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Featured Application: Thermogravimetric analysis (TGA) allows one to simulate the conditions
of thermal degradation under different conditions (pyrolysis, combustion, etc.) and can be ap-
plicable to compost samples. Different physical and chemical properties of composts (main com-
pounds, thermostability, etc.) can be analyzed by this technique.

Abstract: Composting could be a suitable solution to the correct treatment and hygienization of
several organic waste, producing compost that can be used in agriculture. The evolution and maturity
of this process has been studied using a variety of techniques. One very promising technique for
these studies is thermogravimetric analysis. On the other hand, the compost can be used for a
variety of purposes different to the agricultural one, such as direct energy by combustion or energy
and products by pyrolysis and its suitability can be measured by thermogravimetric techniques.
With these goals, a bibliographic analysis has been done, applying Preferred Reporting Items for
Systematic Reviews and Meta-Analyses PRISMA methodology, to the use of thermogravimetric
equipment applied to the study of composting and compost uses. According to the methodology for
PRISMA systematic reviews, the following databases have been searched Google Scholar, Web of
Science, Mendeley, Microsoft Academic, World Wide Science, Science Direct, IEEE Xplore, Springer
Link, Scopus, and PubMed by using the terms “thermogravimetry AND (compost OR composting)
AND NOT plastic”.

Keywords: compost; maturity; thermogravimetric analysis

1. Introduction

The increase in organic waste, whether it comes from food, from the agro-food industry
or from forestry waste, is a serious problem due to the consequences that its inadequate
management may cause [1]. Composting could be the most suitable solution to the correct
treatment and hygienization of organic waste, producing compost that can be used in
agriculture. In this sense, the applicability in terms of economy and efficiency of composting
has been demonstrated [2]. It has been amply demonstrated that the application of mature
compost, in the adequate doses, increases crop yields significantly to different crops.
The crops in which the application of compost is possible are very varied, depending
on the maturity, granulometry, moisture, presence of impurities, etc. [3]. In addition,
new uses are being developed for compost such as its use as an energy source through
combustion, gasification or pyrolysis due to the high diversity of compost and qualities
that can be offered.

On the other hand, thermogravimetric analysis (TGA) allows one to quantify the
change in mass weight under a selected heating rate and controlled atmosphere. Both
weight changes and temperatures in the resulting thermogram can be studied. Among the
advantages of using the TGA [4] that it requires very little sample quantity, (10-100 mg)
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offers reproducible and very accurate results and are obtained in a short time (depending
on the temperature to be reached and the heating rate selected could be highlighted). In
addition, due to the low cost of the analyses as well as the speed in the results, it allows
one to increase the number of analyzed samples and, therefore, to diminish the implicit
heterogeneity in the compost samples. Moreover, thermogravimetric methods could be
applied to compost samples, without pre-treatment, and this allows them to be used as
routine methods to supervise the evolution of the composting process [5]. Schnitzer and
Hoffman [6,7] and Mitchell and Birnie (1970) [8] proposed the use of thermal analysis for
the characterization of soil and compost humic substances. In this form, thermogravimetric
techniques could be used to clarify the degradability of organic matter and to evaluate qual-
itatively the stabilization rate of this matter, as well as the recalcitrant C in compost [9,10].
Several authors such as Dell’ Abate et al. [11], Dell’ Abate et al. [12], Melis and Castaldi [13],
Lyons et al. [14], Mufioz et al. [15] and Onwosi et al. [16] identify thermogravimetric
techniques among the useful methods for the identification of compost stabilization.

TGA is a technique in which the change in weight (either its increase or decrease)
during the heating of the sample is measured. This heating is usually fixed. The first
derivative of the weight change with respect to time (DTG) allows a better view of the
points (temperatures) at which the greatest speeds of weight change occur. DTG is a more
sensitive parameter compared to TGA and it is usually related to the reactions that occur
at that temperature. When the temperature at which the weight loss occurs is higher,
the organic fraction that is degrading is consequently more resistant and structurally
ordered. The identification at which the mass loss is maximum, as well as the overlapping
transformations, are clearly shown as peaks in the DTG plot.

An additional advantage of these techniques is that they are very synergistic, and com-
monly used, with other techniques such as calorimetric [Differential Scanning Calorimetry
(DSC), Differential Thermal Analysis (DTA)] and analytical (GC-MS, FTIR) techniques.

Thermal analysis can give us information on data such as moisture content, certain
compounds evolution and behavior of the material in relation to temperature changes
among others and to complement chemical characterization data obtained from compost
could be used. Moreover, it can be used for the improvement and quality control of the
compost production processes.

The objective of this study is to carry out a bibliographic review of the uses and benefits
that thermogravimetric analysis can offer in the study of both the quality of compost and
the composting process.

2. Materials and Methods

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
methodology [17] has been used for our review. In this review, studies that include research
on compost, specific compounds, composting evolution and different uses of compost
or derivatives have been included. Data on the use of compost in plastic degradation
experiences have been excluded.

Database searches such as Google Scholar, Web of Science, Mendeley, Microsoft Aca-
demic, World Wide Science, Science Direct, IEEE Xplore, Springer Link, Scopus, PubMed
for publications in English by using the terms “thermogravimetry AND (compost OR
composting) AND NOT plastic”, have been carried out. In a first step, abstracts of the
publications were analyzed in order to identify the publications to be reviewed with their
full text. In a second step, for the selected articles, a detailed reading of the text and its
conclusions has been carried out.

3. Results and Discussion
3.1. Composting Evolution Research by Using a Variety of Techniques.
3.1.1. Composting Evolution Research by Thermogravimetry

Various authors have published results derived from the use of thermogravimetric
techniques in the analysis of compost and its evolution. These techniques have been also
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used to check the process of maturation or stabilization of the compost (Section 3.2). Thermal
studies in compost are directly related to the degradation of hemicelluloses, cellulose and
lignin, since composts are mainly formed by these compounds, or to the humic and fulvic
acids formed during composting.

Different researchers [18-24] exposed three main phases in the thermal degradation of
compost: (i) the first phase is between an initial and final temperature of 25 and 120 °C;
(if) the second phase is between 200 °C and 350 °C; (iii) the third phase is between 350 °C
and 700 °C (Figure 1).
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Figure 1. TGA [weight and DTG (derivative weight)] corresponding to the Municipal Solid Waste
(MSW) evolution in composting (figures shown are from the authors).

In the first phase, first peak at DTG (<200 °C), this water content reduction is due to a
thermal dehydration process of the compost samples [25]. Other authors also indicate a
decarboxylation in labile compounds [26].

In the second phase (200 to 350 °C) the thermal decomposition of the organic com-
ponents already takes place. In this sense, between 200-300 °C (second peak at the DTG)
the thermal degradation of simple organic matter and semi-volatile compounds such as
hemicelluloses, cellulose, degradation of aliphatic structures and microbial cell walls can be
associated [27]. It has been proven that as composting time increases, weight losses in the
range of thermal degradation of carbohydrates are constantly decreasing [5,11,13,28-33].
Moreover, Sharma et al. [34] identified the breakage of polysaccharide and cellulose fibers
in this interval. As composting progresses, lower peaks of DTG in this area, due to the
decreased concentration of easily degradable compounds, are noted. Conversely, Blanco
and Almendros [35] indicated that carbohydrates were probably responsible for some of
the peaks found between 300-315 °C.

In the third phase, under higher temperatures (350-700 °C, third peak in the DTG)
degradation of aromatic structures and organic polymers such as lignin, or others synthe-
sized during the compost stabilization process have been associated [36]. Dhyani et al. [23]
found that dietary fibers and lignin break down over a wide range of temperatures and
that they are the main components that break down beyond 400 °C. DTG peaks at this
area increase with the days of composting. This trend towards a progressive transforma-
tion of readily biodegradable compounds into macromolecules is being suggested. These
formed compounds are known as humic-type substances [5,26,37] also indicated a shift
towards higher temperature, more thermally stable, the DTG peaks in the 350-700 °C zone
as composting time increases [13,38—40]. This shift to higher molecular complexity and
aromaticity during the composting process is attributed [9]. Conversely, Baigorri et al. [27],
by combining TGA and FTIR, proved that between 380460 °C the decarboxylation phase is
lower for gray humic acid compared to brown humic acid. Furthermore, Dhyani et al. [23]
showed peaks of DTG after 600 °C attributed to the volatilization of carbon in the compost.
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3.1.2. Composting Evolution Research by Thermogravimetry and Thermal Analysis

Other authors have used thermogravimetric analyses combined with Differential
Scanning Calorimetry (DSC) by which, in addition to changes in mass, endothermic or
exothermic peaks —attributed to evaporations, transitions or reactions occurring in the
samples— can be shown. In this sense, endothermic peaks at <200 °C due to dehydration
and between 600-700 °C attributed to thermal degradation of carbonates can be found [41].
On the other hand, two exothermic peaks at the range of 200-700 °C corresponding to
the degradation of organic matter are also found in compost. The first exothermic peak
(200-350 °C, part of phase II) corresponds to the combustion of carbohydrates such as
cellulose and lignocelluloses and the second exothermic peak (350-700 °C, part of phase
III) corresponds to the thermal degradation of more complex aromatic structures [42].

