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ARTICLE INFO ABSTRACT
Keywords: The thermochemical conversion of swine manure using chemical looping processes is an alternative for obtaining
CO; capture bioenergy with CO, capture and solving environmental problems related to excess nutrients and greenhouse gas

Swine manure emissions. In this study, the combustion of swine manure was performed in a chemical looping with oxygen

gﬁg::r:;ﬁzo in uncoupling (CLOU) unit at the 0.5 kWy, scale with copper-based oxygen carrier particles supported on magnetic
CLOU ping MnFe spinel. The effects of the fluidisation agent (COy or steam), air excess (7%-23%), and temperature
Nitrogen (800-950 °C) on different parameters, namely the CO, capture rate, combustion efficiency, and nitrogenous

compound emissions, were analysed. High combustion efficiencies (95%-98%) were achieved, and tar com-
pounds were not detected in the flue gases. Similarly, elevated CO, capture efficiency values (82%-99%) were
also achieved, which increased by increasing the temperature. Most nitrogen (ca. 93%-96%) is converted into
innocuous Ny. The NO concentration increased with temperature, whereas NoO and NHs concentrations
decreased.
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Notation

Symbols

Xchar Carbon conversion in char particles (—)

f. Mass fraction of carbon in solid fuel (-)

M; atomic mass of element i (kg/mol)

My Mass-based flow of solid fuel fed into the fuel reactor (kg/
h)

MER Specific solid inventory (kg/MWy,)

Moc Solid circulation rate (kg/s)

Roc Oxygen transport capacity (—)

Greek letters

Neomprr  Combustion efficiency in the fuel reactor (—)

Nce CO,, capture efficiency (—)

0} Oxygen carrier to fuel ratio (—)

A Air excess ratio (—)

Qe Stoichiometric mass of O, to convert 1 kg of solid fuel (kg/

kg)

Subscrips

AR Air reactor

FR Fuel reactor

Char Carbon in char particles

OC Oxygen carrier

Elut Elutriated particles from fuel reactor
Fix Fixed carbon

inAR Inlet stream to air reactor

inFR Inlet stream to fuel reactor

outFR Outlet stream from fuel reactor

outAR  Outlet stream from air reactor

sf Solid fuel

Acronyms

CLOU  Chemical Looping Combustion with Oxygen Uncoupling
CLC Chemical Looping Combustion

LHV Low Heating Value (kj/kg)

OC Oxygen carrier

T Temperature

1. Introduction

Agricultural practices contribute to the release of greenhouse gases
through several, including enteric fermentation in domesticated ani-
mals, livestock manure management, agricultural soil management, the
application of urea fertilisers, the use of liming materials, and the
burning of agricultural residues in the field [1].

Manure management is critical for the sustainability of the livestock
sector in countries where intensive farming is implemented. In partic-
ular, the pig sector is considerably important, with China, the United
States, Germany, and Spain being the world’s four largest pork pro-
ducers [2]. The main impacts of swine manure, in solid and liquid
fractions, on the environment come fundamentally from greenhouse gas
emissions (GHG) and excess nutrient accumulation in the field, typically
N and P compounds [3].

Swine manure is a residue composed of a mixture of solid and liquid
excrement, food scraps, and cleaning water. Its composition varies
depending on different factors existing in the pig farm —e.g., race, age, or
food- but in general, the solid fraction of this residue is characterised by
a high content of carbon (>50% daf), nitrogen (4%-5% daf), sulfur
(~1% daf), and ash (~30%).

This waste is often used as an organic fertilizer in agriculture. The
abuse of this solution may lead to significant environmental problems,
such as aquifer pollution by N- and P-containing compounds. In addi-
tion, it may result in the accumulation of trace elements in soil (Zn and
Cu) and an increase in N-containing compounds (NH3 and NOx) and CHy4
emissions into the atmosphere, contributing to environmental acidifi-
cation and an increase in the greenhouse effect. Therefore, searching for
a suitable solution to this problem is crucial. Particularly, the energetic
valorisation of the solid fraction of swine manure can potentially miti-
gate the environmental concerns associated with this residue. In addi-
tion, if technologies with reduced greenhouse gas emissions are
implemented, different contamination effects may be simultaneously
solved.

