most significant of
which was 3-phenylbut-2-enal. Aromatic species are likely formed
during condensation reactions, although it is possible that more aro-
matic fractions may exist as a non-volatile, higher molecular weight
oil undetectable by GCMS. Present in smaller concentrations were
phenol, acetophenone and 2,4,5-trimethylbenzaldehyde. Table S2 in
the supplementary information contains a list of the retention times ob-
served for chromatogram peaks and their corresponding assignments.
In general, the fast pyrolysis GCMS results show that hydrothermal
carbon is primarily formed of a furanic motif, with some organic acid
and aldehyde sites present either as part of the bulk structure, or as
physicochemically bound species (e.g., levulinic acid) [21].

3.2.2. Slow pyrolysis (250°C to 350°C)

In addition to fast pyGCMS, slow pyGCMS (5°Cmin~!) was con-
ducted to replicate the thermal treatment applied in the preparation
of pyrolysed hydrothermal carbon. The individual chromatograms for
each pyrolysis temperature are available in S1.1, as well as a list of
retention times and assignments for the observed chromatogram peaks
(Table S1). Peak areas were normalised to the maximum value for
each individual compound to enable clear comparison of temperature-
dependent release profiles, as absolute concentrations varied by up
to an order of magnitude between different analytes. Slow pyrolysis
is known to favour the formation of solid carbons with condensed
aromatic functionalities [48]. In this context, slow pyrolysis is more
pertinent, and thus the pyroprobe heating conditions were designed
to mimic those used in the production of pyHTC. Consequently, the
pyrolysate is presumed to represent the volatile products generated
during the thermal treatment of hydrothermal carbon, allowing for
a comparative analysis between the pyrolysate and the bulk carbon.
Results of the slow pyrolysis thermosequence are shown in Fig. 3.
During the first stage of thermal treatment between 200°C to 300 °C,
2-acetylfuran and lactones were the main compounds detected by slow
pyGCMS. In this temperature range, around 40% of the maximum peak
area detected in any of the slow pyrolysis experiments was released
(Fig. 3a). Between 200°C to 300°C the pyrolysis temperature had
little impact on the peak area of evolved 2-acetylfuran and lactones.
This suggests that these compounds are only loosely bound to the hy-
drothermal carbon and are released once the temperature is increased
above their boiling points, which are between 160°C to 200°C. Most
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likely, compounds such as angelica-lactone and y-valerolactone are
formed as derivatives of levulinic acid, which is known to form during
hydrothermal carbonisation of fructose as a product of the rehydration
of HMF [47]. Levulinic acid has also been detected by pyrolysis-
FTIR as a pyrolysate product from carbohydrate-derived hydrothermal
carbon [21]. These results suggest that levulinic acid remains adsorbed
to the surface of the hydrothermal carbon, with other lower molecular
mass furanic species.

3.2.3. Slow pyrolysis (350°C to 400°C)

An increase in furan and cyclopentanones/enones are released be-
tween 300°C to 400°C as the structure undergoes depolymerisation
(Fig. 3a). Further lactones were produced in this range. These are likely
formed as part of the pyrolysis process at these temperatures, as well
as being present in the original structure. Between 300 °C to 400 °C the
formation of both aromatic and furanic pyrolysis begins (Fig. 3b,c). The
concentration of furanic analytes liberated during pyrolysis exhibits
an earlier onset when compared to the selected aromatic analytes,
with the majority of aromatic components liberated at temperatures
>400°C. The concentration of aromatic analytes seems to be directly
correlated with temperature, whilst there is a noticeable ‘step increase’
in the concentration of furanic analytes which occurs at ca. 350°C.
This sudden increase in the concentration of removed furanic analytes
corresponds with a change in O:C ratio observed in the Van Krevelen
diagram Fig. 1. Beyond 400 °C there is a quasi-linear increase in the
concentration of small aromatic (e.g., Toluene) species detected (Fig.
3b). These are likely produced by ring-opening and deoxygenation of
furanic compounds [45].

