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ABSTRACT: The valorization of urban solid waste compost (MSW) in
two different composting conditions (different aeration and humidity) has
been studied (we work with the hypothesis that the composting process can
have a significant influence on a subsequent pyrolysis process). The
influence of composting on subsequent pyrolysis of the material was
assessed by examining the kinetics of the process, maximizing hydrogen
production and minimizing the activation energy. The thermogravimetric
analysis carried out on the samples have shown that they have a greater loss . B
of weight of 9—14% at 270—275 °C and 22—27% at 444—446 °C. Using the  [Characterization
Kissinger—Akahira—Sunose method, the activation energy values are found

to be in the range of 57.78—581.69 k] mol™', and the assumption that pyrolysis of compost could be modeled by a first-order
reaction may be a suitable approximation. The analysis of the gases produced from the pyrolysis process revealed that hydrogen
increases in concentration as composting time advances until intermediate time. In this form, the composting process could be a
suitable previous treatment for improving the pyrolysis process. In fact, decreasing aeration and moisture in the MSW composting
process led to the production of an increased amount of hydrogen (8.3%) by pyrolysis of the resulting compost and also to a
decreased activation energy (102.8 k] mol™"). These effects were also observed before the end of the composting process in the form
of maximum hydrogen production and minimum activation energy after 20 days.

Hydrogen
determination
(GC/TCD)

[ Pyrolysis Pr ing

1. INTRODUCTION demonstrated the viability of compost as an energy source.”””
The most obvious process for the energy use of compost could
be the combustion process, but due to the high energy and
environmental efficiency of pyrolysis, it is a cleaner process
than combustion, reducing emissions of polluting gases and
improving the quality of the residual ashes;'’ it has proven to
be an effective method for converting biomass into synthesis
gas (CO + H,)."" Pyrolysis is carried out in the absence of
oxygen, decomposing the materials at temperatures of up to
800 °C and finally obtaining mainly gases CO, H,, CH,, and
H,0."” In addition, pyrolysis has another advantage over
combustion and gasification that it has lower temperature
requirements.

For the above reasons, pyrolysis is considered an effective
method for obtaining bioenergy and reducing greenhouse gas
emissions.'” Also, in the pyrolysis process, a solid phase
(biochar) could be obtained. Biochar is a valorizable product

Both population growth and increased economic development
have led to an increase in global energy demand and
environmental degradation. Also, climate change, related to
the use of greenhouse gases from fossil fuels, has stimulated the
production of energy from renewable sources instead of fossil
fuels." In this framework, solid urban waste (MSW) can be a
satisfactory alternative, susceptible of being optimized, for
obtaining energy. MSW combustion for the energy recovery
has some well-known problems: high moisture that they
possess and atmospheric contamination by heavy metals and
products of incomplete combustion, dioxines, etc.” However,
composting is considered one of the most sustainable methods
of the recovery of MSW.”> Compost is a stable final product
that can be beneficially applied to land® and is suitable for
managing large quantities of MSW in a sustainable way and for
its recycling, but due to environmental problems with soil and
overproduction, not all produced compost can be used as

fertilizer. Received: April 22, 2020
As per European legislation, MSW and any compost Accepted: June 29, 2020
obtained from it must be exploited or appropriately disposed Published: August 12, 2020

of under Directive 2008/98/EC and European Environment
Agency (2016).>° This has required developing new ways of
reclaiming compost. In this sense, various studies have
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with uses in agriculture for improving carbon sequestration
capacity and the physicochemical characteristics of soil." "> At
this point, optimizing the pyrolysis of MSW-derived compost
and ensuring its viability entail examining the kinetics of the
process and monitoring its activation energy.lﬁ_18

Decreased activation energy is known to increase the energy
efficiency of a pyrolytic process. In fact, activation energy is the
minimum amount of energy required for the molecular bonds
involved in a reaction to be broken. As a result, low activation
energy results in a faster, easier to start reaction.”® As shown
here, composting decreases the activation energy of the
pyrolysis process.