Several processes, including pyrolysis, gasification, and combustion
[4,5], have been studied for their application to organic wastes and are
versatile with different fuels. Thus, they can be applied in managing
swine manure obtained from areas with intensive livestock farming. The
raw swine manure has high water content (>90%), and thermochemical
processes focus on the solid fraction. For this reason, solid waste can be
obtained after flocculation-separation, which can eventually be treated
as a semi-dry solid fuel. The use of swine manure as an input for py-
rolysis has been demonstrated in waste reduction and energy production

studies. Fernandez-Lopez et al. [6] determined that the thermal
decomposition of swine manure mainly corresponds to that of hemi-
cellulose. Because swine are not ruminants, hemicellulose degrades
poorly in their intestines. Xiu [7] achieved a maximum oil yield of
24.2% by hydrothermal pyrolysis of swine manure at 340 °C in a high-
pressure reactor (100 psi). Liquefied oil is a viable option with the po-
tential for use as a resource for renewable fuels and chemicals.

The potential of energy valorisation of manure by combustion has
also been evaluated for other types of animal waste [8-11]. Lundgren
and Pettersson [9] evaluated using wood shavings and horse manure as
alternative fuel sources for heat generation. The emissions of incomplete
combustion products were low; however, NOx emissions of 280-350
mg/Nm® at 10 vol% O, were observed because of the elevated N fuel.
The experimental results of Turzynski et al. [10] indicated that the
chemical characteristics of chicken manure make it difficult to burn, and
adding other materials like straw and wood facilitates the combustion
process. However, a large amount of straw in the mix increases NOx
emissions, causes problems owing to ash sintering, and reduces tem-
perature and power density. Jiang et al. [11] studied the combustion
properties and ignition of bovine manure. The results showed a low
tendency for slag and encrustation of bovine manure ash. They
concluded that this residue is an unconventional but potential raw
material for heat generation.

Among the novel technologies for converting biofuels to energy,
Chemical Looping Combustion (CLC) stands out because of its unique
ability to convert carbonaceous materials with a high N content [5]. CLC
is a combustion technology with an intrinsic capture of CO; and inter-
esting characteristics for N-fuel conversion that may be highly relevant
for the energy valorisation of swine manure to reduce greenhouse gas
emissions and soil contamination by N compounds [12].

The fundamental principle underlying CLC technology involves the
avoidance of fuel and air contact in the combustion process, which is
achieved by utilising an oxygen carrier (often a metal oxide, MesOy) to
supply the oxygen required for the combustion of a fuel, which may be
gaseous, liquid, or solid [13]. The continuous provision of oxygen for
fuel oxidation is guaranteed through the following redox cycle (Fig. 1):
the metal oxide undergoes reduction while oxygen is provided to the
fuel, followed by subsequent reoxidation through exposure to air.

When using solid fuel, chemical looping with oxygen uncoupling
(CLOU) improves the performance compared to common CLC using
oxygen carriers capable of releasing O, [14]. Thus, the fuel oxidation
process occurs in distinct stages: initially, it starts with its devolatilisa-
tion into the volatile matter and the char reaction (R1); then, the oxygen
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H,0, CO,, N,

Fig. 1. Conceptual framework of biomass chemical looping combustion process.

carrier liberates the molecular oxygen reaction (R2); eventually, the
volatile components and char are burned subsequently with O as in the
conventional combustion reaction (R3).

Solid fuel—Volatile matter + Char (R1)
2 Me,Oy—2 Me,O,_; + 0O, (R2)
Char, Volatiles + O,—H,0 4+ CO, + Ash (R3)

The metal oxide, MxOy, was regenerated in air (R4). Notably, the
unconverted carbon in the char may also be burned during the regen-
eration step (R5), which causes a decrease in the CO5 capture rate
because some CO, is emitted in the air-depleted stream.

2 Me, Oy + 0,—2 Me, Oy (R4)

For the CLOU process, three redox systems based on pure metal ox-
ides, namely Mnz03/Mn304, Co304/Co0, and CuO/Cuy0 [14], as well
as mixed oxides or perovskite-based materials [15], have been identified
with suitable thermochemical characteristics.

This technology is also versatile for use with different solid fuels.
Using biomass in the CLOU technology has been demonstrated using
distinct oxygen carriers based on CuO, CuMn, or MnFe mixed oxides
and CaMn-based perovskites [16-18]. These studies showed the use of
biomass through complete combustion of fuels with high CO3 capture
rates. In the case of biofuels, studying the fate of nitrogen is particu-
larly relevant. During combustion, N-fuel produces NOx compounds
(NO3, NO, and N20). In chemical looping, molecular N, is detected as
the main N-fuel product, with a minor presence of NO [12]. Comparing
fuel-N conversion during the CLC and CLOU processes, Pérez-Astray
et al. [19] used biomass almond shell, pine sawdust, and olive stone
under similar experimental conditions, and they observed that the CLC
mode favoured nitrogen exiting together with CO, because of the
higher temperature used in this mode. In relation to N2O, small
amounts were detected in CLOU mode but disappeared with increasing
temperature (850 °C). Neither NH3 nor HCN was detected. NO was also
detected during the regeneration step from nitrogen in the unconverted
char; however, with increasing process temperature, its concentration
decreased and remained within the legal limits established for power
plants. Thermal NOx was not generated because of the low tempera-
tures of the CLC and CLOU processes, and air was not mixed with the
fuel.

