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ABSTRACT

Studying the thermodynamic properties of soil organic matter is a developing field that involves the measure-
ment of the energy stored by the soil. Quantifying soil energy content is still challenging despite different
methodological approaches are available to calculate that value. One of the options is the proximate analysis
following the guidelines for the energetic characterization of biomass. However, proximate analyses are still
unexplored for soils. In this paper, we investigate the potential of this analysis to contribute to study soil from a
thermodynamic perspective. With that goal, 31 soil samples collected in mature oak forests following a depth
transect were used for elemental, thermal and proximate analysis. Proximate analyses and energetic charac-
terization were performed by simultaneous thermogravimetry and differential scanning calorimetry.

These methods allowed fragmentation of the soil organic matter in water content, volatile matter, fixed car-
bon, and ash, as well as the quantification of the soil organic matter and energy content. Pearson’s correlation
showed significant relations among the proximate, the elemental components of soils and the energy. The
equations relating all of these variables were calculated for soils from oak forests by partial least squares analysis.
Equations representing the relationship between energy and the proximate fractions provide an additional
alternative to calculate the heat of combustion of the soil organic matter. This value is the essential step for the

thermodynamic characterization of soils.

1. Introduction

Soil, together with water, is one of the most important primary and
essential resources for life on earth affected by multiple anthropological
and environmental factors. Climate change and the increasing temper-
atures warm the soil causing heat flows and melting ice. Human pressure
and the unsustainably high demands for resources to sustain human
activity impact soil ecosystems. Given the necessity of energy, there is
continuous research about sources and processes to yield new energy
resources. Soil is not an exception, and the multiple soil management
methods include it as a source of biomass for energy production
involving the different ecosystems that soils sustain.

In search of energy resources, thermodynamic studies of the energy
properties of a great sort of organic materials are performed by
computing different models to yield their thermodynamic state func-
tions, such as enthalpies, Gibbs energy, exergy, entropy and so on. The
latter has been accounted for in specific organic substrates but not soils
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as such (Sarangi et al., 2018). The chemical characterization of soil
organic matter (SOM) is facing methodological limitations because of its
complex composition (Rumpel and Kogel-Knabner, 2011). The diffi-
culties with characterizing SOM by specific chemical formulae have also
prevented the chemical and stoichiometric study of most of the reactions
taking place in and by soils until recently (LaRowe and Van Cappellen,
2011). Thermodynamics is one of the chemical tools for such a char-
acterization. In this sense, soils are not yet characterized as a thermo-
dynamic system, despite them being open systems interchanging energy
and matter with the environment.

Until recently, monitoring of soil’s processes has been developed
only based on mass, but during the end of the 20th century and in
particular the 21st century, the awareness of soil as a sink and a source of
energy has begun, boosting scientific interest in that field (Barros et al.,
2007; Chakrawal et al., 2021; Herrmann et al., 2014). This concept of
soil as a sink and source of energy enables the consideration of soil in
energy production (Smith et al., 2021) and knowledge development
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about how soil manages energy to sustain the carbon cycle (Chakrawal
et al., 2021) and how it is involved in the evolution of soil ecosystems.
Thermodynamics has usually played a traditional theoretical role in
these fields (Hansen et al., 2018; Odum, 1969).

Technological advances make the thermodynamic characterization
of soils a realistic goal. There is, however, practically no previous
knowledge about the quantification of the thermodynamic variables for
soil systems and reactions, being essential the search for the best
methods and developments. The most basic goal towards the soil ther-
modynamic characterization is the quantification of the energy content
of SOM, which is still challenging. Typically, bomb calorimetry is used
to quantify the energy stored in organic substrates by parameters such as
heat of combustion (Q) or enthalpy of combustion (H) (Villanueva et al.,
2010). However, this method fails when applied to mineral soils (Rovira
and Henriques, 2011). Additional methods are arising from the appli-
cation of different enthalpic models and thermogravimetry. A recent
study compared their application to soil samples (Malucelli et al., 2020).
One of them is the application of proximate analysis and the calculation
of models explaining the energy content of SOM by its composition
(Huang et al., 2022).

Proximate analysis is applied to biomass and biochar (Klasson,
2017). It fractionates the organic matter in volatile matter (VM), fixed
carbon (FC) and ash (A), but there are no data for soils yet. SOM has
been traditionally fractionated in labile, recalcitrant and refractory
thermal fractions by thermogravimetry (Dell’Abate et al., 2000;
Fernandez et al., 2012). However, this thermal fractionation did not
enable quantifying SOM energy, whereas this is possible with proximate
analysis, which is one of the existing approaches for thermodynamic
characterization of biomass nowadays, using models that describe en-
ergy and exergy of organic substrates with the data of proximate analysis
(Huang et al., 2022).

It would be interesting to study the reliability of proximate analysis
for characterizing SOM to include it as a tool to study SOM evolution and
as an alternative to calculate SOM energy content as applied to other
organic resources.

This paper explores the validity of those methods for characterizing
SOM by combining elemental SOM composition with simultaneous
thermogravimetry and differential scanning calorimetry. It also studies
the sensitivity of the proximate fractions to SOM evolution from the soil
surface to the mineral soil with samples from different geographical
locations.

2. Materials and methods
2.1. Soil samples

Soil samples come from different geographical locations in Ireland,
the UK, France, and Portugal. All of them were collected in mature oak
forest ecosystems.