It is not easy to identify the operating conditions that will
decrease the activation energy of pyrolysis because the process
initially involves the decomposition of the compounds with the
weakest linear chains such as hemicelluloses, which require
only 90—225 kJ mol™"*" of activation energy. The random
cleavage of such linear chains increases the proportion of
cellulose present in the material and hence the activation
energy by 90—225 kJ mol ™" according to Ma et al.>" and 145—
285 kJ mol™" according to Vamvuka et al.”*

There are other unexplored, highly interesting ways of using
pyrolysis gases including hydrogen production. In fact, some
authors have obtained pyrolysis gases in proportions of 38—
50% (v/v) from various other materials.”***

Thermogravimetric analysis (TGA) has proved to be an
effective choice for elucidating the kinetics of a pyrolysis
process and determining its activation energy.”>*® Specifically,
when the TGA response (%W vs time) is measured at a
number of different heating rates (greater or equal to three),
kinetic parameters of activation energy (E,) can be estimated
by various methods.”” According to White et al.'® “under-
standing pyrolysis kinetics is vital to find out the feasibility,
design and scaling for this technology”. The different
techniques used as model-fitting and model-free techniques,
which include (or not) the identification of the reaction model,
with small differences in the fit parameters of the models, allow
us to estimate kinetic parameters, based on the data obtained
from the TGA.*® The use of model-free isoconversional
methods may be appropriate for the estimation of kinetic
parameters in pyrolysis because their use does not imply the
need for a selected mechanism. Therefore, for each selected
conversion, an independent activation energy can be
calculated. These models, for compost, with multiple chemical
compounds, for each conversion different compounds may be
degrading and therefore different kinetic parameters can be
calculated. To calculate the potential generated hydrogen
quantities, a laboratory-scale reactor was used. In this study,
the Kissinger—Akahira—Sunose (KAS) method is used. A great
advantage of using this method is that the thermal degradation
mechanism is not required.”

Also, the analysis of the gases emitted during the pyrolysis
process is essential to know the impact of the process on the
environment and its potential as a source of bioenergy."> To
calculate the potential generated hydrogen quantities, a
laboratory-scale reactor was used.

The aim of this work was to assess the effectiveness of
composting municipal solid waste (MSW) for its subsequent
valorization by pyrolysis. This entailed examining the influence
of the composting variables on the activation energy of the
pyrolysis process and the production of hydrogen as main
valorizable gas.
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2. RESULTS AND DISCUSSION

2.1. Composting Process. Two composting processes
were conducted, as described in Section 4.1, both developing
as expected. That is to say, the initial mesophilic phase (T < 40
°C) with an approximate duration of 2 days was followed by an
increase in temperature giving rise to the thermophilic phase
(T > 40 °C), with a duration of S days in both reactors,
reaching maximum temperatures of 55 and 58 °C at 6 and 8
days of composting for reactors R1 and R2, respectively, and
finally, a final or maturation phase was obtained, in which there
was a slow decrease in temperature. Different temperature
profiles in the composting process have been caused by the
variation in composting conditions (data not shown). During
the last phase of the composting process, the temperature
profile was similar in both reactors. After 40 days of
composting, the temperature of the reactors tended to equalize
with the ambient temperature.

The significant characterization of MSW is shown in Table
1. As expected, due to the degradation of organic matter during
composting, the organic matter content was reduced during
the process in all mixtures.

Table 1. Significant Characteristics of MSW Samples Over
the Dry Basis

MSW (raw compost R1 compost R2
property material) (40 days later) (40 days later)
Kjeldahl-N (gkg™)  22.1 (3.6)“ 13.0 (10) 17.4 (8.6)
organic matter” 702.0 (4.1) 598.0 (5.3) 573.0 (4.8)
gkg™)
EC (1:5 extract) 8.3 (8.4) 102 (12.7) 11.1 (8.1)
(day s m™)
pH (1:S extract) 5.9 (34) 6.9 (14) 7.0 (1.4)
C/N ratio 19.1 24.3 20.0
particle size (%)
<2 mm 2.7 (37)
5—2 mm 49 (32.7)
10—5 mm 9.9 (28.3)
25—10 mm 27.3 (19.8)
>25 mm 552 (16.1)

“Average (% relative standard deviation). bMsw samples <5 mm and
without impurities.

Significant differences in degradation have been found
because process conditions affect the amount of organic matter
degraded and the temperature profile. The values of
biodegradability constant of 0.36 and 0.42 for R1 and R2
conditions, respectively, were calculated using the equation K
= [(OMi — OMf) 100]/[OMi(100 — OMf)],* where OMf
and OMi are the OM content at the end and at the beginning
of the process, respectively.