Dell’ Abate et al. [11], Otero et al. [42], Bernabé et al. [43]; Martin-Mata et al. [44]
and Pelegrin et al. [45] proposed the joint use of thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) as a technique to evaluate the grade of stabilization of
composts. R1 (thermostability index) is the ratio between the weight losses associated with
the second (200-350 °C) and third phase (350-700 °C) of compost thermal degradation.
The relative amount of the thermally less stable organic fraction in relation to the one
more stable is evaluated by this parameter. The justification for their use is that both the
mineralization and, during the biological stabilization process, the conversion of organic
components into humic substances and the energetic changes produced by the metabolic
processes that take place during the compost maturation process are closely related. The
authors mentioned above indicated that the R1 ratio should increase during composting.
In this sense, Gomez et al. [38] demonstrated that the composting process, during the
maturation phase, increases the degree of aromaticity in the resulting compounds and the
results of the aromaticity index are in accordance with the thermal profiles obtained in the
samples. Bernabé et al. [46] showed, comparing the TGA curves of the compost samples,
that an increase in mass that degrades above 700 °C occurs as the composting time increases.
Moreover, Dell’ Abate and Tittarelli [47] showed that organic matter stabilization had been
associated with an increase of water retention, and Mondini et al. [48] demonstrated that
the parameter R1 with both humification index and degree of humification are significantly
correlated during composting.

The use of the TGA and the R1 parameter indicates the high sensitivity of this
technique and parameter to changes induced by the composting process. However,
Fernandez et al. [49] concluded that it is necessary to test the observed trend with composts
of different nature in order to analyze the relationship between thermal and biological
stability. If this relationship can be found, DSC-TG thermal analysis could be taken into
account among the usual methods in the characterization of composts.

3.1.3. Composting Evolution Research Studies by Combining Different Thermal and
Analytical Techniques

In addition, other authors’ several combined techniques in compost characteri-
zation have been studied. In this sense, Carballo et al. [32], Bernabé et al. [43] and
Ouaqoudi et al. [50,51] combined the traditional physicochemical parameters, Fourier
transform infrared spectroscopy (FTIR), TGA and differential thermal analysis (DSC),
to determine the maturity of lignocelluloses compost. The suitable correlation of these
techniques in the thermal behavior of compost and its evolution (mainly by humic and
fulvic acids evolution) has been demonstrated [44,52]. Moreover, Qu et al. [53] have been
integrated into their study the use of FTIR, TGA, differential scanning calorimetry and
scanning electron microscopy. In addition, Hussain et al. [54], by the combined use of FTIR,
UV-vis, DTA-TGA and SEM, provide substantiating evidence on the evolution of compost-
ing by combining different complementary techniques. Moreover, Ouaqoudi et al. [55]
demonstrated that the combined use of TGA with TMAH-thermochemolysis and FTIR in
the study and characterization of the chemical structure of humic fractions in composts
provides consistent and complementary results. Lastly, Smith et al. [24] employed TGA,
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FTIR and '3C NMR to prove the degradation of both labile organic matter and complex
aromatic and lignin compounds during composting.

3.2. Compost Maturity Evaluation Research by Using a Variety of Techniques

In general, the term maturity, in composting, with the degree of microbial activity, to
the presence/absence of volatile compounds or consumption of oxygen has been related.
Various parameters (temperature, BOD, Oy, CO,, humic and fulvic acids, etc.) and methods
as maturity parameters of the composting process have been developed [56]. However,
there is not, to date, a unified method suitable for use for composts from various origins, due
to the different physicochemical characteristics of the organic waste that can be composted.
Among the most widely recognized methods are the respirometric methods [57].

3.2.1. Composting Maturity Research by Thermogravimetry

Different authors have proposed thermogravimetric methods (sometimes combined
with other methods) due to the great advantages that these methods represent both in
terms of speed and the no-need to pre-treat of the sample [9,11,33,36,42,58,59]. Moreover,
Sharma et al. [34] have been able to differentiate the efficacy of different composting
methods through these techniques and several authors have reported that this behavior is
consistent with the fertilizer stabilization process [11,13,33,38,60].

3.2.2. Composting Maturity Research by Thermogravimetry and Thermal Analysis

The compost maturity could be characterized by thermogravimetric and thermal tech-
niques or differential scanning calorimetry (DSC) and thermogravimetric analyses (TGA)
[5,12,13,37,38,42, 48]. In this sense, during the maturation process, the solid content and the
microorganism populations are reduced. The trends followed by the degradation profiles
obtained from DTG-DTA during this maturation are consistent with this reduction [42].
Moreover, different authors pointed out that the evaluation of the maturity degree of
compost through thermogravimetric data (TGA+DSC) was useful and coherent with the
quantitative information coming from the chemical analysis of the humidified fraction of
organic matter in compost [11,58,59]. This information, through the parameter R1, allows
us to quantitatively evaluate the stabilization of organic matter in the composting process
and could be considered as a reliable parameter to check the maturity level of organic
matter [12,48]. In this form, different studies have been published in which compost with
R1 > 0.8 can be considered mature [33,59]. On the contrary, Dell’ Abate et al. [5] stated that
the amount of easily biodegradable organic matter in compost is not directly measured by
R1; therefore, it does not correctly evaluate the biological stability. In this sense, Ouaqoudi
et al. [51] reported that although different composts gave the same final value of R1, they
showed different values in other maturity parameters evaluated. Baffi et al. [61] stated
that no significant correlation had been observed among dynamic respiration index (DRI),
humification indices and R1.

In another paper, Blanco and Almendros [35] showed that DTG peaks corresponding to
the degradation of more refractory compounds such as lignin and other resistant aromatic
structures increases with the maturity of the compost. In addition, they indicated the
displacement of the DTG peaks as the compost matures. These effects, with both increased
aromaticity of the final products and increased oxygen content in the functional groups of
the more easily degradable compounds, were both associated.

3.2.3. Composting Maturity Research by Combining Different Thermal and
Analytical Techniques

Using different technical associations to analyze the compost maturity have been
proposed. In that form, Ouaqoudi et al. [51] combined the traditional physicochemical
parameters, FTIR and GC-MS spectra and TG/DTG-DTA curves; this way, it was possible
to verify that the final product remains primarily as a lignocellulosic macromolecule. In
addition, Lim et al. [62], analyzed the maturity and stability of vermicompost by using FTIR
and UV-vis data combined with TGA concluding that spectroscopic techniques together
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with TGA are promising approaches to characterize the evolution of the composting
process. In addition, Morales et al. [63], by using advanced instrumental techniques, such
as TG/DTG and EEM fluorescence spectroscopy, have demonstrated the applicability of
that combination to compost maturity.Srivastava et al. [64] concluded in the same way by
using the combination of FTIR, TGA and DSC.

3.3. Thermogravimetry in Compost Combustion

Compost treatments generally result in variations not only in the water content but
also, and more importantly, in the fuel characteristics of the starting materials [65]. During
composting, the overall energy content of the composted waste is reduced as a result of the
partial decomposition of the initial organic matter and a concomitant detrimental effect
is also observed due to the increase in ash content [66]. However, compost still preserves
most of its calorific power, which makes it possible to produce energetic compost either for
direct combustion, gasification or pyrolysis. For this reason, and from an energy point of
view, compost can be considered a potential biomass fuel [67]. General changes that occur
during the thermal behavior of composting have been evidenced by TGA: (a) enrichment
of non-volatile high molecular weight compounds, (b) synthesis of microbial biomass and
(c) chemical transformations such as humic substances formation. Microbes convert 60%
to 70% of carbon to CO, and utilize the remaining 30% to 40% in their body as cellular
components [68]. During degradation of organic compounds, losses in calorific value are
observed due to the bio oxidation of organic substances

Malat'ak et al. [69] experimentally determined the energy potential of briquettes pre-
pared from an oversized fraction of wasted wood compost and the theoretical combustion
characteristics compared to conventional fuel: wood logs. The most decisive parameter for
energy use of selected samples of compost briquettes and spruce logs is the net calorific
value (NCV). NCV greatly depends on water and ash contents in the fuel, both with a
negative impact on the final NCV [70]. The authors analyzed non-combustible substances
in that compost, total water content and volatile matter by TGA. These results, together
with others obtained (stoichiometric calculations of individual samples, elemental analysis
and gross calorific value > 16.0 MJ kg~!), demonstrated that the compost under study
possessed suitable properties for further use as an energy source. However, TGA results
showed several times higher ash content in the samples of compost briquettes in com-
parison with woody biomass. Moreover, Malat'ak et al. [71] investigated about energy
utilization of another type of untreated compost as a fuel (material inputs: cattle manure,
sewage sludge and plant-based wastes such as leaves, wood chips, straw, hay, sawdust,
and spoiled vegetables and fruits). Water and non-volatile components (i.e., ash content)
were determined using thermogravimetric methods. The low calorific figures associated
with this compost (<9.0 MJ kg ! on dry basis) were due in part to the enormous percentage
of ash found (>60% on dry basis) and, therefore, this material could not be used as fuel
without a pretreatment to reduce the incombustible content. To consider this biomass
as energy compost biomass, whether for direct combustion or for its thermochemical
conversion (pyrolysis), it was necessary to mix it with wood biomass (it was mixed with
spruce chips in a 1 to 1 ratio). The most relevant experimental difference found between
the combustion of compost briquettes and that of the prepared mixture was the flue gas
temperature, which experienced an increase of almost 100 °C due to the net calorific value
of the added wood biomass. However, with increasing excess air coefficients, the CO and
NOy emission levels have found increased [69].

