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� The study of the oxy-combustion of
manure was carried out.

� Two different atmospheres were
evaluated in this work: Ar/O2 and
CO2/O2.

� The kinetics of the process were
computed by the Kissinger-Akahira-
Sunose method.

� The gaseous products released during
the process were evaluated by TGA-
MS.
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The oxy-fuel combustion of swine manure has been evaluated by thermogravimetric-mass spectrometric
analysis. Manure samples showed a two-stage decomposition profile. The first stage is related to
devolatilization of the sample and the second stage involved oxidation of the char formed in situ.
Replacement of the inert carrier gas by CO2 did not seem to affect the first stage. However, this change
in carrier gas delayed the oxidation of the samples during the second stage. This finding is mainly attrib-
uted to the slower transfer of thermal energy to the fuels in CO2/O2 atmospheres. The increase in the oxy-
gen partial pressure in the reaction medium had a marked effect on the oxidation stage by shifting the
process to lower temperatures (from 514 to 478 �C and from 525 to 475 �C for Ar/O2 and CO2/O2, respec-
tively). The kinetics of the process were evaluated by the integral iso-conversional method of Kissinger–
Akahira–Sunose (KAS). The two aforementioned stages were clearly identified as two regions of apparent
activation energy were obtained. A similar profile was found for the gaseous products released in the pro-
cess in both atmospheres, as evidenced by a distribution with two emission peaks, which is consistent
with the two combustion regions. However, the formation of light products such as H2, CO and CH4

was favored on using high proportions of CO2 (�80 vol.%).
� 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Themanagement of animalmanure produced in the dairy, swine
and poultry industries leads to losses of nitrogen (N), phosphorus
(P) and carbon (C), which are emitted into the environment [1].
These losses have a direct impact on the environment and human
health (climate change, terrestrial acidification, marine eutrophica-
tion and particulate matter formation) [1]. N is released through
nitrate (NO3

�) leaching, which contributes to eutrophication, and
ammonia (NH3) emissions. C contributes to greenhouse gas emis-
sions (GHG), especially through the formation of CO2 and CH4,
which are produced by manure fermentation. In this regard, live-
stock production accounts for an estimated 14% and 64% of world
GHG and NH3 emissions (78% of NH3 emissions in Europe) [2].
The disposal of manure is responsible for a significant proportion
of these figures. As a consequence, there is a need for the efficient
management of manure produced in intensive livestock farming.

Manures from farming are commonly applied to land as fertiliz-
ers or they are processed by anaerobic digestion [3]. However, the
manure produced in confined animal feeding operations (CAFO) is
highly concentrated in certain regions and the levels produced
exceed the requirements of the local farmland [4]. The number of
studies on the conversion of manure to energy or to other added-
value products by thermochemical conversion processes has
increased in recent years [4–6]. Among the different thermochem-
ical routes (pyrolysis, combustion and gasification), combustion is
the most direct route for energy production. However, the use of
manure alone in these types of processes is not currently viable
due to the widespread nature of the locations where manure is
produced. In any case, the high amounts in which they are pro-
duced (1500 million fresh tons of livestock waste and about
35 million dry tons of livestock waste is produced annually for
the UE27 and the United States, respectively [7]) make manure
interesting to be used in waste-to-energy processes.

The manure combustion process is usually carried out in an air
atmosphere and this leads to several drawbacks, such as high
exhaust heat loss and the difficulty in sequestering CO2 from the
exhaust gases due to the high nitrogen content of the effluent
stream. Typically, only around 15% by volume of CO2 is produced
in a conventional coal-air combustion flue gas stream [8]. Oxy-
fuel combustion has emerged as a plausible alternative to solve
these problems through oxidation of the biomass in a pure flow
of O2. Under these conditions, carbon capture and sequestration
(CCS) technologies can be easily integrated with oxy-combustion
processes due to the higher concentration of CO2 at the outlet.
However, despite improvements in oxygen generation processes
[9], the use of high concentrations of O2 would lead to significantly
increased costs and this compromises the final economic balance.
In this respect, the use of a recycled flue gas (RFG) stream mainly
composed of CO2 and H2O would reduce the operational costs
and circumvent other operational problems such as high flame
and char combustion temperatures by reducing the O2 purity of
the gas feedstream [10]. This influence is counteracted as a high
RFG affects the economics of the process and it is critical to use
the highest possible concentration of O2 in the feed stream without
compromising the stability of the boiler. From an environmental
point of view, this technology also leads to lower NOx emissions
[11]. In this regard, the removal of N2 from the feed stream elimi-
nates the contribution of thermal NOx formation. Additionally,
conventional air-fired plants can be modified to work under oxy-
fuel combustion conditions to yield similar performance levels
[12] without requiring a higher capital investment than that
already made in these plants [10].

