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ARTICLE INFO ABSTRACT
Keywords: Composting olive mill pomace (OMP), the major by-product of the olive oil industry, is an attractive waste
Compost

management practice in the context of sustainable food production. Thermal treatment of compost at mild
temperatures (torrefaction) can aid to improve its characteristics as a soil amendment. This study aims to un-
derstand the chemical changes occurring during torrefaction of olive mill pomace-based (OMP) compost, as well

Olive mill pomace
Thermal treatment

FT-MIR . . |
FT-NIR as to evaluate the treatment effects on compost at different stages of maturation. Here, treatments at different
Chemometrics temperatures (175, 225, and 275 °C) and duration (from 1 to 5 h) have been employed to obtain a sort of
Organic matter torrefied samples. In general, the H/C and O/C atomic ratios of compost samples decreased with torrefaction

temperatures, which suggests an incipient coalification of the organic matter. Furthermore, the results showed
that a combination of FT-NIR and FT-MIR spectroscopy using a low-level data fusion strategy is very sensitive to
the molecular changes occurring both in the composting process and during heating. Principal Component
Analysis (PCA) of the merged spectra revealed that the changes at 175 °C are mainly the loss of water (O-H
contributions at 3300 and 5169 cm_l) together with the degradation of proteins (observed in the decrease of
amide I and II characteristic bands). Furthermore, the samples heated at this temperature can still be differen-
tiated by their initial maturation stage. On the other hand, thermochemical changes occurring at higher tem-
peratures are more intense and make the samples more alike, independently of the composting time. When
heating above 225 °C, the loss of O-H happens together with the decrease of aliphatic moieties, reflected in the
bands 2920 and 2850 cm ™! (FT-MIR) and 4258, 4323, 5665, and 5781 cm ™! (FT-MIR). This can be attributed to
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the thermal degradation of cellulosic materials and, additionally, to the degradation of the residual oil in the case
of poorly composted samples. Heated samples are characterized by the presence of carbonyl groups (1709 cm™?)
and humic-like complex and polymerized aromatic structures (1579 cm™ ). Since the characteristics of the
torrefied compost at 275 °C are very similar regardless of the initial maturation stage, torrefaction may be a very
interesting way to reduce the composting time of olive mill pomace to obtain a high-quality organic amendment

for soil application.

1. Introduction

Nowadays, there is an increasing concern for the achievement of a
more sustainable food production chain. In this context, the valorization
of by-products is one of the biggest challenges of the agro-food industry
to reduce its environmental impact. In Mediterranean countries, the
olive oil industry plays a key socio-economic role, accounting for over
95 % of the world’s olive oil production [1]. However, this growing
industry produces large quantities of by-products and wastes. Of
particular concern is wet olive mill pomace (OMP), the main by-product
derived from the two-phase centrifugation method for olive oil extrac-
tion. This residue is a combination of olive husk and pulp, and olive mill
wastewater, with a moisture content of around 65% [2]. OMP is rich in
easily degradable organic matter (OM) and has a very high organic load,
with Chemical Oxygen Demand (COD) values of about 80-200 g 171 [1],
and significant amounts of tannins and polyphenols, which are respon-
sible for antimicrobial activities and phytotoxicity [3]. Composting is
one of the most promising options to transform these residues into a
valuable soil amendment ensuring the biological degradation of the
potentially harmful compounds in OMP during the process [4,5]. The
use of composted OMP as an organic amendment is a valorization
alternative particularly interesting since arable soils in the Mediterra-
nean region exhibit extremely low organic C content, with values
frequently below 1 % [6]. Composting OMP along with other comple-
mentary wastes, like animal manures (rich sources of nutrients as N and
P), cereal straw, olives leaves, or pruning (bulking agents to increase the
porosity of the matrix), has been proposed as an efficient solution for its
recycling [1,7].

The composting processes must be suitably managed and the pro-
gressive changes with time of the physical-chemical characteristics of
composts must be carefully controlled to give an end product with op-
timum quality for success after field application. In particular, compost
should have stabilized OM (resistant to fast biodegradation) and the
absence of phytotoxicity. The latter has been reported to be related to
polyphenols and lipids content in immature OMP compost [5]. More-
over, aliphatic compounds present in the raw materials or non-evolved
compost, notably increases the water repellency of the organic amend-
ments, affecting water availability for plants and infiltration rates [3,8],
leading to important environmental problems, such as increased
erosion, loss of soil nutrients, and groundwater contamination [7,9].
Several factors could affect composting effectiveness, including those
depending on the composting mixture’s preparation (such as pH, par-
ticle size, porosity, total pile volume, initial moisture, and carbon to
nitrogen ratio (C/N) and those of the process management, such as
moisture content, temperature, and aeration. Infrared spectroscopy has
been proposed as a useful alternative to monitor composting processes
and to characterize composted materials reducing the need for expen-
sive and time-consuming chemical analysis [10-12]. However, since the
composition of the input mixture strongly affects the shape of the
infrared spectra, any particular composting mixture needs dedicated
studies to identify the main changes occurring during the composting
process [13]. On the other hand, our previous research studies have
demonstrated that the application of thermal treatments to composted
materials of different origins improves their quality and safety, reducing
their hydrophobicity and phytotoxicity [14,15]. Such thermal treatment
at mild temperatures (175-275 °C) is, in fact, very similar to dry tor-
refaction, which has aroused great interest in the bioenergy sector in the