Song et al. [20] found that the operating temperature and solid in-
ventory may affect N-fuel conversion in the CLOU process. Thus, these
parameters affected the smooth and continuous release of O, from the
oxygen carrier and the Oy concentration in the combustion stage. For
highly volatile fuels and temperatures above 900 °C, they primarily
found NO and some NO; and N30, mainly from N released in the solid
fuel devolatilisation. Notably, the distribution of N and the composition
of volatiles are primarily influenced by the fuel, temperature, particle
size, delivery rate and pressure [21]. Although the formation of NoO was
much lower, it may have promoted heterogeneous reactions with the
metal oxides in the oxygen carrier particles. Furthermore, the reduced
oxygen carriers may reduce NO to Ny [22].

Considering swine manure as a potential fuel, the high amount of
nitrogen in NHs-based compounds and high ash content is relevant.
With the conversion of NH3 using ilmenite as an oxygen carrier, Mayr-
huber et al. [22] and Lyngfelt et al. [23] concluded that NH3 can be
converted entirely to NO or Ns. In addition, NO reduction may be pro-
moted by reduced oxygen carriers. Because of their high content, the
possible interactions between the metal oxides in the oxygen carrier and
ash compounds should be evaluated [24]. In addition, high ash content
requires continuous ash removal to prevent its accumulation in the
reactor. A certain amount of the oxygen carrier is extracted from the
draining stream, and it is necessary to reposition it in the system. The
magnetic properties of spinel in MnFe mixed oxides can be exploited to
facilitate the separation and reuse of oxygen carriers [25]. Thus, the ICB-
CSIC developed [26] and patented [27] a Cu-based material with a
magnetic support based on MnFe mixed oxide so that it could be sepa-
rated from ash by applying a magnetic field and re-utilised in the CLOU
unit [28]. Subsequently, 7.5% of kaolin was added to this material to
improve the crushing strength. This material was named Cu30MnFe-
kao7.5 [29].

The objective of this study was to evaluate swine manure combustion
in a CLOU unit at the 0.5 kWy, scale to reduce CO5 emissions and make
nitrogen inert. Using swine manure as fuel is challenging because of the
high amount of ash in its composition. A previously developed and
optimised magnetic oxygen carrier, Cu30MnFekao?7.5, was used. The
effects of the main operation variables (temperature, fluidisation agent,
and excess oxygen) on the capture of CO, the efficiency of combustion,
and the fate of the N fuel (e.g., conversion to No, NH3, and NOx) were
evaluated.

2. Experimental section
2.1. Oxygen carrier

The oxygen carrier was a CuO-based material with an oxygen
uncoupling capability supported on a spinel MnFe mixed oxide to pro-
vide its magnetic properties. The primary physicochemical properties of
the oxygen carrier particles are listed in Table 1. The oxygen carrier,
Cu30MnFekao?7.5, was prepared at the ICB-CSIC by granulation of a
powder mix of 30 wt% CuO (Panreac), 30.5 wt% Mn3O4 (Micromax -
Elkem), 31.9 wt% Fe;O3 (Acros Organics) and 7.5 wt% kaolin (Sumi-
tomo Seika). Produced particles (+100-300 pm) were calcined for 4 h at
1050 °C. More information on the granulator (a spouted fluidised bed
from Procell LabSystem Glatt) and preparation methodology can be
found elsewhere [29].

Table 1

Main physicochemical properties of the Cu30MnFekao7.5 material.
CuO (wt%) 30
Oxygen transport capacity for CLOU, Roc (Wt%) 3.0
Particle size (pm) 100-300
Skeletal density (kg/m®) 4719
Magnetic susceptibility (—) 3.6
Crushing strength (N) 2.6
Porosity (%) 29.5

1 Roc for reaction CuO = 0.5 Cuy0 + 0.25 O,.
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2.2. Solid fuel: Swine manure

The swine manure used as the solid combustible was supplied by a
closed-herd pig farm in Northern Spain. The solid fraction of the residues
was pre-dried in the atmosphere for 3 days and then dried at 75 °C for
24 h to reduce the moisture and inactivate enteric pathogenic micro-
organisms in swine manure. The dried material was ground and sieved
to 0.5-3.35 mm, resulting in an average particle size of 2.7 mm, with an
irregular shape, although proportionate in all its dimensions. The par-
ticle density was 600 kg/m>, which resulted in a bulk density in the fuel
hopper of 330 kg/m®.