In this way, higher biodegradability values have been
observed under R2 composting conditions. Higher biodegrad-
ability means an improvement in organic matter mineraliza-
tion, and therefore, there was a higher stability of the final
components under R2 conditions.

Table 2 gives the elemental analysis of the compost samples.
This composition was reported in a previous work.*’

2.2. Pyrolysis Process of Compost. As noted earlier,
pyrolyzing MSW-derived compost is thought to be a more
energetically and environmentally efficient process than
burning the compost. Also, it is expected to allow a stable
material such as compost, which is difficult to market but must
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Table 2. Elemental Composition (%) of Compost in
Reactors R1 and R2

reactor compost C (@) H N
R1 day 1 294 (3.1) 127 (39)  39(51) 4.8 (6.3)
day 10 264 (4.5) 13.3 (4.5) 2.4 (8.3) 3.9 (5.1)
day 20 23.1 (4.8) 13.0 (46) 33(61) 4.1 (49)
day 40  19.0 (3.7) 126 (48)  31(65) 42 (7.1)
R2 day 1 29.3 (3.8) 12.7 (47)  3.8(53) 49 (41)
day 10 26.1 (54) 113 (53)  28(7.1) 4.6 (6.5)
day 20  24.7 (4.9) 164 (49) 26(7.7) 3.7 (54)
day 40  21.5 (47) 13.8 (43)  35(57) 4.0 (7.5)

“Average (% relative standard deviation).

be exploited or properly disposed of according to European
laws, to be valorized.

The effect of the heating rate on the degradation of organic
matter (TGA) as well as the differential mass loss thermograms
(DTG) of the compost obtained in the reactors tested (R1 and
R2) and in four different days of the composting process (days
1, 10, 20, and 40) at a heating rate of 15 °C min~' has been
studied (Figures 1 and 2). It is known that the organic fraction
of compost, similar to biomass, is composed mainly of three
organic com4ponents: cellulose, hemicellulose, and lignin (or
derivatives).” According to the conclusions of Haug' the
mechanism of the pyrolysis process could be considered as an
aggregate of the pyrolysis processes of these three main
components.

As expected in biomass degradation, the four degradation
regions in both thermograms (TGA and DTG) are observed.
These regions are: (i) evaporation of water (45—200 °C), (ii)
hemicellulosic fraction degradation (200—300 °C), (iii)
cellulosic fraction degradation (300—400 °C), and (iv) ligninic
fraction degradation (400—550 °C). The four regions have
been found for the two reactors. For the studied compost, the
first region between 80 and 160 °C associated with the
evaporation of the adsorbed water in the samples is observed.
Also, according to Yang et al’ it is known that both the size
and the width of the peaks found during the thermal
decomposition process depend on the composition and
concentration of their main biomass components. In this
study, it was found that the decomposition by pyrolysis of
hemicellulose occurred between 200 and 300 °C, the
decomposition of cellulose between 300 and 400 °C, and
the decomposition of lignin in the wide range of 400—500 °C.

For the studied compost, two peaks between 200—300 and
300—400 °C, which may be related to the decomposition of
hemicellulose and cellulose, can be observed. According to Van

de Velden et al.”" fluctuations above 600 °C occur may be due
to lignin degradation, which can be very prolonged due to the
high thermal stability of this compound. More specifically, in
the TGA (15 °C min™'), thermograms for R1 showed the
maximum weight loss for 37.1, 31.6, 32.5, and 32.1% for days
1, 10, 20, and 40, respectively, and the maximum weight loss
for 354, 32.1, 31.1, and 33.3% for days 1, 10, 20, and 40,
respectively, for R2.

It should also be noted that, as the composting process
advances, a lower intensity on the peaks corresponding to the
degradation of organic matter (300—550 °C) is observed. This
is due to the mineralization (and its corresponding losses on
the different organic matter fractions) that occurred during the
composting process. The inorganic constituents promote
secondary reactions that cause the breakdown of higher
molecular compounds to smaller ones.”” In this way, according
to Rakthong et al.”> composting may increase the stability,
degree of aromatization, and molecular weight of non-
mineralized organic components, so these changes may explain
the lower intensity of the peaks found in the figures. On the
other hand, no significant difference either in temperature
peaks or in maximum weight loss rate has been found between
processes with different reaction conditions (R1 and R2).
Although the increased degree of biodegradation obtained
under the set R2 of operating conditions (i.e., with the highest
aeration and moisture values) can be associated with the
increased stability of the end product (compost), the
conditions of the set Rl led to higher energy efficiency in
the subsequent pyrolysis process. Also, because composting
costs are largely dictated by aeration,”* R1 is more economical
than R2.