last years [16,17]. Torrefaction of lignocellulosic biomass including
agriculture residues has been extensively studied [18-20]. This process
typically involves slow heating in the temperature range of 230-300 °C.

When biomass is torrefied, moisture and carbon dioxide are removed,
and the long polysaccharide chains are depolymerized, yielding a solid
product of increased energy density [19]. Most studies on the torre-
faction of biomass have focused on examining the mass loss, carbon
content, and energy distribution with changing time and temperature of
treatments for woody materials [18,21]. In addition, in some cases, the
structural changes of torrefied biomass were further analyzed by spec-
troscopic techniques [19,22]. Nevertheless, the compositional effects
induced by heating in OMP compost still need further investigation. In
comparison with typical lignocellulosic biomass, OMP compost is more
complex. This is first due to the variety of feedstock sources, including
animal manure, in the initial composting mixture. Furthermore, the
microbial degradation of biomass and the formation of humic-like sub-
stances during the composting process, make compost different from
raw biomass usually employed in torrefaction studies [19,20,22]. Thus,
a deep study of the OMP compost torrefaction process to understand the
changes in organic matter is of interest with a view to employing it as a
soil amendment. To do this, Fourier transform infrared spectroscopy,
both in the middle and near-infrared region (FT-MIR and FT-NIR) will be
employed to assess the changes induced by torrefaction treatments at
different temperatures and with different duration. A data fusion strat-
egy [23] will be used to combine the outputs of both IR spectral regions
to exploit the synergetic and complementary information provided. The
fused IR spectra will be analyzed using Principal Component Analysis
(PCA) [24]. This procedure extracts the information from the original
data matrix by reducing the dimensionality to a small number of prin-
cipal components (PCs). PCA reveals those underlying features respon-
sible for similarities and differences between the materials under study.
The loadings vectors, corresponding to the PCs, provide information on
the contribution of the spectral regions to the differentiation between
samples observed in the scores plot. Here the loadings are combinations
of the two regions (middle and near infrared) and can potentially result
in a more comprehensive characterization of torrefied compost and the
changes happening at different temperatures.

Furthermore, in this work, we will also evaluate the effects of tor-
refaction on OMP compost at different stages of the composting process,
that is, at different maturation stages. This can be relevant to consider
this treatment as an alternative way to reduce the composting time,
providing a high-quality amendment for soil application in a shorter
time.

2. Material and methods
2.1. Sample collection and description

Composted olive mill pomace (COMP) samples were provided by
INGNIA S.L. This composting plant, located in Almedinilla (Cérdoba,
Spain), uses four raw materials mixed according to the following pro-
portions: 68 % olive mill pomace (OMP), 24 % goat manure mixed with
straw (GM), 6 % olive tree pruning (OTP), and 2 % chicken manure
mixed with sawdust (CM). Windrow composting is approached in 4 m
high and 8 m diameter piles turned regularly once a fortnight to avoid
any anaerobic processes. Ten samples of compost were collected from
the piles during the composting process comprising different stages of
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maturity (see Table 1). Evolved compost was sampled in the final stages
of the composting process (around one year) whereas non-evolved
compost corresponds to material in the initial stages of the process
(less than 10 weeks). Each sample involved five sub-samples collected in
five different pile positions to assure representativeness. Furthermore,
three samples of completed compost were considered. This term refers to
materials that have been composted for >75 weeks and commercialized
as finished products. All the samples were desiccated at 65 °C, then
ground and sieved to 200 pm.

2.2. Torrefaction treatment

The compost samples were subjected to different dry torrefaction
treatments in terms of temperature and time in a furnace oven (Carbolite
Gero). To do this, about 20 g of each sample were placed in covered
porcelain containers and heated up to 175, 225, and 275 °C at a 50 °C/
min ramp rate and maintained at the final temperature for 1, 2, 3, 4, and
5 h. In addition, samples were heated at 300 °C for 5 h. In this way, 208
torrefied samples were obtained.

