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A B S T R A C T

Hydrothermal carbonization has garnered significant attention in recent studies due to potential applications of 
the hydrochar produced, which overlap with those of torrefied biochar, including soil improvement, carbon 
sequestration, and energy production. However, unlike the relatively uniform properties of biochar, hydrochar 
characteristics can vary greatly depending on the feedstock used. Advanced characterization techniques are 
essential to better understand these materials and enhance their practical applications. Research on hydrochar 
requires a multi-faceted approach, including molecular-level studies, to optimize production processes and 
identify specific applications.

In this regard, analytical methods commonly used in organic geochemistry could play a crucial role in 
deepening our knowledge of hydrochar and biochar. Thus, this study evaluates the properties and key charac
teristics of five types of hydrochar and a reference biochar using a range of advanced analytical techniques. 
Among these, HAWK® pyrolysis with flame ionization and infra-red detectors (Py-FID/IRD) — typically 
employed in petroleum geochemistry — has proven to be a rapid and effective method for assessing some key 
properties and facilitating quick comparisons. Additionally, thermal desorption and pyrolysis analysis followed 
by gas chromatography coupled with mass spectrometry (TD-Py-GC-MS) provided detailed molecular charac
terizations of the hydrochars. These findings demonstrate that traditional techniques used in fossil fuel and 
environmental geochemistry are equally applicable in this field. Consequently, these techniques offer valuable 
insights into hydrochar composition, addressing critical knowledge gaps and leveraging advanced geochemical 
methods to assist in optimizing carbonaceous materials for practical applications including production of biofuels 
and platform chemicals for bio-refining.

1. Introduction

The issue of organic solid waste is a growing environmental concern, 
emphasizing the need for sustainable management to prevent pollution 
and resource loss. The diversity and volume of organic waste present 
both challenges and opportunities for recovery and circularity [1–3]. To 
reduce landfill dependency, innovative strategies are essential to 
transform organic waste into valuable byproducts for agriculture and 
energy applications [4]. Common solutions include composting to pro
duce nutrient-rich soil amendments, biofuel production, and 

carbonization processes like torrefaction (dry pyrolysis) to create bio
char [5–7]. Biochar, a carbon-rich material, has diverse applications as a 
pollutant adsorbent, soil amendment, biofuel, and a means for carbon 
sequestration [8–10]. A newer approach, hydrothermal carbonization 
(HTC), converts organic waste into hydrochar under high-temperature, 
water-based conditions, opening additional opportunities [11–17]. The 
properties of both biochar and hydrochar vary based on the biomass 
feedstock (e.g., wood vs. algae) and the carbonization method used.

The potential and importance of hydrochar applications have gained 
significant attention in recent literature, particularly when compared to 
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the uses of biochar. While both materials serve as valuable byproducts 
for applications such as soil amendment, carbon sequestration, and en
ergy production as a biofuel feedstock [18], and engineering applica
tions [19], key differences arise from their production processes and 
properties [20,21]. Hydrochar, produced via hydrothermal carboniza
tion, exhibits unique characteristics that vary greatly depending on the 
feedstock source [22], whereas biochar, derived from torrefaction or 
pyrolysis, tends to have more uniform properties [23]. Common tech
niques for characterizing these materials, such as spectroscopy, thermal 
analysis, and surface morphology assessments, are essential for under
standing their specific properties and optimizing their applications 
[24–26].

A deeper investigation in the processes involved in hydrochar gen
eration requires multifaceted studies, including on the molecular level, 
to optimize production, tailor applications, and be used to complement 
the other techniques mentioned above. In this sense, advanced analyt
ical methods traditionally employed for fossil fuel characterization and 
environmental studies could play a crucial role in addressing existing 
knowledge gaps. For instance, HAWK® and the similar Rock-Eval® 
pyrolysis methods constitute a widely used analytical technique in 
geochemistry and petroleum exploration, primarily for evaluating the 
hydrocarbon potential of rock samples to assess the quality and maturity 
of organic material, as well as its potential to generate hydrocarbons 
[27,28]. We hypothesize that they could also be very useful for hydro
char characterization. Also, TD-Py-GC/MS has proven effective in 
analyzing complex oil compositions and resolving intricate contamina
tion scenarios [29,30], providing valuable insights. In the context of 
hydrochar research, this technique could similarly contribute to a 
deeper understanding of the material’s composition and behavior, 
enabling more targeted and efficient applications.

Building on these considerations, this study investigates the potential 
of advanced analytical techniques from organic geochemistry to 
examine five types of hydrochar produced via hydrothermal carbon
ization of organic waste streams, alongside their respective feedstocks. 
These hydrochars are further compared with a commercial biochar for 
reference. The feedstocks include scrap wood (e.g., construction waste 
and discarded furniture), green waste from groundskeeping, winery 
pomace, and the organic fraction of separately collected municipal solid 
waste. HAWK pyrolysis and TD-Py-GC/MS are here applied for the first 
time to characterize hydrochar, and, along with thermogravimetric 
analysis and Fourier transform infra-red spectroscopy, are employed to 
examine these non-traditional carbonaceous materials, providing 
detailed insights into their composition and potential environmental or 
industrial applications. Elaborating upon prior work with the same 
materials [31,32], the comprehensive approach presented herein aims 
to elucidate the key compositional and property differences between 
hydrochar and biochar, demonstrating the relevance and the limitations 
of these techniques for optimizing carbonaceous materials for practical 
use.

2. Materials and methods

2.1. Samples and their sources

Representative samples of the following wastes were used as raw 
materials for HTC trials at pilot plant scale: 

— Organic fraction of municipal solid waste (OFMSW) separately 
collected in urban areas.

— Grape pomace from industrial wine production.
— “Green” waste from park and garden maintenance.
— Scrap wood derived from discarded furniture and construction/ 

demolition activities, comprising a mix of softwoods, hardwoods, 
plywood, and fiberboard. This material typically contains various 
additives, including waxes, binders, varnishes, and oils, and was 
shredded before further processing.

— Whey from industrial cheese production.

OFMSW, green waste, and scrap wood were sampled at the Waste 
Treatment Centre of COGERSA, the regional public consortium for waste 
management in Asturias, Spain (www.cogersa.es). Grape pomace was 
supplied by the winery Bodegas Monasterio de Corias (Cangas del 
Narcea, Asturias, Spain). Whey was provided by the cheesemaker 
Quesería la Borbolla (www.queserialaborbolla.es), dedicated to the 
production of the cheese Afuega’l Pitu (Grado, Asturias, Spain). 
Hydrochars were identified as: H1 (waste wood + water), H2 (green 
waste), H3 (OFMSW), H4 (grape pomace) and H5 (waste wood + whey). 
For comparison, a commercial biochar (Vermichar S.L., Alcanadre, La 
Rioja, Spain) produced from Quercus ilex wood by dry torrefaction at 
450 ◦C was also analyzed.

Despite the separation treatment systematically carried out by 
COGERSA to facilitate the subsequent recovery of the different wastes, 
non-biogenic components were detected in OFMSW, green waste and 
scrap wood (Fig. 1). The nature of these unwanted materials differs 
depending on the type of waste. Thus, in the case of scrap wood, pieces 
of metal and plastic were found, while stones and agricultural plastics 
were the more significant items in the green waste batch. The greatest 
percentage (5–7 wt%) of unwanted materials (plastic, glass, metal, cans, 
textile, cardboard, etc.) was detected in OFMSW. As far as possible (they 
are sometimes not easily visible), these components were removed 
manually prior to the HTC treatment of these wastes.

2.2. Hydrochar processing and instrumentation

The feedstocks were processed in a 2 m3 reactor (Fig. 1) fed by the 
superheated steam (350 ◦C, 2.8 MPa) generated at the clinical waste-to- 
energy plant operated by the Solid Waste Management Consortium of 
Asturias (www.cogersa.es). The treated amount of each residue excee
ded 130 kg in total (Table 1). Water (or whey where specified) was 
added to achieve a uniform 1:4 solid to water mass ratio. Steam was 
allowed to enter the reactor for 5 min while the release valve was open 
in order to allow all the trapped air to be released and ensure reactor is 
full of steam. After that, temperature was increased up to 195 ◦C and 
corresponding saturation pressure (1.3 MPa) for a period of 30 min. 
Once operating temperature was reached, it was maintained for 3 h, 
after which the release valve was opened, allowing for the reactor to 
decompress until atmospheric pressure was reached. All of these steps 
are automated through an electronic controller. Resulting products were 
allowed to cool down overnight before discharge of the reactor could be 
performed.