3.2.4. Slow pyrolysis (400 °C to 600°C)

Some aromatic fragments were released at all pyrolysis tempera-
tures from slow pyrolysis indicating that these are produced during
the hydrothermal carbonisation process. These fragments were released
steadily as the pyrolysis temperature was increased. The most signif-
icant fragment detected was 3-phenylbut-2-enal, which consists of a
benzene ring attached to a ring-opened furan. 2-methylbenzofuran was
another significant aromatic fragment detected in all pyGCMS samples.
This analyte has been previously reported to be present in process
water samples [1,4]. Both fragments provide insight into how aromatic
carbon forms during hydrothermal carbonisation. 2-methylbenzofuran
was most likely formed via Diels—Alder reactions of two furanic com-
pounds. The formation of 2-methylbenzofuran by this mechanism could
occur during hydrothermal carbonisation or pyrolysis [49]. The pres-
ence of 3-phenylbut-2-enal suggests electrophilic aromatic substitution
with furanic compounds at the p position, followed by ring-opening.
The formation of C6 aromatics species (i.e., catechol, methylphenol,
toluene) in the slow pyGCMS increases significantly above 400 °C, and
were undetectable below 300 °C. Suggesting that C6 aromatic species
are only formed during thermolysis of the polyfuran network.

3.3. FTIR of pyHTC product

FTIR has been widely performed on carbohydrate-derived hydrother-
mal carbons and some easily recognisable bands are present in the FTIR
region between 800cm~! to 1800cm™~!: (i) characteristic peak of C-O
deformation in furan rings at 1020cm™' (ii) G=O stretch at 1700cm™!
(iii) G=C stretch at 1600cm™' (iv) G=O stretch for aldehyde furfural
groups at 1510cm™! (v) C-H vibration ca. 800cm™" (vi) 1200cm~! broad
band, carboxylic acid C-OH stretch, O-H deformation [21,50,51].

Fig. 4 shows the ATR-FTIR spectra for pyHTC after pyrolysis be-
tween 200°C to 600°C. The two features at 1700cm™! and 1600cm™!
are evidence of the presence of carbonyl group stretching in the furan
structure and aromatic units respectively [52,53]. The removal of furan
functionality with increasing pyrolysis temperature can be compared
against the feature at 1600 cm™!. The largest reduction in the 1700 cm™!



L.J.R. Higgins et al.

Journal of Analytical and Applied Pyrolysis 194 (2026) 107542

a (1) @ (?) @ ©® ® O ®) 9 (10 (11)(12)
PyHTC-200 b ' i 1 i H i : e i
: T S S U i |
~ |PyHrC-300 | o {1 L i |
5 : A S U S i : |
> |pyHTC-350! oo Lo i b '
2 ; AN G U WU WU ROV |
£ |PyHTC-400, i ' 1 1 : i i ' '
2 Y G U R S ST S N L .
—_— 1 ] 1 1 1 1 1 1 1 1
o PyHTC_500 1 1 1 1 1 1 ] 1 1
[72] 1 1
2 ) D S U S UV OO W U WUSE PO V0 SOV ! W
1 1 1 1 ] 1 1 1 1 1 [ |
PyHTC-600 ! i ) : i : : ' '
: . A
6 8 1 12 14 16 18 20 22 24
Retention Time (mins)
b Peak Area of Aromatic Analytes c Peak Area of Furanic Analytes
1.04 L] 1.04 . ]
3 & ~
L",O'B - © 0.8+
3 3
L o6+ < 06+
8 o]
a g
E 0.4 g 0.4+
E 0.2 E
2 g 2 0.2+
0.0 . ¢ ? 3 . v x v 0 : ’ ' ' . : r :
200 250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550 600

Pyrolysis Temperature (°C)
toluene (2) —a— 2-methylbenzofuran (10)
—a— phenol (8) —u— catechol (11)
—m— 3-methylphenol (9) ——m— 3-phenylbut-2-enal (12)

Pyrolysis temperature (°C)
—u— 2 5-dimethylfuran (1) —a— 2-cyclopenten-1-one (4)
—u— 2-ethyl,5-methyl furan (3) —=— 2-acetylfuran (6)
—u— g-angelica lactone (5) B-angelica lactone (7)

Fig. 3. (a) Slow pyGCMS chromatograms of fructose hydrothermal carbon produced at 250°C for 12h. All chromatograms are shown at the same scale. Labelled

are key analytes identified by mass spectrometry across the thermosequence (200 °

C to 600°C). (1) 2,5-dimethylfuran, (2) toluene, (3) 2-ethyl,5-methylfuran, (4)

2-cyclopenten-1-one, (5) a-angelica lactone, (6) 2-acetylfuran. (7) p-angelica lactone, (8) phenol, (9) 3-methylphenol, (10) 2-methylbenzofuran, (11) catechol,
and (12) 3-phenylbut-2-enal. (b) Normalised peak areas for detected aromatic pyrolysates. (c) Normalised peak areas for detected furanic pyrolysates.
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Fig. 4. ATR-FTIR spectra collected for pyHTC between 200°C to 600°C. A
background spline has been subtracted over the 1800cm~' to 700cm™' to
normalise the results.