Samples from Ireland and UK have been defined in previous papers
(Barros, 2021; Barros et al., 2020). They were collected at three different
locations in Ireland and UK. Samples from France were collected at five
different locations. The sample from Portugal represents only one
sampling site. Table S1 summarizes the sampling locations, the soil types
and the different soil layers sampled at each location.

Sampling criteria were common for all sampling sites and are
explained in detail in previous work (Barros et al., 2020). The soil was
collected at different depths. A square of 0.25 x 0.25 m was used to
collect the loose litter (L) and fermented (F) layer (samples LF). The
humic layer (H samples) was collected with a hammering head and
stainless steel rings of 100 cm® of volume. This H layer was not presented
in all sampling sites. However, it was possible to collect it for all sites
from Ireland, four in France and one in Portugal. After removing the
entire H layer, the same process was used to collect mineral soil samples
at the top 5 cm of the mineral layer (M samples).

All soil samples were air-dried at laboratory temperature. LF and H
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samples were ground, and the mineral samples were sieved through 2
mm.

2.2. Soil elemental analysis

Elemental analysis of Carbon (C), Hydrogen (H) and Nitrogen (N)
was done with a CHNS LECO analyser (TrusPec CHNS). Organic carbon
(Corg) was measured with a THERMO FLASHSMART analyser (Ther-
moscientific flashsmart) after removing inorganic carbon with HCI 1:1.

The oxygen content (O) was measured by performing Nickel-tube
pyrolysis in a reactor at 1060 °C. Oxygen combined with carbon yields
CO which is measured by chromatography (Saurer and Siegwolf, 2004).
Data were analysed by the Eager Xperience software.

2.3. Thermal analysis

Soil thermal properties were studied by simultaneous thermog-
ravimetry and differential scanning calorimetry (TG-DSC) with a TGA-
DSC1 (Mettler-Toledo). The soil organic matter content (SOM) and the
heat of combustion of SOM (Qsonm) were determined by TG-DSC under a
temperature scan ranging from 50 °C to 600 °C with 10 °C per minute
under dry airflow at 50 ml per minute after previous calibration of the
device.

SOM pyrolysis was performed by TG-DSC under a temperature scan
from 50 °C to 600 °C with 10 °C per minute and Nitrogen flow (N-flow)
at 50 ml per minute. The soil mass remaining after pyrolysis was ana-
lysed by a subsequent scan at the same temperatures and rates under dry
airflow again at 50 ml per minute.

2.4. Calculations

The initial weights (myg) of the soil samples were measured before the
combustions. The dry weight (mg,) of the samples is considered as the
weight at 180 °C and thus after evaporation of the water. For compa-
rability, the following values are given as percentages of the sample dry
mass (Mmgy).

The water content or moisture (M) as percentage of the initial mass
(myp) is defined as the mass loss (ML) between 50 °C and 180 °C:

M = (mo — mygoec) * 100 / myg (@)

The residual mass that remains after the combustion under airflow
(weight at 600 °C: mgp-c) normalized to the my, is considered as the
percentage of mineral char (A ):

Agir = meppec * 100/mg, (2

As comparison, the residual mass after the pyrolysis and subsequent
combustion was measured similarly and is called Ay, 4 hereinafter. The
SOM content was determined in the combustion under airflow and was
calculated as the difference between A, (Mgoo-c) and dry weight (my,):
Msom = May, — Meo0°C 3

Thus, SOM is calculated as a percentage too:

SOM (%) = msom * 100/mg,, (@)

Furthermore, the combined combustions under the flow of nitrogen
(pyrolysis) and subsequently flow of dry air, yield the percentages of
volatile SOM (VM) and fixed carbon (FC) which compose the SOM. VM
is the mass pyrolyzed from 180 °C to 600 °C and is directly determined in
the TG trace obtained under the N, atmosphere:

VM = (my1500c — Meooec) * 100 / mwigooc 5)

The fixed carbon (FC) is defined as the carbon remaining after the
pyrolysis. It can be calculated by (Malucelli et al., 2020):

FCoye=100 —M — VM — A, (6)
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where A is the mineral char after combustion under airflow. We pro-
pose to simplify the calculation to:

FCoe =SOM — VM %)

According to its definition as the carbon remaining after pyrolysis,
the FC can also be experimentally determined. Hence, it is the ML during
the combustion under airflow after the pyrolysis. Therefore FC.,, is
considered as the difference between the residual mass of the pyrolysis
(mpso0-c) and the residual mass of the second combustion (M 4ire00-c)
normalized to the dry weight before the pyrolysis (my1go-c) (Chouchene
et al., 2010):

FCoy = (mygooec — My-airsoo-c) * 100 / Mmy180°C (€))

Combustion by simultaneous TG-DSC measures the energy of the
SOM, which is released concomitantly to the mass combustion and py-
rolysis. The reaction under airflow allows to determine the heat of
combustion relative to the mass of SOM of each sample (Qsom in kJ/g of
SOM), also called Higher Heating Value (HHV) (Huang et al., 2022) after
Baraldi’s correction (Barros et al., 2020). Qsoy is directly obtained by
integrating the DSC plots in Watts normalized to SOM content (mgop)
versus time in seconds after baseline correction (Barros et al., 2020;
Fernandez et al., 2012).

