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ABSTRACT

This study presents an experimental investigation into the feasibility of oxidizing biomass pyrolysis gases at
relatively low temperatures using a chemical looping combustion (CLC) approach. The application of this
alternative method would enable the capture of carbon from the pyrolysis gas stream, which is currently released
into the atmosphere in most pyrolysis systems, as high-purity CO». In a fixed bed reactor, the reduction behavior
of three different Cu-based oxygen carriers (OC) - pure CuO pellets, carulite and Al,Os-supported CuO - was
evaluated to determine whether pyrolysis gases could be completely oxidized to CO, and H,0 within a tem-
perature range of 600-650 °C and at weight hourly space velocities (WHSV) of 0.06-0.10 h™!. Both CuO and
carulite exhibited significant amounts of unconverted pyrolysis gases even during the initial stages of the
reduction experiments. In contrast, Al;O3-supported CuO emerged as the most effective material, facilitating the
complete oxidation of pyrolysis gases over extended reaction times. For this oxygen carrier, a decline in the
combustion efficiency was only observed at very high (90 %) reduction conversions. Reduction/oxidation cycles
for this most promising material were successfully demonstrated, with the oxygen carrier showing no signs of
activity loss after 10 cycles. However, carbon deposition was detected under several experimental conditions,

which could potentially reduce the carbon capture efficiency of the process.

1. Introduction

Pyrolysis is an attractive technology for the conversion of biomass
into valuable products and energy [1]. For millennia, it has been used in
charcoal production and was further developed in the 19th century to
support the bio-based chemical industry. After being displaced by the
rise of the petrochemical industry, pyrolysis is once again gaining
importance as a key alternative for the carbon-friendly production of
fuels, products, and/or energy [2].

Pyrolytic thermal decomposition of biomass always yields three
distinct product fractions: solid (biochar), condensable liquids (bio-oil
and permanent gases. The relative proportions of these products can be
adjusted within certain limits by selecting the appropriate biomass
feedstock, reaction system, and operational conditions. Fast pyrolysis
involves rapid heating of small biomass particles and rapid quenching of

the pyrolytic vapors, aiming to maximize the liquid fraction (up to 75 %
of the original feedstock mass), which consists of hundreds of organic
compounds. The liquid fraction can be further upgraded into biofuels or
used to obtain valuable chemicals through separation techniques [3]. In
contrast, slow and intermediate pyrolysis (with the exact limit between
both being unclear) use lower heating rates, typically employ larger
biomass particles, and allow for longer vapor residence times in the
reaction system. This favors secondary reactions among the primary
thermal decomposition products, ultimately leading to similar solid
(biochar) and liquid yields [1]. Regarding the third product, pyrolysis
gas, it is primarily composed of Hy, CH4, CO, and COs, along with trace
amounts of other gases [4]. However, the exact gas composition is
frequently not reported in the literature. It is generally assumed that the
gases are combusted in a burner to provide, at least partially, the heat
required to drive the pyrolysis reactions within the desired temperature
range of 400-600 °C [5].
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Nomenclature