Another main raw material for composting is municipal solid waste (MSW). MSW is
the result of human activity and, therefore, is made up of various types of waste materials
that behave differently during thermal degradation processes (pyrolysis or combustion).
In general terms, the thermal degradation of its individual components has been studied
separately, which has masked the synergies that may take place during combustion and
pyrolysis. Even though these synergistic interactions can arise between the components of
the MSW during their thermal conversion and, hence, altering the degradation patterns
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expected according to its composition, few studies have focused on discovering them.
Gunasee et al. [72] approached this study by determining the apparent activation energy
that occurs during the thermal conversion of MSW. In this sense, TGA and MS worked
in tandem in the quantification of the synergistic mechanisms and associated thresholds,
through the findings of the activation energies, the comparative studies of weight losses
found experimentally with those calculated according to the initial components and the
relative areas in the mass spectra.

In addition, a material that could potentially be used as a product with added bioen-
ergy value through composting is waste derived from animal breeding. Singh et al. [73]
investigated the potential use of chicken manure (fresh and composted) because of its high
protein and carbohydrates contents due to the widespread practice of overfeeding chicken
so that they reach the minimum body weight in the shortest period possible. However,
from the TGA experiments (moisture content: 24% and 27% for fresh and composted
manure, respectively; residual mass: 24 and 26% for fresh and composted manure, re-
spectively) and stored energy data (6905 ] g~ ! and 8239 ] g~ ! for fresh and composted
manure, respectively), it can be concluded that neither fresh nor mature manure compost
are suitable materials for use as biofuel directly without additional modifications.

Thermogravimetry in Kinetic of Compost Combustion

Lopez-Gonzalez et al. [74] investigated the potential valorization of compost from
animal breeding by combustion and pyrolysis using thermogravimetric analysis (TGA)
coupled with mass spectrometry (MS) detector in order to define its potential energy
production. The kinetic parameters of the pyrolysis and combustion procedures were
attained by TGA. They found a significant water rate in the samples studied, a fact that
constitutes a serious drawback since it can cause feeding and fluidization problems. For
this reason, it is recommended to conduct a pre-drying process of the material before its
use as energy compost, a technique that usually involves high operating costs.

Thermogravimetric analyses (TGA) is a suitable method to determine the kinetic
parameters of thermal degradation processes in composts [74—78]. In this sense, the as-
sessment of kinetic parameters can be carried out from TGA data to which techniques
known as model-fitting and model-free are applied, including the identification of the
kinetic reaction model or lack thereof. In general, the kinetic model used was derived
from the Arrhenius equation and first order reaction has been assumed [76], although
some authors have described it as a function of other reaction orders that implies the
existence of parallel reactions between the main components of biomass (hemicellulose,
cellulose, and lignin) [77]. Based on TGA data, the activation energy (Ea) values involved
in the composting processes could be calculated to find the maximum energy efficiency,
i.e., the most profitable operating conditions for the production of an incinerable prod-
uct. To determine that activation energy for the obtained composts, model-free methods
(for example, the isoconversional method) are believed to be one-step kinetics and this
is the reason why their use is suggested in determining combustion kinetic data. Of
these isoconversional practices, the Flynn—Wall-Ozawa integral method may be one of
the most widely employed [78,79]. In this line, Dofia-Grimaldi et al. [77] investigated the
valorization under combustion of MSW compost by TGA. They measured the maturation
of MSW compost and studied the influence of the selected composting parameters, such
as aeration and moisture content, on the actual heat capacity of the material. Based on
the thermal degradation (TGA) and differential mass loss (DTG) thermograms they ob-
served that both composting operating parameters affected the biodegradability of compost
(Kb = 0.36 and 0.42) and more importantly, their gross heating values. An evident growth in
heating values was observed for both reactors after 40 days (when the maturation stage had
finished). The increments were linked to fulvic and humic acids formation since, according
to Kastanaki et al. [80], the calorific values of these acids are analogous to those found
for lignite (coal). It was concluded that composting MSW under appropriate conditions
was not only an ideal process, able to concentrate and stabilize the calorific power of the
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material, but also a convenient body drying process. Raclavska et al. [81] demonstrated
that the utilization of MSW based compost for energy generation is possible when some
technological modifications of the materials are made. The aim of these adjustments is
to produce final fuels with gross calorific figures above 10 MJ kg™ based on dry mat-
ter. When aiming to use the compost as low-energy fuel, the main problem they found,
which is the foremost drawback experienced by other authors, was its excessive moisture
content. The authors observed that, to generate a net calorific value (NCV) greater than
10,000 kJ kg~! a reduction of the water content of the compost to values close to 12%
was necessary. This reduction in moisture could take place spontaneously by means of
extending up to six months the maturation periods or by wastepaper addition. The ex-
periments demonstrated that the net calorific value of fuel could be readily optimized for
mature compost (>11,000 k] kg~! dry matter) without pre-drying the compost by adding
cardboard. The energy content of the material was significantly optimized when cardboard
was incorporated at the end of the composting process. Synergistic effects were related
to the dependency of the effective activation energy versus the conversion. To obtain the
dependency relationship between the activation energy and the degree of conversion the
Friedman method was chosen, which was adequately described by Aboyade et al. [82].

The pyrolysis and combustion of sewage sludge (fresh and composted) and the kinet-
ics of the different steps involved in have been investigated by Garcia Barneto et al. [83].
Although the composition of sewage sludge is characterized by six groups of compo-
nents [84], it is necessary to know the sludge fractions according to temperature response,
rather than chemical composition. For this reason, the pyrolysis processes of both fresh
and composted sewage sludge were mimicked considering the five portions present in
raw sludge: (a) organic compounds of low thermal stability; (b) hemicellulose; (c) cel-
lulose; (d) lignin and plastic; and (e) inorganic. Being the thermal behavior of the main
components of the sludge were studied, it was found that the thermal degradation of
each fraction followed an n-order kinetic. In addition, both their kinetic parameters
(pre-exponential factor and apparent activation energy) and their thermal behaviors were
equivalent to those found for the main components of lignocellulosic biomass, i.e., hemicel-
lulose, cellulose and lignin. In addition, the kinetic parameters correlated experimental
and calculated data for sewage sludge for all heating rates with remarkable accuracy. The
methodology used represents an effective means to differentiate between biodegradable
and non-biodegradable matter.

3.4. Thermogravimetry in Compost Pyrolysis

The pyrolysis of the compost samples was studied by TGA. Pyrolysis of diverse com-
post from different raw materials has been studied with different objectives in the last
years. The main weight loss was observed between 209 and 373 °C by several authors.
This range is narrower than that found by other authors in the pyrolysis of lignocellulosic
biomass for which the highest weight loss is normally found between 200 and 450 °C [75].
Differences in lignin content may explain this discrepancy because lignin is the thermally
most important material among the components of biomass and compost. In addition,
pyrolytic carbon is mainly derived from lignin [85]. On the other hand, other authors point
to the high ash content of the compost as being responsible for the difference in temperature
ranges mentioned above [86]. Ryu et al. [87] investigated the technology of manufacturing
pellet blends for energy production from two discarded materials in industry: coal tailings
from coal cleaning processes and spent mushroom compost (SMC) a mixture of fibrous
compost substrate and a wet casing layer used during mushroom production. Differen-
tial thermogram (DTG) of air-dried SMC and coal tailings demonstrated the differential
behavior of the components. SMC materials under two temperature ranges (230-580 °C
and 680-790 °C) have been degraded. Pyrolysis of the lignocellulosic components has been
attributed to the first range. In addition, a peak corresponding to 310°C (DTG) to cellulose
decomposition is usually attributed. The second interval to CaCO3; decomposition is nor-
mally attributed although also carbonaceous residues are responsible for the degradation
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suffered between 350-670 °C with a large mass loss peak. Thermal degradation of these
components at 670 °C is assumed to be complete.

3.4.1. Thermogravimetry in Compost Bio-Oil Production

One of the main studied objectives has been the bio-oil production through pyrolysis.
Finney et al. [88] and Garrido et al. [89] compared different heat treatment technologies
(pyrolysis and combustion) to determine an appropriate method of energy recovery from
mushroom compost. In both cases under pyrolysis process a bio-oil with a low calorific
value has been obtained. However, the moisture reduction and low ash content makes it a
suitable raw material. Garrido et al. [89] also proved that pre-treatment processes (roasting)
can alter the composition of the bio-oil produced.