The use of thermal analysis techniques coupled with analysis of
the gas evolved provides an efficient tool for the evaluation of ther-
mal processes [13,14]. However, the conditions employed differ
greatly from those used in real combustors and other bench equip-
ment such as drop tube furnaces and entrained flow reactors that
simulate more closely the combustion conditions of industrial
equipment. In any case, thermal analysis techniques have been
widely used for solid fuel thermochemical conversion processes
and are very valuable for comparison purposes and from a funda-
mental point of view [15,16]. The majority of the literature on these
systems focuses on the study of oxy-fuel combustion processes
with coal [8,11,17]. However, in recent years the use of biomass
itself or in a blend for co-combustion has attracted increasing atten-
tion [18,19]. To the best of our knowledge, studies have not been
reported in the literature that deal with the combustion of manure
under different atmospheres (CO2 and different O2 concentrations).

The work described here concerns a thorough analysis of the
oxy-fuel combustion process of manure. The optimum oxygen con-
centration, the kinetics of the process, the heat of combustion, the
combustion characteristic factor (CCF) and the major contaminants
in the effluent gas were evaluated in this study. Furthermore, the
influence of replacing CO2 in the feed stream was also evaluated.

2. Experimental section

2.1. Biomass samples

The samples used in this investigation were solid animal waste
materials obtained from the province of Québec (Canada). Swine
manure was selected for this study. Wet solids from swine manure
containing 30% of dry matter were dried in a pilot-scale biodryer
with a volume of 1 m3. Biodrying is a bioprocess that removes
water from waste using the heat generated by microorganisms
during the degradation of organic matter. The biodryer used in this
study was operated in semicontinous mode with a residence time
of 7 days. The temperature profile of the bed varied from 25 to
65 �C depending on the height of the bed. The highest temperature
was in the middle of the bed where the microorganisms showed
the highest activity. At the exit of the biodryer, the dry matter con-
tent had increased up to 60–70% and the material had a calorific
value of around 14 MJ/kg. Finally, the biomass sample was ground
and sieved to an appropriate particle size (100–150 lm) and the
sample was stored in a desiccator prior to use in the oxy-
combustion processes.

2.2. Biomass characterization

The proximate analysis was performed according to the stan-
dard UNE-EN 14775:2010, UNE-EN 15148:2010 and UNE-EN
1474-2 guidelines for the determination of swine manure ash,
volatile matter and moisture content, respectively. Fixed carbon
was calculated by difference. The percentages of carbon, hydrogen,
nitrogen, sulfur and oxygen (calculated by difference) in the sam-
ple were determined after complete combustion of the sample
using a CHNS/O analyzer (model LECO CHNS-932) with sulfamet-
hazine as the calibration standard.

Concerning heat of combustion, the highest heating value was
determined according to the standard UNE-EN 164001:2005
method using a Parr 1356 calorimetric bomb unit. The analyses
were repeated three times using benzoic acid to calibrate the
equipment for determination of the heat capacity of the calorime-
ter with a confidence interval of ±150 cal/g.

2.3. Thermogravimetric analysis (TGA)

Oxy-combustion experiments were performed on a simultane-
ous thermogravimetric and differential scanning calorimeter
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analyzer (TGA-DSC 1, Mettler-Toledo) coupled to a mass spectrom-
eter (Thermostar-GSD 320/quadrupole mass analyzer, PFEIFFER
VACCUUM)with an electron ionization voltage of 70 eV, which pro-
vides mass spectra up to 300 a.m.u. The interface between the two
instruments was surrounded with heating wire in order to avoid
condensation of the exhaust gases. Two different atmospheres were
tested, namely CO2/O2 and Ar/O2. Argon was preferred as the inert
carrier gas rather than nitrogen because the nitrogen signal in the
mass spectrometer interfered with key products such as CO (m/
z = 28 for both compounds). The following partial pressures were
tested for both atmospheres in order to evaluate the effect of O2

concentration: 20, 40, 50, 60 and 80 vol.% O2.
The temperature range studied was from room temperature up

to 1000 �C at three different heating rates: 10, 20 and 30 �C/min.
Preliminary experiments were performed according to Sanchez-
Silva et al. [15] in order to minimise heat and mass transfer limita-
tions. In this regard, a total gas flow of 100 NmL/min, a particle size
range between 100 and 150 lm and an initial sample weight of
5 mg were used. The crucibles used were made of alumina and
these had a total volume of 70 lL.

In order to identify ions with m/z values in the range 0–300, a
preliminary broad scan was performed at a heating rate of 10 �C/
min. Comparison of the peak areas between different samples
was performed by applying the total pressure registered by the
device as a normalization factor [20].