ANOVA Analysis of variance

CLC Chemical looping combustion

CDR Carbon dioxide removal

CFB Circulating fluidized bed

EDS Energy-dispersive detector

FESEM Field emission scanning electron microscopy

FFD Full factorial design

H,-TPR  Hydrogen temperature-programmed reduction

ICP-OES Inductively coupled plasma-optical emission
spectrometry

IPCC Intergovernmental Panel on Climate Change

oC Oxygen carrier

STP Standard temperature and pressure

WHSV  Weight hourly space velocity
XRD X-ray diffraction

Depending on the intended use of its products, biomass pyrolysis can
be considered a carbon dioxide removal (CDR) technology. In this
context, biochar production is recognized by the Intergovernmental
Panel on Climate Change (IPCC) as a key method for atmospheric carbon
removal that should be deployed at relevant scales [6,7]. Biochar, that
can contain more than 90 % carbon [8], has gained increasing interest
due to its ability to store carbon long-term when applied to soils, as well
as its potential to enhance agricultural productivity under various sce-
narios [9]. The global biochar market has dramatically grown in recent
years [10]. Instead of being directly used as a low-grade fuel, bio-oil can
be processed into advanced biofuels or chemicals, or it can safely be
directly sequestrated into deep geological formations. This latter solu-
tion is currently being commercially developed by Charm Industries in
the United States of America (USA) [11,12]. However, none of the
existing pyrolysis-based CDR technologies consider the pyrolysis gases
as a potential source of sequestrable carbon. The combustion of these
gases releases a significant portion of the original biomass carbon back
into the atmosphere as COs. If pyrolysis is to be considered a true CDR
technology, alternatives to releasing this carbon back to the atmosphere
must be explored [13]. Based on rough estimates from studies that
report gas compositions and yields, under fast pyrolysis fluidized bed
conditions at 500 °C, approximately 17 % of the total biomass carbon
may end up in the gases [14], while about 10 % is observed in slow
pyrolysis at similar temperatures [15,16].

As an alternative to the conventional combustion of pyrolysis gases,
Chemical Looping Combustion (CLC) can be applied. CLC is an inno-
vative technology that enables complete oxidation of gaseous fuels by
using a solid oxygen carrier - typically a metal oxide - that undergoes a
reduction-oxidation cycle. This cycle occurs in separate reactors or
stages, where the oxygen carrier reacts with the gaseous fuels and air,
respectively. This approach allows for the full oxidation of fuels to CO,
and H0, without mixing these combustion products with atmospheric
nitrogen (N3). As a result, a nearly pure CO, stream can be obtained,
ready for capture after water vapor is condensed, along with process
heat.

The oxygen carrier’s oxidation stage is always strongly exothermic,
whereas the reduction stage can be either exothermic (e.g., with Cu or
Mn oxides) or endothermic (e.g., with Ni or Fe oxides) [17]. Overall, the
amount of heat generated by the chemical looping system is equivalent
to the heating value of the gaseous fuels, and this heat can be used in the
same way as in conventional combustion. Additionally, applying a CLC
process to pyrolysis gases could result in lower CO, hydrocarbons, and
particulate matter emissions [18-22]. This presents an added advan-
tage, given that the atmospheric emissions from pyrolysis facilities are
becoming an increasingly important concern [4].
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In summary, given the composition of pyrolysis gases (mainly Hy,
CH4, CO, and COy), subjecting them to CLC seems to be a feasible
approach to enhance the CO, removal potential in pyrolysis reactors,
while also generating heat that could be used to sustain the pyrolysis
process [23]. Carbon capture from the gases would further contribute to
the carbon storage capacity of biochar. To implement this solution, CO5
(e.g., recirculated from the CLC system) should be used as the carrier
gas, rather than Ny or flue gases from combustion, which would hinder
the capture of a pure CO; stream. Coupling pyrolysis with CLC of gases
can be seen as a process intensification strategy for carbon capture, as an
alternative to recent proposals of pyrolysis process enhancements
focused on heat transfer and autothermal operation [24].

CLC technology is typically envisioned for electricity generation with
integrated CO, capture, both in gas turbines and combined cycles [25,
26]. The reactor system commonly used in CLC consists of two inter-
connected circulating fluidized bed (CFB) reactors. In one reactor, the
oxygen carrier (OC) undergoes reduction while the fuel is oxidized,
whereas in the second reactor, the OC is oxidized with air. Alternatively,
packed bed CLC reactor systems can be dynamically operated in
reduction/oxidation stages [27,28]. In both cases, the system must
operate at high temperatures to maximize thermal efficiency for power
generation. However, a key challenges the sintering and degradation of
OC materials. Additionally, significant temperature differences between
the reduction and oxidation stages - which are inevitable given that the
reduction stage is highly exothermic and the oxidation stage is endo-
thermic - raise concerns about OC stability.