3.4.2. Thermogravimetry in Compost Hydrogen Production

On the other hand, Lopez-Gonzalez et al. [74] studied the pyrolysis of compost to
obtain hydrogen. A significant production of H; at temperatures higher than 300 °C
has taken place. This was mainly due to dehydrogenation reactions of the compounds
present in the compost. The high presence of alkaline and alkaline-earth metals apparently
catalyzed the process since the hydrogen was obtained at lower temperatures than those
observed in biomass (200450 °C). In this sense, they demonstrated that a significant
concentration of Ca could promote the production of Hy, while the presence of K has
been associated with the production of CHy. In this context, thermogravimetric analysis
combined with mass spectrometry (TGA-MS) to study the thermal behavior of pyrolysis
of compost and biomass mixtures has been studied [86,90,91]. The decomposition of the
compost mixture took place mainly from 209 to 373 °C, with a total weight loss of 23%. In
this case, the main gaseous products generated during pyrolysis were H,O, CO and CO,.
For this reason, this study concluded that the pyrolysis of these composts did not seem
to be a promising process due to the low values of superior calorific value and biochar.
In another study, Lee et al. [92] and Giwa et al. [93] analyzed the thermal degradation
behavior, calorific value and gas spectrometry during pyrolysis among compost from food
waste. They concluded that these composts can be used as a promising alternative fuel.
Moreover, when the compounds formed during pyrolysis (TGA-MS) have been studied, the
maximum emission peak was obtained at temperatures around 350 °C for most compounds,
being the most abundant CO, H,O and CO,. It is remarkable the production of Hj at
high temperatures (>450 °C, peak extended up to 1000 °C). It was hypothesized, based
on experimental data, that H, production took place through both the reverse of the
methanation reaction and the steam reforming reaction [94,95]. The slow production rate of
Hj, was correlated with the slow carbonization process of the char, evidencing char thermal
cracking and dehydrogenation reactions. The presence of Ca in the residue content could
promote the Hy production via steam reforming reactions, whereas the presence of K was
associated to the production of CHy.

3.4.3. Thermogravimetry in Kinetic of Compost Pyrolysis

The kinetics of pyrolysis of composts have been studied by thermogravimetric analysis.
In this sense, the first papers in the bibliography [96,97] related to the kinetics of composts
pyrolysis, by using thermogravimetric analysis, are related to municipal solid waste com-
posts. The kinetic model proposed by Sestak-Berggren [98] is shown to be adequate to
describe the first step of thermal decomposition of those compost components, which is
related to the decomposition of cellulosic products. On the other hand, Crespi et al. [96]
and Silva et al. [97] calculated the kinetic parameters by using the Flynn—-Wall—Ozawa
isoconversional method at a 95% confidence level. Later, other kinetic models, based on
the selective degradation, by thermogravimetric techniques, of the compost components
during pyrolysis were also studied [98]. In addition, Giwa et al. [93] observed a certain
catalytic role of composting by-products in the pyrolysis of food waste composting. In this
sense, the thermal behavior of these wastes could be successfully modeled using first and
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third order chemical reactions within the temperature ranges of 200-360 and 360-510 °C,
respectively, obtaining activation energies varying between 25.68 and 41.89 k] mol .

Sait et al. [99] focused on the pyrolysis and combustion processes for date palm
biomass wastes using TGA. This study gave them the opportunity to draw their attention
to the kinetic analysis of this biomass and a detailed description of the methodology used
is included in the article. Their calculations were based on the Arrhenius equation since,
fundamentally, every kinetic model obeys it. The extent of the reaction was measured
as a function of the mass loss in the biomass sample or the mass of volatile compounds
generated. The activation energy and the pre-exponential factor of the Arrhenius equation
for the different peaks found in the thermograms, both in combustion and in pyroly-
sis, have been obtained. The regression analysis yielded high correlation coefficients
(0.81-0.99%) for the studied components. Different activation energies for various date
palm biomass, as a result of different chemical reactions under thermal degradation have
been found. Therefore, the activation energies under oxidative atmosphere appeared to be
higher than under nitrogen atmosphere. From these data, the authors also concluded that
thermal degradation of palm biomass, under oxidative atmosphere, had been influenced
by heat and mass transfer limits. Due to the high calorific values and high volatile content
of date palm seed and leaf, it was concluded that they can become useful sources of energy,
chemicals and bio-char.

Palma et al. [100] evaluated the influence of municipal solid waste composting condi-
tions on the pyrolysis susceptibility. The activation energy values of these composts are in
the range of 57.78-581.69 k] mol~!. The assumption that the compost pyrolysis adjusts to
a first order kinetics seems to be a suitable approach for municipal solid waste compost.
Analysis of the gases produced by the pyrolysis process revealed that hydrogen increases
in concentration as the composting time advances to an intermediate time. In this way, the
composting process could be a suitable pre-treatment to improve the obtaining of hydrogen
through pyrolysis. Moreover, Garcia Barneto et al. [83,101] studied the effect of composting
on hydrogen production from biomass and compost pyrolysis. Based on the data shown,
hydrogen production is positively affected by composting, increasing the hydrogen concen-
tration in the raw gas from 15.2 to 22.6% in volume with respect to non-composted biomass.
It is accompanied by a decrease in carbon monoxide concentration. This fact could be
explained as a consequence of the physicochemical changes associated with composting,
mainly in the thermophilic stage. After this stage, no progress on hydrogen production
has been observed. Synergistic effects were related to the dependency of the effective
activation energy versus the conversion. The activation energy-dependency curves versus
the extent of conversion were obtained using the Friedman’s method as described in detail
by Aboyade et al. [82].

3.4.4. Thermogravimetry in Activated Carbon from Compost Pyrolysis

Activated carbon has also been obtained by pyrolysis, using compost as raw material.
In this sense, Qian et al. [102] experimented with obtaining active carbon from cattle manure
compost through chemical activation with zinc chloride. In this study, thermogravimetric
analyses were used to monitor the pyrolysis process of compost. The activated carbons
obtained showed high adsorption capacities.

4. Conclusions

It is clear that thermogravimetric analysis provides important information for both
the evaluation of the composting process and the maturity of compost obtained. These
techniques give us information on the degree of humification of the organic matter. This
information has been corroborated in different studies and with different analytical tech-
niques. Moreover, the presence of physical processes and chemical reactions attributable
to the thermal degradation both in an oxidizing atmosphere (combustion) and in an in-
ert atmosphere (pyrolysis) and their products can be corroborated by thermogravimetric
analysis techniques.



Appl. Sci. 2021, 11,1692 110f 15

Author Contributions: Conceptualization, modeling and writing—original draft preparation M.].D.;
writing, methodology and validation, M.-V.d.-P,, M.R.-M. and A.P.; funding acquisition, M.].D.
All authors have read and agreed to the published version of the manuscript.

Funding: This study received financial support from Regional Ministry of Innovation, Science and
Enterprise, Government of the Junta de Andalucia (Operational Programme FEDER Andalusia
2014-2020. Project UHU-1255540), Spain.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The showed data have been obtained from the mentioned databases
and references.

Conflicts of Interest: The authors declare no conflict of interest according to Data Availability
Statement (“MDPI Research Data Policies” at https:/ /www.mdpi.com/ethics).

References

1. Oncioiy, L; Capusneanu, S.; Topor, D.I; Petrescu, M.; Petrescu, A.G.; Toader, ML.I. The Effective Management of Organic Waste
Policy in Albania. Energies 2020, 13, 4217. [CrossRef]

2. Liu, T; Ren, X,; Zhao, J.; Chen, H.; Wang, Q.; Awasthi, S.K.; Duan, Y.; Pandey, A.; Taherzadeh, M.].; Awasthi, M.K,; et al. Chapter
13-Sustainability analysis of large-scale food waste composting. Curr. Dev. Biotechnol. Bioeng. 2020, 301-322. [CrossRef]

3. Barker, A.V. Composition and Uses of Compost. ACS Symp. Ser. Agric. Uses By-Prod. Wastes 1997, 140-162. [CrossRef]

4.  Feist, M. Thermal analysis: Basics, applications, and benefit. ChemTexts 2015, 1. [CrossRef]

5. Dell’Abate, M.T.; Benedetti, A.; Sequi, P. Thermal Methods of Organic Matter Maturation Monitoring During a Composting
Process. J. Therm. Anal. Calorim. 2000, 61, 389-396. [CrossRef]

6.  Schnitzer, M.; Hoffman, I. A Thermogravimetric Approach to the Classification of Organic Soils. Soil Sci. Soc. Am. |. 1966, 30,
63-66. [CrossRef]

7. Schnitzer, M.; Hoffman, I. Thermogravimetry of soil humic compounds. Geochim. Cosmochim. Acta 1965, 29, 859-870. [CrossRef]

8. Mitchell, B.D.; Birnie, A.C. Biological Materials. In Differential Thermal Analysis; Mackenzie, R.C., Ed.; Academic Press: London,
UK, 1970; Volume 1, pp. 673-704.