2.5. Statistical analysis

Comparison of data from the different soil layers was done by a
paired sample t-test when the data followed a normal distribution and
homoscedasticity. Data that did not fulfil the normality test were
compared by the Kruskal-Wallis ANOVA test. Comparison of the same
data obtained by different procedures that did not fulfil the normality
test was done by the paired sample Wilcoxon signed-rank Test (PSWRT).
Relation among variables was studied by Pearson’s correlations. Multi-
regression analysis was done by the paired least square method.

Table 1
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Clustering of samples based on different variables was performed by K-
means cluster analysis. The analyses were done by OriginPro software
(OriginPro, 2022) and by RStudio software.

3. Results
3.1. Soil thermal and elemental properties

3.1.1. Elemental composition of soil samples

Soil elemental components C, H and N, together with the organic
carbon (Corg) and Oxygen (O), are shown in Table 1. There is a clear
trend of all these components to decrease with increasing soil depth, i.e.,
from the horizons LF to the M.

3.1.2. Thermal characterization of soil samples

Derivative thermogravimetry (DTG) plots show that all samples
follow a similar profile after combustion and pyrolysis (Fig. 1). DTG
under airflow yields plots with two peaks in most LF samples. The first
peak is found at temperatures ranging from 298 to 319 °C for all LF
samples. The second peak occurs from 397 to 429 °C. A few samples
have a third peak at 462 to 483 °C (i.e., EBW, F1 and F5), corresponding
to the temperature of ash formation. The evolution of SOM from LF to H
and M samples did not alter this profile. However, H and M samples do
not show the third peak, and the two peaks of M samples occur at
generally lower temperatures than those of LF and H samples (see
Table 2). These peak temperatures represent the temperatures at which
the rate of mass loss per time (dm/dt) reaches a maximum. Therefore,
the peaks of the DTG under airflow indicate combustion processes of
fractions of SOM with different thermal stability, allowing the frag-
mentation of SOM in different thermal Exo fractions (see Fig. 2).

The Exo 1 fraction represents the soil mass combusted at tempera-
tures lower than 380 °C commonly attached to labile material like car-
bohydrates and proteins. The Exo2 fractions is the soil mass combusting

Soil elemental and energetic properties. Values of total carbon (Cy), organic carbon (C,,), Nitrogen (N), Hydrogen (H) and Oxygen (O) as percentages of the mass of
the soil samples, together with the heat of combustion of SOM determined under air flow (Qson) and the heat of combustion of the pyrolyzed soil (Qson N + Air) are

shown.
Samples Horizon Ciot (%) Corg (%) N (%) H (%) 0O (%) Qsom (kJ/gSOM) Qsom (N + Air) (kJ/gSOM)
EBW LF 44,11 40,72 2,36 5,52 32,08 —16,48 —36,06
ERG LF 42,58 34,21 1,83 4,44 31,94 —15,19 —28,20
ENF LF 38,29 37,1 2,02 4,59 31,02 —15,23 —31,00
IDC LF 46,66 41,62 1,4 5,69 35,55 —15,17 -37,53
1G LF 47,02 46,14 1,64 5,73 35,49 —16,15 —43,78
IK LF 46,41 39,98 1,56 5,83 34,44 —15,51 —41,51
F1 LF 36,24 35,23 1,46 4,52 24,12 ~17,37 —42,26
F2 LF 45,05 41,4 1,07 5,73 29,80 —15,51 —41,66
F3 LF 38,82 38,49 1,62 4,89 28,25 —16,49 —38,30
F4 LF 34,74 31,59 2,29 4,62 23,04 —-17,41 —38,98
F5 LF 27,85 19,74 1,35 3,91 16,83 —18,35 —45,04
IDC H 20,93 17,07 0,78 2,39 12,87 —15,50 —31,81
IG H 12,53 11,73 0,5 2,3 12,87 —15,18 —27,80
IK H 10,14 10,03 0,64 1,09 26,00 —15,34 —29,82
P H 30,2 18,89 1,84 3,82 12,82 —18,08 —-32,65
F2 H 29,14 27,75 1,32 3,83 18,28 -16,41 —36,37
F3 H 12,46 11,43 0,73 1,64 11,35 -17,21 -33,21
F4 H 28,68 25,68 1,91 3,91 20,41 —17,48 —36,34
F5 H 12,87 11,39 0,75 1,61 8,31 —18,22 -39,10
EBW M 7,06 5,44 0,44 0,99 4,23 -17,1 —29,04
ERG M 3,58 3,38 0,21 0,38 2,45 —18,83 —29,78
ENF M 9,34 8,84 0,42 1,2 6,16 -17,69 —31,64
IDC M 5,67 4,45 0,18 0,77 2,49 —19,69 —34,64
IG M 4,82 4,72 0,24 0,69 2,50 -17,39 —36,51
IK M 10,62 8,81 0,44 1,5 5,32 —19,60 —30,20
P M 13,12 10,06 0,9 1,76 9,57 —18,1 -30,86
F1 M 1,71 1,61 0,16 0,38 2,50 —19,38 —52,00
F2 M 0,92 0,8 0,06 0,13 0,18 —23,22 —52,88
F3 M 1,54 1,44 0,11 0,22 0,90 -21,79 —44,14
F4 M 4,13 3,62 0,28 0,73 3,48 -17,81 —49,76
F5 M 2,43 2,37 0,15 0,37 3,24 —19,28 —44,79
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Fig. 1. DTG plots of the combustion under air flow (blue, Air), the pyrolysis (red, N5) and the combustion after pyrolysis (green, No+Air) of all soil samples.