CLC operation can significantly differ when applied to the oxidation
of pyrolysis gases, as the primary goal - efficient conversion of these
gases into CO and H,O - does not require the high temperatures needed
for power generation. Instead, a relatively low-temperature, stable heat
source for pyrolysis would be sufficient. Under these conditions, some of
the typical constraints limiting CLC systems, such as thermal stability
and sintering of the OC, may not be as critical. To the best of our
knowledge, the application of CLC systems for the oxidation of pyrolysis
gases at relatively low temperatures (600-700 °C) has not been explored
in the existing literature, as these temperature ranges are not typically
relevant for power production. Indeed, only a few studies have inves-
tigated low-temperature CLC. Xu et al. used a CuO-based OC to fully
oxidize the unconverted CO exiting a high-temperature CLC reactor
[29]. Similarly, Giile¢ et al. performed CLC with Cu- and Mn-based ox-
ides at around 500 °C to selectively remove organic contaminants from
hot gas streams [30]. Based on these references, Cu- or Mn-based OCs
appear to be the optimal choice for low-temperature CLC, as they
demonstrate good conversion performance at lower temperatures and
exhibit exothermic behavior - not only during their oxidation phase with
air but also during the reduction phase with the main combustible py-
rolysis gases (CH4, CO, and Hj). This could enable stable operation
without significant temperature fluctuations in the reaction system.

Given these considerations, the primary objective of this study is to
evaluate the performance of a fixed-bed CLC reactor operating in the
600-650 °C temperature range, aimed at combusting a mixture of py-
rolysis gases for COy capture. The behavior of three different OC, in
terms of combustion efficiency and performance over several redox
cycles, has been assessed under varying weight hourly space velocities
(WHSV) in the fixed bed. The objective of this study is to determine
whether a CuO-based OC can fully oxidize pyrolysis gas over a specific
period at lower temperatures than those typically used in the CLC pro-
cesses, and in a fixed bed instead of the conventional CFB.

2. Experimental section
2.1. Materials
2.1.1. Oxygen carriers’ preparation and characterization

The oxygen carriers (OC) used for the experiments were commercial
grade CuO and carulite (mixed oxide of MnyO3 and CuO [31]), both
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from SigmaAldrich, and Al,O3 impregnated with CuO (nominal content
of 20 wt%) prepared by incipient impregnation. For this preparation
method, an aqueous solution containing 50 wt% ethanol was used. A
specific amount of Cu(NOs3)2-3H;0 was then added to the mixture,
which was gradually applied to the Al,O3 spheres. The impregnated
Aly03 spheres were dried overnight at 105 °C and then calcined at
900 °C for 3 h. The averages particle sizes of the OCs were 0.50-1.25 mm
for CuO, and 2-3 mm for both carulite and CuO/Al;0s3.

The OC samples were characterized by inductively coupled plasma-
optical emission spectrometry (ICP-OES) to determine the actual metal
loadings, Ny adsorption-desorption isotherms to determine the textural
properties, X-ray diffraction (XRD) to evaluate the crystalline structure,
Hj temperature-programmed reduction (H2-TPR) to study the reducible
species, and field emission scanning electron microscopy (FESEM)
combined with an energy-dispersive detector (EDS) to evaluate the
surface morphology. The equipment employed and the conditions under
which the analyses were conducted are detailed in the Supplementary
Information.

2.1.2. Pyrolysis gas

To ensure controlled and reproducible conditions for the experi-
ments, commercial gas mixture bottles were used. The gas compositions
are detailed in Table 1. Gas 1 replicated the typical composition of py-
rolysis gases observed in previous experiments conducted by the
research group [15]. Gas 2, which features a simplified composition
excluding Cy hydrocarbons, was used in the CLC cyclic experiments.