2.3. Physical-chemical characterization

The moisture content was determined by differential weighing after
24 h at 105 °C. Electrical conductivity at 25 °C (ECy5) and pH were
measured in 1:10 (w/v) water-soluble extracts with a CRISON conduc-
tivity meter and a HANNA pH-meter respectively. Ultimate analysis in
terms of percentages of carbon, hydrogen, and nitrogen in the elemental
form [21] was determined using a LECO TruSpec CHN 620-100-400
analyzer. Oxygen content was estimated by difference (sulfur content
was negligible in all the cases). For torrefied samples, % of mass loss and
indices of decarbonization (DC), dehydrogenation (DH), deoxygenation
(DO), and denitrogenation (DN) were calculated according to Chen et al.
[25].

2.4. Infrared spectroscopy

Mid-IR spectra were recorded using a Vertex 70 FTIR Spectrometer
(Bruker Corporation, Germany) equipped with an attenuated total
reflection (ATR) accessory with a three-reflection diamond crystal
(Platinum ATR, Bruker). Fine grinding in an agate mortar was achieved
before placing the samples directly on the ATR crystal. Controlled
pressure was applied to ensure good contact between the sample and the
ATR element. The FT-MIR spectra ranged from 400 to 4000 cm ™! with a
resolution of 4 cm™! and 128 accumulations. Three replicates were
made per sample. The spectrum of the clean ATR crystal was used as
background.

Fourier transform NIR spectra were registered with an Antaris FT-
NIR system (Thermo Nicolet Corp.) equipped with an integrating
sphere module for diffuse reflectance measurements. Samples were
placed directly into a 3 cm capsule, which was rotated during the

Table 1
Samples description.

Sample Composting time (weeks) Maturity stage
COMP1 >75 Completed
COMP2 >75 Completed
COMP3 >75 Completed
COMP4 54 Evolved
COMP5 54 Evolved
COMP6 49 Evolved
COMP7 49 Evolved
COMP8 9 Non-evolved
COMP9 9 Non-evolved
COMP10 3 Non-evolved
COMP11 3 Non-evolved
COMP12 2 Non-evolved
COMP13 2 Non-evolved
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measurement. FT-NIR spectra were collected between 4000 and 10000
cm ™! with a resolution of 8 cm™! and 64 accumulations, each spectrum
averaging three replicates. The background was automatically recorded
before each measurement using the internal gold reference of the sphere.

2.5. Chemometrics

Principal Component Analysis (PCA) was used to investigate changes
occurring when samples were subjected to different torrefaction treat-
ments. PCA reduces the dimensionality of large datasets by calculating
principal components (PCs) that are linear combinations of the original
variables retaining the relevant information contained in the original
data. Score plots (showing the projections of each observation over each
PC axis) are useful to detect groupings and trends among the samples.
Loading plots (showing the coefficients of the original variables in the
linear combinations for each PC) allows for identifying those original
variables that are more relevant for each PC.

In the present work, PCA was first applied to the chemical variables
of the ultimate analysis after autoscaling as pretreatment. Furthermore,
FTIR spectra were analyzed merging the information of both middle and
near infrared regions. To do this, a low-level data fusion strategy was
applied: FT-NIR and FT-MIR spectra were concatenated after normali-
zation to avoid scale differences and then mean-centered. All these
chemometric treatments were performed using Solo + MIA software
version 8.9.1 (Eigenvector Research, Inc.).

3. Results and discussion

3.1. Preliminary characterization of raw materials and composted olive
mill pomace samples

An initial physical-chemical characterization of the raw materials
and the compost samples is shown in Table 2. Samples at the initial
stages of composting are characterized, in general, by high moisture and
low pH, typical of raw OMP [26]. The high ECy5 values can be attributed
to the addition of animal manure (CM and GM) to the composting
mixture, which is also responsible for a slight increase in pH. Animal
manure, in particular poultry manure (CM), is added with the main
purpose of increasing the nitrogen content, mostly in the form of uric
acid and urea [27]. OTP, employed as a bulking agent, is characterized
by low moisture and high C and H contents.

As composting proceeds, a progressive decrease in both moisture
content and electrical conductivity can be observed, along with
increasing pH values, leading to levels in the range of 8.5-9.5, as ex-
pected for this type of material [28]. The ultimate analysis reveals also a
decrease in C and H contents with composting due to the degradation of
organic matter leading to a decrease in the C/N ratio. However, there are
evident differences among all the parameters in samples with similar
composting times, which brings to light the difficulties of controlling the
composting process at an industrial scale.

3.2. IR spectra of compost samples and raw materials

Fig. 1 shows typical FT-MIR (1a) and FT-NIR (1b) spectra of the raw
materials and OMP compost samples at different stages of maturation.
FTIR spectra of these materials are complex because of the overlap of
bands corresponding to both mineral phases and organic matter [13].
The main bands and tentative assignments based on literature
[10,11,29] are discussed below.