2.4. Kinetic analysis

In dynamic TGA experiments, the rate of conversion (da/dt) is
the linear function of a temperature-dependent rate constant (k
(T)) and the temperature-independent function of conversion (f
(a)) [21].

da=dt ¼ kðTÞ � f ðaÞ ð1Þ
where a is the degree of conversion (Eq. (2)) and k is the kinetic con-
stant, which can be considered to follow an Arrhenius relationship
(Eq. (3)):

a ¼ ðmo �mtÞ=ðmo �mf Þ ð2Þ

k ¼ k0 � e�Ea=ðR�TÞ ð3Þ
where mo and mt represent the mass at t = 0 and t = t, respectively,
and mf is the final mass of the sample, ko is the pre-exponential fac-
tor, Ea is the activation energy, R is the universal gas constant and T
is the absolute temperature (K).

Combination of Eqs. (1) and (3) yields:

da=dt ¼ ko � e�Ea=R�T � f ðaÞ ð4Þ
This equation provides a basis for differential kinetic methods

[22]. Integration of Eq. (4) leads to Eq. (5).

gðaÞ ¼
Z a

0
da=f ðaÞ ¼ ko �

Z t

to

e�Ea=RT � dt ð5Þ

where g(a) is the integral function of conversion.
By entering the linear heating rate program, the following equa-

tion is obtained:

b ¼ dT=dt ð6Þ

gðaÞ ¼
Z a

0
da=f ðaÞ ¼ ko=b

Z T

To

e�Ea=RTdT ð7Þ
2.4.1. Integral iso-conversional methods
All iso-conversional methods originate from the iso-

conversional principle, which states that the reaction rate at a
constant extent of conversion is only a function of temperature
[22].

Integral iso-conversional methods involve the application of the
iso-conversional principle to the integral equation (Eq. (5)). Eq. (5)
does not have any analytical solution for any temperature pro-
gram. For the commonly used constant heating rate program (Eq.
(7)), the following approximation is widely accepted [22]:

lnðb=T2
a;iÞ ¼ B� CðEa=RTa;iÞ ð8Þ

where B and C are parameters determined by the type of tempera-
ture integral approximation and Ta,i represents the temperature at
which the extent of conversion a is reached under ith temperature
program. In the work reported here, the approximation described
by Kissinger–Akahira–Sunose (KAS) (B = 2 and C = 1) was used
due to its high accuracy. The following expression was obtained
[23]:

lnðb=T2
a;iÞ ¼ B� ðEa=RTa;iÞ ð9Þ

In iso-conversional methods a series of experimental runs is
carried out at different heating rates [21]. Then, for a constant a,
the plot of ln (b=T2

a;i) versus 1/Ta,i for each value of a yields a
straight line, the slope of which allows the apparent Ea to be eval-
uated. The term ‘apparent Ea’ is used due to the difficulty in deter-
mining intrinsic kinetic parameters for this kind of process, since
each step is likely to be due to the decomposition of a mixture of
compounds rather than an individual component. The use of ‘ap-
parent’ parameters helps to differentiate them from intrinsic
parameters, as explained by Vyazovkin et al. [22]. A region of
apparent Ea is a region that has similar Ea values and it can be con-
sidered as a thermal decomposition step.

3. Results and discussion

3.1. Biomass characterization

The ultimate analysis, proximate analysis and calorific values
for the swine manure sample are listed in Table 1. These character-
istics determine the choice of conversion process and can have an
influence on subsequent processing difficulties that may arise [24].
The swine manure sample had a relatively high C value (45 wt.%)
and this is similar to those found in other types of terrestrial bio-
mass. Furthermore, the levels of N and S, which could be converted
into NOx or SOx upon oxidation, are considerably lower than those
found for other types of biomass such as microalgae [25]. As far as
the proximate analysis is concerned, it can be seen that the mois-
ture content (M) is relatively low, which can be attributed to the
bio-drying of the sample. A pre-drying step is required as the use
of wet biomass, such as manure samples (>10 wt.% for air-dried
manures), usually causes feeding problems. In this regard, a bio-
drying pre-treatment was carried out as this is a viable and low-
cost way to remove the excess moisture content. Heating of the
biomass is caused by auto thermal heat generation due to micro-
bial action on the waste material and, as a consequence, extra costs
are not incurred in the process operation. Furthermore, the time
required for biodrying is very short and the emission factors are
also very short [26].

The fixed carbon (FC) and volatile matter (VM) contents make
up almost 86 wt.% of the total composition, which make them good
candidates for oxidation and gasification processes [24]. However,
the amount of ash is high and this could cause different problems
related to fouling, corrosion and slag formation. Finally, the High
Heating Value (HHV) of the swine manure sample was 16.1 MJ/
kg and this is similar to values found for swine (16.6 MJ/kg) [5]
and chicken (18.3 MJ/kg) manure [3]. Furthermore, these values
are quite similar to those determined for other types of biomass



Table 1
Characterization of the swine manure sample.