Table 2 shows the analysis of swine manure, and the lower heating
value (LHV) of the dried fuel is LHV = 13,649 kJ/kg. The calculated
stoichiometric oxygen required to achieve full combustion was Qg = 1.1
kg O/kg fuel.

+22

My Mg Mo @
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2.3. CLOU unit

The CLOU unit consists of two interconnected fluidized bed reactors:
a fuel reactor, where the fuel is fed and oxidised by the oxygen carrier,
and an air reactor, where the oxygen carrier is regenerated with air (see
Fig. 2). The fuel reactor (5 cm LD., 20 cm bed height) operated in the
bubbling regime and was fluidized by either steam or COj. Swine
manure was introduced just above the distributor plate using a double-
feeder system to control the fuel-feeding rate. The bottom section of the
air reactor (8 cm I.D., 10 cm bed height) was connected to a riser with a
diameter of 3 cm to facilitate the dragging of solids into the cyclone.

A U-shaped loop seal allowed the particle transfer from the fuel
reactor to the air reactor, preventing gas mixing between the reactors. In
the upper part, a solid valve enable the measurement and regulation of
the solid flow, which should be sufficiently high to transfer the required
oxygen from the air to the fuel.

The oxygen carrier from the air reactor is separated in the cyclone
and returned to the fuel reactor by gravity through a solid valve (7),
which controls the flow rate of solids entering the fuel reactor and,
consequently, the circulation rate of solids. A diverting solid valve (6)
located below the cyclone allowed for direct measurement of the solid
flow rates at any time. Therefore, this design allowed us to control and
measure the circulation flow rate of the solids in both reactors.

Thermocouples and pressure taps were placed in strategic points in
the CLOU unit in order to measure the temperature and pressure drop in
the air reactor, fuel reactor and loop seal. Due to the small size of the
CLOU unit, the desired temperature in each reactor was maintained by
external heating from dedicated furnaces. The information from the
pressure taps were used to calculate the quantity of solids in each reactor
and evaluate the good performance of specific elements, e.g. the loop
seal and the riser. In addition, CO2, CO, CH4, Hy, and O, concentration in

Table 2
Proximate and ultimate analysis (as received) and elements in ash of the swine
manure used in this study (wt%).

Proximate analysis (wt%) Ultimate analysis (wt%) Elements in ash (wt%)

Moisture 2.2 C 36.2 Ca 17
Ash 29.0 H 4.5 P 13
Volatile matter 57.8 N 2.9 Mg 6.6
Fixed carbon 11.0 S 0.8 Si 6.0
o' 244 K 2.2
Fe 1.0

Na 0.86

Al 0.59

Mn 0.28

Ti 0.05

! To balance.
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the gas from the fuel reactor and CO,, CO, and O, in gas from the air
reactor were continuously measured and recorded in a computer. The
equipment used for the analysis of nitrogen compounds (N3, NO, N,O
and NOy) in the gases was an Omnistar Pfeiffer mass detection chro-
matograph. The identification and quantification of these nitrogen
compounds was done through their mass spectra and the intensity of the
signals produced by the ionization fragments of each molecule.

The sampling of NH3 and tars was performed non-simultaneously
during 1 h for each sampling. The method is based on the absorption
of these compounds in impinger bottles. For NHg, impingers witha 0.1 N
H2SO4 solution were used to trap the ammonia as ammonium ion, in a
cold bath at 0 °C. After this, the solution was analysed by Metrohm
Series 800 ion chromatograph with a conductivity detector, according
the recommendation of method 17 EPA. Regarding tar analysis, the
sample was absorbed in an impinger with isopropanol, with temperature
of cold bath —20 °C [30]. The tar compounds were quantified using a gas
chromatograph coupled with a mass spectrometer.

In this study, the performed experimental campaign had >30 h of
combustion operation. This unit was operated at 1.5 kWy, during pre-
vious CLOU tests with coal [12]. However, the maximum power used in
this study was 0.5 kWy, because of the high ash content of swine manure.
The CLOU unit operated with 3.2 kg of the Cu30MnFekao7.5 material
and a circulation rate of solids of ca. 20 kg/h, which is well above the
required flow for the complete fuel combustion. Table 3 lists the primary
experimental conditions used in the tests. Thus, the effects of the tem-
perature in the fuel reactor (800-950 °C) and the type of fluidising gas—
steam or CO5, which also acts as gasification agents— on the combustion
degree and CO; capture efficiency were investigated. In addition, the air
ratio in the CLOU may influence the combustion performance, especially
when materials based on mixed oxides are used, for example, MnFe
[31], CuMn [32], or CuMnFe [28]. Therefore, it was decided to inves-
tigate also the effect of the air excess, which was varied between 7% and
23%.