After processing, excess water was expelled mechanically (30 MPa) 
and the solids were dried in air at 35 ◦C (Fig. 1B). The hydrochar yield 
(Y) was estimated by: 

Yraw (%) = (mass of dry hydrochar / mass of feedstock as received) ×
100                                                                                                    

Ydry (%) = (mass of dry hydrochar / mass of dry feedstock) × 100       

2.3. Bulk, proximate, and ultimate analyses

Moisture and ash contents were evaluated using ASTM7582-10 in a 
LECO TGA701, while volatile matter (VM) was determined according to 
UNE-019 (ISO562). Fixed carbon (FC) percentage was estimated as 100- 
[VM]-[Ash]. The CHN analysis was performed following ASTM D5373
(LECO CHN-2000) and ASTM D4239 (LECO-S631) was used to evaluate 
the S content. The oxygen percentage was calculated as 100–[Ash]–[C]– 
[H]–[N]–[S]. Higher heating value determination was conducted in 
accordance with UNE 32006:1995 in an IKA-C4000 calorimeter.

M.A. Kruge et al.                                                                                                                                                                                                                                Biomass and Bioenergy 207 (2026) 108706 

2 

http://www.cogersa.es
http://www.queserialaborbolla.es
http://www.cogersa.es
astm:D5373
astm:D4239


2.4. Thermogravimetry (TGA)

Thermogravimetric tests were carried out in a high-capacity Mettler 
TGA/DSC 1 STAR thermal analysis system (Mettler–Toledo S.A.E., 
Barcelona) at a constant rate of 20 ◦C min− 1 from 30 to 1000 ◦C with a 
holding time of 5 min in pyrolysis mode under a nitrogen atmosphere. 
For quality control and assurance, two hydrochars (OFMSW and green 
waste) were analyzed in duplicate; their mean values are employed in 
this article. Deconvolution was performed manually on an Excel 
spreadsheet, iterating the peak position, height, and width of a number 
of Gaussian functions until their sum closely matched the experimental 
data.

2.5. HAWK® pyrolysis

The HAWK® device (Wildcat Technologies, Humble (TX) USA) is a 
quantitative analytical pyrolysis instrument equipped with flame ioni
zation and infra-red detectors (Py-FID/IRD), similar to Rock-Eval®. Two 
hydrochars (OFMSW and waste wood + water) were analyzed using the 
classical pyrolysis/TOC method developed for petroleum source rock 
analysis [33], which resembles the Rock-Eval method previously 
developed for the same purpose [27,28,34]. Under a stream of He carrier 
gas and recording data points every 0.5 s, the sample was initially held at 
300 ◦C for 8.5 min for the evolution of the thermovaporizable fraction 
with the hydrocarbon-sensitive FID response designated as the S1 peak. 
The temperature was then increased at 25 ◦C min− 1 to 650 ◦C with the 

FID response integrated as the S2 parameter, representing the pyrolyz
able organic matter fraction. Simultaneously, CO2 and CO evolved 
below 390 ◦C were separately recorded by the IRD as the S3 and S3CO 
parameters and above 390 ◦C as S3′ and S3CO’. After pyrolysis the oven 
was cooled and the carrier gas changed to air. The sample was heated 
from 150 to 770 ◦C at 29.5 ◦C min− 1 and held there for 4 min, while the 
IRD recorded the combustion-derived CO2 and CO as the S4CO2 and 
S4CO parameters. Total organic carbon (TOC) was computed directly by 
the instrument software from S1, S2, and all S3s and S4s using a standard 
empirical equation whereas “residual” carbon (RC) is the summed mass 
fraction of carbon from S4CO2 and S4CO [35]. For quality control and 
assurance, the wood hydrochar was analyzed five times and the OFMSW 
seven times, the mean values of which are used in this article. The pa
rameters are reported on a dry, but not ash-free basis. The HAWK in
strument was repeatedly calibrated using the Wildcat Technologies 
external standard WT4, a rock of marine origin with 6.84 ± 0.28 mg/g 
S2 and 2.81 ± 0.08 wt% organic carbon, as per the laboratory’s routine 
for petroleum source rock analysis.

2.6. Fourier-transform infrared spectroscopy

Infrared spectra were obtained in a Nicolet 8700 spectrometer, 
equipped with a Thermo Scientific Smart Diffuse Reflectance accessory 
(DRIFT) and a highly sensitive liquid nitrogen-cooled MCT-A detector. 
For quality control and assurance, at least 2 spectra were collected for 
each sample of hydrochar and biochar by capturing 64 scans with a 

Fig. 1. A) Photograph of the hydrothermal carbonization reactor. B) Mechanical drying press, example of a hydrochar sample after pressing, and final drying 
procedure. C) Raw waste wood prior to processing and its resulting hydrochar. D) Raw food waste (OFMSW) and its resulting hydrochar.
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resolution of 4 wavenumbers (data spacing of 1.928 cm− 1) in the mid- 
infrared range (4000–650 cm− 1).

2.7. Thermodesorption- and pyrolysis-gas chromatography-mass 
spectrometry

The “double-shot” TD-Py-GC-MS (thermodesorption and sequential 
pyrolysis-gas chromatography-mass spectrometry) procedure was 
applied to obtain the molecular fingerprint of the five hydrochars and 
the biochar used in this study. In brief, it consisted of a two-step analysis 
in which an initial thermodesorption (TD) was performed at lower 
temperatures, and the remaining sample residue was subsequently 
heated at a higher temperature to evolve the true pyrolysis products [29,
30]. “Single-shot” Py-GC-MS, in which the sample is analyzed only once 
at the higher temperature, was also used in an experiment with two of 
the hydrochars.

TD-Py-GC-MS were accomplished using a PY-2020iD double-shot 
pyrolyzer (Frontier Lab, Japan) coupled to a GCMS-QP2010 Plus (Shi
madzu Europe, Germany) equipped with an Agilent DB-5ms capillary 
column (5 % phenyl, 95 % dimethylpolysiloxane; 60 m × 0.25 mm i.d. x 
0.1 μm film) with He as the carrier gas. Thermodesorption was per
formed on 1 mg samples for 20 s at 350 ◦C. The oven temperature of the 
GC was programmed from 50 to 310 ◦C (at 2.5 ◦C min− 1), with an initial 

hold of 2 min at 50 ◦C and a final hold of 45 min at 310 ◦C. The mass 
spectrometer was operated in EI mode at 70 eV, calibrated daily by auto- 
tuning with PFTBA, and operated in full-scan mode (50–600 m/z). After 
the TD run had ended, the sample (which had remained untouched in 
the pyrolyzer) was heated at 610 ◦C for 20 s, thereby pyrolyzing the 
post-thermodesorption residue (“double-shot” or “sequential pyroly
sis”). Pyrolysis products were analyzed by GC-MS using the conditions 
employed for the TD products. In cases for which the initial amount was 
inadequate for optimal signal-to-noise or excessive, leading to column 
overloading, the sample quantity was adjusted and the analysis 
repeated. For “single-shot” Py-GC-MS, the sample was heated only once, 
at 610 ◦C for 20 s, followed by GC-MS analysis using the above condi
tions. Compounds were identified using the W8N08 (John Wiley & Sons, 
Inc., New York), NIST27, and NIST47 (chemdata.nist.gov) mass spectral 
libraries, the online NIST Standard Reference Database Number 69 
(webbook.nist.gov/chemistry/), and by reference to the literature, as 
specified in Section 3.

3. Results

3.1. Process yields and bulk analyses

Operating the hydrothermal carbonization experiments at pilot plant 

Table 1 
Hydrochar data summary.