Ultimate analysis (wt.%) dafa Proximate analysis (wt.%)a HHV (MJ/kg)

C H N S O M (%) Ash (%) VM (%) FC (%)

45.0 6.4 1.9 0.7 46.0 4.4 9.7 66.3 19.6 16.1

a daf = Dry and ash free basis; M = Moisture; VM = Volatile matter; FC = Fixed carbon; HHV = High heating value.
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like lignocellulose (16–20 MJ/kg) [25] and microalgae (20–25 MJ/
kg) [27,28]. Thus, characterization of the swine manure sample
indicates that it has suitable properties for use in oxidation pro-
cesses due to its high C, VM and FC contents in conjunction with
its low moisture content. The use of manure as a fuel in its own
right is not economically viable, mainly because its production is
geographically disperse. Nevertheless, manure has similar proper-
ties to other types of biomass and it could be used as a co-
combustion agent in coal or biomass-based power plants. This lat-
ter option is quite attractive since the usual high variability in the
properties of manure can be circumvented by dilution with other
solid fuels [29].

3.2. Thermal analysis

The thermal profiles for the oxy-combustion process of manure
under inert (argon) and carbon dioxide atmospheres for an oxygen
concentration of 20 vol.% at a heating rate of 20 �C/min are shown
in Fig. 1. As described in previous works, the combustion process
for biomass samples can be described by two main stages:
devolatilization of the sample and oxidation of the resulting char
[30]. The different shapes of the peaks are due to the decomposi-
tion of the main components of the biomass. The first peak is usu-
ally associated with the degradation of cellulose and hemicellulose
tissue, whereas the second peak is related to the decomposition of
more complex polymers like lignin [4]. The replacement of CO2 by
the inert gas did not seem to affect the thermal profile. As far as
the first stage is concerned, significant changes were not observed
on changing the atmosphere. The maximum decomposition peak
for the Ar/O2 atmosphere was obtained at 284 �C, with a weight
loss rate of 0.52 wt.%/�C and a total weight loss of 48.5 wt.%. For
the CO2/O2 atmosphere, the position of the peak was essentially
the same, with a slightly lower rate (0.51 wt.%/�C) detected and
total weight loss of 48.4 wt.%. This finding can be explained as fol-
lows: the devolatilization peak is highly associated with the
removal of volatile matter from the biomass, which in turn is
related to the activation energy and the temperature of the oxi-
dant rather than to the reaction rate [31]. Thus, the devolatiliza-
tion peak is more closely associated with thermal decomposition
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Fig. 1. Thermal analysis for the normal oxygen concentration combustion process
thermogravimetric (DTG) profiles and (b) differential scanning calorimetry (DSC) profile
than the chemical reaction. On the other hand, more noticeable
changes took place during the oxidation stage. For the CO2/O2

atmosphere, the sample decomposition was delayed from 514 �C
to 525 �C. These findings are related to the higher specific heat
capacity of carbon dioxide, which hinders the heat transfer rate
and combustibility [32].

In relation to the DSC profiles (Fig. 1b), similar trends were
observed with both atmospheres and this confirmed the presence
of two different processes (i.e., two-step reactions). The second
step was more exothermic than the first due to char oxidation
[33]. As observed in the TGA-DTG profiles, there was a shift in
the DSC peaks towards higher temperatures for the CO2/O2 atmo-
sphere (the DSC peak for the CO2/O2 atmosphere was detected at
537 �C whereas the DSC peak for the Ar/O2 one was observed at
517 �C). Furthermore, the peaks obtained on using the CO2/O2

atmosphere were taller than those observed for the Ar/O2 atmo-
sphere, a finding that could also be attributed to differences in
the thermal properties of the two mixtures of gases.

The effect of the oxygen concentration is shown in Fig. 2. It can
be observed that the temperature at which the main peak
appeared for the devolatilization stage (275–278 �C ± 1 �C for both
atmospheres) was not affected by the increased level of oxygen in
the medium. The opposite effect was observed on considering the
magnitude of the peak (from 0.49 to 0.58 ± 0.02 wt.%/�C for both
atmospheres) and this is due to the fact that the volatiles are
released quickly, as reported elsewhere [34]. In this regard, notice-
able differences were not found in this stage for either atmosphere,
which indicates that the temperature is the main driving force in
the first step of the reaction. In contrast, the oxidation stage was
clearly affected by the presence of oxygen, with the process shifted
to lower temperatures. The main oxidation peak moved from
514 �C to 478 �C for the Ar/O2 atmosphere and from 525 to
475 �C for the CO2/O2 atmosphere. These deviations are due to
the higher level of oxidant, which influences the oxidation rate of
the char. However, this effect was not observed at elevated oxygen
concentrations [31]. The extent of the oxidation reaction, defined
as the difference between the initial peak temperature and the
burnout temperature, was more significant for the CO2 atmosphere
due to the slower transfer of thermal energy to the fuels.
150 300 450 600 750
0

10

20

30

40(b)

H
ea

t F
lo

w
 (k

J/
(k

g 
s)

Temperature (ºC)

under inert and CO2 atmospheres. (a) Thermogravimetric (TGA) and derivative
s.