The gas flow into the fuel reactor was 200 Ly/h of water steam, or
carbon dioxide. Argon was used in the loop seal (90 Ly/h) and screw
feeder (12 Ly/h) to avoid any possible reverse gas flow towards the fuel
hopper. Gaseous Ny was not introduced into the fuel reactor to prevent
interference in the equilibrium and reaction mechanism of nitrogen
compounds. Thus, no additional nitrogen was introduced into the fuel
reactor compared with that from the fuel. The airflow to the air reactor
varied according to the desired air excess. However, a constant gas flow
rate (2100 Ly/h) was used to maintain an adequate gas velocity in the
riser. For this purpose, the airflow was completed using inert Nj.

2.4. Data evaluation

The oxygen availability in the fuel reactor is evaluated through the
oxygen carrier-to-fuel ratio parameter, ¢, which evaluates the flow of
oxygen available in the oxygen carrier compared to the oxygen required
for the fuel combustion. This parameter was calculated by including
only the oxygen involved in the oxygen uncoupling reaction (i.e., the
Roc value for the CuO/Cuy0O redox pair) and assuming the complete
oxidation of the oxygen carrier in the air reactor. When ¢ is equal to 1,
oxygen transferred in the CuO reduction to Cuy0O is equal to the stoi-
chiometric oxygen for the complete combustion of the fuel. The
following equations were used for the calculation:

= gee @)
sf Msf

The excess of air was evaluated by using the air ratio parameter, A,
being the ratio between the oxygen in the air and the stoichiometric
oxygen for the fuel combustion.

- Oxygen flow inair ~  0.21F;Mo,
" Oxygen demanded by fuel

€))

Qg
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Fig. 2. Diagram of the CLOU unit at ICB-CSIC for solid fuels [12], operated at 0.5 kWy, in this work.

Table 3

Experimental conditions used in the CLOU tests for the combustion of swine manure with Cu30MnFekao7.5 oxygen carrier.
Test Fluidizing agent in FR Trr (°C) mgr (kg/h) Power (W) A (=) mggr (kg/MW) moc (kg/h) ¢ (=) Neomp (%0) Nce (%)
TO1 H,0 800 0.132 500 1.23 1570 21.8 4.60 97.1 81.5
TO2 H,0 850 0.132 500 1.23 1570 21.8 4.58 98.2 93.1
TO3 H>0 900 0.132 500 1.23 1570 24.6 5.18 98.8 96.6
TO04 H,O0 950 0.132 500 1.23 1570 14.7 3.09 98.0 97.7
TOS CO, 800 0.132 500 1.23 1570 28.6 6.00 95.8 82.6
TO6 CO, 850 0.132 500 1.23 1570 28.6 6.00 95.9 90.3
TO07 CO, 900 0.132 500 1.23 1570 20.5 4.30 96.6 95.9
TO8 CO4 950 0.132 500 1.23 1570 15.7 3.31 97.2 99.3
TO09 CO, 900 0.132 500 1.23 1570 20.5 4.30 96.6 95.9
T10 CO, 900 0.125 474 1.17 1657 19.6 4.35 96.7 95.2
T11 CO, 900 0.125 474 1.12 1657 19.6 4.35 96.8 93.9
T12 CO4 900 0.125 474 1.07 1657 17.3 3.85 96.7 92.7

The air excess compared to the stoichiometric amount required to
burn the fuel can be calculated as.

Air excess (%) = 100-(A —1) @

The mass balance to carbon and oxygen in the whole unit was per-
formed as:

fe .
My = (F COs0mr T Fcoourr + F CH4,,,(,,FR) + Fcoy.ouar + Feenr — Feo, inrr

Mc

(5)
Jmo  fo ).
Mpy,o +M0) o (6)

= Feoy ik — Fr0rr = Mo, [Foyinar — (Foypume + Fcosom) |

Mo, (Fco, + Fo, +0.5Fco 4+ 0.5Fu,0 + Fs0,) iz — (

In this case, sulfur was assumed to have been burned into SO, in the
fuel reactor. To account for the oxygen carried away by the water

produced in the combustion process, it was presumed that the source of
water was the fluidising gas, including the moisture in the fuel and its
hydrogen content:

Fr,0.0urr = Fr,0inrr + (0_5 fi_’_ Jmwo

iy — (Fry ourr + 2F chy ourr ) -
St fMHZo)’ (oo o)

)

The swine manure conversion performance in the CLOU unit was
assessed by evaluating the combustion efficiency and CO; capture rate
under each operating condition, as shown in Table 3. The combustion
efficiency was defined for fuel oxidation in the fuel reactor, Ncomb,rr, and
it considered the degree of combustion of the fuel converted in the
reactor.