9.  Torres-Climent, A.; Gomis, P.; Martin-Mata, J.; Bustamante, M.A.; Marhuenda-Egea, F.C.; Pérez-Murcia, M.D.; Pérez-Espinosa, A.;
Paredes, C.; Moral, R. Chemical, Thermal and Spectroscopic Methods to Assess Biodegradation of Winery-Distillery Wastes
during Composting. PLoS ONE 2015, 10. [CrossRef]

10. Jara-Samaniego, J.; Pérez-Murcia, M.D.; Bustamante, M.A.; Paredes, C.; Pérez-Espinosa, A.; Gavilanes-Teran, I.; Lépez, M.;
Marhuenda-Egea, F.C.; Brito, H.; Moral, R. Development of organic fertilizers from food market waste and urban gardening by
composting in Ecuador. PLoS ONE 2017, 12. [CrossRef] [PubMed]

11. Dell’abate, M.T.; Canali, S.; Trinchera, A.; Benedetti, A.; Sequi, P. Thermal analysis in the evaluation of compost stability: A
comparison with humification parameters. Nutr. Cycl. Agrocecosyst. 1998, 51, 217-224. [CrossRef]

12. Dell’abate, M.T.; Benedetti, A.; Brookes, P.C. Hyphenated techniques of thermal analysis for characterisation of soil humic
substances. J. Sep. Sci. 2003, 26, 433-440. [CrossRef]

13.  Melis, P.; Castaldi, P. Thermal analysis for the evaluation of the organic matter evolution during municipal solid waste aerobic
composting process. Thermochim. Acta 2004, 413, 209-214. [CrossRef]

14. Lyons, G.A; Sharma, H.S.S,; Kilpatrick, M.; Cheung, L.; Moore, S. Monitoring of Changes in Substrate Characteristics during
Mushroom Compost Production. J. Agric. Food Chem. 2006, 54, 4658-4667. [CrossRef] [PubMed]

15. Mufoz, M.; Gomez-Rico, M.; Font, R. Use of thermogravimetry for single characterisation of samples of the composting process
from sewage sludge. |. Anal. Appl. Pyrol. 2013, 103, 261-267. [CrossRef]

16. Onwosi, C.O.; Igbokwe, V.C.; Odimba, ].N.; Eke, L.LE.; Nwankwoala, M.O.; Iroh, IN.; Ezeogu, L.I. Composting technology in
waste stabilization: On the methods, challenges and future prospects. J. Environ. Manag. 2017, 190, 140-157. [CrossRef] [PubMed]

17.  Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The
PRISMA Statement. PLoS Med. 2009, 6, €1000097. [CrossRef] [PubMed]

18. Fares, F; Albalkhi, A.; Dec, J.; Bruns, M.A.; Bollag, ].M. Physicochemical Characteristics of Animal and Municipal Wastes
Decomposed in Arid Soils. J. Environ. Qual. 2005, 34, 1392-1403. [CrossRef] [PubMed]

19. Marhuenda-Egea, F.; Martinez-Sabater, E.; Jorda, J.; Sanchez-Sanchez, A.; Moral, R.; Bustamante, M.; Paredes, C.; Pérez-Murcia, M.
Evaluation of the aerobic composting process of winery and distillery residues by thermal methods. Thermochim. Acta 2007, 454,
135-143. [CrossRef]

20. Nada, W.; Van Rensburg, L.; Claassens, S.; Blumenstein, O.; Friedrich, A. Evaluation of Organic Matter Stability in Wood Compost

by Chemical and Thermogravimetric Analysis. Int. ]. Environ. Res. 2012, 6, 425-434. [CrossRef]


https://www.mdpi.com/ethics
http://doi.org/10.3390/en13164217
http://doi.org/10.1016/B978-0-444-64309-4.00013-1
http://doi.org/10.1021/bk-1997-0668.ch010
http://doi.org/10.1007/s40828-015-0008-y
http://doi.org/10.1023/A:1010157115211
http://doi.org/10.2136/sssaj1966.03615995003000010024x
http://doi.org/10.1016/0016-7037(65)90083-9
http://doi.org/10.1371/journal.pone.0138925
http://doi.org/10.1371/journal.pone.0181621
http://www.ncbi.nlm.nih.gov/pubmed/28727757
http://doi.org/10.1023/A:1009734816502
http://doi.org/10.1002/jssc.200390057
http://doi.org/10.1016/j.tca.2003.09.026
http://doi.org/10.1021/jf052934i
http://www.ncbi.nlm.nih.gov/pubmed/16787012
http://doi.org/10.1016/j.jaap.2013.01.001
http://doi.org/10.1016/j.jenvman.2016.12.051
http://www.ncbi.nlm.nih.gov/pubmed/28040590
http://doi.org/10.1371/journal.pmed.1000097
http://www.ncbi.nlm.nih.gov/pubmed/19621072
http://doi.org/10.2134/jeq2004.0257
http://www.ncbi.nlm.nih.gov/pubmed/15998862
http://doi.org/10.1016/j.tca.2007.01.015
http://doi.org/10.22059/IJER.2012.510

Appl. Sci. 2021, 11,1692 12 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Razali, W.A.W.; Baharuddin, A.S.; Zaini, L.A.; Mokhtar, M.N.; Taip, F.S.; Zakaria, R. Effect of Seed Sludge Quality using Oil Palm
Empty Fruit Bunch (OPEFB) Bio-Char for Composting. BioResources 2014, 9, 2739-2756. [CrossRef]

Nadia, O.F; Xiang, L.Y;; Lie, L.Y.; Anuar, D.C.; Afandi, M.PM.; Baharuddin, S.A. Investigation of physico-chemical properties
and microbial community during poultry manure co-composting process. J. Environ. Sci. 2015, 28, 81-94. [CrossRef] [PubMed]

Dhyani, V.; Awasthi, M.K.; Wang, Q.; Kumar, J.; Ren, X.; Zhao, J.; Chen, H.; Wang, M.; Bhaskar, T.; Zhang, Z. Effect of composting
on the thermal decomposition behavior and kinetic parameters of pig manure-derived solid waste. Bioresour. Technol. 2018, 252,
59-65. [CrossRef] [PubMed]

Smith, B.A.; Eudoxie, G.; Stein, R.; Ramnarine, R.; Raghavan, V. Effect of neem leaf inclusion rates on compost physico-chemical,
thermal and spectroscopic stability. Waste Manag. 2020, 114, 136-147. [CrossRef] [PubMed]

Eliche-Quesada, D.; Corpas-Iglesias, F.A.; Pérez-Villarejo, L.; Iglesias-Godino, FJ. Recycling of sawdust, spent earth from oil
filtration, compost and marble residues for brick manufacturing. Constr. Build. Mater. 2012, 34, 275-284. [CrossRef]

Yang, Y.; Wang, L.; Zhang, Y.; Li, L.; Shi, X.; Liu, X.; Ren, X.; Dou, S. Transformation of Corn Stalk Residue to Humus-Like
Substances during Solid-State Fermentation. Sustainability 2019, 11, 6771. [CrossRef]

Baigorri, R.; Fuentes, M.; Gonzalez-Gaitano, G.; Garcia-Mina José, M.; Almendros, G.; Gonzélez-Vila Francisco, J. Complementary
Multianalytical Approach To Study the Distinctive Structural Features of the Main Humic Fractions in Solution: Gray Humic
Acid, Brown Humic Acid, and Fulvic Acid. J. Agric. Food Chem. 2009, 57, 3266-3272. [CrossRef] [PubMed]

Sharma, H. Compositional analysis of neutral detergent, acid detergent, lignin and humus fractions of mushroom compost.
Thermochim. Acta 1996, 285, 211-220. [CrossRef]

Li, G.; Zhang, E; Sun, Y.; Wong, ].W.C.; Fang, M. Chemical Evaluation of Sewage Sludge Composting as a Mature Indicator for
Composting Process. Water Air Soil. Poll. 2001, 132, 333-345. [CrossRef]

Ranalli, G.; Bottura, G.; Taddei, P.; Garavani, M.; Marchetti, R.; Sorlini, C. Composting Of Solid And Sludge Residues From
Agricultural And Food Industries. Bioindicators Of Monitoring And Compost Maturity. J. Environ. Sci. Health A 2001, 36, 415-436.
[CrossRef] [PubMed]

Dresboll, D.; Magid, J. Structural changes of plant residues during decomposition in a compost environment. Bioresour. Technol.
2006, 97, 973-981. [CrossRef] [PubMed]

Carballo, T,; Gil, M.V,; Gémez, X.; Gonzalez-Andrés, F; Moran, A. Characterization of different compost extracts using Fourier-
transform infrared spectroscopy (FTIR) and thermal analysis. Biodegradation 2008, 19, 815-830. [CrossRef] [PubMed]

Som, M.P.; Lemée, L.; Ambles, A. Stability and maturity of a green waste and biowaste compost assessed on the basis of a
molecular study using spectroscopy, thermal analysis, thermodesorption and thermochemolysis. Bioresour. Technol. 2009, 100,
4404-4416. [CrossRef] [PubMed]