C=0 stretch occurs between 300 °C to 350 °C, the feature is totally re-
moved by 600 °C. Other features in the FTIR spectra that are indicative
of furanic structure are present at both 1510cm~! and 1020cm™'. These
furan-related bands are almost totally removed by 350 °C, confirming
decomposition of the polyfuran structure at this temperature. The
decomposition of the polyfuran network is also evidenced by both
the thermogravimetric analysis and pyGCMS. C-O skeletal bonds of
secondary alcohols occurs as a stretch at 990cm™! [25]. Increasing
the pyrolysis temperatures removes these functionalities, whereupon
removal occurs between 300°C to 350°C. There are also noticeable
changes in the C-H region at the 800 cm™! region, with a triplet forming
at higher temperatures, possibly due to increased amounts of aromatic
functionalities.

3.4. X-ray Raman spectroscopy (XRS)

Previous investigations of the carbon K-edge using X-ray Raman
Spectroscopy (XRS) and soft X-ray absorption spectroscopy (NEXAFS)
have identified four key transitions in hydrothermal carbon spectra:
aromatic, furan, aliphatic, and carboxyl functionalities (Table 2) [24,
34,35]. These transitions serve as markers to track the evolution of car-
bon speciation during pyrolysis of carbohydrate-derived hydrothermal
carbon.

Fig. 5a shows collected XRS data for the recovered pyHTC at tem-
peratures between 200°C to 600 °C. The initial hydrothermal carbon,
measured at room temperature, is shown in black. The most significant



L.J.R. Higgins et al.

Table 2
Key electron transition energies used in the analysis of collected XRS carbon
K edge spectra.

Energy (eV) Functional Interpretation Transition
285.0 G=C aromatic 1s —7*

286.6 G=C-O furan ls—n*

287.6 C-O phenolic, C-C aliphatic 1s—7x*, 1s—o*
288.6 G=0-OH carboxyl/aldehyde Is —z*

292.0 CG=C aromatic 1s — o*

feature in the initial carbon XRS spectrum is the C-O furan transition
at 286.6eV [24]. The relatively intense C-O furan transition in the
spectrum is due to the structure of carbohydrate-derived hydrother-
mal carbon being composed of an interlinked polyfuranic network.
This description of a polyfuranic network in carbohydrate-derived hy-
drothermal carbon has been previously reported and is evidenced by
the range of furanic functionalities produced during fast pyrolysis
(Section 3.2) [21,22,39].

The region between 283 eV to 290eV (Fig. 5a, outlined in magenta),
was used to generate a map of carbon functionality in the solid product
after pyrolysis at temperatures corresponding to those of the performed
PyGCMS (Fig. 5b). In this case, tracking the relative intensity of the
transitions of known moieties was performed using a Gaussian fitting
approach that has been widely used for NEXAFS analysis, but more
recently in XRS datasets including those for complex organic matri-
ces [23,24,40]. A series of Gaussian transitions (Table 2) were used to
monitor known transitions in the selected energy region. The relative
intensity of these Gaussians are shown in Fig. Sc. Further details of the
Gaussian fitting methodology used here to semi-quantitatively moni-
tor relative changes in carbon functionality in the bulk hydrothermal
carbon between 200°C to 600°C can be found in the supplementary
information. The error bars presented in Fig. 5c represent the combined
error found from the fit and the experimental data.

3.4.1. 250°C to 300°C

An initial increase in aromatic peak area is observed at 200°C,
which does not change significantly as the pyrolysis temperature reaches
300°C. The initial increase in aromatic peak area is mirrored in the
furanic peak area, which ceases to change at 200°C and stays stable
until 300°C. Aromatisation was not expected at a low-temperature
regime (<300°C). However, these changes can be explained by the
initial removal of volatile organic species, as detected by slow pyGCMS,
and the removal of aryl-like linking units.