Beginning with the middle IR region of the spectra, the broad band
centered at 3300 cm™! can be attributed to the O-H stretching of
hydrogen-bonded hydroxyl groups of carboxylic acids, alcohols, and
phenols, as well as to O-H groups associated with cellulose, hemicel-
lulose, lignin, and other polysaccharides. Contributions from the
stretching of the N-H bonds are also found in this region. The sharp
absorption bands at 2920 and 2850 cm™! are attributed to the
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Table 2
Characterization of samples. Mean + Standard Deviation (n = 3).
Sample Moisture pH ECas H (%) C (%) N (%) C/N
(%) (ds
mY)
COMP1 12.7 + 9.5 39+ 4.47 38.9 3.3+ 11.6
0.4 + 0.2 + + 0.5 0.1 + 0.5
0.2 0.07
COMP2 19.7 + 9.1 4.8 + 4.2 + 37.4 3.1+ 12.2
0.9 + 0.2 0.1 + 0.6 0.1 + 0.3
0.2
COMP3 47.7 £ 8.8 3.6 + 4.7 + 38.7 2.1+ 19 +
0.5 + 0.2 0.3 +1.8 0.5 5
0.4
COMP4 45+ 1 9.1 8.7 + 4.18 37.2 2.8 + 13.4
+ 0.1 + + 0.6 0.1 +0.3
0.6 0.04
COMP5 45.8 + 8.5 49 + 4.1 + 36.3 2.2+ 17 +
0.4 + 0.1 0.1 + 0.5 0.2 1
0.2
COMP6 42 +1 9.0 51+ 4.32 37.3 2.6 + 15+
+ 0.2 + + 0.4 0.2 1
0.2 0.01
COMP7 45.8 + 8.6 54+ 4.67 39.6 2.6 + 16 +
0.4 + 0.7 + + 0.4 0.3 2
0.2 0.03
COMP8 57.6 £ 5.5 5.6 + 5.56 43.1 19+ 23.2
0.8 + 0.1 + + 0.2 0.1 + 0.1
0.5 0.04
COMP9 61.5 £+ 9.1 5.0 + 4.59 38.5 2.7 + 14.2
0.9 + 0.8 + +0.1 0.1 + 0.3
0.4 0.04
COMP10 57.6 £ 9.9 6.6 + 4.65 38.8 25+ 15.4
0.8 + 0.2 + + 0.6 0.1 + 0.1
0.3 0.06
COMP11 56 +1 8.9 5.4 + 4.8 + 39 + 2.7 + 14.7
+ 0.3 0.2 2 0.1 +0.9
0.3
COMP12 56.1 + 6.3 7.2+ 5.05 41.1 22+ 18.6
0.2 + 0.8 + +0.2 0.1 + 0.6
0.4 0.07
COMP13 56.4 + 5.9 7.0 + 5.05 42 + 19+ 22 +
0.8 + 0.8 + 1 0.1 1
0.5 0.02
CM 61.5 + 8.2 7.2+ 4.15 36.3 3.3+ 11 +
0.5 + 0.3 + +0.3 0.3 1
0.2 0.03
GM 51.6 + 7.5 9.4 + 4.4 + 37 + 1.9+ 19 +
0.3 + 0.3 0.2 2 0.2 1
0.4
OTP 343+ 5.9 1.3+ 5.7 + 46 + 1.24 37 £
0.6 + 0.4 0.2 1 + 1
0.3 0.01
OMP 71.4 £ 5.2 4.3 + 5.21 41.9 1.3+ 32+
0.9 + 0.9 + + 0.5 0.1 3
0.3 0.03

COMP: composted olive mill pomace; CM: chicken manure; GM: goat manure;
OTP: olive tree pruning; OMP: olive mill pomace; ECys: electrical conductivity
(25 °C); H: total hydrogen; C: total carbon; N: total nitrogen.