Bulk yields of the hydrothermal carbonization (HTC) process

Waste wood Waste wood Green waste OFMSW Grape pomace

(water added) (whey added) (from park maintenance) (organic fraction of municipal solid waste)

Raw, as received (kg) 134 160 189 487 395
Moisture, as received (%) 13 13 25 72 56
Raw (kg, dry basis) 117 139 142 136 174
Wet hydrochar (kg) 337 318 281 216 326
Dried hydrochar (kg) 97 121 97 80 129
Hydrochar yield (%, dry basis) 83 87 68 59 74

Proximate and Ultimate Analysis (weight %, dry basis, including ash)

Waste wood Wood + water Wood + whey Green waste OFMSW Grape pomace Oak biochar

Raw Hydrochar Hydrochar Raw Hydrochar Raw Hydrochar Raw Hydrochar

Ash 2.6 2.6 4.9 28.7 24.3 13.3 15.4 8.5 6.2 21.1
Volatile Matter 77.5 70.9 71.2 56.0 57.5 75.9 69.2 72.7 67.9 21.1
Fixed C 19.9 26.5 23.9 15.3 18.2 10.8 15.4 18.8 25.9 57.8

C 48.8 53.0 51.9 36.6 43.7 44.2 49.8 49.6 58.3 65.7
H 5.4 5.6 5.5 4.3 4.6 6.2 6.1 5.8 5.9 2.2
N 3.2 2.5 2.1 1.7 1.2 2.6 2.7 2.1 2.5 0.7
S 0.1 0.1 0.1 0.2 0.1 0.2 0.2 0.2 0.2 0.3
O 39.9 36.2 35.5 28.5 26.1 33.5 25.8 33.8 26.9 10.0
H/C molar 1.33 1.26 1.27 1.41 1.26 1.68 1.47 1.40 1.21 0.40
O/C molar 0.61 0.51 0.51 0.58 0.45 0.57 0.39 0.51 0.35 0.11

Higher Heating Value 19.7 21.7 20.4 14.3 17.5 18.9 21.4 19.0 24.0 21.1
(HHV, MJ/kg)
Energy densification ratio ​ 1.10 1.04 ​ 1.22 ​ 1.13 ​ 1.26 ​
Energy yield (%) ​ 91.7 90.0 ​ 83.7 ​ 66.5 ​ 93.8 ​

Thermogravimetry summary. Cumulative mass loss (%) by indicated temperature.

Temperature (◦C) Waste wood Wood + water Wood + whey Green waste OFMSW Grape pomace Oak biochar

Raw Hydrochar Hydrochar Raw Hydrochara Raw Hydrochara Raw Hydrochar

300 19.5 11.8 16.1 15.0 11.2 28.9 20.7 27.1 18.6 3.8
350 42.2 28.3 40.6 29.3 24.4 51.3 40.4 43.1 24.0 4.7
400 68.8 59.1 57.3 38.2 43.1 60.3 51.2 51.1 45.8 5.6
600 77.3 70.3 67.8 47.7 55.4 70.7 63.8 66.6 63.2 10.1
1000 (end of run) 86.1 80.2 75.1 58.9 68.1 80.0 73.6 76.0 71.7 22.0

(loss by 300 ◦C)/ 25 17 24 32 20 41 32 41 29 37
(loss by 610 ◦C) (%)

a Mean of 2 determinations.
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scale (Fig. 1A) required appropriately large amounts of feedstock at the 
outset: 134–487 kg of raw waste (Table 1). Drier material, such as the 
wood waste (only 13 % moisture), required the addition of process 
liquid, while the wetter did not — the OFMSW (72 % moisture) was 
sufficiently wet as received. A notable feature of hydrothermal 
carbonization (essentially hydrous pyrolysis) is that it avoids the energy- 
intensive pre-drying of the feedstock, as water is obviously essential to 
the process.

After mechanical and thermal drying, the resulting hydrochars were 
gray-colored and of similar mass (80–129 kg) (Table 1, Fig. 1B–D). In a 
separate experiment, wood waste was processed with caseiculture whey 
(94 % moisture) instead of tap water in order to simultaneously valorize 
two waste streams. This yielded proportionately about the same amount 
of dry hydrochar as the wood processed with water. The other materials, 
particularly the OFMSW, yielded significantly less (Table 1). Analysis of 
the process liquids after HTC was beyond the scope of this project.

3.1.1. Proximate and ultimate analyses
The ash contents of the raw feedstock vary considerably, from 3 % 

for the wood waste to 31 % of the green waste. The latter, being 
groundskeeping trimmings, likely includes some soil material which 
escaped removal during preliminary visual inspection (Sec. 2.1). In 
general, the hydrochars tend to exhibit slightly less volatile matter, but 
marginally more fixed carbon than the raw feedstocks (Table 1).

The molar H/C and O/C ratios exhibit a parallel decrease during 
hydrothermal carbonization, from compositions consistent with biomass 
to those compatible with peat and lignite (Table 1, Fig. 2). Nitrogen 
contents are low, ranging from 1.2 % in the green waste hydrochar to 
2.7 % in that of the OFMSW. Sulfur concentrations (≤0.3 %) are negli
gible. The mean higher heating value of the hydrochars is 21 MJ kg− 1, a 
modest increase from the mean for the raw materials (18 MJ kg− 1, 
Table 1). These values tend to decrease with increasing ash content and 
are comparable to low rank coal (15–33 MJ kg− 1 [36]). Amado-Fierro 
et al. [31] presented the proximate and ultimate analysis results in 
greater detail.

Hydrothermal treatment resulted in energy densification across all 
feedstocks, confirming that the process effectively concentrates the en
ergy content of the raw materials. This densification appears to be 

influenced by the initial moisture content of the feedstock, as hydro
chars derived from waste wood exhibited lower energy densification 
ratios than those produced from wetter materials such as green waste or 
OFMSW. Conversely, the drier feedstocks achieved higher solid yields, 
which partially compensated for their lower densification and enhanced 
their overall energy recovery potential. The highest energy yields were 
observed for waste wood and grape pomace, suggesting that factors 
other than moisture content also play a significant role in determining 
the overall energy performance.

In contrast to the hydrochars, the oak biochar sample exhibits much 
lower volatile matter and higher fixed carbon contents, along with very 
low molar H/C and O/C ratios, comparable to those of high-rank coal 
(Table 1, Fig. 2).

3.2. Thermogravimetric analysis

All five hydrochar samples exhibit a rapid phase of decomposition 
between approximately 350 and 400 ◦C during thermogravimetric 
analysis (TGA) in pyrolysis mode, above which temperature there is only 
gradual further breakdown (Fig. 3A). Overall, the hydrochars lose 
roughly half of their mass by 400 ◦C, losing about 75 % by the end of the 
process at 1000 ◦C (Table 1). The two waste wood hydrochars have the 
sharpest transformation, while that of the green waste appears more 
gradual, although this may be due to the latter sample’s higher ash 
content. (Fig. 3A–Table 1).

3.2.1. First derivative thermogravimetric analysis
Viewing the first derivative of the thermogravimetric traces (DTG) of 

the waste wood, the inflection points marking the temperature of the 
maximum rate of conversion (Tmax) are nearly the same for the raw 
feedstock and the hydrochar processed with water (ca. 370 ◦C, Table 1, 
Fig. 3B). The principal difference between these two results is that the 
raw wood begins major decomposition about 50 ◦C lower, producing a 
broader peak. Interestingly, the wood hydrochar processed with whey 
exhibits a narrow peak, similar to the water-based hydrochar, but shif
ted down by ca. 20 ◦C. Note that all the thermograms exhibit a minor 
peak maximizing at about 60 ◦C, likely due to the loss of residual 
moisture (Fig. 3B–F).

The raw green waste, with a Tmax of 350 ◦C, shows a bulging initial 
shoulder and a broad post-peak tail extending out to ca. 500 ◦C, with a 
minor final peak centered on 660 ◦C (Fig. 3C). The principal peak of its 
hydrochar is sharper, maximizing at the slightly higher temperature of 
370 ◦C, but with a similar post-peak tail and minor feature at 660 ◦C.

The complex thermograms of the organic fraction of municipal solid 
waste (OFMSW) display multiple features. Its hydrochar, with a Tmax of 
340 ◦C, has auxiliary inflection points at 250, 390, 480, and 680 ◦C 
(Fig. 3D). The raw feedstock behaved similarly upon heating, but as with 
wood and green waste, began intense decomposition at a lower 
temperature.

The thermograms of raw grape pomace and its hydrochar show 
striking differences. The feedstock has two sharp low temperature peaks 
at 285 and 305 ◦C followed by a broad plateau with secondary maxima 
at about 345 and 450 ◦C (Fig. 3E). Its hydrochar exhibits a broad zone of 
heterogenous decomposition between 200 and 500 ◦C, with maxima at 
275 and 350 ◦C, in near alignment with the feedstock.

As evidenced in Fig. 3A and Table 1, the oak biochar is principally 
refractory OM, yielding little upon pyrolysis. Its DTG curve, maximizing 
at the high temperature of 685 ◦C, is otherwise nearly featureless 
(Fig. 3F), standing in sharp contrast with the hydrochars. We note that 
the heterogenous green waste and OFMSW produced small, high- 
temperature peaks (660–680 ◦C), likely indicating a minor char 
component (Fig. 3C and D).

3.2.2. Deconvolution of TGA results
The complexity of the DTG curves implies the presence of multiple 

components with differing thermal properties, unsurprising given that 

Fig. 2. Van Krevelen diagram showing transformations resulting from the 
conversion of biomass to hydrochar, as well as oak biochar for comparison, 
after Amado-Fierro et al. [31]. Interpretive fields after Koppejan and van Loo 
[82]. Note that the two waste wood hydrochars have nearly the same co
ordinates (Table 1) and plot superimposed.
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the materials are heterogenous wastes. The OM likely includes fats, 
cellulose, hemicellulose, lignin, and char. To further investigate this 
heterogeneity, we deconvoluted the DTG traces of the feedstock and 
hydrochars of two samples (waste wood with water and OFMSW) for 
which the bulk and TGA data indicate significant differences (Secs. 3.1, 
3.2.1).