Table 1
Composition of surrogate pyrolysis gas.
Gas 1 Gas 2

Species (% vol.) (% vol.)
Hy 13.03 13.06
Ny 7.52 9.00
CHy4 12.98 12.99
Co 39.96 39.97
CO, 25.00 24.98
CoHy 0.50 -
C,He 0.51 -
CoHy 0.50 -

Mass Flow Thermocouple

Controller
>
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2.2. Experimental system and procedure

2.2.1. Fixed bed reactor setup

A schematic diagram of the fixed bed reactor system used is shown in
Fig. 1. The experimental unit consisted of a gas feed zone, a reaction
zone, and a product collection zone. The pyrolysis gas oxidation tests
were conducted in a fixed-bed tubular stainless-steel reactor (inner
diameter of 1.27 cm, length of 48 cm, and a distance of 26 cm from the
sieve plate to the top of the reactor). The solid was placed on a sieve
plate inside the reactor. The setup included three distinct gas inlets, each
equipped with a mass flow controller. A valve system was used to select
the gas to be introduced into the reactor (air, nitrogen, or surrogate
pyrolysis gas). The reaction zone was heated by an electrical furnace,
and the temperature was controlled by a K-type thermocouple, whose
thermosensitive tip was positioned in contact with the OC bed exit. The
products released during the pyrolysis gas oxidation process passed
through a water-cooled condenser, where water condensed, and a cotton
filter that removed small water droplets carried by the oxidized gas.
Further downstream, a bubbler ensured flow presence and helped
condense any remaining droplets. The volumetric composition (Ha, Na,
0Oy, CO, CH4, COg, CoH4, CoHg, and CoHj) of both the incoming and
exiting gases was analysed online using an Agilent 3000-A micro-gas
chromatograph.

2.2.2. Experimental procedure

The bed height was kept constant across all experiments (22 cm),
resulting in a consistent occupied bed volume of 27.9 cm®. Due to the
differing densities of the OC materials used, the mass of each OC varied.
Specifically, 23.5, 26.5 and 93.5 g of CuO, carulite and CuO/Al,03 were
employed, respectively.

The WHSV was calculated according to Eq. (1):

WHSVZ&

(Eq. 1)
Moc ped 4

where moc peq is the mass of OC placed inside the reactor (g), and ng; is
the gas mass flow rate at the reactor inlet (g~h’1).

The experimental procedure varied depending on whether the
operation was cyclic or not. In the non-cyclic experiments, the reactor
bed was heated to the desired temperature in the 600-650 °C temper-
ature range using the electric furnace, and air was introduced to ensure

Exit gas
A

Computer

Mass Flow Micro GC
Controller L
| CuO + Heat Carrier | !
/ Bed SN
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e Mass Flow %57 Sieve plate
Controller 7" /
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v
Electrical Vi v
furnace \
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A

Bubbler
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Fig. 1. Laboratory experimental setup scheme.
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complete oxidation of the bed. Once the oxidation was complete, the air
valve was closed, and pure N was introduced to inert the reactor. After
the reactor was inerted, the nitrogen valve was closed, and pyrolysis gas
was introduced, marking the start of the experiment (the OC reduction
and pyrolysis gas combustion phase in the CLC process). The experi-
ments were conducted over a period of 45 min. The desired WHSV be-
tween 0.06 h™! and 0.10 h™! was achieved by adjusting the gas flow rate
between 88 and 147 mL(STP)-min"" for CuO, 25 and 42 mL(STP)-min "
for carulite, and 22 and 37 mL(STP)-min~! for CuO/Al;,0s3, respectively.

In the CLC cyclic experiments, the OC reduction (and consequently,
the combustion of pyrolysis gas) and oxidation alternated. The proced-
ure began with a fully oxidized and heated bed in an inerted reactor.
Under these conditions, pyrolysis gas (Gas 2) was introduced for 20 min
during the OC reduction step with a gas flow rate of 100 mL(STP)~min_1,
followed by a 13-min purge with pure No. An increase in WSHV (0.27
h1) was implemented to shorten the cycles, as it was observed that at
lower flow rates, CuO/Al,O3 was able to completely oxidize the gases for
over 30 min. Once the reactor was inerted again, the OC oxidation stage
began, lasting 25 min (air flow rate of 300 mL(STP)-min 1), followed by
another 13-min purge with pure Ny. During the purges with pure N,
which were performed each time the system switched from reduction to
oxidation or vice versa, a flow rate of 200 mL(STP)-min~! was intro-
duced. This cycle was repeated with each subsequent CLC cycle
following the same procedure.