0,2

0,4

0,6

125 250 375 500 625 750 875 1000
0

20

40

60

80

100

0,2

0,4

0,6

125 250 375 500 625 750 875 1000
0

20

40

60

80

100

W
ei

gh
t l

os
s r

at
e 

(w
t. 

%
/ºC

)
 Ar/O2 80/20
 Ar/O2 60/40
 Ar/O2 50/50
 Ar/O2 40/60
 Ar/O2 20/80

W
ei

gh
t (

w
t. 

%
)

Temperature (ºC)

W
ei

gh
t l

os
s r

at
e 

(w
t. 

%
/ºC

)

 CO2/O2 80/20
 CO2/O2 60/40
 CO2/O2 50/50
 CO2/O2 40/60
 CO2/O2 20/80

W
ei

gh
t (

w
t. 

%
)

Temperature (ºC)

Fig. 2. Thermogravimetric (TGA) and derivative thermogravimetric (DTG) profiles for the oxy-combustion process for different oxygen concentrations under (a) inert and (b)
CO2 atmospheres.
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3.3. Oxy-combustion efficiency

As discussed in the previous section, the efficiency of combus-
tion can be defined by the second oxidation stage (i.e., the char oxi-
dation stage). In this regard, comparison of the efficiency of the
oxy-combustion process with respect to the partial pressure of
oxygen was focused on this reaction region. Three different param-
eters were evaluated: the combustion characteristic factor (CCF),
the maximum peak temperature (Tpm) and the heat of combustion
determined by integration of the DSC peaks (DHcomb). The CCF esti-
mates the efficiency of a process according to the maximum burn-
ing velocity ((dw/dt)max in wt.%/min), the average burning velocity
((dw/dt)mean in wt.%/min), the ignition temperature (Ti in K) and the
burnout temperature (Tb). Ti is defined as the temperature at which
a sudden weight loss is observed in the DTG curve. This parameter
is calculated as the meeting point of the tangent line to the maxi-
mum weight loss rate and the tangent line to the point at which
decomposition began. Finally, Tb is the temperature at which the
combustion process finishes and further weight loss is not
observed (temperature at which the weight loss rate is below
0.01 wt.%/�C). This factor has been used by several authors and is
a good tool for comparison purposes [35,36]. The CCF can be
expressed as:
CCF ¼ dw
dt

� �
max

� dw
dt

� �
mean

�
T2
i � Tb ð10Þ

The different parameters discussed above are depicted in Fig. 3.
The variation in the maximum peak temperature with the oxygen
concentration is depicted in Fig. 3a. The maximum peak tempera-
ture (Tpm) corresponds to a maximum weight loss region. In this
regard, a lower Tpm value represents higher reactivity of the sam-
ple. The reactivity of swine manure is higher when Ar is used
instead of CO2. These results are consistent with those found else-
where and are ascribed to the different specific heat capacity
[31,37,38], mass diffusivity and thermal conductivity [32] of CO2.
Furthermore, for the Ar/O2 atmosphere an inflection point was
detected at an oxygen concentration of 60 vol.%. This observation
indicates that higher oxygen concentrations did not lead to a fur-
ther enhancement of the thermal process. In the case of the CO2/
O2 atmosphere, an almost linear variation of the Tpm with oxygen
concentration was observed. The evolution of both the combustion
characteristic factor and the heat of combustion with oxygen con-
centration for Ar/O2 experiments is represented in Fig. 3b. The for-
mer parameter increased linearly up to an oxygen concentration of
60 vol.% in a similar way to Tpm. However, the heat of combustion
showed a different trend and in this case two regions were estab-
lished. In the first region, for oxygen concentrations between 20
and 40 vol.%, the heat of combustion was relatively low. In the sec-
ond region, for oxygen concentrations between 50 and 80 vol.%, an
increase in the heat of combustion was observed. Regarding the
CO2/O2 atmosphere (Fig. 3c), an inflection point was not found
for the CCF parameter whereas the heat of combustion seemed
to show a similar trend than that found in the Ar/O2 experiments.
However, in this case the lower heat of combustion values were
extended up to an oxygen concentration of 50 vol.% whereas the
higher values for this parameter were found at higher oxygen par-
tial pressures (60–80 vol.% O2).