Previous TGA work studying the thermal behavior of biomass 
emphasized hemicellulose, cellulose, and lignin as the most relevant 
plant biopolymers. Proposed kinetic parameters showed considerable 
variation, due to the use of different taxa and experimental conditions 
[22,37–40]. The literature consensus is that hemicellulose is the most 
labile of the three and that lignin exhibits a broad activation energy 
range, in part taxon-dependent.

In the present case, application of this three-component deconvolu
tion model to the hydrochars and their feedstocks produced only rough 
matches to the experimental data, worse in the case of OFMSW. Rather, 
the irregularities in the raw OFMSW thermogram (Fig. 3D and 4A) 
readily suggest peak temperatures for various deconvolution pseudo- 
components. After experimenting with several configurations, the best 
results were achieved with seven pseudo-components of differing 
breadth and intensity, with peak temperatures ranging from 245 to 
680 ◦C (Fig. 4A). The resulting model (dashed curve summing the 7 
individual peaks) closely tracks the DTG data (heavy black line). While 
we make no claim that this result is a unique solution, it matches the 

experimental data quite well. No attempt was made to model the minor 
features on the extreme ends of the DTG curves (<100 and >750 ◦C).

These same seven pseudo-components (i.e., having identical peak 
temperatures) were then employed to deconvolute the DTG trace of the 
OFMSW hydrochar, iteratively adjusting peak height and width until a 
satisfactory match was achieved (Fig. 4B). This successful result serves 
to further validate the initial choice of the seven peak temperatures, 
which – being the same – more readily permit a comparison between 
feedstock and hydrochar. It is evident that the most profound effect of 
the hydrothermal conversion is the marked reduction in the two low 
temperature pseudo-components (245 and 305 ◦C). The distribution of 
the five higher temperature peaks remains relatively intact, with a 
narrow 336 ◦C pseudo-component as the most prominent for the 
hydrochar.

In contrast to the OFMSW, the DTG of the waste wood and its 
hydrochar trace single, massive central peaks without major irregular
ities (Fig. 3B). Nevertheless, the raw wood feedstock data responded 
well to deconvolution using seven pseudo-components. Initially, the 
peak temperatures employed were the same as those used for the 
OFMSW. After several iterations, a better model was achieved by slightly 
adjusting most of the temperatures, in addition to varying peak width 
and height (Fig. 4A and D). The wood hydrochar DTG was deconvoluted 
with the same seven pseudo-components used for its feedstock, but 
necessitated a magnitude reduction of the three lowest temperature 

Fig. 3. A) TGA thermograms showing mass loss as a function of temperature for the five hydrochar samples and oak biochar. B) DTG traces for waste wood feedstock 
and hydrochars. C) DTG traces for park maintenance green waste feedstock and hydrochar. D) DTG traces for the OFMSW feedstock and hydrochar. E) DTG traces for 
grape pomace feedstock and hydrochar. F) DTG trace for oak biochar. Temperatures of principal inflections points are posted.
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features, leaving a sharp central peak at 370 ◦C clearly preeminent 
(Fig. 4E).

Although a middle temperature pseudo-component dominates both 
hydrochar models (336 and 370 ◦C respectively, Fig. 4B and E), the 
deconvolution exercise indicates that the OFMSW hydrochar has a 
greater compositional complexity, logically reflective of the highly 
diverse organic waste stream. With such diversity, it may be better to 
consider the so-called pseudo-components as simply represent group
ings of coincident bond scissions in different materials as their respective 
activation energy thresholds are reached in parallel during heating. 
Fragmentation of the most labile biopolymers clearly occurs during HTC 
leaving the more resistant in the hydrochar (Fig. 4). This is somewhat 
analogous to the kinetic models that petroleum geochemists conceived 
for kerogen maturation [41,42], extended by Sebag et al. [43] for 
application to soil organic matter.

3.3. HAWK® pyrolysis

The HAWK® device is a Py-FID/IRD instrument that operates in a 
manner similar to the Rock-Eval® system, with its standard analytical 
results encoded in a nearly identical fashion (Sec. 2.5, Table 2). Like 
Rock-Eval, the HAWK method is intended primarily for petroleum 
source rock evaluation [28]. Nonetheless, Py-FID/IRD is increasingly 
finding applications in studies of recent organic matter, environmental 
pollution, and biofuels [43–53].

Two contrasting hydrochars (waste wood with water and OFMSW) 
were chosen for HAWK analysis on an experimental basis. Two of the 
most commonly employed petroleum source rock parameters – S1 
(thermovaporizable organic fraction) and S2 (pyrolyzable fraction) – in 
combination demonstrate a profound difference between the two sam
ples. While S2 is similar (209 mg pyrolyzate g− 1 sample for OFMSW and 
179 mg g− 1 for wood), S1 for OFMSW is 83 mg thermovaporized OM g− 1 

Fig. 4. Deconvoluted TGA thermograms and HAWK FID pyrograms for the wood and food waste samples. For TGA, the first derivatives (DTG, percent mass loss per 
◦C) are plotted as a function of pyrolysis temperature. The HAWK FID signal is calibrated as mg hydrocarbons per kg sample, plotted by pyrolysis temperature. The 
color-coded numbers in the chart legends are the peak temperature values (Tmax, ◦C) of the individual pseudo-components used in the deconvolution. A) Raw food 
waste (OFMSW) TGA. B) Food waste hydrochar TGA (mean of two determinations). C) HAWK FID pyrogram of food waste hydrochar (mean of seven repetitions). D) 
Raw waste wood TGA. E) Waste wood + water hydrochar TGA. F) HAWK FID pyrogram of waste wood + water hydrochar (mean of five repeat analyses). See Sec. 2.5
and Table 2 for definitions of S1 and S2.
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sample, nearly three times the 29 mg g− 1 detected for the wood 
hydrochar (Table 2). Classical petroleum geochemistry parameters – 
Production Index and Oil Saturation Index, which are ratios empha
sizing S1 – are considerably higher for OFMSW than for wood (Table 2). 
For both OFMSW and waste wood, total organic carbon (TOC) values are 
similarly high (40 and 41 %, respectively), to be expected for biomass 
with minimal mineral matter, as are the Hydrogen Indices (523 and 466 
mg pyrolyzate g− 1 TOC, respectively).

Since the HAWK infrared detector discriminates between pyrolytic 
CO and CO2, separate S3 parameters are reported for each gas (Sec. 2.5). 
These are routinely subdivided at the 390 ◦C mark, to isolate the effect of 
high temperature calcination of mineral carbonate that may be present 
in geological samples. Although some mollusk shells are in the food 
waste (Fig. 1D), this effect is likely to be minor in the present case. While 
S3 values are similarly low for both samples (3–7 mg CO2 g− 1 sample), 
wood S3CO is nearly double that of OFMSW (Table 2). The Oxygen 
Indices are similarly low for both samples (16–18 mg CO2 g− 1 TOC), 
surprising since they have the relatively high molar O/C ratios of 
0.4–0.5 characteristic of biomass (Table 1). This observation is based on 
comparisons of Py-FID/IRD and elemental analysis of source rocks and 
biomass [28,54,55].

3.3.1. Py-FID/IRD pyrograms
While classical source rock Py-FID/IRD parameters are instructive, 

greater insight is gained by detailed examination of the pyrograms. This 
is traditionally recommended in cases of petroleum source rock irregu
larities [28] and is increasingly used in biomass and soil studies [43,47,
53,56].

FID and IRD responses are normally presented as functions of anal
ysis time (Fig. 5A). The OFMSW S1 peak area is obviously much larger 
than that of the wood, consistent with the numerical values (Table 2). In 
the S2 region the samples display markedly different morphologies: the 
OFMSW hydrochar pyrogram is distinctly multi-lobed, while the wood 
produced a single, narrower peak followed by a broad shoulder. The 
combined IR pyrograms (CO + CO2) show maxima tracking the principal 
S2 (FID) peaks, lagging behind by about a half minute, overall with 

Table 2 
HAWK pyrolysis results.

Waste Wood OFMSW

Hydrochar Hydrochar

mean of 
5

st. 
dev.

mean of 
7

st. 
dev.