Combustion efficiency and OC conversion were calculated for each
experiment as main indicators of the system performance. The com-
bustion efficiency of each experiment represents the ability of the system
to convert fuel compounds (CO, CH4, Hy and Cy’s, in the specific case of
pyrolysis gases) to COz and H2O [32]. In all the experiments conducted,
the total amount of gas passing through the CLC reactor was known,
which allowed for the determination of the total moles of pyrolysis gas at
each time point. Using these gas moles, the stoichiometric amount of
oxygen required for complete combustion were calculated. Being the
oxygen transport capacity of the OCs and the outlet gas compositions
known, the evolution of the oxygen carrier conversion could be deter-
mined applying a calculation procedure analogous to that reported by
Adéanez-Rubio et al. in a batch fluidized bed [31]. This value was
referred to as the OC conversion (reduction) percentage. Finally, for
some of the experiments, a carbon balance of the gaseous species
entering and leaving the reactor enabled the estimation of the amount of
carbon deposition.
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2.3. Experimental design

Table 2 provides a summary of the experiments conducted. A pre-
liminary ‘blank’ experiment (corresponding to Block 0) was carried out
at 625 °C using an unreactive glass wool bed to assess any potential
changes in the surrogate gas composition caused by gas-phase reactions
due to temperature and/or the catalytic effects of the reactor walls.

For each OC, the experiments corresponding to Block 1, Block 2 and
Block 3 were planned according to a 22 full factorial design (FFD) to
examine the influence of two independent factors - gas combustion
temperature and WHSV - on a single dependent response variable: the
OC combustion efficiency. This factorial design allowed for the simul-
taneous analysis of the main effects of the two independent factors, as
well as their interaction (i.e., the effect of one factor depends on the level
of the other). Each independent factor was evaluated at two distinct
levels (four runs). The factors studied were gas combustion temperature,
ranging from 600 to 650 °C, and WHSV, varying between 0.06 and 0.10
h™L. To assess linearity and experimental variability, three additional
replicates were conducted at the center point conditions (625 °C and
0.08 h™). In total, seven runs were performed for each OC. Each
experiment lasted 45 min. The response variable was calculated as the
area under the combustion efficiency percentage curve over the com-
plete experiment (reduction phase of the CLC process). The experi-
mental data were statistically analysed using analysis of variance
(ANOVA) with a 95 % confidence level. It was assumed that the null
hypothesis (i.e., the factor has an effect on the response variable) cannot
be rejected when the p-value was less than or equal to 0.05.

To monitor the evolution of the bed over time, determine how long
each OC could fully oxidize the pyrolysis gas, and investigate potential
secondary reactions of the pyrolysis gas, three experiments were con-
ducted. These ‘long’” experiments were performed at 625 °C and WSHV
of 0.08 h™! (Block 4). The duration of the experiments was not fixed;
they ended when the gas output composition stabilized over a certain
period, indicating that a steady state had been reached.

Finally, the Block 5 experiments (three runs) were designed to study
the evolution of the OC bed for the best-performing OC across ten cycles
at the three temperatures used in the previous experiments. Based on
previous tests, the cycles were carried out in the following order: 1)
reduction, 2) purge with Ny, 3) oxidation, and 4) purge with N3. The
total duration of each experiment was 12 h.