asymmetric and symmetric stretching of aliphatic C-H groups. In the
case of raw OMP, these bands together with the ester C=0 stretching
band at 1740 cm ™! represent an important contribution of lipids. In fact,
residual oil is an important fraction of OMP, typically ranging from 1.5
to 15 % depending on the olive cultivation region and the employed
extraction method [30,31]. These aliphatic C-H features are also
remarkable in OTP, GM, and non-evolved compost samples. In evolved
ones, there is a clear reduction of these bands in agreement with the
decrease of C and H contents observed in the ultimate analysis. Thus, the
decrease of bands in the region around 2920 cm™! has been used to
indicate the decomposition of organic matter [10,13]. The most intense
absorption bands in the FT-MIR spectra are located in the region
950-1200 cm ™! and can be mainly attributed to C-O stretching vibra-
tions of polysaccharides. The sharpness observed in the band at 1014
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em ™! in OMP spectra can be related to pectin [32], a very abundant
component in olive wastes [33]. A certain contribution of Si-O
stretching vibrations around 1000 cm ™! cannot be disregarded due to
the use of talc as a co-adjuvant during the extraction process [34]. This
seems to be confirmed by the small and sharp characteristic bands of talc
observed at 3676 and 669 cm ! [35]. Other contributions of silicates are
also observed at 779 cm™! in the OTP spectrum, possibly due to soil
particles present in this material. Both goat and poultry manures showed
a characteristic sharp band at 873 cm !, which together with the
broader band located at 1400 cm™! can be attributed to CaCOs. Indeed,
animal manures have been reported to increase the pH of the soil when
used as amendments due to the excess of CaCO3 contained in the feed
rations [36]. More evolved compost samples also show a higher in-
tensity of such carbonates bands (873 and 1400 cm_l), which could be
the result of organic matter depletion during composting leading to a
relative increase in CaCOs; content. Furthermore, the microbially
induced precipitation of CaCO3 by ureolytic bacteria during composting
can also be considered [37,38]. This process of the appearance of CaCO3
in the form of biomineralization contributes to the inorganic carbon
fixation and stabilization of compost. The 1720-1500 cm™! region is
rich in spectral features, reflecting the overlapping of a variety of C=0
stretching bands of carbonyl moieties (carboxylic acids, carboxylates,
amides, and ketones) as well as C=C and C=N stretching of aromatic
compounds. Furthermore, the region between 1500 and 1200 cm ™ is
assigned to different vibrations associated with waxes, fatty acids, and
phenolic compounds overlap.

On the other hand, FT-NIR spectra of the studied materials exhibited
similar profiles (Fig. 1b) with highly overlapping and broad bands
typical of NIR absorptions due to overtone and combination modes.
Bands at 5172, 6857, and 8292 cm ™! have been assigned to O-H vi-
brations of water, namely the combination of stretching and deforma-
tion, and first and second overtones, respectively [12]. These bands can
also overlap with contributions of O-H vibrations of phenols and car-
bohydrates giving slightly shifted features [39]. The two sharp bands at
4258 and 4331 cm ™! are characteristic of the combination of stretching
and deformation vibrations of -CHsz and —~CHj. These bands, together
with those at 5681 and 5793 cm ™! that correspond to the first overtone
of the C-H stretching vibration, can be attributed to aliphatic chains of
cellulosic materials. These are more remarkable in OMP and non-
evolved compost spectra. In addition, the broad band located at
around 4700 cm ! is attributed to combination bands involving C-H,
C=C, and C=O0 stretching vibrations of lipids, phenols, and other aro-
matic groups [39,40]. Finally, a characteristic sharp band around 7185
cm~! observed in OMP is assigned to the second overtone of O-H
stretching in talc (non-H-bonded).

3.3. Effects of torrefaction treatment on compost

The influence of the torrefaction temperature and time on the
characteristics of compost was investigated by considering all the
thermally-treated samples (208; at temperatures 175, 225, 275, and
300 °C) and the 13 non-treated samples (dried at 65 °C). PCA was used
to explore both the chemical and the spectroscopic information on
compost samples at different maturation stages.

3.3.1. Mass loss and ultimate analysis

The principal component analysis performed on ultimate analysis,
including the mass loss during the thermal treatment also as a variable,
revealed that two PCs accounted for 82.72 % of the total variance. As
seen in the scores and loadings biplot of Fig. 2, there is a certain trend of
differentiation of the samples according to their original maturation
stage along the PC1 axis, with negative score values for almost all the
completed and evolved samples. Non-evolved compost samples are
more spread along the PC1 axis. This is mainly due to differencesin C, N,
and H content reflecting the heterogeneity of the samples. Completed
compost had the most negative scores for this component due to higher
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Fig. 1. Typical a) FT-MIR and b) FT-NIR spectra obtained for (1) OMP; (2) OTP; (3) GM; (4) CM; (5) non-evolved COMP and (6) evolved COMP.
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Fig. 2. PCA score-loadings biplot of the elemental determination of non- and thermally-treated COMP samples.

N contents (with negative values for the loadings of PC1), whereas non-
evolved samples show higher C and H content (with positive values for
the loadings of PC1), and consequently higher C/N ratio. The effect of
the temperature is mainly reflected in PC2 with a clear increase in the
scores values for the samples heated at higher temperatures. The per-
centage of mass loss is larger at increasing temperatures and particularly
in less mature compost samples as can be seen from its positive value for
the PC2-loading. This is due to a decrease in H content at higher tem-
peratures whereas the C content relatively increases.