3.4.2. 300°C to 400°C

In the temperature range of 300 °C to 400 °C, the pyrolysed mate-
rial exhibits a significant decrease in the fitted furan peak area (Fig.
5¢). Concurrently, there is an observed increase in both aromatic and
aliphatic peak areas, attributed to the formation of double-bonded
carbon species that subsequently undergo condensation reactions. Ad-
ditionally, a step-wise reduction in carboxyl functionality is noted
within this temperature interval, indicating the removal of these func-
tionalities from the carbon surface. The disappearance of this shoulder
in the thermosequence spectra (Fig. 5a) suggests that aromatisation
progresses from the surface to the core, as carboxyl species are known
to be enriched at the hydrothermal carbon surface [8]. This tempera-
ture range does not align with the peak mass-loss region observed in
the thermogravimetry data (Section 3.1), implying that the material
predominantly remains polymeric. This is supported by the pyGCMS
data, which reveals that the majority of volatilised species are of higher
molecular weight. The thermosequence map (Fig. 5b), in combina-
tion with the pyGCMS and thermogravimetric data indicates that the
polyfuran network undergoes condensation at ca. 450 °C.
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Fig. 6. O K-edge XRS of pyHTC between 300°C to 600°C. Key transition
regions are highlighted by dashed lines.

3.4.3. 400°C to 600°C

By 400 °C, the furan peak at 286.6 eV is eliminated, and a shoulder
present in the oxygen K-edge XRS spectra at 535.3 eV is also removed
(Fig. 6). Previous studies have attributed this feature in carbon materi-
als to be due to the presence of O=C furan bonding [54,55]. At pyrolysis
temperatures exceeding 400 °C, the peak area for the aromatic region
of the C K-edge spectra increases linearly with temperature. Carbonyl
functionalities in the bulk carbon can also be seen to be removed in
the 289 eV region (Fig. 5b). The primary mechanism in this temperature
range is aromatic condensation. The peak area at 286.6 eV, attributed
to G=C-O furan species, remains stable between 350°C to 500°C (Fig.
5c¢), likely due to the formation of a stable intermediate oxygen species.
XRS spectra for the same samples recorded at the Oxygen K-edge (Fig.
6) show a —0.6 eV shift in the O 15— z* transition energy. A transition
at ca. 532 eV is commonly attributed to the O=C bonding in similar
carbon materials [56-58]. The experimentally observed shift of the O
Is — z* transition energy, infers the presence of a more stable C, -
O species at temperatures above 400 °C. The evolved species recorded
using pyGCMS (Section 3.2) suggest these species may be quinone
or pyran-like carbon functionalities; with oxygen now bonded to C6
aromatic species rather than the furanic 5-membered ring. In order to
further investigate the formation of this intermediate, simulated oxygen
K-edge XRS spectra for three test molecules were performed to identify
the observed spectral changes (Supplementary Information S4). The test
molecules chosen were: (i) 5-hydroxymethylfurfural (5-HMF) (ii) pyran
and (iii) 1,4-napthoquinone (quinone) to represent furan, pyran and
quinone-like oxygen functionalities. The 5-HMF structure was chosen
to represent the known polyfuran-like structure of the starting hy-
drothermal carbon [24]. Notably, the calculated spectra reproduce the
negative shift (—0.8 eV) in the O 1s — z™* transition energy observed
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upon increasing pyrolysis temperature. Furthermore, the removal of
the shoulder present at 535.3 eV is also reproduced. Beyond 500 °C,
a decrease in the C,,,,-O peak area is observed. At this stage, the low
oxygen abundance within the system makes accurate quantification of
O species from the O K-edge challenging due to signal-to-noise issues.
However, at pyrolysis temperatures above 500°C, it is expected that
all carbonyl-like functionality is removed, and the remaining oxygen
is eliminated during the condensation of the aromatic network by the
release of carbon oxides.