2.3. Kinetic Analysis of the Pyrolysis Process. The
evolution of E,, calculated according to eq 4, for the process
conditions studied and according to the composting time (days
1, 10, 20, and 40) and its coefficients of determination (R?) are
shown in Table 3. For example, KAS equations (In(8/T*) vs
(1/T)) at a heating rate of 15 °C min™" are also shown in this
table.

In this table, regression results in R* were adequate in the
range of 0.93—0.99. In this way, although a high R2 is a
necessary but not a sufficient condition for the assumption that
the weight loss can be described by a single activation energy at
a particular conversion, the hypothesis that pyrolysis of
compost could be modeled under a first-order reaction could
be properly established. Obviously, different activation energies
can be observed among the studied conversions. This may be
due to the successive breakdown and volatilization of compost
components of different reactivities, as suggested by Figures 1
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Figure 1. Experimental TGA and DTG curves of the pyrolysis process of the samples collected from the composting process (reactor 1: 0.050 L

kg™! day ™! aeration and 40% moisture) at different times.
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Figure 2. Experimental TGA and DTG curves of the pyrolysis process of the samples collected from the composting process (reactor 2: 0.175 L

kg™! day ™! aeration and 55% moisture) at different times.

Table 3. Evolution of Activation Energy According to Composting Time and Conditions (R1 and R2) for Conversion Degrees

of @ = 0.20 and 0.90, Respectively, in the Pyrolysis Process

a = 0.20 a = 0.90
compost slope y-intercept R? E, (kJ mol™) slope y-intercept R? E, (kJ mol™)
R1 day 1 -9.89 1.84 0.94 225.73 —11.09 1.01 0.94 581.69
day 10 —9.93 1.81 0.96 300.55 —11.12 0.99 0.96 425.90
day 20 —9.95 1.78 0.97 57.78 —11.12 0.99 0.97 102.83
day 40 —9.88 1.85 0.97 92.95 —11.15 0.98 0.98 202.48
R2 day 1 —9.82 191 0.94 201.20 —11.11 0.99 0.94 251.09
day 10 —-9.84 1.88 0.93 131.34 —-11.12 0.99 0.93 186.12
day 20 —-9.86 1.86 0.95 82.37 —11.13 0.99 0.95 146.59
day 40 —9.84 1.89 0.94 86.66 —11.12 0.99 0.94 166.99

and 2. At low conversion, the more reactive components were
volatilized, but as pyrolysis proceeded, only the most resistant
components were left to be broken down and volatilized so
that the activation energy was higher at 90% than at 20%
conversion. Activation energy depended to a greater extent on
the number of days of composting, probably because the
progress of the composting process changed the strength of the
molecular structure.”

At the beginning of the composting process, a higher E,
value is obtained in the first-step reaction (@ = 0.20). It can be
due to the high hemicellulose content in the compost.
According to Rueda-Ordofiez and Tannous,>® hemicellulose
activation energy is lower than that calculated for celluloses. In
this manner, in both reactors, E, values in the compost at the
end of the process (day 40) have been lower than those at the
beginning (day 1). This may be due to the higher cellulose
content at the beginning of the composting process than that
found after 40 days of composting. As mentioned above,
activation energy depended to a greater extent on the number
of days of composting, but cellulose component degradation
could mark the value of its activation energy.”” On the other
hand, the relative ash content of the resulting biochars
increased with the course of the composting process. The
increase in ash content is the result of mineral concentration
and destructive mineralization of lignocellulosic matters as the
composting process progresses. The E, values found at @ = 0.9
are usually higher than those at a = 0.20 because initially the
organic matter is more easily degraded. As the pyrolysis
reaction advances, progressively, the more recalcitrant
compounds with higher E, values are decomposed.