Sharma, H.S.S.; Lyons, G.; Chambers, ]. Comparison of the changes in mushroom (Agaricus bisporus) compost during windrow
and bunker stages of phase I and II. Ann. Appl. Biol. 2000, 136, 59-68. [CrossRef]

Blanco, M.; Almendros, G. Chemical transformation, phytotoxicity and nutrient availability in progressive composting stages of
wheat straw. Plant. Soil. 1997, 196, 15-25. [CrossRef]

Soobhany, N.; Gunasee, S.; Rago, Y.P,; Joyram, H.; Raghoo, P.; Mohee, R.; Garg, V.K. Spectroscopic, thermogravimetric and
structural characterization analyses for comparing Municipal Solid Waste composts and vermicomposts stability and maturity.
Bioresour. Technol. 2017, 236, 11-19. [CrossRef] [PubMed]

Smidt, E.; Schwanninger, M. Characterization of Waste Materials Using FTIR Spectroscopy: Process Monitoring and Quality
Assessment. Spectrosc. Lett. 2005, 38, 247-270. [CrossRef]

Goémez, X.; Diaz, M.C.; Cooper, M.; Blanco, D.; Moran, A.; Snape, C.E. Study of biological stabilization processes of cattle and
poultry manure by thermogravimetric analysis and 13C NMR. Chemosphere 2007, 68, 1889-1897. [CrossRef] [PubMed]

Wu, G.; Qu, P; Sun, E.; Chang, Z.; Xu, Y.; Huang, H. Physical, Chemical, and Rheological Properties of Rice Husks Treated by
Composting Process. BioResources 2014, 10, 227-239. [CrossRef]

Jindo, K.; Sonoki, T.; Matsumoto, K.; Canellas, L.; Roig, A.; Sanchez-Monedero, M. A. Influence of biochar addition on the humic
substances of composting manures. Waste Manag. 2016, 49, 545-552. [CrossRef]

Ali, M.; Bhatia, A.; Kazmi, A.A.; Ahmed, N. Characterization of high rate composting of vegetable market waste using Fourier
transform-infrared (FT-IR) and thermal studies in three different seasons. Biodegradation 2011, 23, 231-242. [CrossRef]

Otero, M.,; Calvo, L.; Estrada, B.; Garcia, A.L; Moran, A. Thermogravimetry as a technique for establishing the stabilization
progress of sludge from wastewater treatment plants. Thermochim. Acta 2002, 389, 121-132. [CrossRef]

Bernabé, G.A.; Kobelnik, M.; Almeida, S.; Ribeiro, C.A.; Crespi, M.S. Thermal behavior of lignin and cellulose from waste
composting process. J. Therm. Anal. Calorim. 2012, 111, 589-595. [CrossRef]

Martin-Mata, J.; Lahoz-Ramos, C.; Bustamante, M.A.; Marhuenda-Egea, F.C.; Moral, R.; Santos, A.; Sdez, J.A.; Bernal, M.P.
Thermal and spectroscopic analysis of organic matter degradation and humification during composting of pig slurry in different
scenarios. Environ. Sci. Poll. Res. 2016, 23, 17357-17369. [CrossRef] [PubMed]

Pelegrin, M.; Saez-Tovar, J.; Andreu-Rodriguez, J.; Pérez-Murcia, M.; Martinez-Sabater, E.; Marhuenda-Egea, F.; Pérez-Espinosa, A.;
Bustamante, M.; Agullo, E.; Vico, A.; et al. Composting of the invasive species Arundo donax with sewage and agri-food sludge:
Agronomic, economic and environmental aspects. Waste Manag. 2018, 78, 730-740. [CrossRef] [PubMed]

Bernabé, G.A.; Almeida, S.; Ribeiro, C.A.; Crespi, M.S. Evaluation of organic molecules originated during composting process.
J. Therm. Anal. Calorim. 2011, 106, 773-778. [CrossRef]


http://doi.org/10.15376/biores.9.2.2739-2756
http://doi.org/10.1016/j.jes.2014.07.023
http://www.ncbi.nlm.nih.gov/pubmed/25662242
http://doi.org/10.1016/j.biortech.2017.12.083
http://www.ncbi.nlm.nih.gov/pubmed/29306130
http://doi.org/10.1016/j.wasman.2020.06.026
http://www.ncbi.nlm.nih.gov/pubmed/32659686
http://doi.org/10.1016/j.conbuildmat.2012.02.079
http://doi.org/10.3390/su11236771
http://doi.org/10.1021/jf8035353
http://www.ncbi.nlm.nih.gov/pubmed/19281175
http://doi.org/10.1016/0040-6031(96)02954-1
http://doi.org/10.1023/A:1013254815976
http://doi.org/10.1081/ESE-100103473
http://www.ncbi.nlm.nih.gov/pubmed/11413828
http://doi.org/10.1016/j.biortech.2005.05.003
http://www.ncbi.nlm.nih.gov/pubmed/15990291
http://doi.org/10.1007/s10532-008-9184-4
http://www.ncbi.nlm.nih.gov/pubmed/18347917
http://doi.org/10.1016/j.biortech.2009.04.019
http://www.ncbi.nlm.nih.gov/pubmed/19443212
http://doi.org/10.1111/j.1744-7348.2000.tb00009.x
http://doi.org/10.1023/A:1004240927483
http://doi.org/10.1016/j.biortech.2017.03.161
http://www.ncbi.nlm.nih.gov/pubmed/28390272
http://doi.org/10.1081/SL-200042310
http://doi.org/10.1016/j.chemosphere.2007.02.065
http://www.ncbi.nlm.nih.gov/pubmed/17433408
http://doi.org/10.15376/biores.10.1.227-239
http://doi.org/10.1016/j.wasman.2016.01.007
http://doi.org/10.1007/s10532-011-9502-0
http://doi.org/10.1016/S0040-6031(01)00856-5
http://doi.org/10.1007/s10973-012-2276-8
http://doi.org/10.1007/s11356-016-6838-3
http://www.ncbi.nlm.nih.gov/pubmed/27230139
http://doi.org/10.1016/j.wasman.2018.06.029
http://www.ncbi.nlm.nih.gov/pubmed/32559965
http://doi.org/10.1007/s10973-011-1420-1

Appl. Sci. 2021, 11,1692 13 of 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Dell’ Abate, M.T.; Tittarelli, F. Monitoring of a Composting Process: Thermal Stability of Raw Materials and Products. In Microbiol-
ogy of Composting; Insam, H., Riddech, N., Klammer, S., Eds.; Springer: Berlin, Heidelberg, 2002; pp. 357-371. [CrossRef]
Mondini, C.; Dell’abate, M.T.; Leita, L.; Benedetti, A. An Integrated Chemical, Thermal, and Microbiological Approach to
Compost Stability Evaluation. J. Environ. Qual. 2003, 32, 2379-2386. [CrossRef] [PubMed]

Fernandez, ].M.; Plaza, C.; Polo, A.; Plante, A.F. Use of thermal analysis techniques (TG-DSC) for the characterization of diverse
organic municipal waste streams to predict biological stability prior to land application. Waste Manag. 2012, 32, 158-164.
[CrossRef] [PubMed]

Ouaqoudi, EZ.E,; Fels, L.E.; Winterton, P.; Lemée, L.; Ambles, A.; Hafidi, M. Study of Humic Acids during Composting of
Ligno-Cellulose Waste by Infra-Red Spectroscopic and Thermogravimetric/Thermal Differential Analysis. Compos. Sci. Util.
2014, 22, 188-198. [CrossRef]

Ouaqoudi, EZ.E; Fels, L.E.; Lemée, L.; Ambles, A.; Hafidi, M. Evaluation of lignocelullose compost stability and maturity using
spectroscopic (FTIR) and thermal (TGA/TDA) analysis. Ecol. Eng. 2015, 75, 217-222. [CrossRef]

Ihiguez-Covarrubias, G.; Diaz-Teres, R.; Sanjuan-Duefias, R.; Anzaldo-Herndndez, J.; Rowell, R.M. Utilization of by-products
from the tequila industry. Part 2: Potential value of Agave tequilana Weber azul leaves. Bioresour. Technol. 2001, 77, 101-108.
[CrossRef]

Qu, P;; Huang, H.; Zhao, Y.; Wu, G. Physicochemical changes in rice straw after composting and its effect on rice-straw-based
composites. J. Appl. Polym. Sci. 2017, 134, 44878. [CrossRef]

Hussain, N.; Abbasi, T.; Abbasi, S. Transformation of toxic and allelopathic lantana into a benign organic fertilizer through
vermicomposting. Spectrochim. Acta A 2016, 163, 162-169. [CrossRef] [PubMed]

Ouaqoudi, EZ.E.; Meddich, A.; Lemée, L.; Ambles, A.; Hafidi, M. Assessment of Compost-Derived Humic Acids Structure from
Ligno-Cellulose Waste by TMAH-Thermochemolysis. Waste Biomass Valor 2018, 10, 2661-2672. [CrossRef]