Fcorr +4Fcu, rr + Fu, v

Neombrr = 1 = 50— ®
o 1991ty Qyp — 2-F et — 2-Fco,ar
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The CO; capture rate, n¢c, accounts for the carbon in gases exiting
the fuel reactor compared to the total carbon in gases from the CLOU
unit, i.e. the sum of the fuel and air reactors. Thus, the uncaptured CO,
was present in the exhaust gas from the air reactor.

Fcorr + Feo, rr + Feny, rr

9

fee = Fcorr + Fco,rr + Fen, rr + Fco, ar
CO;, capture is directly affected by the carbon in the char converted
into fuel in the reactor. This parameter was calculated to provide a value
for the char conversion that may be useful for extrapolation calculations
or the scale-up process, considering uniquely the char fraction that has
had the chance to be converted, i.e., the elutriated char should be sub-
tracted, as described by Eq. (10) [12].

CFix

_ — Com AR — Celm
X(‘har -

10$)
Crix = Cetur

Further information regarding the appropriate use of these param-
eters can be found elsewhere [12].

3. Results and discussion

The experiments were conducted for 30 h of combustion in a
continuous CLOU pilot plant (Fig. 2). The combustion of swine manure
was performed using a Cu-based material (Cu30MnFekao7.5) as the
oxygen carrier. CO, and steam were used as the gasification agents. The
composition of the exhaust gases from both reactors was studied. Fig. 3
shows the gas concentrations (on a dry basis) measured as a function of
the operating time (Experimental tests T01-T04), with temperatures in
the fuel reactor ranging from 800 to 950 °C.

The same temperature was maintained in both fuel and air reactors.
This condition is feasible in a real system because the global processes
occurring in each reactor are exothermic with Cu-based materials [33].

Powder Technology 436 (2024) 119413

Thus, the oxidation reactions (R4) and (R5) in the air reactor were
exothermic. Also, the reactions in the fuel reactor, considering the
complete path of solid fuel combustion, i.e. the release of O, by the
oxygen carrier and burn of the fuel, are globally exothermic.

As shown in Fig. 3, as the temperature of the fuel reactor increases,
there is a corresponding increase in the concentration of CO5 in the gas
stream exiting the reactor. When the fuel reactor temperature exceeded
900 °C, an observable presence of Oy occurred, owing to the CLOU ef-
fect. In addition, tar was not detected in any experiment. The accuracy of
the oxygen and carbon mass balances was confirmed by comparing the
measurements obtained from the analysers in the air and fuel reactors.
Thus, carbon balance was close to 96% — 99%, which suggests carbon
accounted as elutriated char was of low relevance.

A steady state was quickly achieved, showing good agreement be-
tween the oxygen that reacted in the fuel and air reactors (see Eq. (6).
During tests TO1 — TO4, the air ratio was constant at A = 1.23. Under
these conditions, the oxygen concentration in the air reactor was lower
than expected, owing to the dilution of nitrogen in the total airflow
entering the reactor. In addition, some CO, was detected in the air
reactor due to the combustion of the bypassed char with the OC stream.

3.1. Combustion efficiency

In all cases, high combustion efficiencies were achieved. This
observation emphasises the significance of the oxygen uncoupling
capability of the Cu30MnFekao7.5 oxygen carrier in the combustion
performance of swine manure, characterised by a high volatile matter
content (Table 2). Otherwise, incomplete combustion is expected with
regular oxygen carrier materials without oxygen-uncoupling capabil-
ities [12,13].

The increase in temperature in the fuel reactor slightly improved the
combustion efficiency (see Fig. 4). Analogous behaviour with
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CO, as the fluidizing agent.

temperature was observed when H;0 or CO, was used as the fluidising
agent. Notably, both the oxygen uncoupling kinetics and oxygen con-
centration at equilibrium increase with temperature [34], which in-
creases the availability of molecular Oy in the fuel reactor for swine
manure combustion. In these tests in CLOU mode, it was impossible to
determine the relevance of gas combustion with Oy from oxygen
uncoupling compared to the conventional gas-solid reaction with lattice
oxygen in the oxygen carrier. However, oxygen uncoupling may play a
relevant role because combustion with gaseous oxygen becomes more
relevant as the oxygen uncoupling capability of the metal oxide in-
creases [35]. For example, the oxygen uncoupling capability may in-
crease in the order (MnyFe;_4)203 < CuMny04 < CuO or the fuel reactor
temperature may increase [12].