In summary, on using an Ar atmosphere an optimum scenario
was observed for oxygen concentrations between 50 and 60 vol.
%. The presence of higher oxygen concentrations did not have a
marked influence on the process. On using a CO2 atmosphere, the
maximum efficiency was found for the highest oxygen partial pres-
sure used. As mentioned in previous sections, the maximum O2

concentration must be controlled in terms of the flame tempera-
ture in order to keep it within the acceptable limits for the materi-
als from which the boiler is constructed. Furthermore, control of
the O2 concentration will also reduce the cost of using a higher
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Fig. 3. Oxy-combustion efficiency in terms of: (a) maximum peak temperature, (b) combustion characteristic factor (CCF) and heat of combustion (DHcomb) for Ar/O2
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amount of O2 in the feed [39]. As pointed out by Ahn et al. [31], the
optimized oxy-fuel conditions for existing power plants may be
different depending on the fuel characteristics. Thus, customized
studies for each type of biomass sample should be performed prior
to their use in industrial applications.

3.4. Kinetic analysis

The linear plots obtained using the integral iso-conversional
method of Kissinger–Akahira–Sunose (KAS) are shown in the Sup-
plementary Information (Fig. S1). This method allows the acquisi-
tion of the apparent Ea of the sample under investigation from the
slope of the iso-conversional plots, in which the derivatives of a
and ln(b/T2) are represented as a function of temperature. Accord-
ing to Eq. (9), a plot of ln(b/T2) against 1/T should be a straight line.
As can be seen in Fig. S1, the linear plots showed high correlation
coefficients ranging from 0.9325 to 0.9999. Plots of the iso-
conversional methods for the swine manure sample showed a gen-
eral trend where the fitted lines were parallel. The slopes of the
Fig. 4. Apparent activation energy as a function of the degree of conversion obtain

Table 2
Apparent activation energy as a function of degree of conversion for the oxy-combustion

Apparent Ea

a 20 vol.% O2

Ar/O2 0.1–0.5 180.51
0.6–0.8 95.91

a 20 vol.% O2

CO2/O2 0.1–0.5 167.53
0.6–0.8 87.96
lines allow the estimation of the apparent activation energy of
the dynamic combustion at various conversions [21]. As men-
tioned above, the use of iso-conversional methods allows the
determination of the apparent Ea without any precise knowledge
of the reaction mechanism [13].

The apparent Ea values as a function of a obtained by the KAS
method are shown in Fig. 4. A significant variation in the apparent
Ea with conversion indicates that the process is kinetically com-
plex [22]. According to Babiński et al. [13], the dependence of Ea
with the conversion rate in dynamic experiments is due to the
change in the oxidation mechanism. However, it can be seen that
the dependence of the apparent Ea on a can be separated into
two distinct regions with similar apparent Ea values. The first
region, in which iso-conversional Ea can be considered to be stable,
corresponds to 0.1 < a < 0.5; the second region, where small varia-
tions of Ea were observed, is defined by 0.6 < a < 0.8. These two
regions fit well with the twomain stages of the oxidation processes
discussed above. The low conversion range is associated with the
devolatilization stage, whereas the high conversion range corre-
ed by the KAS method for: (a) Ar/O2 atmosphere and (b) CO2/O2 atmosphere.

process of swine manure in Ar and CO2 atmospheres.

(kJ/mol)

50 vol.% O2 80 vol.% O2

195.75 170.07
100.64 82.01

50 vol.% O2 80 vol.% O2

161.73 152.55
96.03 84.08



Table 3
Comparison of combustion kinetics parameters for different types of manure samples.

Biomass Ea (kJ/mol) Method Reference

Step 1 (devolatilization) Step 2 (char oxidation)

Swine manure 198.7 124.2 Kissinger–Akahira–Sunose [5]
Swine manure – 107.0 Vyazovkin [28]
Swine manure – 119.6 Ozawa–Flynn–Wall [28]
Bio-oil from swine manure – 56 Single heating rate [43]
Dairy manure 83.0 55.6 Single heating rate [42]
Chicken litter – 232 Friedman [13]
Swine manure 180.5 95.9 Present study
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sponds to the oxidation of the sample. The gap between the two
conversion ranges probably corresponds to the intermediate peak
observed in the DTG plots. These two regions are consistent with
results reported in the literature [40,41]. The average apparent Ea
values are summarized in Table 2 for each conversion range. The
apparent Ea of the process did not seem to be very dependent on
the amount of O2 used in the medium. Thus, values of the same
order of magnitude were found for Ar and CO2/O2 atmospheres
but the value was slightly higher for the argon atmosphere. These
values are consistent with those reported in the literature. In this
regard, López et al. [42] found Ea values for the oxy-fuel combus-
tion of corn and corn-rape blends in the range 132–190 kJ/mol
for the devolatilization stage on using the Flynn–Wall–Ozawa
(FWO) and Vyazovkin iso-conversional methods. Similarly, Chen
et al. [32] found Ea average values in the range 134–242 kJ/mol
for the oxy-fuel combustion of microalgae Chlorella vulgaris on
using the FWO and KAS methods. However, comparisons between
samples are complicated due to the wide range of operating condi-
tions described in the literature (e.g., atmosphere, heating rate or
kinetic approach). The values for the apparent activation energies
for the two combustion regions for different types of manure sam-
ples are provided in Table 3. It can be seen that for different iso-
conversional methods (e.g., Friedman, Kissinger–Akahira–Sunose
or Flynn–Ozawa) the values obtained are very similar and small
differences can be ascribed to different operating conditions and
manure compositions. On the other hand, when single heating rate
methods (i.e., Coats and Redfern) were used the experimental val-
ues obtained are underestimated (50–60 kJ/mol for the oxidation
stage) [43,44]. In this regard, iso-conversional methods are consid-
ered to be more reliable since they are not dependent on the heat-
ing rate [21]. If we consider the two regions found, the apparent Ea
values were higher for the devolatilization stage (low conversion
values). This finding can be explained by the change in the com-
bustion mechanism from chemical kinetic control (rate limiting)
to diffusion-chemical kinetic control (fast step) [13]. On increasing
the oxygen concentration in the medium, an increase at 50 vol.% O2