Siddiqui, S.; Alamri, S.; Rumman, S.A.; Al-Kahtani, M.A.; Meghvansi, M.K.; Jeridi, M.; Shumail, T.; Moustafa, M. Recent Advances
in Assessing the Maturity and Stability of Compost. In Biology of Composts. Soil Biology; Meghvansi, M., Varma, A., Eds.; Springer:
Cham, Switzerland, 2020; Volume 58, pp. 181-202. [CrossRef]

Azim, K,; Soudi, B.; Boukhari, S.; Perissol, C.; Roussos, S.; Alami, .T. Composting parameters and compost quality: A literature
review. Org. Agr. 2017, 8, 141-158. [CrossRef]

Blanco, M.J.; Almendros, G. Maturity Assessment of Wheat Straw Composts by Thermogravimetric Analysis. J. Agric. Food Chem.
1994, 42, 2454-2459. [CrossRef]

Marouani, E.; Benzina, N.K; Ziadi, N.; Bouslimi, B.; Abouda, A.; Koubaa, A. Deinking sludge compost stability and maturity
assessment using Fourier transform infrared spectroscopy and thermal analysis. Waste Manag. Res. 2019, 37, 1043-1057. [CrossRef]
[PubMed]

Droussi, Z.; D’Orazio, V.; Hafidi, M.; Ouatmane, A. Elemental and spectroscopic characterization of humic-acid-like compounds
during composting of olive mill by-products. J. Hazard. Mater. 2009, 163, 1289-1297. [CrossRef] [PubMed]

Baffi, C.; Dell’Abate, M.T.; Nassisi, A ; Silva, S.; Benedetti, A.; Genevini, PL.; Adani, F. Determination of biological stability in
compost: A comparison of methodologies. Soil. Biol. Biochem. 2007, 39, 1284-1293. [CrossRef]

Lim, S.L.; Wu, T.Y. Determination of maturity in the vermicompost produced from palm oil mill effluent using spectroscopy,
structural characterization and thermogravimetric analysis. Ecol. Eng. 2015, 84, 515-519. [CrossRef]

Morales, A.; Bustamante, M.; Marhuenda-Egea, F.; Moral, R.; Ros, M.; Pascual, J. Agri-food sludge management using different
co-composting strategies: Study of the added value of the composts obtained. J. Clean. Prod. 2016, 121, 186-197. [CrossRef]
Srivastava, V.; Goel, G.; Thakur, VK,; Singh, R.P; Araujo, A.S.ED.; Singh, P. Analysis and advanced characterization of municipal
solid waste vermicompost maturity for a green environment. J. Environ. Manag. 2020, 255, 109914. [CrossRef]

Vandecasteele, B.; Boogaerts, C.; Vandaele, E. Combining woody biomass for combustion with green waste composting: Effect of
removal of woody biomass on compost quality. Waste Manag. 2016, 58, 169-180. [CrossRef] [PubMed]

Komilis, D.; Kissas, K.; Symeonidis, A. Effect of organic matter and moisture on the calorific value of solid wastes: An update of
the Tanner diagram. Waste Manag. 2014, 34, 249-255. [CrossRef] [PubMed]

Macias-Corral, M.A.; Samani, Z.A.; Hanson, A.T.; Funk, P.A. Co-digestion of agricultural and municipal waste to produce energy
and soil amendment. Waste Manag. Res. 2017, 35, 991-996. [CrossRef] [PubMed]

Barrington, S.; Choiniere, D.; Trigui, M.; Knight, W. Effect of carbon source on compost nitrogen and carbon losses. Bioresour. Tech-
nol. 2002, 83, 189-194. [CrossRef]

Malat’dk, J.; Bradna, J.; Velebil, J. Combustion of briquettes from oversize fraction of compost from wood waste and other biomass
residues. Agron. Res. 2016, 14, 525-532.

Ruzbarsky, J.; Miiller, M.; Hrabé, P. Analysis of physical and mechanical properties and of gross calorific value of Jatropha curcas
seeds and waste from pressing process. Agron. Res. 2014, 12, 603—610.

Malat'ak, J.; Bradna, J.; Velebil, J.; Gendek, A.; Ivanova, T. Evaluation of dried compost for energy use via co-combustion with
wood. Agron. Res. 2018, 16, 157-166. [CrossRef]

Wu, Z,; Wang, S.; Zhao, ].; Chen, L.; Meng, H. Synergistic effect on thermal behavior during co-pyrolysis of lignocellulosic
biomass model components blend with bituminous coal. Bioresour. Technol. 2014, 169, 220-228. [CrossRef]


http://doi.org/10.1007/978-3-662-08724-4_30
http://doi.org/10.2134/jeq2003.2379
http://www.ncbi.nlm.nih.gov/pubmed/14674563
http://doi.org/10.1016/j.wasman.2011.08.011
http://www.ncbi.nlm.nih.gov/pubmed/21944875
http://doi.org/10.1080/1065657X.2014.910148
http://doi.org/10.1016/j.ecoleng.2014.12.004
http://doi.org/10.1016/S0960-8524(00)00167-X
http://doi.org/10.1002/app.44878
http://doi.org/10.1016/j.saa.2016.03.019
http://www.ncbi.nlm.nih.gov/pubmed/27049868
http://doi.org/10.1007/s12649-018-0268-z
http://doi.org/10.1007/978-3-030-39173-7_9
http://doi.org/10.1007/s13165-017-0180-z
http://doi.org/10.1021/jf00047a017
http://doi.org/10.1177/0734242X19864638
http://www.ncbi.nlm.nih.gov/pubmed/31395003
http://doi.org/10.1016/j.jhazmat.2008.07.136
http://www.ncbi.nlm.nih.gov/pubmed/18804912
http://doi.org/10.1016/j.soilbio.2006.12.004
http://doi.org/10.1016/j.ecoleng.2015.09.050
http://doi.org/10.1016/j.jclepro.2016.02.012
http://doi.org/10.1016/j.jenvman.2019.109914
http://doi.org/10.1016/j.wasman.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/27650630
http://doi.org/10.1016/j.wasman.2013.09.023
http://www.ncbi.nlm.nih.gov/pubmed/24135625
http://doi.org/10.1177/0734242X17715097
http://www.ncbi.nlm.nih.gov/pubmed/28699841
http://doi.org/10.1016/S0960-8524(01)00229-2
http://doi.org/10.15159/AR.18.022
http://doi.org/10.1016/j.biortech.2014.06.105

Appl. Sci. 2021, 11, 1692 140f 15

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Singh, G.; Shamsuddin, M.R.; Agsha; Lim, S.W. Characterization of Chicken Manure from Manjung Region. IOP Conf. Ser. Mater.
Sci. Eng. 2018, 458, 012084. [CrossRef]

Lépez-Gonzalez, D.; Avalos-Ramirez, A.; Ghorbel, L.; Rouissi, T.; Brar, S.K.; Giroir-Fendler, A.; Godbout, S.; Palacios, ].; Sanchez-
Silva, L.; Valverde, J.L. Valorization of compost from animal breeding via pyrolysis and combustion. In Proceedings of the ASABE
and CSBE/SCGAB Annual International Meeting, Montreal, QC, Canada, 13-16 July 2014. [CrossRef]

Sanchez-Silva, L.; Gutiérrez, N.; Romero, A.; Sanchez, P.; Valverde, J.L. Pyrolysis and combustion kinetics of microcapsules
containing carbon nanofibers by thermal analysis-mass spectrometry. J. Anal. Appl. Pyrolysis 2012, 94, 246-252. [CrossRef]

Liu, N.A,; Fan, W.; Dobashi, R.; Huang, L. Kinetic modeling of thermal decomposition of natural cellulosic materials in air
atmosphere. J. Anal. Appl. Pyrolysis 2002, 63, 303-325. [CrossRef]

Dofa-Grimaldi, V.M.; Palma, A.; Ruiz-Montoya, M.; Morales, E.; Diaz, M.]. Energetic valorization of MSW compost valorization
by selecting the maturity conditions. J. Environ. Manag. 2019, 238, 153-158. [CrossRef] [PubMed]

Vyazovkin, S.; Burnham, A.K.; Criado, ].M.; Pérez-Maqueda, L.A.; Popescu, C.; Sbirrazzuoli, N. ICTAC Kinetics Committee
recommendations for performing kinetic computations on thermal analysis data. Thermochim. Acta 2011, 520, 1-19. [CrossRef]
Flynn, J.H.; Wall, L.A. General Treatment of the Thermogravimetry of Polymers. J. Res. Natl. Bur. Stand. Sect. A Phys. Chem. 1966,
70A, 487-523. [CrossRef]

Kastanaki, E.; Vamvuka, D.; Grammelis, P.; Kakaras, E. Thermogravimetric studies of the behavior of lignite-biomass blends
during devolatilization. Fuel Process. Technol. 2002, 77-78, 159-166. [CrossRef]

Raclavska, H.; Juchelkova, D.; Skrobankova, H.; Wiltowski, T.; Campen, A. Conditions for energy generation as an alternative
approach to compost utilization. Environ. Technol. 2011, 32, 407-417. [CrossRef]