Generally, the combustion efficiency was slightly higher when Hy0
was used as the fluidising gas instead of CO. The char gasification
—reactions (R6) and (R7)— promotes the formation of Hy or CO in the
case of using HyO or COy, respectively. This process may improve the
combustion efficiency with HoO because Hj is more reactive than CO.
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This result is explained by evaluating the exhaust gases of the fuel
reactor, where CO was the primary unconverted product at lower
combustion efficiency values along with carbon dioxide. This result also
suggests that CO reacts more slowly than Hy, which also appears as a
product of steam gasification but in lower amounts. Furthermore, the CO
formed with HO can be transformed into Hj in the presence of steam
through the water-gas shift equilibrium (WGS) reaction (R8); thus, the
utilisation of steam in the experiments exhibited a higher combustion
efficiency compared to experiments employing COy [36].

C +H,0-H, +CO (R6)
C+C0,~2CO (R7)
CO+H,0-CO, +H, (R8)

In addition, the effect of excess air on the combustion efficiency was
evaluated. These tests were performed to investigate the influence of the
regeneration capability of the oxygen carrier on oxygen transfer in the
fuel reactor. The results shown in Fig. 4(b) suggest that the
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Fig. 5. CO, capture efficiency as a function of (a) fuel reactor temperature with CO, or steam as fluidizing agent; and (b) excess of air in the air reactor at 900 °C with

CO;, being the fluidizing agent.
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Cu30MnFekao7.5 oxygen carrier can be easily regenerated, even when a
small amount of excess air is used.

3.2. COg capture efficiency

Fig. 5 shows the effects of temperature, gasification agent, and excess
oxygen on the CO; capture efficiency. The CO3 capture efficiencies were
similar when using water vapour or CO». This result suggests that char
combustion with the evolved O, (reaction (R3)) is more relevant than
the char gasification process. Thus, although steam is usually a more
reactive gas than CO; in the gasification reaction, it is hardly relevant to
the CLOU. For example, Zheng et al. [36] found that <3% and 18% of
the char conversion in CLOU originated from CO,- and HyoO-char gasi-
fication, respectively. Hence, CO, capture was barely affected by HyO or
CO as fluidising agents in the fuel reactor.

The CO, capture efficiency improved with increasing of the fuel
reactor temperature, which reached values as high as 99% at 950 °C.
Because the oxygen uncoupling capability of the oxygen carrier is fav-
oured at high temperatures, as is the gasification of char, an increase in
temperature enhances the CO5 capture efficiency. Thus, as the temper-
ature in the fuel reactor increased, there was a corresponding increase in
the char conversion rate, eventually increasing the CO; capture
efficiency.

The effect of the increase in excess air was not significant, but the
CO4, capture efficiency also improved with this parameter (Fig. 5 (b)). In
this case, it can be deduced that the regeneration of the oxygen carrier
improves with excess air. This result implies that the oxygen uncoupling
capability of the recirculated oxygen carrier increases as excess air in-
creases. The higher oxygen uncoupling capability affected the char
combustion with the released O, as the CO5 capture improved; however,
it did not affect the combustion efficiency (Fig. 4 (b)). Therefore, the
higher O, release as the excess air increased led to a higher combustion
of char instead of a higher conversion of volatile matter.

3.3. Fate of N-fuel

With respect to the emission of nitrogenous compounds, a major
conversion of the N present in the swine manure to innocuous Ny was
observed in the fuel reactor. Minor amounts of NO, NOy, N»O, and NH3
were detected (Figs. 6 and 7). No NOx was detected in the gas stream of
the air reactor. This result implies that the N-fuel in the swine manure
was emitted fully in the fuel reactor, which is considerably different
from the N in other fuels, such as coal or biomass [12]. Notably, the N in
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the compounds from the fuel reactor only came from the fuel because
argon was used in the loop seal and screw feeder, and the reactor was
fluidised either by H,0 or CO,. Thus, any other sources of N5 in the gases
fed into the system were avoided to evaluate the nitrogen chemistry in
the fuel reactor properly.

During the devolatilisation process, the nitrogen in swine manure
can be liberated as ammonia (NH3) or hydrogen cyanide (HCN). These
nitrogenized species can evolve into Ny, NO, NO,, or N2O based on the
specific combustion conditions. The formation mechanism of fuel-NO
arises from the reaction of the nitrogen present in the fuel, either
through volatile-N or char-N. Liberated N, along with the volatiles,
undergoes decomposition into cyanide and amine species that might
react to produce Ny or NO. The overall distribution of NO and Nj is
influenced by various factors, such as the nitrogen content of the fuel,
volatility of the compounds involved, and stoichiometry [37-39]. Usu-
ally, the selectivity for Ny or NO mainly depends on the temperature and
gas composition [39,40].