at temperatures ranging from 380 to 475 °C, attached to recalcitrant
material like lignin and aromatic compounds. The Exo 3 fraction is the
soil mass combusting at temperatures from 475 to 600 °C related to
refractory material like black carbon (Dell’Abate et al., 2003, 2000).
Most of the LF samples (Fig. 2) have higher Exo 1 than Exo2 fractions,
with just two exceptions (ERG-LF and ENF-LF). Except for the sample
P-H, the H samples show the same relative prevalence as their respec-
tive LF samples of Exol over Exo2. Samples from Ireland (IDC-H, IG-H,
IK-H) show a clear depletion of the Exo 1 fraction compared with the
values of their respective LF samples (Fig. 2). Mineral samples showed
lower Exo 1 values than Exo 2 except for some of the samples from
France (F samples), where Exol continues to be higher than the Exo2
fraction (F1-M, F3-M, F4-M and F5-M). There was no correlation

between the Exo fractions and the soil elements. Therefore, it was not
possible to attach the soil elemental composition to the different Exo
fractions.

DTGs under N-flow (Fig. 1) showed different evolution of SOM py-
rolysis. All LF samples show one main peak at temperatures that were
similar to, or higher than, those obtained by combustion under airflow,
varying from 279 to 351 °C (Table 2). In H samples, the pyrolysis DTG
profile is more complex and varies with the sampling location. Samples
from Ireland (IDC-H, IG-H, IK-H) show three different peaks at different
temperatures, while samples from Portugal (P-H) and France (F2-H,
F3-H, F4-H and F5-H) show a profile like those of their LF samples
(except for the P sample). Mineral samples show one or two peaks in the
DTG plots under Ny (Table 2).
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Temperatures at the maxima of the DTG peaks (Fig. 1) obtained under airflow, under N-flow (Pyrolysis), and under airflow after pyrolysis for all the soil samples.

3.1.3. Heat of combustion

Samples Horizon Airflow [°C] Pyrolysis (N-flow) [°C] Airflow after Pyrolysis [°C]
T Tz Ts T Tz Ts Ty T,
EBW LF 314 428 482 346 386
ERG LF 298 410 279 338 384 414
ENF LF 308 413 282 334 397
IDC LF 317 424 323 392 402
G LF 312 416 307 344 398
IK LF 312 410 346 395 386
F1 LF 317 397 483 345 379 480
F2 LF 319 416 351 406
F3 LF 314 413 344 386 463
F4 LF 312 429 331 393 482
F5 LF 312 421 462 323 414 485
IDC H 299 416 275 388 400
1G H 304 422 277 338 385 411
IK H 297 404 278 337 388 393
P H 298 379 269 397
F2 H 308 400 287 345 395 397
F3 H 314 395 346 381
F4 H 308 371 327 372 502
F5 H 313 375 323 386 496
EBW M 295 344 277 337 384
ERG M 314 383 279 340 389 404
ENF M 304 356 345 403 395
IDC M 289 342 300 560 412
G M 289 366 282 396 400
IK M 278 344 309 393 417
P M 289 363 262 424 390
F1 M 291 444 288 450 406
F2 M 307 383 279 396 400
F3 M 298 360 302 404
F4 M 277 282 446 400
F5 M 302 356 288 422 402
Combustion under airflow after the pyrolysis showed that all samples
still have C in the material remaining after the pyrolysis. The combus-
60 tion of that material yielded a single peak in all cases at temperatures
ranging from 371 to 417 °C, except for the LF samples from France (F1,
F3, F4 and F5) showing a second peak at similar temperatures to the
40 . . . . .
observed third peak in the first combustion, corresponding to the tem-
perature of ash formation (Table 2).
20
0
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Fig. 2. Thermal fractions Exo 1 and Exo 2 of the soil samples are shown as
percentage of the mass of SOM.

TG-DSC under airflow yields the heat of combustion (Qsop) of the
samples (Table 1). A comparison of Qsom data between the LF and M
samples showed that this value tends to increase as SOM evolves from LF
to M soil layers. A paired sample t-test (two levels: LF and M samples, n
= 24, p < 0.05) yielded a significant difference between the LF and M
layers, indicating the trend of SOM to a more reduced state as soil depth
increased (Fig. 3).

DSC of the matter remaining after pyrolysis yielded higher Qsom
values than the original SOM (Table 1). Therefore, pyrolysis of SOM
under the given conditions yields a higher energetic and more reduced
material than the original SOM. This transformation did not show any
correlation or trend corresponding to soil layers or geographical loca-
tions of samples.

3.2. Proximate analysis

TG under N5 allows the calculation of soil water content (moisture
M), and SOM fractionation in volatile organic matter (VM) and fixed
carbon (FC), as well as ash quantification (Ay,4;-). Results are shown in
Table 3.

Calculation of the fixed carbon (FC) by the reported formula (FC =
100 — (M + VM + A)) (Malucelli et al., 2020) simplified here as FC.q. =
SOM — VM, where SOM is determined by the first airflow, gives data not
significantly different from those given by the experimental procedure
(FCexp) (Chouchene et al., 2010), when compared by the Wilcoxon,
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Fig. 3. Heat of combustion (Qsom) of LF and M samples. The absolute values of
combustion Qson are shown for better comparison (original values are shown in
Table 1). M samples exhibit significantly higher heat of combustion values than
LF samples (p < 0.05, obtained by a paired sample t-test). Points show obser-
vations out of + 1.5 times the interquartile range.

Signed Ranks Test (WSRT) (n = 62, p < 0.05).