and a decrease at 80 vol.% O2 in the apparent Ea for both stages
were observed. Werther and Ogada [45] observed an increase in
the apparent Ea values and this suggests that the semi-coke struc-
ture expanded to give a higher grain size and the ash content
increased with the increase in the final temperature.

The decrease in the apparent Ea at higher oxygen concentra-
tions can be explained as follows. At high oxygen concentrations
and temperatures, very little char remained and combustion was
not a major event. This finding is in good agreement with previous
studies reported by Fang et al. [34], who found a critical value for
oxygen concentration of 65 vol.% for the oxy-fuel combustion of
wood.

3.5. Analysis of evolved gas

The gaseous emissions produced during oxy-fuel combustion of
the swine manure sample were evaluated by TGA-MS. The prod-
ucts were identified by a preliminary scan performed under the
same conditions as the reaction but in the full range of ion to mass
ratios (0–300). The most prominent ions were detected at (m/z)
= 2, 15, 18, 26, 28, 29, 30, 44, 50, 58, 60 and 63 and these corre-
spond to the following compounds: H2, CH4, H2O, C2H2, CO, C2H6,
NOx + CH4N (primary amines) + light hydrocarbons, CO2, CH3Cl,
C3H8N (amines), C2H4O2 (oxygenated hydrocarbons) and C5H3

+

(aromatic indicator), respectively. Particular care must be taken
when reporting some ions due to the fact that they could belong
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to various compounds. For example, ions withm/z 30 are related to
the evolution of different compounds such as NOx, primary amines
and C2H6.

The gaseous product distribution for both types of atmospheres
evaluated at 20 vol.% O2 are shown in Fig. 5. A typical two-stage gas
product distribution was found for the Ar/O2 MS profile (Fig. 5a)
[30,46]. The first stage corresponds to devolatilization of the sam-
ple, with the maximum intensity peak for most products observed
at temperatures between 300 and 315 �C. Most of the volatiles
were released during this stage and, as a consequence, a more
diverse product distribution profile was found. As discussed above,
decomposition processes were predominant in this temperature
range. This fact, together with the prominent release of volatile
matter, implies that oxygen did not reach the surface of the sample
[13]. Thus, most of the compounds released in this stage, such as
H2, light hydrocarbons (CH4, C2H2 and C2H6), CH4N and chloride
compounds (CH3Cl), came from the thermal cracking of the sam-
ple. In a similar way, the H2O detected in this stage was originated
from the decomposition of glycosidic groups [47]. The second stage
Fig. 6. Integrated peak areas for the oxy-combustion process of the swine manure samp
of the process corresponds to the oxidation zone. Maximum peaks
were found in the temperature range 510–530 �C. In this stage the
maximum peak was found for CO2 and this indicates that direct
oxidation of the char was the predominant reaction. The peak
found in this stage at m/z = 30 was most likely related to the emis-
sion of NOx due to the direct oxidation of the remaining N2 in the
char [30].

The gaseous product distribution in the case of CO2/O2 atmo-
spheres is shown in Fig. 5b. The amount of products detected
was lower than on using Ar/O2 atmospheres because it was not
possible to detect variations in CO2. Nevertheless, a similar two-
stage product distribution was found as described above and this
is consistent with literature data [11,48]. The main gaseous pro-
duct emitted was H2O followed by CO, light hydrocarbons, amines,
NOx and H2. Other products such as chloride compounds and aro-
matics were detected in much lower proportions.