The changes happening with torrefaction can be further evaluated by
calculating the indices of decarbonization (DC), dehydrogenation (DH),
and deoxygenation (DO), as proposed by Chen et al. [25] for torrefied
biomass, representing the relative loss of each element. Here, the index
of denitrogenation (DN) was also included due to the relevance of this
nutrient in the context of organic amendments. Fig. 3a shows the mean
values for these indices at the different torrefaction temperatures
considered. As can be seen, the torrefaction temperature highly in-
fluences the DH and DO, with values above 50 % of loss of these

elements. On the other hand, a relatively mild effect on the C loss is
shown even at 300 °C. In the case of N, it is interesting to note that its
loss is higher at 175 °C than for the rest of the elements, but it remains
almost constant up to 275 °C. Furthermore, it is worth mentioning that
the indices of the completed materials were lower and less influenced by
the temperature, indicating that more stable forms of organic matter
were already present.

The removal of the different elements can be visualized in the Van
Krevelen diagram by plotting atomic H/C ratios against atomic O/C
ratios of both the raw and torrefied compost samples. This diagram,
originally developed for the study of coals [41], takes into account that
major biogeochemical classes of compounds (such as lignin compounds,
lipids, carbohydrates, etc.) have their own characteristic H/C or O/C
ratios and, thus, each class of compounds plots in a specific location on
the diagram. As can be seen in Fig. 3b, both the H/C and O/C atomic
ratios of the compost samples decreased with torrefaction temperatures,
which implies a movement of the samples from the typical location of
carbohydrates to the area of lignin and humic-like substances in an
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Fig. 3. a) Profiles of decarbonization (DC), dehydrogenation (DH), deoxygenation (DO), and denitrogenation (DN) of torrefied compost samples. b) Regional plots of
elemental compositions from some major biomolecular components on the Van Krevelen diagram, reproduced from previous studies [43,45].

incipient coalification process [42-44]. This greater stability implies a
lower rate of decomposition, and therefore, the application of these
torrefied organic materials to soils could be an appropriate strategy to
sequester organic carbon into the soil.

3.3.2. Infrared spectroscopy

The above-commented results suggest that the thermal treatments at
different temperatures lead to an evident variation in the organic matter
structure of the organic amendments, especially in the case of immature
compost. Thus, to deepen the study of those molecular changes, FT-MIR
and FT-NIR spectra were considered. Fig. 4 shows the typical spectra
obtained for a non-evolved compost sample treated at different
temperatures.

The most remarkable change in the FT-MIR spectra with torrefaction
is the decrease in the C-H and O-H bands in the region of 2800-3600
em™ L. This is consistent with the loss of aliphatic -CHa- chains and O-H
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moieties suggested by the ultimate analysis and previous studies on
biomass torrefaction [14]. Furthermore, a certain decrease and changes
in the shape of the carbohydrate bands in the region 950-1200 cm ™! are
observed. Other changes in the organic matter composition can be
hidden by the overlap with mineral phases (mainly calcium carbonate
and silicates). Concerning the FT-NIR spectra, even though the band
assignment is more complex, there is a clear decrease in bands involving
O-H moieties. Furthermore, it is remarkable the increase in absorption
in the range above 7000 cm ™. This range is influenced by particle size
and especially by color changes as reported, for example, in thermally-
treated wood [39]. In fact, although non-thermally treated compost
samples were already dark (particularly those evolved and completed) a
progressive blackening was observed with increasing temperature. This
is consistent with Deng et al. [46], who noted a mid-brown color for
biomass at low torrefaction temperatures but black for those samples
heated at 300 °C.
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Fig. 4. Typical non-evolved COMP a) FT-MIR and b) FT-NIR spectra obtained.
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A data fusion strategy was used to combine the individual informa-
tion obtained from FT-MIR and FT-NIR spectra by merging them to
enhance the comprehension of the data [23]. The fusion involved the
concatenation of the raw data, after normalization to scale them. The
results of PCA are presented in Fig. 5. The axis defined by PC1 estab-
lished a clear trend in the samples according to the treatment temper-
ature, with positive scores values for non-treated samples and those
heated at 175 °C, but increasing negative values for higher tempera-
tures. There is an overlap between the samples treated at 275 °C and
300 °C, which suggests similar changes occurring at these temperatures.
The large variance collected by this component (66.20 %) indicates that
the structural changes induced by temperature are the most important
contribution to the differences in the infrared spectra of the compost
samples.

For a better understanding of the chemical changes induced by
heating as well as to evaluate how the initial stage of maturation of the
compost affects its behavior, data analysis was performed separately for
each temperature. Fig. 6 shows the most remarkable results of PCA of
the fused infrared spectra of samples heated at each temperature (175,
225, and 275 °C) during a variable time (1 to 5 h). As can be seen in the
scores plots (Fig. 6a), the effect of heating is observed along the axis
defined by PC1 for 275 and 225 °C, whereas in the case of 175 °C, it is
reflected by PC2. At this temperature, the main source of variance
(43.78 % for PC1) is mostly related to the initial maturation stage of the
composted materials. Regarding the effect of torrefaction, the percent-
age of variance in the spectral data induced by heating clearly increases
with the temperature with values of 18.24, 53.69 and 66.68 %, for 175,
225, and 275 °C, respectively, also reflecting the influence of the heating
time. At 275 °C, there is a clear distinction between the non-treated
samples and all the treated ones, which means that most of the
changes occur during the first hour of the treatment. However, for lower
temperatures, this distinction is not so clear. In the case of 225 °C,
samples heated for 1 h are located between the non-treated and the rest,
which seems to indicate that changes are still occurring after this time.
Finally, with the treatment at 175 °C, the samples are spread over the
PC2 axis, due to more gradual changes.