The percentage of ash after the first combustion (A4;r) is not signif-
icantly different than the ash value obtained from the second combus-
tion after the pyrolysis (An+qir) Wwhen comparing with WSRT (n = 62, p
< 0.05).

The volatile matter and the fixed carbon were normalized to the SOM
content to study the contribution of both within SOM in the samples
(VMson; FCsoum, Table 3). Fig. 4 shows the volatile matter (Fig. 4a) and
the fixed carbon content (Fig. 4b) in the different soil horizons as a

Table 3
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percentage of the SOM. The percentage of volatile matter increases from
the horizons LF to M and, thus, with increasing depth. Consequently, the
percentage of the fixed carbon decreases. There are significant differ-
ences between the volatile matter and the fixed carbon contents of the LF
and the M horizon (p < 0.05, Kruskal-Wallis ANOVA test). These values
for horizon H do not significantly differ from the respective content in
the other two horizons. Besides being intermediate, the volatile matter
and fixed carbon values of the horizon H have a great variance (Fig. 4).

3.3. Statistical comparison of the soil samples

3.3.1. K-means cluster analysis

K Clustering is constructed based on the thermal properties under
airflow (Exol, Exo2, Ash, SOM, and Qsoum). Results show three groups,
where group 2 is entirely constituted by the M samples with just one
exception (EBW-M) and group 3 is entirely constituted by the LF sam-
ples. Half of the H samples are part of group 1 and the rest overlapped
with group 2 (M samples) (Fig. 5a). When applied to proximate data,
VM, FC and VM/FC ratio, distribution of samples in the plot (Fig. 5b)
yielded three different groups too. No group was formed according to
the geographical locations where samples were collected. Therefore,
thermal properties just depended on the SOM evolution with depth.

3.3.2. Multiple regression analysis

Both, the volatile matter and the fixed carbon determined experi-
mentally by N2 and the subsequent air atmosphere were closely and
significantly correlated to SOM determined by combustion under air (n
=31, r=0.98, r = 0.96 respectively, p < 0.001) (Table S2). Therefore,
the volatile matter and the fixed carbon are a function of the SOM
percentage. The relation of the volatile matter to the fixed carbon is
variable among samples. K-means cluster analysis based on the

Results from proximate analysis: The soil organic matter, SOM, ash, A, volatile matter, VM, and fixed carbon, FC, contents of the soil samples are shown as percentage
of the soils dry weight (mg,). The formulas for the calculation of the SOM, ash content after the first combustion, A, volatile matter, VM, the theoretical fixed carbon,
FCcqc, the experimental fixed carbon, FCy, , (i.e. equations ((2), (4), (5), (7) and (8) respectively, and the ash content after the pyrolysis, Ay 4 , are explained in
section 2.3. VMo , and FCsopr , show the percentages of the volatile matter ¥ and the experimental fixed carbon, FC,q, respectively, normalized to the SOM content

(see also Fig. 4).

Samples Horizon SOM Aair AN + air VM FCeale FCexp VMsom FCsom
EBW LF 83,43 16,57 12,72 53,40 30,03 33,89 64,01 35,99
ERG LF 71,87 28,13 34,26 39,73 32,13 26,01 55,29 44,71
ENF LF 76,18 23,82 21,02 49,59 26,59 29,39 65,09 34,91
IDC LF 93,36 6,64 6,29 60,20 33,16 33,52 64,48 35,52
1G LF 92,93 7,07 4,64 63,47 29,45 31,89 68,30 31,70
IK LF 93,60 6,40 5,72 62,27 31,33 32,01 66,53 33,47
F1 LF 75,93 24,07 22,03 48,34 27,59 29,63 63,66 36,34
F2 LF 92,17 7,83 9,23 60,18 31,99 30,60 65,29 34,71
F3 LF 84,77 15,23 16,81 54,50 30,27 28,68 64,29 35,71
F4 LF 75,79 24,21 23,36 45,79 29,99 30,85 60,42 39,58
F5 LF 65,55 34,45 50,77 29,48 36,07 19,75 44,98 55,02
IDC H 93,40 6,60 12,79 54,88 38,52 32,33 58,76 41,24
IG H 79,65 20,35 22,56 49,04 30,60 28,39 61,58 38,42
IK H 87,05 12,95 14,29 54,66 32,39 31,06 62,79 37,21
P H 36,45 63,55 51,90 29,09 7,36 19,01 79,81 20,19
F2 H 64,68 35,32 40,31 37,25 27,43 22,44 57,59 42,41
F3 H 35,34 64,66 63,69 23,47 11,87 12,84 66,41 33,59
F4 H 51,10 48,90 42,72 34,92 16,18 22,36 68,33 31,67
F5 H 30,77 69,23 81,26 11,49 19,28 7,26 37,33 62,67
EBW M 24,45 75,55 77,44 14,18 10,27 8,38 57,98 42,02
ERG M 9,39 90,61 89,97 5,54 3,85 4,49 58,98 41,02
ENF M 17,32 82,68 81,07 12,57 4,74 6,36 72,60 27,40
IDC M 5,94 94,06 93,43 4,40 1,55 2,17 73,98 26,02
IG M 9,82 90,18 89,60 7,13 2,70 3,28 72,52 27,48
IK M 19,89 80,11 77,25 15,16 4,74 7,59 76,18 23,82
P M 18,52 81,48 75,61 14,29 4,23 10,10 77,18 22,82
F1 M 4,81 95,19 94,29 3,43 1,37 2,27 71,46 28,54
F2 M 2,14 97,86 97,58 1,39 0,75 1,03 64,73 35,27
F3 M 2,59 97,41 96,83 2,06 0,53 1,11 79,43 20,57
F4 M 7,76 92,24 91,97 5,70 2,06 2,33 73,44 26,56
F5 M 4,09 95,91 95,58 2,69 1,41 1,73 65,66 34,34
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Fig. 4. Percentages of volatile matter, VM, and fixed carbon, FC, normalized to SOM content for LF, H and M samples. The percentage of volatile matter related to
SOM is increasing from LF to M samples (figure a) while the fixed carbon is decreasing (figure b). The difference in the percentages of the volatile matter and the fixed
carbon between LF and M samples is statistically significant (p < 0.05, Kruskal-Wallis test). Points show observations out of +1.5 times the interquartile range.
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Fig. 5. K-means cluster plot data based on Exol, Ex02, Ash, SOM and Qsowm (a) and based on the volatile matter, VM, fixed carbon, FC, VM/FC ratio and SOM from all
soil samples (b). The selected variables give two principal components (PC). PC1 explains 64.44% of the variance and PC2 30.48% for soil thermal properties under
airflow (a). PC1 explains 74.30% of the variance and PC2 25.15% for the proximate data (b). Distribution of samples in the plots yields three different groups