The integrated peak areas for different concentrations of oxygen
in the Ar/O2 and CO2/O2 atmospheres are shown in Fig. 6. In this
regard, the amount of CO2 released might act as an indicator of
le in Ar/O2 and CO2/O2 atmospheres against the amount of oxygen in the medium.
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the combustion efficiency as it is the main product of the direct
oxidation of char. Thus, a slow increase in CO2 production with
increasing amounts of O2 in the medium from 20 to 40 vol.% was
observed, with a maximum value obtained at 60 vol.% of O2. The
amount of CO2 produced remained practically constant at 80 vol.
%, which indicates that there is no significant enhancement in
the process at high O2 partial pressures. These results are in good
agreement with those reported by Fang et al. [34], who found a
maximum CO2 production at oxygen levels between 50 and
60 vol.% for the oxy-fuel combustion of wood. The CO production
increased almost linearly over the whole range of O2 concentra-
tions in the case of the Ar/O2 atmosphere. However, for the CO2/
O2 atmosphere, the maximum rate of CO production was obtained
for the reaction mixture containing 80/20 vol.% of CO2/O2. The dif-
ferences in CO emissions can be explained by considering the
decomposition reactions (thermal cracking, partial oxidation and
reforming reactions) of the manure sample that take place under
CO2/O2 atmospheres [49]. However, at higher O2 contents a drop
in the level of CO production was observed and this can be
explained by the occurrence of the Boudouard reaction (CO2 + -
CM 2 CO) at low partial pressures of CO2. Other typical gaseous
products obtained from secondary reactions, such as H2 or CH4,
showed similar trends, with maximum yields obtained at the high-
est CO2 concentration tested (80 vol.%). However, for lower CO2

concentrations the yields of these compounds were very similar
to those observed for Ar/O2 atmospheres. This result could indicate
that secondary reactions (thermal cracking, Boudouard or reform-
ing reactions) only took place at low O2 concentrations and they
were inhibited at higher concentrations where complete oxidation
reactions are predominant. In general, the relative amounts of gas-
eous components were very similar for both types of atmospheres,
which indicates that the use of CO2 instead of Ar for oxy-
combustion processes did not lead to a major change in the gas-
eous product distribution.

In summary, it can be concluded that swine manure samples
could be a potential biomass feedstock for oxy-fuel combustion
applications. This type of biomass has suitable characteristics such
as high fixed carbon and volatile matter, low moisture and accept-
ably high heating values. On the other hand, the high ash content
may require the inclusion of some pre-treatment process such as
acid washing or co-firing of the manure with coal in order to solve
these problems. The temperature needed to carry out the oxy-
combustion process in the range 550–650 �C, which corresponds
to the second oxidation zone. This temperature range is similar
to those reported in the literature for other types of solid fuels such
as lignocellulosic biomass and coal [34,48,49]. The amount of oxy-
gen fed into the system could be in the range between 50 and
60 vol.%. However, the oxygen used in oxy-fuel combustion pro-
cesses is very variable and it will change depending on the require-
ments of a particular system, as reviewed by Toftegaard et al. [39].
Concerning the gaseous emissions, SOx emissions were not found
although the emission of NOx must be taken into consideration.
However, further studies are required on conditions that more clo-
sely resemble those in real combustors such as drop tube furnaces
and entrained flow reactors. In this regard, the kinetic data
obtained in this work could be used for a preliminary prediction
of the exhaust gas flows and the residence time of the manure in
the combustors, as reported elsewhere [22,50,51].
4. Conclusions

The replacement of Ar by CO2 as the carrier gas in oxy-
combustion processes had a detrimental effect by delaying the oxi-
dation of the sample. This fact was attributed to the higher specific
heat capacity of carbon dioxide. An increase in the O2 concentra-
tion in the medium enhances the oxidation of the sample up to a
critical O2 concentration, which indicates the existence of an opti-
mum value where the combustion process cannot be enhanced
further after a sufficient concentration of the reactant is present
in the medium. This critical O2 concentration was determined by
employing different efficiency indicators (combustion characteris-
tic factor, heat released during the combustion, maximum peak
temperature and CO2 production). In the case of Ar/O2 atmo-
spheres, an optimum O2 concentration of 60 vol.% was found. How-
ever, on using CO2 an optimum value was not found as this gas has
a detrimental effect on the combustion process. Application of the
Kissinger–Akahira–Sunose method showed that there were two
different regions of apparent activation energy (Ea), namely a high
apparent Ea (150–195 kJ/mol) for conversion values between 0.1
and 0.5 and a low apparent Ea (80–100 kJ/mol) for conversions
between 0.6 and 0.8. The existence of two regions implied a change
in the mechanism from chemical kinetic control to a diffusion-
chemical kinetic control. The use of high concentrations of CO2

(60–80 vol.%) in the reacting gas promoted the formation of sec-
ondary products such as H2, CO and CH4, which were ascribed to
the existence of secondary reactions such as thermal cracking,
reforming or Boudouard reactions. The main pollutants found were
chloride compounds, NOx and aromatic indicators, identified as
CH3Cl, NO + NO2 and C5H3

+, respectively. The emission of these
compounds took place during devolatilization of the sample
between 200 and 400 �C except for NOx, which was most likely
released during the oxidation stage (400–600 �C).
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.fuel.2017.01.041.
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