However, the N chemistry in CLOU may differ from that in com-
bustion with air, as nitrogen is not present in the combustion gases, and
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Fig. 6. Distribution of nitrogenous compounds of fuel reactor outlet with (a) CO, as a fluidizing agent and (b) H,O as a fluidizing agent.
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the formation of Ny may be thermodynamically favoured. Thus, the
typical stages of the de-NOx process begin with the decomposition of
NHj through reactions with radicals, resulting in the formation of NH,
which can undergo NO generation via oxidation or react with NO to
form Nj. The oxygen level can restrict the oxidation of NH, and limit NO
formation, and the NO produced in the initial stages of pyrolysis can
react with NH; to form N3 and HyO [40].

For all different experimental conditions used in this study under
CLOU conditions, the priority conversion to nitrogenous specimens was
Ng > > NO > NO2 > NH3 > N»O. Fig. 6 shows that ~97% of the nitrogen
in the swine manure was converted to Ny at 800 °C, but it decreased to
93% at 950 °C. By contrast, an increase in temperature improved the NO
conversion regardless of the fluidizing agent.

A small fraction (between 0.1% and 0.5%) of the total nitrogen in the
swine manure remained as unburnt NHj3 at the outlet of the fuel reactor,
which decreased with increasing the operating temperature. Interest-
ingly, the smallest fraction of remaining NH3 was obtained when the
gasifying agent was CO, which also showed an increasing tendency for
NO; formation with increasing temperature. Minor amounts of N,O
were detected, and the effect of the experimental conditions on the
yields of these compounds was low.

Furthermore, increasing the percentage of excess air to 23% did not
significantly affect the yield of NO over Ny or to the other N compounds
(see Fig. 7). This result agrees with the low relevance of the greater
oxidising environment in the fuel reactor on the combustion efficiency,
as the excess air in the air reactor was increased (see Fig. 4 (b)).

Nevertheless, contrary to expectation, a higher fraction of NO and
NH3 was observed at the lowest air excess of 7%. This effect may be
related to the existence of an onset temperature for the joint reduction of
NO and NHjs, which is ~900 °C [41]. The onset temperature increases as
the oxygen concentration decreases. Thus, the onset temperature may be
higher than the reaction temperature (900 °C) for the lower air excess of
7%, which would slightly increase both in NO and NHs. In any case, this
effect is minimally significant and is less relevant than the oxygen
concentration, which is highly affected by the reaction temperature (see
Fig. 6).

All N-compounds are emitted to the atmosphere during the CLOU
process because they are found in the captured CO2 current. However,
the presence of the N component in the CO5 stream is significant in terms
of the quality of CO; to be transported and stored in sources such as
geological storage, ocean storage, and mineral carbonation. Commercial
guidelines establish specific CO, values for each case of transport by
pipe, whereas for the Ny, the recommendation is <4% vol. [42].

The concentration of NOy (NO + NO,) at the output of the fuel
reactor showed values of 1045-5030 ppm, above those established by
commercial guidelines, which recommend that NO levels in CO, should
be limited to 100 ppm from a health and safety perspective [42]. This
CO, stream can be applied for other purposes, such as direct use or
technological, biological, and chemical uses; however, a complementary
treatment process must be employed.

4. Conclusions

This study used a Cu30MnFekao7.5 oxygen carrier in a CLOU pilot
plant at the 0.5 kW, scale using swine manure as fuel. Experiments were
conducted by changing the fuel reactor temperature, type of gasification
agent (CO; or steam), and excess air in the air reactor to evaluate the
combustion efficiency, CO, capture, and distribution of nitrogen com-
pounds. Consequently, after over 30 h of continuous operation, high CO»
capture and combustion efficiencies were obtained. CO5 capture was as
high as 99% at 950 °C, whereas the combustion efficiency was ~97%.
Excess air in the air reactor improved the CO, capture, but no relevant
effect was observed on the combustion efficiency.

Powder Technology 436 (2024) 119413

The nitrogen contained in the fuel is primarily converted to innoc-
uous Ny. NO and NO;, were also found in relevant amounts, with the
same trend observed with respect to the temperature. At the highest
temperature with HyO as a gasifying agent, the NO yield was ~3%, but a
minor amount of NH3 was found (0.1%).

In general, based on the results obtained in this work, it can be
concluded that the CLOU technology can be a good alternative for the
energy valorization of the swine manure, obtaining high combustion
and CO; capture efficiencies with a major conversion of N to inert Nj.
For this reason, CLOU technology can contribute to the reduction of
greenhouse emissions and polluting gases in the atmosphere from swine
manure.
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