S1 Thermovaporizable Fraction (mg 
HC/g sample)

29 1 83 10

S2 Pyrolyzable Fraction (mg HC/g 
sample)

179 17 209 10

S3 (mg CO2/g sample by pyrolysis 
≤390 ◦C)

7 0.2 6 0.7

S3’ (mg CO2/g sample by pyrolysis 
>390 ◦C)

3 0.8 4 1.0

S3CO (mg CO/g sample by pyrolysis 
≤390 ◦C)

8 0.4 5 0.5

S3′CO (mg CO/g sample by pyrolysis 
>390 ◦C)

5 0.3 2 0.5

S4CO2 (mg CO2/g sample by 
combustion)

747 39 486 28

S4CO (mg CO/g sample by 
combustion)

50 10 15 3

TOC (Total Organic Carbon) (wt. %) 40.9 1.4 39.9 1.5
RC (residual carbon by combustion) 

(wt. %)
22.5 0.79 13.9 0.86

PI Production Index (S1/(S1+S2)) 0.15 0.01 0.30 0.03
OSI Oil Saturation Index (S1/TOC x 

100)
83 9 229 27

HI Hydrogen Index (S2/TOC x 100) 
mg HC/g TOC

466 57 523 16

OI Oxygen Index (S3/TOC x 100) mg 
CO2/g TOC

18 2 16 2

CO2/(CO þ CO2) pyrolysis (from 
S3’s)

0.43 0.02 0.60 0.03

CO2/(CO þ CO2) combustion (from 
S4’s)

0.94 0.01 0.97 0.00

Fig. 5. HAWK pyrograms for hydrochars of the waste wood + water (in red, mean of five repeat analyses) and food waste (in blue, mean of seven repeats). A) FID 
and IR detector yields as a function of analysis time. B) FID and IR detector yields as a function of pyrolysis temperature. For both A and B, the FID traces (S1, S2) are 
shown with heavy solid lines, while the dashed lines indicate the summed IR yields for CO and CO2 (S3 + S3CO + S3’ + S3′CO). C) IR detector response as a function 
of temperature during pyrolysis (S3 + S3′ and S3CO + S3′CO). D) IR detector response as a function of temperature during post-pyrolysis combustion (S4 and S4CO). 
For both C and D, the CO2 yields are shown with heavy solid lines, while the dashed lines indicate the CO response. See Sec. 2.5 and Table 2 for definitions of S1–S4.
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greater yield at lower temperatures for the OFMSW.

3.3.2. Py-FID response viewed in the temperature domain and 
deconvolution

The S2 peak morphologies (Fig. 5A) recall the features of the cor
responding DTG traces (Fig. 3B and D). To facilitate the comparison, the 
HAWK data were replotted in the temperature domain (Fig. 5B). 
Ignoring (for the moment) the obvious discontinuity at 300 ◦C marking 
the change from isothermal to temperature ramp, peak temperatures for 
the various features are clearly evident. This recognition led to an 
attempt at deconvolution of the Py-FID traces, beginning with pseudo- 
components centered on the temperature maxima in the S2 region of 
the OFMSW (Fig. 4C). With iterative adjustment of peak breadth and 
height, a well-fitting model curve began to take shape. With the tenta
tive addition of two lower temperature peaks to model the S1 and a 
small higher temperature one to complete the S2 match, a satisfactory 
six pseudo-component model emerged. Interestingly, the peak temper
atures (excluding the zone around the 300 ◦C discontinuity) are quite 
close to those employed for OFMSW TGA deconvolution, running a few 
degrees higher in the HAWK S2 region (Compare Fig. 4B and C). There 
was no seventh, high temperature pseudo-component required since Py- 
FID data collection ceased at 650 ◦C.

Beginning with the obvious 370 and 440 ◦C peaks on the wood 
hydrochar S2 curve (Fig. 5B), the addition of small lower and higher 
temperature peaks, and iterative adjustment, an acceptable S2 peak 
model was achieved (Fig. 4F). Again tentatively, two peaks under 300 ◦C 
were able to match the S1 profile. Discounting the interruption at the 
start of the temperature ramp, the results are comparable to TGA 
deconvolution of this hydrochar (Fig. 4E).

It is reassuring that for each hydrochar, the DGT and Py-FID curves 
could be deconvoluted by virtually the same pseudo-components above 
300 ◦C (Fig. 4). This could be expected in that both instruments were 
operated in pyrolysis mode using similar heating rates (Secs. 2.4, 2.5). 
The hydrocarbon-sensitive FID appears to resolve the components better 
than the bulk mass loss recorded by the TGA. The HAWK instrument can 
readily be reprogrammed to employ a constant rate of increase across 
the full temperature range, thus avoiding the discontinuity due to the 
initial isothermal step. The single temperature ramp setting has already 
been adopted in Py-FID/IRD studies of biomass, often with deconvolu
tion or empirically divided into temperature zones [43,44,47,48,51,53]. 
We conclude from our initial experiment that this should indeed be the 
way forward in future hydrochar characterization work.

3.3.3. Py-IRD and combustion-IRD
The ability of the IR detector to discriminate between CO and CO2 

provides an additional window into the nature of the hydrochars. Plot
ting the pyrolysis data for the two gases as separate curves, we note that 
of the two hydrochars, the waste wood yields more of both above 300 ◦C, 
but also proportionally more CO (Fig. 5C and the CO2/(CO + CO2) S3 
ratio in Table 2). The complexity of the OFMSW FID trace (Fig. 5B) is not 
mirrored by its simpler IRD curves. As with the FID response, the 
discontinuity due to the initial isothermal step interferes with observa
tion of the initial decomposition phase, except to note that CO2 pro
duction is greater than that of CO at the lower temperatures, particularly 
for OFMSW.

The post-pyrolysis residue combustion yields were on par with those 
from pyrolysis (Fig. 5B and D). The residual (non-pyrolyzable) carbon 
fraction (RC) comprises more than half of the TOC of the waste wood 
hydrochar, but only a third of that of the OFMSW (Table 2), values close 
to those determined as “fixed carbon” by proximate analysis (Table 1). 
Refractory components in the wood sample evidently required higher 
temperatures to fully react (Fig. 5D). Both hydrochars produce an order 
of magnitude more CO2 than CO upon combustion (CO2/(CO + CO2) S4 
ratio in Table 2). However, as with pyrolysis, combustion of the waste 
wood hydrochar yielded proportionally more CO than did the OFMSW 
(Fig. 5C and D).

As noted for the Py-FID results, greater insight would also be ob
tained from the IRD with the HAWK device set to a constant pyrolysis 
temperature ramp without the initial 300 ◦C hold. The advantage of a 
Py-FID/IRD instrument over conventional TGA is its use of sensitive 
multiple detectors. Thus, it also offers an alternative to the more so
phisticated TGA approaches with evolved gas analysis (e.g., TGA-FTIR, 
TGA-MS, TGA-GC-MS).

3.4. Fourier transform infra-red spectroscopy (FTIR)

The simple bulk and thermal analyses indicate significant differences 
between the hydrochars of the various feedstocks, as well as between the 
hydrochars and the biochar (Secs. 3.1–3.3). As the next step, FTIR 
spectroscopy was employed to begin the investigation of their chemical 
characteristics. In general, the FTIR spectra of all five hydrochars are 
broadly similar, with the OFMSW and pomace appearing more aliphatic; 
the highly aromatic oak biochar stands apart from the hydrochars [31]. 
Here we present a detailed examination of the FTIR spectra of the 
OFMSW and waste wood (with water) hydrochars, i.e., the two con
trasting samples emphasized in Sections 3.2.2 and 3.3.

The spectra of both hydrochars feature a broad, prominent band at 
3350 cm− 1 assigned to O–H stretching, corresponding to the presence of 
carboxylic acids, alcohols, phenols and possible residual moisture 
(Fig. 6A). (Table 3 gives the literature sources for the band assignments 
and other details.) The aliphatic stretching region between 3100 and 
2800 cm− 1 provides a clear contrast between the two hydrochars. CH2 
stretching bands at 2924 and 2854 cm− 1 are particularly sharp for the 
OFMSW, along with lesser, but distinct CH3 stretching (2958 and 2872 
cm− 1) and alkene C–H stretching (3008 cm− 1) bands (Fig. 6A and B). 
C=C alkene stretching in the OFMSW is indicated at 1653 cm− 1, while 
aliphatic C–H bending at 1464 and 1456 cm− 1 is notable in both samples 
(Fig. 6C). CH2 bending and CH scissoring are evident at 1373 cm− 1 for 
both hydrochars, as is CH2 and CH3 scissoring (1430 cm− 1) associated 
with lignin. Aromatic C=C bands at 1605 and especially 1515 cm− 1 are 
relatively more important in the wood spectrum.