The inspection of the loadings of those PCs reflecting the changes
induced by heating (as described before, Fig. 6b) provides information
on the spectral changes happening at each temperature. In this way, we
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can access the main chemical changes gradually occurring when the
temperature is increased. Considering that non-treated samples present
positive scores values (for all the studied temperatures) and heated
samples show lower scores values moving to negative ones for these PCs,
the positive bands in the loadings represent those spectral features that
are decreasing with heating. The loading vector at 175 °C shows spectral
features very different from those at 225 and 275 °C. When the tem-
perature increases above 225 °C, the marked slope of the loading vector
in the NIR region reflects the already mentioned increase of absorption
in the high wavenumber region (from 7000 cm 1) and the loss of the
main spectral features. In the middle IR region, the loss of aliphatic
moieties (2920 and 2850 cm ™) is clearly observed for both tempera-
tures. In fact, this reduction of C-H groups is also reflected in the
decrease in the bands at 4258, 4323, 5665, and 5781 em ! in the near IR
region when applying 275 °C. In addition, the observed decrease of O-H
stretching at 3280 cm ™! and the loss of C-O at 1028 cm ™' can be
attributed to the thermal degradation of cellulosic materials. Similar
findings have been reported for the torrefaction of biomass [22],
including olive mill pomace [20]. This is also observed in the NIR region
at 6283 and 6660 cm ™ (attributed to the first overtone of hydrogen-
bonded O-H stretching) [39,47]. Furthermore, the difference in the
ratio of the bands related to C-H and O-H bonds in the MIR region of the
loading vector suggests that the loss of O-H moieties through dehy-
droxylation and dehydration reactions seems to be prominent at 225 °C,
whereas the degradation of aliphatic chains is more relevant at 275 °C.
Other differences in the loadings obtained for both temperatures are also
related to cellulosic materials. These are the presence of a band at 993
em™! (at 225 °C) that can be attributed to a higher degradation of
hemicellulose at this temperature [22], together with the difference in
the position of a NIR band (4810 vs 4750 cm ) assigned to the com-
bination of O-H stretching, O-H deformation, and C-H deformation
[39].

The changes due to heating at 175 °C are mainly reflected in the
features of the loading vector of PC2. The decrease of adsorbed water is
observed in both middle (O-H stretching, broad contribution around
3300 cm 1) and near IR spectra (combination of stretching and defor-
mation of O—H bonds at 5169 cm™1). Furthermore, the decreasing bands
at 1645 and 1540 cm ™! can be assigned to G = O stretching vibrations of
the peptide bonds (amide I), and C-N stretching vibrations in
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Fig. 5. PCA score plot of infrared spectra of both non- and thermally-treated COMP samples.
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Fig. 6. Remarkable PCA results for the analysis of data fused infrared spectra at 175, 225, and 275 °C. a) Scores plots. Samples are labeled according to the time of
heating at each temperature and maturation. b) Loadings vectors of PCs carrying the information related to heating.

combination with N-H bending (amide II), whereas N-H stretching
contribution overlaps with O-H absorption. Thus, it can be assumed that
the thermal degradation of proteins is the main process that happens at
low temperatures when heating the compost samples. This effect has not
been described for biomass torrefaction and it can be explained by the
higher protein content in compost. Together with cellular protein from
microbes, the presence of animal manure must be considered a

considerable source of protein, ranging from 12 to 48 % (w/w),
depending on the origin and the growth period [48].