After only 20 days, which shortens the usual composting
times, a product that can be used for suitable pyrolysis can be
obtained because the activation energy for pyrolysis as
calculated from the TGA results has decreased to a low figure.
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2.4. Hydrogen Obtained During Pyrolysis. As stated
above, pyrolysis allows MSW compost to be valorized with
potential economic advantages over on-site burning of the
waste for energy production. In fact, pyrolysis avoids the loss of
energy through “heating” of the excess surrounding air during
burning and provides hydrogen as the main valorizable gas. We
assessed hydrogen production from MSW composted under
two different sets of conditions (R1 and R2). The aim was not
only to boost hydrogen production by pyrolysis but also to
decrease the activation energy of the process to increase its
energy efficiency. Figure 3 shows the variation of hydrogen
production with the pyrolysis activation energy. The activation
energy at a = 0.9 was selected because this corresponded to
almost full conversion and hence to the maximum gas yield,
which is what would be obtained under the laboratory-scale
reactor conditions. In this sense, H, concentration evolution in

9
a=0.9
8 B
Day 10
3 .
5
g 71 ‘
B 0 Day 20 Day 1
T Day 10 .
6175 4
a] Day 1
Day 40 u]
5 ® Reactor 1
150 200 250 O Reactor 2

0 100 200 300 400 500 600

Ea (KJ mol 1)

Figure 3. Relationship between the H, produced (% volume) and E,
obtained (for @ = 0.90) in the pyrolysis process of the compost
studied for both reactors.
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the gas obtained under both composting processes for medium
(day 20) and high (day 40) composting time with respect to
initial composting time is found and, in fact, represents a
significant increase. At the beginning of the composting
process, hemicellulosic compounds are degraded. This causes a
relative increase in cellulose and lignin concentrations. It is
known™® that these compounds have the main responsibility in
hydrogen generation during pyrolysis.

In Figure 3, in general, a negative relationship between the
concentration of H, and E, can be noted with an exception for
the 40 day compost. It is an important conclusion of our work
that the suitable characteristics of a raw material, to be
susceptible to pyrolysis, could be obtained with the minimum
activation energy required for pyrolysis and high H, values in
the resulting gas when the composting process was carried out
at low aeration and moisture conditions and 20 days
(intermediate) of the full process. According to conditions in
Section 2.1, it is the case for the compost from R1 at day 20
with the highest amount of obtained hydrogen (8.3%), and on
the other hand, for the compost from R1 at day 1 with the
lowest amount of obtained hydrogen (6.2%). The obtained H,
concentrations are similar to the obtained values in another
study by biomass pyrolysis.”® In addition, the maximum values
for hydrogen concentrations found in both experiments for the
minimum activation energy correspond, in all cases, to samples
obtained at medium values of processing time.

3. CONCLUSIONS

The development of the MSW pyrolysis process is strongly
dependent on the conditions of the previous composting
process.

While an aeration rate of 0.175 L kg™' day ™' and 55%
moisture led to increased biodegradability, energy efliciency
and hydrogen production in the pyrolysis process were
substantially greater under milder composting conditions
(viz., 0.050 L kg™" day 'and 40%).

TGA curves showed the four typical pyrolysis zones and
revealed similar peaks of decomposition under both compost-
ing process conditions. No significant differences were found
between the composting conditions. However, the analysis of
the gases produced from the pyrolysis process revealed that
hydrogen increases in concentration as composting time
advances until intermediate time. In this form, to improve
pyrolysis conditions, composting could be applied as an
appropriate pretreatment process. In fact, decreasing aeration
and moisture in the MSW composting process led to the
production of an increased amount of hydrogen (8.3%) by
pyrolysis of the resulting compost and also to a decreased
activation energy (102.8 kJ mol ™). These effects were also
observed before the end of the composting process as
maximum hydrogen production and minimum activation
energy after 20 days.

4. MATERIALS AND METHODS

4.1. Municipal Solid Waste Used and the Composting
Process. The raw material (MSW) was obtained from
Villarrasa’s urban waste treatment plant (Huelva-southern
Spain). Two composting processes (with different aeration and
moisture content) were studied in composting reactors of 200
liters. Polyurethane foam (to avoid heat loss) to cover the
outside of the reactor was used. The two processes were,
namely, R1 (aeration in L kg™ day™' = 0.050 + 0.003 and

moisture (%) = 40 + 2) and R2 (aeration in L kg™! day™' =
0.175 + 0.009 and moisture (%) = S5 + 3). Aeration was
added by compressed air and dispersed through a perforated
plate at the bottom of the reactor. During the different phases
of composting, water losses were measured and compensated
daily to maintain the initial design conditions during the
experiment. Tests in reactors were carried out in duplicate.
The reactors were filled to their half (40 kg MSW) to ensure
suitable headspace. Samples (100 g) were taken at different
locations and at different depths in the reactors.