C=O stretching bands at 1740 and 1705 cm− 1 associated with 
carboxyl and carbonyl functions feature prominently in the OFMSW 
spectrum (Fig. 6C). Small but distinct amide bands at 1653 and 1541 
cm− 1 also appear here. The zone between 1400 and 1200 cm− 1 appears 
similar in both spectra and is assigned to CH2 bending, out-of-plane 
bending, and scissoring, O–H scissoring, and C–O stretching, associ
ated with phenol, methoxyphenols, lignin, and cellulose. The C–O 
stretching bands in the 1200-1000 cm− 1 sector are nearly alike in both 
spectra, and are likely due to esters, fatty acids, and polysaccharides 
(Fig. 6C). Minor C–C stretching bands between 800 and 900 cm− 1 likely 
arise from polysaccharides in both hydrochars (Fig. 6A).

In summary, FTIR spectra of both the waste wood and OFMSW 
hydrochars show broad similarities. The OFMSW is distinctive in the 
greater preponderance of aliphatic, carbonyl, and carboxyl indicators, 
while the wood displays greater aromaticity, in agreement with the 
generalized observations of Amado-Fierro et al. [57].

3.5. Thermodesorption- and pyrolysis-GC-MS

TD-Py-GC-MS provides detailed, reproducible molecular-level anal
ysis of solid organic matter samples, requiring only milligrams of 
minimally-prepared sample [58]. In recent years, it has been increas
ingly employed in research related to environmental fields (e.g., Refs. 
[29,30]). The so-called “double-shot” approach separately analyzes the 
thermally-desorbable (semi-)volatile organic fraction and the pyrolyz
able macromolecular fraction. The thermally-desorbed products, in 
particular, have to been shown to correspond closely to those detected 
by conventional GC-MS of solvent extracts of contaminated sediments, 
although the latter does offer richer detail if liquid chromatographic 
fractions of the extract are analyzed separately [29,30]. The simpler 
“single-shot” Py-GC-MS approach analyzes these two fractions 
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combined, sacrificing some detail but saving time (Sec. 2.7).

3.5.1. “Single-shot” Py-GC-MS of hydrochars
The TGA, Py-FID/IRD, and FTIR results unambiguously illustrate 

profound differences between the hydrochars of waste wood (with 
water) and organic municipal waste (Sec. 3.2-3.4). Single-shot Py-GC- 
MS of these two hydrochars similarly reveals strongly contrasting fin
gerprints and additionally provides key compositional information. The 
wood pyrogram (Fig. 7A) displays a predominance of methoxyphenols 
and sugars – pyrolysis marker compounds for lignin and poly
saccharides, respectively, typical of wood (e.g., Refs. [59,60]). The 
lignin markers are principally monomethoxyphenols, a characteristic of 
conifer wood pyrolyzates (e.g., Ref. [61]). The most abundant poly
saccharide pyrolysis product is levoglucosan. Minor monoaromatic 
terpenoids also appear, likely from resins, along with long-chain n-al
kanes (>C22) with no odd carbon number preference, and steroids. The 
OFMSW hydrochar pyrogram (Fig. 7B) is radically different, primarily 
showing fatty acids (mostly C16 and C18, saturated and unsaturated) and 
their esters, along with minor n-alkenes, n-alkanes and steroids 
(including cholesterol).

3.5.2. “Double-shot” TD- and Py-GC-MS of hydrochars
Greater detail is revealed when the hydrochars are subjected to TD- 

GC-MS and subsequent Py-GC-MS of the thermodesorption residue. Note 
that for each pair of TD and Py traces, the intensities are plotted on the 
same (vertical) scale to readily illustrate the relative yield of the two 
fractions (Fig. 7C–H). For example, proportionally more was produced 

at the lower temperature from OFMSW, while the opposite is true of the 
wood (Fig. 7C and D). This observation corroborates the TGA and Py-FID 
results which show greater OFMSW yields at lower temperature 
(Tables 1 and 2, Fig. 4).

For waste wood (with water), TD and pyrolysis traces (Fig. 7C) both 
reveal abundant lignin markers, with a proportionally higher content of 
longer-chain monomethoxyphenols (e.g., trans-isoeugenol), but also 
dimethoxyphenols (syringol and trans-syringylprop-2-ene) evident for 
the lower temperature run, the latter angiosperm-derived [59,61]. 
Lignin evidently begins to pyrolyze at the thermodesorption tempera
ture (375 ◦C). Polysaccharides, on the other hand, appear to break down 
principally at higher temperatures, as their marker compounds are more 
abundant in the pyrolysis trace. The n-alkanes occur exclusively on the 
TD trace and likely arise from the finishing and/or binding waxes of the 
scrap wood (Sec. 2.1), although this was not separately investigated. 
Minor monoaromatic terpenoids and steroids appear on both chro
matograms. Relatively more material is thermally desorbed from the 
waste wood hydrochar processed with whey, with notably more lignin 
markers, in particular vinylsyringol, trans-syringylprop-2-ene, and con
iferyl alcohol (Fig. 7E). This observation is in concert with the shift of 
this sample’s DTG maximum to a lower temperature (Sec. 3.2.1, 
Fig. 3B). Otherwise, the wood hydrochar pyrograms are fairly similar 
(Fig. 7C and E). Minor amounts of methyl- and dimethylurea were 
detected in both waste wood pyrolysis runs, likely from resin binders 
used in composite wood products. Organonitrogen compounds, in gen
eral, are very minor components in these thermodesorption and pyrol
ysis products, barely discernible at the scale employed in the total ion 

Fig. 6. Normalized FTIR absorbance spectra for hydrochars of the waste wood + water (in red, mean of 2 repeat determinations) and food waste (in blue, mean of 4 
repeats). See Table 3 for band assignments. A) Full spectra. B) Detail of the 3400–2800 cm− 1 range. C) Detail of the 1760–1000 cm− 1 range.
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current chromatograms of Fig. 7. However, as a point of interest, m/z 70 
mass chromatograms reveal that trace amounts of cyclic dipeptides are 
relatively more abundant in the wood + whey hydrochar thermode
sorption products then they are in those of the wood + water sample 
(Supplemental Fig. S-1). These compounds are well-established markers 
for protein pyrolysis [62,63] and provide clues as to the influence of 
whey during HTC.

It was expected that the green waste from park maintenance, due to 
its abundance of woody material, would produce a hydrochar broadly 
similar to those of the waste wood. This is indeed the case, with a pre
dominance of lignin and polysaccharide pyrolysis products (Fig. 7G). 
The TD trace reflects proportionally more angiosperm lignin-derived 
syringol derivatives and also relatively abundant sterols (notably, 
β-sitosterol) and triterpenes, while the pyrolyzate has a full series of 
minor n-alk-1-enes and alkanes.

As with the single-shot analysis of OFMSW, both double-shot chro
matograms reveal a predominance of C16 and C18 fatty acids and esters, 
with relatively minor polysaccharide markers, steroids and normal hy
drocarbons (Fig. 7B and D). Oleic acid (C18:1) predominates, as is 
characteristic of olive and sunflower oils [64,65]. Glyceryl monooleate 
was also detected by thermodesorption. The oils likely originate from 
the food scraps and residual cooking fats in the heterogenous organic 
waste. Grape pomace produced the other notably oleaginous hydrochar. 

Like the OFMSW, the pomace traces display abundant C16 and C18 fatty 
acids, but with relatively more ethyl esters and longer chain (even car
bon number) acids and ethyl esters up to C32 (Fig. 7F). Unlike OFMSW, 
linoleic acid (C18:2) predominates, a marker for grapeseed oil [65]. 
Thermodesorption detected abundant β-sitosterol and an unidentified 
triterpene, while sequential pyrolysis shows a minor series of normal 
hydrocarbons. Both traces show very minor lignin and polysaccharide 
compounds. Winery pomace — the residue remaining after juice 
expression — includes grape skins, pulp, seeds, stems, and leaves, with 
the seeds likely responsible for most of the oil.

The oak wood biochar, a biomass torrefaction product presented 
here for comparison with the hydrochars, produced little except minor 
terpenoids during thermodesorption (Fig. 7H). Upon pyrolysis, it yields 
mostly phenol and mono-, di-, and triaromatic hydrocarbons, notably 
benzene, toluene, 1,7-dimethylphenanthrene, and retene, the latter 
being characteristic of wood smoke [66] and by extension, charred 
wood. Its TD- and Py-GC-MS fingerprints bear no resemblance to those 
of the hydrochars, corroborating the dissimilarity already noted (Sec
tions 3.1.1, 3.2.1., Figs. 2 and 3).