The mass loss observed by TGA analyses (Fig. 2) in the 400°C to
600 °C range can be attributed to the release of aromatic hydrocarbon
(e.g., toluene) products, as confirmed by pyGCMS. The pyGCMS (Fig.
3) results show that aromatic analytes (e.g., toluene and phenol) start
growing around 400°C and continue to grow beyond 600°C, while
furanic analytes level off by 500 °C and start to decrease by 600 °C. FTIR
results (Fig. 4) suggest triplet formation at higher temperatures, likely
due to increased amounts of aromatic functionalities. Fig. 5b provides
clear evidence of the beginning of the growth of aromatic peaks in the
temperature range of 350 °C to 400 °C. The aromatic (285 eV) resonance
observed in the C K-edge XRS results (Fig. 5a) for pyHTC-600 indicates
the evolution of the amorphous carbon structure into a more ordered
turbostratic structure, which constitutes the final carbon product. Our
O K-edge XRS results (Fig. 6) show the low abundance of O in this
temperature range, which is consistent with deoxygenation reactions.

Collectively, TGA, pyGCMS, FTIR, C K-edge, and O K-edge XRS
data all point towards (1) release of aromatic hydrocarbon products,
(2) growth of aromatic carbon, (3) decrease in furanic carbon, (4)
loss of oxygen, and (5) restructuring of pyHTC from amorphous to a
more structured material in the 400°C to 600°C range. These results
are consistent with the aromatisation of cellulose during pyrolysis in a
similar temperature range. In cellulose, oxygenated groups are removed
from aromatic structures through deoxygenation and dehydrogenation
in the temperature range of 400°C to 600°C and beyond 650 °C, re-
spectively [59-61]. Our previous results have shown more pronounced
aromatisation and graphitisation of pyrolysed oak wood samples at
650°C [24]. Interestingly, C K-edge NEXAFS have provided evidence
for a core-shell structure in glucose HTC, with a more condensed
core [8]. In contrast, the surface of pyHTC is likely to be more con-
densed, as evidenced by the pyrolysis of oak wood. We anticipate
that future studies will shed further insight into the aromatisation of
sugar-based pyHTC beyond 600 °C.

4. Summary

The thermal treatment of biomass-derived hydrothermal carbon is
in wide use for improving the properties of carbons produced through
hydrothermal carbonisation. The benefits of using hydrothermal car-
bonisation as an initial treatment (e.g., chemical tunability and the abil-
ity to treat wet biomass feedstocks) make the process highly favourable
for wider implementation. However, secondary thermal treatment has
been shown to induce new and useful chemistry (e.g., surface function-
ality) and physical properties (e.g., increased porosity, conductivity).

The methodological approach integrating pyGCMS and X-ray Ra-
man Spectroscopy (XRS) introduced in our study has contributed to
our understanding of this process in several key ways. Firstly, the
combination of pyGCMS and XRS offers a more sensitive investigation
of the volatile pyrolysate and solid phase carbon chemistry. While XRS
caters to solid phase carbon chemistry, pyGCMS is responsive to volatile
pyrolysate. This means that together, these techniques can observe
and analyse both solid and gaseous phases of the sample, adding to
the completeness and comprehensiveness of the data. Secondly, XRS
coupled to pyGCMS allows for the investigation of average chemical
changes in carbon bonds without the limitations of other spectroscopic
techniques, such as low penetration depths or low sensitivity. Lastly,
when used together XRS and pyGCMS enable unparallelled insight into
temperature-driven processes in carbon materials which are otherwise
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extremely challenging to monitor using traditional approaches. For
example, whilst XRS is a valuable tool for probing a carbon in an
element-specific manner, it is often challenging to discriminate similar
functionalities. Coupling pyGCMS with XRS allows for much better
understanding of the changes in carbon chemistry occurring within a
material. Here, this methodological framework has been instrumental
in identifying the thermolytic threshold of polyfuranic linking units
within pyrolysed hydrothermal carbon, measured between 300°C to
350°C. The ability to accurately monitor and chart the evolution of
species as a function of temperatures, including the emergence of furan
and aromatic species, is a distinct outcome of our combined approach.
This study has also demonstrated that pyrolysis temperatures above
350°C yield a stable C-O species. Taken together, the combined use
of XRS and pyGCMS offers new avenues to explore intricate chemical
processes in the thermal treatment of biomass-derived hydrothermal
carbon. With the development of more portable mass spectrometry
systems, we suggest that the future development of in situ XRS-GCMS
should be investigated for future research in carbon science, including
scalable applications and wider implementation.
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