4.2. Characterization Methods. Samples (MSW) were
sieved and residues such as plastics, metals, stones, and glass
were separated (manually) and weighed. Moisture was
determined by drying at 105 °C to constant weight. Organic
matter and nitrogen were determined in the <5 mm size
fraction. Before and after the pyrolytic process, the total
organic matter (OM) was calculated by loss on ignition (550
°C for 5 h)** and carbon was estimated as OM/1.8." Nitrogen
(Kjeldahl-N) was determined by steam distillation after
Kjeldahl digestion.”” The pH and electric conductivity (EC)
were determined in a 1/5 (in weight) compost/water extract
using the pH and EC electrodes, respectively. Elemental
composition was determined according to Milne et al.*'

4.3. Laboratory-Scale Reactor Pyrolysis Processing of
Samples. To calculate the potential generated hydrogen
quantities, a laboratory-scale reactor was used. This reactor
consisted of a quartz tube (10 mm diameter and 140 cm
length) in a temperature-controlled furnace. The sample
(approximately 1 g) was introduced by means of a horizontal
actuator. The residence time was fixed at 7 min, the
temperature at 700 °C, and nitrogen (250 cm® min™') was
used as a transport gas.

The permanent gases were collected in 1 L Tedlar bags
(Supelco, Bellefonte, PA), which were placed at the end of the
process line. The gases were then analyzed offline using a gas
chromatography—thermal conductivity detector (GC—TCD
2010, Shimadzu Corporation, Tokyo, Japan) equipped with a
Carboplot P7 column (25 m long, 0.53 mm internal diameter,
and 0.25 pm film thickness) (Agilent Technologies, Palo Alto,
CA). The GC was equipped with a gas sampling valve (GSV)
module as an injection port with a loop of 1 mL. The
maximum of hydrogen was found between 3 and S min of the
process. Hydrogen quantitative analysis was carried out by
means of the external standard method by the mixture
containing permanent gas standards (4% O,, 20% H,, 20%
CO, 20% CO,, and 10% CH, in He), which was supplied by
Abell6 Linde S.A. (Barcelona, Spain). Response factors were
obtained for each of the standards in a five-point calibration
curve and compared to the response factors from the samples.

4.4. TGA and Kinetic Modeling. The equipment used to
determine pyrolysis parameters was a Mettler Toledo TGA/
DSC1 STARe system model thermogravimetric analyzer. TGA
conditions were N, flow rate of 15 cm® min~" and heating rates
of 5, 10, 15, and 20 °C min~', from 25 to 700 °C.

For the activation energy calculation, the Kissinger—
Akahira—Sunose (KAS) method was used. In its mathematical
expression, the KAS method is derived from eq 1. This
equation is integrated from the initial condition of ¢ =0 at T =
T, and eq 2 is obtained.*>*

(j_;) B %e’@[;—?)ﬂa) (1)
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a T —
Ga)= ["92 _ 4 A exp(i)dT
o fla) By RT 2)
where a is the degree of the conversion in the process, f is the
heating rate, f(a) is the reaction mechanism model, T is the
temperature, R is the gas constant, and E, is the activation
energy.

After that, the Coats—Redfern approximation,** as displayed
in eq 3, was used.

ART* (-E,
Ga) =55 "P( RT )

Taking the natural logarithm of eqs 3 and 4 is obtained.

s AR E,
ln(—z) =In -
T E,G(a) RT (4)
With the weight loss curves with respect to the thermal
degradation temperature obtained after the tests with different
heating curves and after the application of eq 4, a slope (E,/R)
from which it is possible to obtain the activation energy, for
each type of composting and process time, could be obtained.
The conversion degrees, for E, estimations, can be selected in
the differential mass loss thermograms (the maximums).
The NETZSCH Kinetics Neo (2.4.4.6) software was used to
calculate the energies for both the raw material and the
obtained products.

(3)
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