(indicated by colours red, blue and black).

proximate data (VM, FC, SOM, and VM/FC ratio) differentiated the LF
samples from the M ones, with H samples overlapping with LF and M
(Fig. 4).

Multi-regression analyses are applied to correlate the elemental,
proximate and energetic properties of these soils, following the common
procedures used for the energetic characterization of biomass. As a
result, elemental properties were closely and significantly correlated to
the proximate fractions, SOM and the energy content of samples
(Table S2), validating the application of the partial least square method
(PLS, see Table 4).

Soils have a highly organic component on the surface, but as it
mineralizes, the mineral part starts to have an important effect on the
ash content that alters the correlations. Pure organic substances yield
low ash percentages, as happened here with the LF layers, but miner-
alization increases the prevalence of the ash fraction, which must be
considered in the PLS analysis design. The energy content used for the
PLSA is obtained by the integration of the DSC plots under airflow
normalized to the dry weight of the sample combusted and named here
as the Higher Heating Value (HHV), while Qsoy is the value of the in-
tegral of the DSC plot normalized to the SOM content given by the TG

Table 4

Multiple linear regressions. Results of partial least square method for correla-
tions among the soil elemental components and energy with the soil proximate
fractions.

Ciot = 0.694FC + 0.260VM + 1.252

Ciot = 0.887FC + 0.418VM + 0.888 A-15.726
Corg = 0.201FC + 0.492VM + 0.544

Corg = 0.403FC + 0.657VM + 0.177 A-17.170
H = 0.084FC + 0.032VM + 0.266

References (Parikh et al.,
2007)

C = 0.637FC + 0.455 VM
H = 0.052FC + 0.062 VM
O = 0.304 FC + 0.476 VM

H = 0.109FC + 0.053VM + 0.022 A-1.944

O = 0.211FC + 0.391VM + 0.028

O = 0.284FC + 0.450VM + 0.065 A-6.426

HHV = - 0.641 FC + 0.961 VM - 2.439

HHV =-0.987 FC + 0.680 VM - 0.304 A + 27.934

under airflow. HHV data were used as the dependent variable for the PLS
analysis, with the volatile matter, fixed carbon, and ash values as in-
dependent variables (see Table 4).

In the case of soils, hydrogen, H, and oxygen, O, were the elements
giving equations closer to the references (Parikh et al., 2007) when
considering the effect of the ash fraction (reference equations in
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Table 4). C is the element with more variable results. Correlations with
proximate fractions are positive in all cases, indicating that all variables
depend on the SOM mass. Correlations with HHV are very variable in the
literature. In this case, samples with lower energy content (HHV) pre-
sent more oxidizable carbon (FC) and ash, while higher energy involves
more VM. HHV obtained from proximate fractions should be normalized
to the SOM percentage to yield the Qsowm of the samples.