Aboyade, A.O.; Hugo, T.].; Carrier, M.; Meyer, E.L.; Stahl, R.; Knoetze, ].H.; Gorgens, ].E. Non-isothermal kinetic analysis of the
devolatilization of corn cobs and sugar cane bagasse in an inert atmosphere. Thermochim. Acta 2011, 517, 81-89. [CrossRef]
Barneto, A.G.; Carmona, J.A.; Alfonso, J.E.M.; Blanco, J.D. Kinetic models based in biomass components for the combustion and
pyrolysis of sewage sludge and its compost. J. Anal. Appl. Pyrol. 2009, 86, 108-114. [CrossRef]

Rulkens, W. Sewage sludge as a biomass resource for the production of energy: Overview and assessment of the various options.
Energy Fuels 2008, 22, 9-15. [CrossRef]

Stepien, P.; Serowik, M.; Koziel, ].A.; Bialowiec, A. Waste to carbon energy demand model and data based on the TGA and DSC
analysis of individual MSW components. Data 2019, 4, 53. [CrossRef]

Lépez-Gonzalez, D.; Fernandez-Lopez, M.; Valverde, J.L.; Sanchez-Silva, L. Kinetic analysis and thermal characterization of the
microalgae combustion process by thermal analysis coupled to mass spectrometry. Appl. Energy 2014, 114, 227-237. [CrossRef]
Ryu, C.; Finney, K.; Sharifi, V.N.; Swithenbanlk, J. Pelletised fuel production from coal tailings and spent mushroom compost—Part
I. Identification of pelletisation parameters. Fuel Process. Technol. 2008, 89, 269-275. [CrossRef]

Finney, K.N.; Ryu, C.; Sharifi, V.N.; Swithenbank, J. The reuse of spent mushroom compost and coal tailings for energy recovery:
Comparison of thermal treatment technologies. Bioresour. Technol. 2009, 100, 310-315. [CrossRef] [PubMed]

Garrido, R.; Ruiz-Felix, M.N.; Satrio, J.A. Effects of Hydrolysis and Torrefaction on Pyrolysis Product Distribution of Spent
Mushroom Compost (SMC). Int. ]. Environ. Poll. Remed. 2012, 1, 98-103. [CrossRef]

Loépez-Gonzalez, D.; Fernandez-Lopez, M.; Valverde, ].L.; Sanchez-Silva, L. Thermogravimetric-mass spectrometric analysis on
combustion of lignocellulosic biomass. Bioresour. Technol. 2013, 143, 562-574. [CrossRef] [PubMed]

Ghorbel, L.; Rouissi, T.; Brar, S.K.; Lépez-Gonzalez, D.; Ramirez, A.A.; Godbout, S. Value-added performance of processed
cardboard and farm breeding compost by pyrolysis. Waste Manag. 2015, 38, 164-173. [CrossRef] [PubMed]

Lee, Y.-E.; Jo, ].-H.; Kim, I.-T.; Yoo, Y.-S. Value-Added Performance and Thermal Decomposition Characteristics of Dumped Food
Waste Compost by Pyrolysis. Energies 2018, 11, 1061. [CrossRef]

Giwa, A.S.; Xu, H,; Wu, J; Li, Y.; Chang, F; Zhang, X,; Jin, Z.; Huang, B.; Wang, K. Sustainable recycling of residues from the
food waste (FW) composting plant via pyrolysis: Thermal characterization and kinetic studies. J. Clean. Prod. 2018, 180, 43—49.
[CrossRef]

Sanchez-Silva, L.; Lopez-Gonzélez, D.; Villasefior, ].; Sanchez, P.; Valverde, J.L. Thermogravimetric-mass spectrometric analysis of
lignocellulosic and marine biomass pyrolysis. Bioresour. Technol. 2012, 109, 163-172. [CrossRef]

Widyawati, M.; Church, T.L.; Florin, N.H.; Harris, A.T. Hydrogen synthesis from biomass pyrolysis with in situ carbon dioxide
capture using calcium oxide. Int. . Hydrog. Energy 2011, 36, 4800—4813. [CrossRef]

Crespi, M.S; Silva, A.R; Ribeiro, C.A.; Oliveira, S.C.; Santiago-Silva, M.R. Composting of Urban Solid Residues (USR) by different
disposition. Kinetics of thermal decomposition. J. Therm. Anal. Calorim. 2003, 72, 1049-1056. [CrossRef]

Silva, A.R.; Crespi, M.S.; Ribeiro, C.A.; Oliveira, S.C.; Santiago-Silva, M.R. Kinetic of Thermal Decomposition of Residues from
Different Kinds of Composting. J. Therm. Anal. Calorim. 2004, 75, 401-409. [CrossRef]

Sestdk, J.; Berggren, G. Study of the kinetics of the mechanism of solid-state reactions at increasing temperature. Thermochim. Acta
1971, 3, 1-13. [CrossRef]

Sait, H.H.; Hussain, A.; Salema, A.A.; Ani, EN. Pyrolysis and combustion kinetics of date palm biomass using thermogravimetric
analysis. Bioresour. Technol. 2012, 118, 382-389. [CrossRef]


http://doi.org/10.1088/1757-899X/458/1/012084
http://doi.org/10.13031/aim.20141913285
http://doi.org/10.1016/j.jaap.2011.12.018
http://doi.org/10.1016/S0165-2370(01)00161-9
http://doi.org/10.1016/j.jenvman.2019.02.125
http://www.ncbi.nlm.nih.gov/pubmed/30851553
http://doi.org/10.1016/j.tca.2011.03.034
http://doi.org/10.6028/jres.070A.043
http://doi.org/10.1016/S0378-3820(02)00049-8
http://doi.org/10.1080/09593330.2010.501089
http://doi.org/10.1016/j.tca.2011.01.035
http://doi.org/10.1016/j.jaap.2009.04.011
http://doi.org/10.1021/ef700267m
http://doi.org/10.3390/data4020053
http://doi.org/10.1016/j.apenergy.2013.09.055
http://doi.org/10.1016/j.fuproc.2007.11.035
http://doi.org/10.1016/j.biortech.2008.05.054
http://www.ncbi.nlm.nih.gov/pubmed/18625549
http://doi.org/10.11159/ijepr.2012.014
http://doi.org/10.1016/j.biortech.2013.06.052
http://www.ncbi.nlm.nih.gov/pubmed/23835261
http://doi.org/10.1016/j.wasman.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25683201
http://doi.org/10.3390/en11051061
http://doi.org/10.1016/j.jclepro.2018.01.122
http://doi.org/10.1016/j.biortech.2012.01.001
http://doi.org/10.1016/j.ijhydene.2010.11.103
http://doi.org/10.1023/A:1025055323613
http://doi.org/10.1023/B:JTAN.0000027126.92699.ba
http://doi.org/10.1016/0040-6031(71)85051-7
http://doi.org/10.1016/j.biortech.2012.04.081

Appl.

Sci. 2021, 11, 1692 15 of 15

100.

101.

102.

Palma, A.; Dona-Grimaldi, V.M.; Ruiz-Montoya, M.; Giraldez, I.; Garcia, J.C.; Loaiza, ] M.; Lépez, E.; Diaz, M.]. MSW Compost
Valorization by Pyrolysis: Influence of Composting Process Parameters. ACS Omega 2020, 5, 20810-20816. [CrossRef]

Garcia Barneto, A.; Ariza Carmona, J.; Conesa Ferrer, ]J.A.; Diaz Blanco, M.J. Kinetic study on the thermal degradation of a
biomass and its compost: Composting effect on hydrogen production. Fuel 2010, 89, 462-473. [CrossRef]

Qian, Q.; Machida, M.; Tatsumoto, H. Preparation of activated carbons from cattle-manure compost by zinc chloride activation.
Bioresour. Technol. 2007, 98, 353-360. [CrossRef]


http://doi.org/10.1021/acsomega.0c01866
http://doi.org/10.1016/j.fuel.2009.09.024
http://doi.org/10.1016/j.biortech.2005.12.023

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Composting Evolution Research by Using a Variety of Techniques. 
	Composting Evolution Research by Thermogravimetry 
	Composting Evolution Research by Thermogravimetry and Thermal Analysis 
	Composting Evolution Research Studies by Combining Different Thermal and Analytical Techniques 

	Compost Maturity Evaluation Research by Using a Variety of Techniques 
	Composting Maturity Research by Thermogravimetry 
	Composting Maturity Research by Thermogravimetry and Thermal Analysis 
	Composting Maturity Research by Combining Different Thermal and Analytical Techniques 

	Thermogravimetry in Compost Combustion 
	Thermogravimetry in Compost Pyrolysis 
	Thermogravimetry in Compost Bio-Oil Production 
	Thermogravimetry in Compost Hydrogen Production 
	Thermogravimetry in Kinetic of Compost Pyrolysis 
	Thermogravimetry in Activated Carbon from Compost Pyrolysis 


	Conclusions 
	References