4. Discussion

4.1. General chemical characteristics of waste-based hydrochars

The multi-pronged approach to the characterization of the five 
waste-based hydrochars presented a consistent picture indicating two 
general types — “oily” and “woody".

The two “oily” hydrochars (OFMSW and pomace) and their raw 
feedstocks were shown to be lipid-rich and contrast with the other 
“woody” hydrochars as follows: 

• Higher molar H/C ratios (Table 1, Fig. 2, Sec. 3.1.1)
• Greater yield at lower TGA pyrolysis temperature (Table 1, Figs. 3 

and 4, Sec. 3.2)
• Via Py-FID/TCD, more S1 and proportionally more CO2 than CO 

(Table 2, Figs. 4 and 5, Sec. 3.3)
• More prominent aliphatic FTIR bands (Fig. 6, Sec. 3.4)
• Strong predominance of fatty acids and their derivatives in the TE- 

Py-GC-MS results (Fig. 7B–D, F, Sec. 3.5).

Among the “woody” lignocellulosic group (groundskeeping waste 
and scrap wood hydrochars), details notable on the TE-Py-GC-MS traces 
are significant. Levoglucosan is consistently the predominant poly
saccharide marker compound for these samples, recognized as a char
acteristic pyrolysis product of cellulose and starch – e.g., Refs. [67–69]. 
Furfural is considered a pyrolysis marker compound for pentosan 
polysaccharides, particularly angiosperm hemicellulose [70–72]. How
ever, by TE-Py-GC-MS it appears as only a minor component of the 
woody hydrochars (Fig. 7). One explanation is that the more labile 
hemicellulose had already been depolymerized in the HTC process (Sec. 
3.2.2, Fig. 4A and B). It could also be that hardwoods comprise a only a 
minor fraction of the waste wood, as suggested by the low abundance of 
syringols in the analytical pyrolysis results. A botanical classification of 
the woods in the raw feedstock was beyond the scope of the project, but 
in future work, plans should be made to also analyze the feedstock by 
TE-Py-GC-MS.

A notable feature of the Py-IRD data is the difference in the pro
portions of CO2 and CO evolved during pyrolysis as well as combustion 
(Table 2, Fig. 5C and D). The preference for CO2 in OFMSW hydrochar 
correlates with its abundance of carbonyl compounds (fatty acids and 
esters), whereas there was relatively more CO produced from the wood 
hydrochar, notable for ether linkages and hydroxyl functions in ligno
cellulose (Fig. 6C and 7A – D).

Table 3 
FTIR band assignments for Fig. 6, with their literature references.

cm− 1 Assignment Comments References

3350 O-H stretching carboxylic acids, alcohols, 
phenols, water

[83–86]

3008 C-H stretching alkene [85–88]
2958 C-H asymmetric 

stretching of CH3
aliphatic stretching region [85,87,88]

2924 C-H asymmetric 
stretching of CH2

aliphatic stretching region [85,87,88]

2872 C-H symmetric stretching 
of CH3

aliphatic stretching region [85,87,88]

2854 C-H symmetric stretching 
of CH2

aliphatic stretching region [85,87,88]

2130 C=C=O? Inorganic? ​ [86]
2050 phenols? Inorganic? weak. [89]
1740 C=O stretching ester carbonyl [84–86]
1705 C=O stretching carbonyl & carboxyl [85,86]
1653 C=C stretching; Amide I RHC=CHR & amide (protein) 

weak band
[85,86,
90–92]

1605 C=C ring stretching aromatics [83,86]
1541 Amide II amide (protein) weak band [90–92]
1515 C=C aromatic aromatic [83,89]
1464 C-H bending alkane CH2 & CH3 [85,86,88]
1456 C-H bending alkane CH2 & CH3 [83,85,86]
1430 CH2 & CH3 scissoring lignins [83]
1373 CH2 bending; CH 

scissoring
​ [83,88]

1335 CH2 out-of-plane; O-H 
scissoring

as with phenol [83,89]

1319 CH2 scissoring; O-H 
scissoring

​ [83]

1280 C-O stretching lignins & cellulose mannans [83]
1232 C-O stretching lignins, ester [83,88]
1205 CH2 scissoring; O-H 

scissoring
as with phenol & eugenol [83]

1163 C-O-C asymmetric 
stretching

C-O ester group [83,85,88]

1116 C-O stretching; O-H 
stretching

C-O ester group, fatty acids [83,85]

1072 C-O stretching ​ [83]
1041 C-O stretching; C-O-C 

symm. stretch.
polysaccharide C-O-C & C- 
OH

[83,84]

897 C-C stretching polysaccharide (glucosidic 
rings)

[83]

870 C-C stretching mannans [83]
815 C-C stretching mannans [83]
668 aromatic? toluene & phenol? [89]
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4.2. Hydrochar vs. biochar

By all analytical methods employed herein, the oak wood biochar 
(torrefied dry at high temperature) contrasts strongly with the hydro
chars (products of comparatively mild hydrothermal carbonization), 
including those prepared from wood. This is evident beginning with the 
biochar’s low volatile matter and high fixed carbon percentages, low H/ 
C and O/C ratios, and modest mass loss during TGA (Table 1, Figs. 2 and 
3A). The FTIR spectrum of this biochar displays mostly aromatic C=C 
bands [31]. Upon thermodesorption the biochar yielded little beyond 
minor terpenoids, while mono- and triaromatic compounds dominate its 
pyrolyzate (Fig. 7H–Sec. 3.5.2). It shows none of the lignocellulosic 
marker compounds characteristic of the woody hydrochars, nor the 
lipids abundant in the oily samples (Fig. 7).

Hydrochar and torrefied biochar represent two important methods 
for valorizing organic wastes, producing very distinctive products, each 
with its own special applications and potential for creative usage. In 

Section 4.3, we evaluate potential uses for hydrochars produced from a 
variety of biomass feedstocks.

4.3. Biofuel and other possible applications of hydrochar

The extraordinarily high HAWK Production and Oil Saturation 
Indices of the OFMSW hydrochar draw attention to its potential oil- 
producing capabilities, confirmed by the abundance of lipids seen on 
its TD-Py-GC-MS traces (Table 2, Fig. 7B–D). The pomace hydrochar is 
similarly rich in fatty acids, although with a distinctive distribution 
(Fig. 7F). While labile pseudo-components (305 ◦C, Fig. 4A and B) were 
reduced by the HTC process, the resulting hydrochars remain lipid-rich. 
Both the OFMSW and pomace hydrochars have a preponderance of 
lipids in the C16–C18 range, appropriate for biodiesel source material.

The evidence suggests a potential to produce liquid biofuels as pe
troleum product replacement, but the optimum upgrading method re
mains to be determined. The thermal desorption results show that the 

Fig. 7. Thermodesorption- and pyrolysis-GC-MS total ion chromatograms for the five hydrochars and biochar. A and B) “Single-shot” pyrograms acquired at the 
610 ◦C pyrolysis temperature. C–H) “Double-shot” chromatograms acquired by thermodesorption at 350 ◦C (upper traces) and by subsequent pyrolysis of the 
thermodesorption residue at 610 ◦C (lower traces). For each pair of TD and Py traces, the intensities are plotted on the same (vertical) scale, graphically illustrating 
the relative yields of the two runs.
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lipids are already partially esterified (Sec. 3.5.2), a step closer to being 
useful as biodiesel. For a more complete conversion, a more complete 
esterification would be needed, or alternatively processes including 
decarboxylation, solvent extraction, catalysis, and/or distillation could 
be employed. One possible way forward would be to use higher tem
peratures and pressures for hydrothermal liquefaction, rather than the 
mild hydrothermal carbonization process employed [73–75]. This 
should be the subject of future research, which could also include 
quantitative TD- and Py-GC-MS with the objective of developing pre
dictive capabilities for the product yields of the various types of waste.

The compositions of the woody hydrochars suggest potential appli
cation as feedstock for obtaining valuable bio-refinery platform chem
icals, including methoxyphenols and anhydrosugars (Fig. 7A–C, E, G) as 
substitutes for primary petrochemicals. Among methoxyphenols, 
guaiacol is of particular interest as chemical precursor, for example, in 
the production of vanillin [76]. Vanillin itself was not detected in the 
hydrochars, likely because it is thermally labile [77] and may have been 
lost during HTC. Petrovič et al. [15,16] recognized the catalytic role of 
acidic cheese whey in the hydrothermal carbonization process. It 
dramatically increased the yield of longer-chain methoxyphenols from 
the waste wood (Fig. 7C–E), of potential benefit in the production of 
platform chemicals, as well as avoiding the environmentally problem
atic disposal of whey. Again, while we note the desirability of a more 
quantitative, predictive approach in order to fully implement the po
tential of this method, the basic insights presented herein are compelling 
nonetheless.