On the other hand, negative bands in the loadings are characteristic
of the heated samples. When heating at 225 and 275 °C, the negative
values only appear in the region from 1100 to 1720 cm™?, with slight
differences in band position and relative band intensities. First, the band
around 1709 cm ™! is characteristic of the C=O stretching of ketones or
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carboxylic [49]. The presence of carboxyl groups is related to the cation
exchange capacity of organic matter. This is important in soil amend-
ments because it increases the ability of soil to retain essential nutrients.
Moreover, the band around 1579 cm™! can be attributed to aromatic
compounds and N-heterocycles due to C=C, and C=N stretching modes
[10,50]. In addition, the asymmetric COO™ stretching of carboxylates
can also contribute to this band [51]. The increase in infrared bands
related to aromatization agrees with the chemical changes observed
during the biomass torrefaction [19,22,52] and, in general, during the
composting process, with the formation of aromatic structures, such as
humic-like and fulvic-like substances, and the decomposition of readily
degradable organic compounds. Finally, the bands appearing at 1181
cm~! (225 °C) and 1154 cm™! (275 °C) are typically assigned to
glycosidic linkages [32]. As the bands are negative in the loading vec-
tors, they reflect features that are produced or conserved in heated
samples. This seems to be in contradiction with the fact that depoly-
merization processes of cellulose and hemicellulose, involving the scis-
sion of the glycosidic linkage, are strongly favored at these temperatures
[53,54]. However, taking into account the complexity of OMP compost,
the presence of proteins together with polysaccharides can lead to
different reactions upon heating. For example, the Maillard reaction
under water-free conditions has been reported to produce melanoidins
(dark brown to black colored condensation products of sugars and
amino acids) showing a significant amount of di- and oligomer carbo-
hydrates incorporated into the melanoidin skeleton with intact glyco-
sidic bonds [55]. This would also explain the fact that the
denitrogenation index (DN) did not increase at higher temperatures,
which suggests the transformation of labile forms of this element into
more stable structures like N-heterocycles. On the other hand, in-plane
C-H deformation of aromatic rings from lignin as well as condensed
tannins and polyphenols (probably oxidized and polymerized into
complex humic-like substances [56-58]) can also contribute to the
presence of bands around 1180 cm™! in heated samples, reflecting the
increasing aromatic character of these materials. It should be noted that
polyphenols and melanoidins are chelating substances capable of facil-
itating the transport of essential nutrients to the plant and favoring its
growth [59].

Finally, regarding the model at 175 °C, the most important negative
features here are the bands at 1012 and 1739 cm ! that can be attrib-
uted to pectin. In particular, the latter is characteristic of pectin with a
high degree of methylation and can be assigned to the esterified gal-
acturonic acids [32]. Pectic polysaccharides are abundant in OMP and
their extracts show a higher degree of methyl-esterification, in com-
parison with pectins from other sources [60]. As can be seen in the
scores plot at 175 °C (Fig. 6a), samples heated for a longer time show
negative score values independently of their initial maturation stage;
thus, all of them are characterized by the bands of pectin. These results
suggest that pectin is more resistant both to microbial degradation
during maturation and heating at lower temperatures than other poly-
saccharides. With higher temperatures, demethylation of pectin occurs
and the band at 1740 cm™! is not present in the loading vectors. As
already mentioned, it has to be taken into account that the major vari-
ance in the model at 175 °C (PC1, 43.78 %), does not correspond to
changes due to heating but to the initial maturation stage of the samples.
Its loading vector (see Figure S1 in Supplementary material) reflects the
degradation of residual oil present in OMP, as well as the increase in
carbonate bands as already mentioned in the description of the raw
spectra. Furthermore, the isolation of the changes occurring during
maturation clarifies the alteration of polysaccharides during compost-
ing. For example, the decrease in the band at 1160 cm™! shows the
depolymerization due to the rupture of glycosidic linkages during
composting. Additionally, the loading vector reflects changes in bands at
1011, 1035, and 1095 cm ™' that can be attributed to the loss of C-O
bonds in cellulose and hemicellulose.

Interestingly, when heating at higher temperatures, samples cannot
be discriminated against anymore according to their initial maturation
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stage. The spectral variability explained by PC2 and successive compo-
nents only reflects the heterogeneity of the individual samples. Thus,
when heating poorly composted samples degradation of residual oil and
most labile polysaccharides takes place and the resulting torrefied ma-
terials have very similar properties to those obtained from more evolved
compost.

4. Conclusions

Thermochemical conversion of composted olive mill pomace
through torrefaction treatment is a way to transform incompletely
composted materials into more stable forms of organic matter. Ultimate
analysis and infrared spectroscopy revealed different characteristics for
torrefied samples subjected to different thermal treatments in terms of
temperature and duration. The fusion of the information contained in
FT-NIR and FT-MIR spectra allowed for understanding the structural
changes occurring in compost organic matter. Major chemical changes
involved a carbonization phenomenon, with an increase in the content
of aromatic structures due to dehydrogenation and deoxygenation pro-
cesses above 225 °C. At 275 °C demethylation processes became more
important, leading to a concentration of aromatic and recalcitrant
compounds. Such an effect was accomplished with just 1 h of treatment
at 275 °C, whereas at least 2-3 h were necessary when applying 225 °C.
Few changes were induced at 175 °C, being the degradation of proteins
the more relevant aspect. Additionally, in poorly composted samples,
the degradation of the residual oil and labile polysaccharides was also
achieved during torrefaction. In this way, the resulting materials when
heating at 275 °C were very similar regardless of the starting maturation
stage. Thus, torrefaction may turn out to be an attractive way to reduce
composting time and obtain a stabilized high-quality organic amend-
ment to be used in soil.
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