4. Discussion

DSC-TG under airflow is traditionally applied to characterize the
thermal properties of SOM (Dell’Abate et al., 2003, 2000; Lopez-Capel
et al., 2005; Plante et al., 2009). This method fractionates SOM based on
the temperatures of the different combustion peaks given by the DTG
and DSC plots. The profiles obtained with samples in this paper show
that SOM components typically combust at the peak temperatures re-
ported for labile SOM (celluloses and hemicellulose, temperatures
ranging from 200 to 380 °C), recalcitrant substrates (lignin and their
aromatic derivates, temperatures ranging from 380 to 475 °C), and also
refractory SOM (temperatures from 475 to 600 °C) in some of the
samples (De la Rosa et al., 2008). These peak temperatures allow the
quantification of the percentages of labile, recalcitrant and refractory
SOM contributing to the total SOM macromolecule, defined here as
Exol, Exo2 and Exo 3 fractions respectively (Dell’Abate et al., 2003,
2000). The DTG and DSC plots of the samples in this paper show
different profiles as soil depth increases, indicating changes in the
thermal properties usually corresponding to a differing chemical nature
(Lopez-Capel et al., 2005; Manning et al., 2005). All LF samples with
SOM at a low degree of decomposition show similar DSC and DTG plots,
with bimodal curves and well-differentiated temperature peaks indi-
cating labile and recalcitrant SOM such as lignocellulosic material.
These samples show a clear relative prevalence of Exol over Exo2
fractions. H samples keep a similar profile in the DSC and DTG plots to
the respective LF profiles, but the analysis of the percentage of the Exo
fractions indicates how SOM evolved. Since the percentage of Exol
fractions of all H samples is lower than the respective Exo1 fraction of LF
samples, it can be suggested that the decomposition of the labile mate-
rial (cellulose, hemicellulose, proteins, carbohydrates) is faster than that
of recalcitrant material (mainly lignin) (Almendros and Gonzalez-Vila,
2012; Merino et al., 2014). M samples show higher variability of these
SOM properties. Most of the mineral soils have higher Exo2 than Exol
content, while in a few samples, the Exol fraction still prevails. Other
samples have just one fraction corresponding to labile material. The
evolution of these data indicates how SOM evolved with increasing
depth towards a more transformed SOM with different chemical prop-
erties. The results also show geographical variability with different
decomposition profiles. Some soil samples exhibit preferential decom-
position of the labile fraction, while others show the opposite pattern,
with faster decomposition of the Exo2 fraction. The evolution of these
fractions with increasing depth also indicates different degrees of
decomposition of the soil layers from different sites. The reason for this
local SOM variability can only be explained by the differing microbial
composition of soils (Fukami et al., 2010) and by the different envi-
ronmental conditions of the samples. Geographical variability of SOM
properties as decomposition proceeds is well documented (Pietsch et al.,
2019) and thermal and thermodynamics properties of SOM are also
sensitive to that (Barros et al., 2020). The results here indicate that
although the soil properties may be determined by dominant trees
(Urbanova et al., 2015), they can be determined by other factors than
the tree species too. All these transformations result in an increase in
Qsom following soil depth indicating the evolution of SOM to a higher
degree of reduction (Fig. 3), as reported in previous papers using soils
from oak forests (Barros et al., 2020).

Proximate analysis enriches the previous information about SOM by
its fractionation in volatile matter, VM, fixed carbon, FC, and ash, A.
This fractionation is a regular procedure for the energetic
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characterization of biomass and the characterization of biochars ob-
tained by pyrolysis (Hasan et al., 2018). Recent literature provides in-
formation about these properties of the matter for different vegetation
and organic materials (Bilen, 2019; Reyes et al., 2021; Stasiak et al.,
2017) and also for soil fertilizers such as biochars (Klasson, 2017), but
the applicability to soil is not well documented yet. The soil samples
studied in this paper show higher volatile matter than fixed carbon
percentages, as reported for other organic vegetal materials (Chouchene
et al., 2010). This prevalence is preserved along with soil evolution with
depth. There is, however, a clear trend of the volatile matter to increase
and the fixed carbon to decrease as SOM mineralizes (increasing soil
depth). These values are in the expected range reported for many
organic substrates (Garcia et al., 2012), settling values for the volatile
matter from 65% to 85% (Yang et al., 2005). The fixed carbon is usually
highly variable in the literature, which is explained by the fact that it is
an indirect measurement (Garcia et al., 2012). In this paper, the fixed
carbon, is directly determined from the soil mass remaining after the
pyrolysis, yielding values not significantly different from those indi-
rectly obtained by equation (6). Therefore, the observed variability
cannot be due to the method. Values of the volatile matter and the fixed
carbon reported for oak tree leaves are 72 and 24.19% respectively
(Garcia et al., 2012), which are close to the values obtained for the
mineral soil samples in this work. Most organic samples (LF and H) have
values for the fixed carbon ranging from 62.67 to 20.19%, with a trend
to decrease as mineralization proceeds. Ash clearly increases with soil
mineralization, and in most of the soil samples, the ash percentage is
higher than the range reported for different forest biomass (Garcia et al.,
2012; Telmo et al., 2010). High ash content usually disables organic
resources as sources of energy. It is associated by the literature to high
contents of labile organic and inorganic compounds. The clear increase
here can be a consequence of the higher degree of SOM mineralization as
soil depth increases, and to higher interaction of SOM with mineral soil
elements. Therefore, the ash content in soil could be attributed to the
SOM reactivity to mineral soil components as reported for biochars
(Rimena et al., 2017).

The temperatures of the peaks from the pyrolysis are variable among
samples but are in the range reported for monosaccharides, cellulose and
lignin (Guo et al., 2016), suggesting that these materials are pyrolyzed in
the samples. Literature reports cellulose and hemicellulose as the main
source of volatile matter (Klasson, 2017). The variability observed for
the volatile matter may be probably due to the lower or higher preva-
lence of each component depending on the degree of decomposition of
SOM. The fact that the volatile material increases with soil depth and
therefore, with the degree of SOM transformation, can be explained by
the increment in aromatic hydrocarbon as products of SOM decompo-
sition, as reported for oak organic matter (Chavez-Vergara et al., 2014).