The anhydrosugar levoglucosan is the most abundant polysaccharide 
pyrolysis product of the woody hydrochars. It is of increasing interest as 
a platform compound for the synthesis of polymers and sorbitol substi
tute, for example [78–80]. Furfural is another biomass-derived com
pound of industrial interest [71,76,81], but was only a minor compound 
in the hydrochars, likely being too labile and lost during HTC (Sec. 4.1).

In creating biomass-based petroleum product substitutes, it is 
important not to generate new hazardous materials. Fortunately, poly
cyclic aromatic hydrocarbons were not detected in the hydrochars 
(Fig. 7), but the scrap wood does contain significant amounts of lead, 
likely from paint, while the grape pomace has elevated copper concen
trations [31].

5. Conclusions

Hydrothermal carbonization, a “mild” hydrous pyrolysis process, 
demonstrates its promise as a means to valorize solid organic wastes and 
thereby reduce the need for landfills and provide substitutes for petro
leum derivatives. Five hydrochars were prepared from “real world” 
heterogenous waste materials at pilot plant scale, including scrap wood 
(processed separately with tap water and caseiculture whey), winery 
pomace, groundskeeping trimmings, and the organic fraction (largely 
food scraps) of municipal wastes. These were compared with a com
mercial torrefied wood biochar.

Organic geochemical techniques traditionally applied in advanced 
characterization of fossil fuels, including proximate & ultimate analyses, 
TGA, FTIR, quantitative Py-FID/IRD, and TE-Py-GC-MS, were shown to 
be effective for elucidating hydrochar and biochar composition. This 
opened new possibilities for the study of these products in detail, 
including diverse applications such as tracking the evolution of different 
feedstock materials after carbonization, the possible uses as biofuels and 
alternative chemical feedstocks, and the identification of potential 
pollutants.

The molecular composition of hydrochar was strongly influenced by 
feedstock type. Of the five hydrochars, two (OFMSW and pomace) are 
lipid-rich and classified as “oily”, suggesting potential as biodiesel pre
cursors. The other three, herein termed “woody”, are possible ligno
cellulosic sources for valuable platform chemicals for the expanding bio- 
refinery industry. These hydrochars have little in common chemically 
with the torrefied biochar, which is highly carbonized and refractory. 

Hydrochars also perform well as soil amendments in support of biore
mediation of contaminants, an aspect previously presented in detail 
[31].

For future work, we recommend characterization by Py-FID/IRD (as 
with HAWK® or Rock-Eval® instruments) using a constant rate of in
crease across the full pyrolysis temperature range, along with “double- 
shot” TD-Py-GC-MS for thorough organic molecular fingerprinting. This 
should be done on both the raw feedstock and the hydrochars, the latter 
from experiments done under various temperature and pressure condi
tions. Furthermore, the TD- and Py-GC-MS analyses should be per
formed with internal standards to develop a more rigorously 
quantitative approach with predictive capabilities.
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Investigation. José Luis R. Gallego: Writing – original draft, Supervi
sion, Funding acquisition, Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This study was carried out with the support of COGERSA, which 
supplied the waste materials (together with Bodegas Monasterio de 
Corias and Quesería La Borbolla), as well as steam, electricity and water 
for the operation of the HTC pilot reactor. We are grateful to Julie Jones, 
Albert Maende, and Dan Jarvie of Wildcat Technologies, LLC for kindly 
analyzing our samples on the HAWK pyrolysis instrument.

The authors would like also to thank Dr. María Antonia Díez Díaz- 
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M.A. Kruge et al.                                                                                                                                                                                                                                Biomass and Bioenergy 207 (2026) 108706 

13 

https://doi.org/10.1016/j.biombioe.2025.108706
https://doi.org/10.1016/j.biombioe.2025.108706
http://refhub.elsevier.com/S0961-9534(25)01117-1/sref1
http://refhub.elsevier.com/S0961-9534(25)01117-1/sref1
http://refhub.elsevier.com/S0961-9534(25)01117-1/sref1


insuficiencias, Cuadernos Derecho Local 65 (2024) 238, https://doi.org/10.61521/ 
cuadernosderecholocal.65.975.

[3] WHO, Solid waste, in: Compendium of WHO and Other UN Guidance in Health and 
Environment, 2024 Update, World Health Organization, Geneva, 2024, p. 12. 
https://iris.who.int/handle/10665/378095.

[4] E. Lizundia, F. Luzi, D. Puglia, Organic waste valorisation towards circular and 
sustainable biocomposites, Green Chem. 24 (2022) 5429, https://doi.org/ 
10.1039/d2gc01668k.

[5] L. Campion, M. Bekchanova, R. Malina, T. Kuppens, The costs and benefits of 
biochar production and use: a systematic review, J. Clean. Prod. 408 (2023) 
137138, https://doi.org/10.1016/j.jclepro.2023.137138.

[6] R.T. Koide, B.T. Nguyen, R.H. Skinner, C.J. Dell, M.S. Peoples, P.R. Adler, P. 
J. Drohan, Biochar amendment of soil improves resilience to climate change, GCB 
Bioenergy 7 (2015) 1084, https://doi.org/10.1111/gcbb.12191.

[7] M. Lebrun, R. Nandillon, F. Miard, S. Bourgerie, D. Morabito, Biochar assisted 
phytoremediation for metal(loid) contaminated soils, in: V. Pandey (Ed.), Assisted 
Phytoremediation, Elsevier, Amsterdam, 2022, p. 101, https://doi.org/10.1016/ 
B978-0-12-822893-7.00010-0.

[8] S. Haghighi Mood, M.R. Pelaez-Samaniego, M. Garcia-Perez, Perspectives of 
engineered biochar for environmental applications: a review, Energy Fuels 36 
(2022) 7940, https://doi.org/10.1021/acs.energyfuels.2c01201.

[9] S. Sachdeva, R. Kumar, P.K. Sahoo, A.K. Nadda, Recent advances in biochar 
amendments for immobilization of heavy metals in an agricultural ecosystem: a 
systematic review, Environ. Pollut. 319 (2023) 120937, https://doi.org/10.1016/j. 
envpol.2022.120937.

[10] S.P. Singh Yadav, S. Bhandari, D. Bhatta, A. Poudel, S. Bhattarai, P. Yadav, 
N. Ghimire, P. Paudel, P. Paudel, J. Shrestha, B. Oli, Biochar application: a 
sustainable approach to improve soil health, J. Agric. Food Res. 11 (2023) 100498, 
https://doi.org/10.1016/j.jafr.2023.100498.

[11] M. Cavali, N. Libardi Junior, J.D. de Sena, A.L. Woiciechowski, C.R. Soccol, P. Belli 
Filho, R. Bayard, H. Benbelkacem, A.B. de Castilhos Junior, A review on 
hydrothermal carbonization of potential biomass wastes, characterization and 
environmental applications of hydrochar, and biorefinery perspectives of the 
process, Sci. Total Environ. 857 (2023) 159627, https://doi.org/10.1016/j. 
scitotenv.2022.159627.

[12] J.O. Ighalo, S. Rangabhashiyam, K. Dulta, C.T. Umeh, K.O. Iwuozor, C.O. Aniagor, 
S.O. Eshiemogie, F.U. Iwuchukwu, C.A. Igwegbe, Recent advances in hydrochar 
application for the adsorptive removal of wastewater pollutants, Chem. Eng. Res. 
Des. 184 (2022) 419, https://doi.org/10.1016/j.cherd.2022.06.028.

[13] M. Liu, G.A.G. Kavindi, Z. Lei, Environmental sustainability-based comparison for 
production, properties, and applications of biochar and hydrochar, in: H.H. Ngo, 
W. Guo, A. Pandey, S. Varjani, D.C.W. Tsang (Eds.), Current Developments in 
Biotechnology and Bioengineering, Elsevier, Amsterdam, 2023, p. 387, https://doi. 
org/10.1016/B978-0-323-91873-2.00012-1.

[14] R.B. Madsen, M.M. Jensen, M. Glasius, Qualitative characterization of solid residue 
from hydrothermal liquefaction of biomass using thermochemolysis and stepwise 
pyrolysis-gas chromatography-mass spectrometry, Sustain. Energy Fuels 1 (2017) 
2110, https://doi.org/10.1039/C7SE00357A.
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[31] Á. Amado-Fierro, T.A. Centeno, J.L.R. Gallego, R. Forján, Critical assessment of 
biowaste-derived hydrochars for remediating contaminated soils, Environ. 
Technol. Innov. 38 (2025) 104183, https://doi.org/10.1016/j.eti.2025.104183.
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