DSC quantifies the energy of SOM combusted and pyrolyzed. Highly
organic substrates usually generate low ash percentages. For that reason,
the energy can be measured by normalizing the integral of the DSC plot
to the sample mass combusted on a wet or dry basis. This value is usually
given as the Higher Heating Value (HHV) because under these experi-
mental conditions organic substrates are combusted to CO, and water in
the gaseous state. Nevertheless, SOM increases the ash formation after
combustion as the degree of soil mineralization rises. Therefore, the
energy content of SOM must be normalized to the quantity of SOM
combusted given by equation (3), which is not the same as the energy
normalized to the initial soil mass. For this reason, the energy content of
soil is considered as the heat of combustion of SOM (Qsom) When
normalized to the organic matter content. Qsom values obtained by
airflow in the DSC are given in Table 1. Values for LF and H samples are
in the range of Qsop values given for carbohydrates (15.65 kJ/g) (Gary
et al,, 1995), cellulose (16.61-17.51 kJ/g) (Blokhin et al., 2011),
lignocellulosic material (17.5-18.5 kJ/g) (Stasiak et al., 2017), and oak
leaves (17.52 kJ/g) (Garcia et al., 2012). These values increase with soil
depth ranging from 17.4 to 21.80 kJ/g SOM in the mineral samples,
reflecting the different degrees of decomposition among samples from
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different sites but being significantly higher than values in LF samples.
These Qsom values show the evolution of SOM to a more reduced state
than carbohydrates as soil depth increases, as reported in previous pa-
pers (Barros, 2021; Barros et al., 2020). There are different co-existing
theories about SOM evolution without a definite clear trend yet. The
debate is about the evolution of SOM to a higher or lower degree of
reduction or oxidation as the soil ecosystem evolves (Lehmann and
Kleber, 2015). This paper shows SOM at different stages of decomposi-
tion from the same forest ecosystem with Qsop values varying from 17.4
to 21.80 kJ/g SOM in the mineral samples. All of these values are still at
a higher degree of reduction than their LF layers (also at different de-
grees of decomposition). It has been proved that SOM from oak trees at
early stages of decomposition gives Qsop values which are higher than
the oak leaves, due to the decomposition of lignin to highly aromatic
compounds (Chavez-Vergara et al., 2014). Therefore, the observed
variance of Qsom values in the mineral samples would result from
different degrees of transformation of SOM among soil samples. Those
with the lowest Qsop values would evolve following the theories of SOM
transformation from large and energy-rich compounds to smaller
energy-poor compounds (Lehmann and Kleber, 2015).

The soil mass remaining after pyrolysis combusted under airflow
indicated the presence of C and H in the pyrolyzed material, giving mass
values not significantly different from FC data obtained by equation (6).
The Ash material after the combustion following the pyrolysis was not
significantly different from that obtained after combustion with airflow
only. Qsom of the material remaining after the pyrolysis (Table 1) is in
every sample higher than Qson values obtained from the original SOM.
In most of the samples, the obtained values are within the range of the
estimates given for different biochars (20-30 kJ/g) (Malucelli et al.,
2020) and the amount for pure carbon (35 kJ/g) (Ronsse et al., 2013).
But there are samples with values even higher than 35 kJ/g suggesting
wood-derived biochar (Crombie and Masek, 2015).

DSC is a potential method for direct measurement of the energy
content in different materials, but when it is not possible to do it by these
devices, proximate and elemental analysis can provide an approach to
calculate the energy content by multiple regression formulas. There is
literature giving different equations connecting the energy of organic
substrates with their proximate and elemental composition to facilitate
future energy approaches (Hasan et al., 2018; Malucelli et al., 2020).
These correlations are also reported among elemental composition and
proximate data to determine the stability of biochars which could be an
option to be applied to assess SOM stability (Klasson, 2017). In this
paper, those correlations were tested too in order to facilitate future soil
characterization by these procedures. The soil elemental properties were
closely correlated with the SOM, VM, FC, and Ash, making it possible to
provide the equations connecting those variables (Table 4) for soil
samples from oak ecosystems. The results did not differ very much from
the ones reported for different biomass resources (Malucelli et al., 2020;
Nhuchhen and Afzal, 2017; Parikh et al., 2007), being C and HHV the
most mutable. The reported equations may be useful to be compared to
soils from different ecosystems. The fact that soil proximate fractions
correlated with HHV makes proximate analysis an alternative approach
to estimate Qsom and the energy stored by the SOM. The last has been
proven to allow the complete thermodynamic characterization of SOM
(Barros, 2021; Barros et al., 2020).

The VM/FC ratio was determined here to assess the sensitivity of the
proximate fractions to SOM evolution with depth. Application to biochar
relates this ratio with biochar stability. Material with a VM/FC ratio
higher than 0.88 is considered less stable with a lower half-life (Klasson,
2017). All these soil samples with only one exception (sample F5-H)
have a higher VM/FC ratio than 0.88, indicating less stable SOM than
biochar. This ratio is, however, very variable in the M samples sug-
gesting that SOM decomposition may lead to a more or less stable
organic matter. It would be of interest to explore the reliability of these
ratios as an alternative to parametrize SOM stability and recalcitrance.
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5. Conclusions

Proximate analysis of soils improves, and complements results ob-
tained by traditional thermal analysis under airflow.

VM, FC and Ash present better correlations with soil elemental
components and energy data than the traditional soil Exo thermal
fractions at combustion conditions in the TG-DSC. Nevertheless, these
Exo thermal fractions under airflow allow better monitorization of SOM
evolution than VM and FC in terms of the progression of the labile and
recalcitrant SOM components.

Proximate analysis of soils can provide equations to obtain the en-
ergy content of soils and may be explored as possible tools to inform
about SOM stability. The obtained connection between the HHV and the
proximate fractions make this method an additional tool for quantifying
energy in soil and therefore, towards the SOM thermodynamic
characterization.
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