Table 2
Operating conditions of CLC tests.
Experiment oC Temperature (°C) WHSV (h 1) Gas Time (min) Repetitions
0.1 Blank - 625 0.08 Gas 1 45 1
1.1 Cu0_600_006 CuO 600 0.06 Gas 1 45 1
1.2 Cu0_650_006 CuO 650 0.06 Gas 1 45 1
1.3 Cu0_600_010 CuO 600 0.10 Gas 1 45 1
1.4 Cu0_650_010 CuO 650 0.10 Gas 1 45 1
1.5 Cu0_625_008 CuO 625 0.08 Gas 1 45 3
2.1 Car_600_006 Carulite 600 0.06 Gas 1 45 1
2.2 Car_650_006 Carulite 650 0.06 Gas 1 45 1
2.3 Car_600_010 Carulite 600 0.10 Gas 1 45 1
2.4 Car_650_010 Carulite 650 0.10 Gas 1 45 1
2.5 Car_625_008 Carulite 625 0.08 Gas 1 45 3
3.1 Als_600_006 CuO/Al,03 600 0.06 Gas 1 45 1
3.2 Als_650_006 CuO/Al;03 650 0.06 Gas 1 45 1
3.3 Als 600010 CuO/Al;03 600 0.10 Gas 1 45 1
3.4 Als_650_010 CuO/Al;03 650 0.10 Gas 1 45 1
3.5 Als_625_008 CuO/Al;03 625 0.08 Gas 1 45 3
4.1 Cu0_625_008_LongExp CuO 625 0.08 Gas 1 Indeterminate 1
4.2 Car_625_008_LongExp Carulite 625 0.08 Gas 1 Indeterminate 1
4.3 Als_625_008_LongExp CuO/Al,03 625 0.08 Gas 1 Indeterminate 1
5.1 Cycles_CLC_600_Gas 2 CuO/Al;03 600 0.27 Gas 2 720 1
5.2 Cycles_CLC_625_Gas 2 CuO/Al;03 625 0.27 Gas 2 720 1
5.3 Cycles_CLC_650_Gas 2 CuO/Al,03 650 0.27 Gas 2 720 1
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3. Results and discussion
3.1. Characterization of the oxygen carriers

The calculated theoretical oxygen transport capacities for the three
OCs were 20.0 % for CuO, 6.7 % for carulite, and 5.8 % for CuO/Al503.

The XRD patterns of the fresh OCs (Figure S1) revealed the presence
of various Cu-based structures. The CuO material showed both CuO and
Cuz0 phases. The CuO/Al,03 OCs displayed the presence of phases such
as CuAly04, CuO, Aly,03, and corundum. In contrast, the phases in car-
ulite were CuMn204, Mn304, MnO,, and NazMngO;g. The XRD patterns
of the used OCs at 625 °C (Figure S2) illustrated the effects of the
reductive atmosphere during the process. The CuO and carulite mate-
rials were fully reduced to Cuo, and to Cu® and MnO, respectively. The
CuO/Al;03 material exhibited phases such as CuAl;04, CuO, Al;03, and
corundum, indicating that it was not completely reduced during the
process. The absence of Cu® signal may be attributed to the presence of
highly dispersed Cu® on the material’s surface. The XRD results for the
CuO/Al,03 material (Figure S3) did not show any significant
differences.

The OCs were also analysed via Ny adsorption (see Table S1 and
Figures S4-S7). The specific surface area results of the fresh materials
showed the following trendy: CuO/Al,O3 (54.4 mz/g) > carulite (10.5
m?/ g) > CuO (4.9 m?/ g). For the OCs used at 625 °C, the highest specific
surface area was observed in CuO/Al;0O3 (39.3 mz/g), followed by car-
ulite (9.5 mz/g) and CuO (8.6 mz/g). The specific surface area trend of
the CuO/Al,03 material used at different temperatures was as follows:
Cu0/Al,03-600 (47.6 m%/g) > CuO/Al,03-650 (40.8 m?/g) ~ CuO/
Al,03-625 (39.3 mz/g). The types of isotherms for fresh OCs (Figure S4)
were also studied [33]. The isotherm for CuO/Al;O3 (Type IV) was
characteristic of mesoporous materials, while the isotherm for CuO
(Type III) was typical of non-porous materials, and the isotherm for
carulite (Type II) was indicative of nonporous or macroporous materials.

The H,-TPR results (Figure S8, Table S2) revealed distinct reduction
peaks for each OC. CuO showed peaks at 250 °C and 284 °C, CuO/Al,O3
at 181 °C, 212 °C, 387 °C, 534 °C, and 714 °C, and carulite at 282 °C,
313 °C, 534 °C, and 674 °C. The reduction events occurring at low
temperatures were attributed to the reduction of Cu** to Cu® in highly
dispersed particles. The higher reduction temperatures observed for the
CuO/Al;03 material could be attributed to the formation of spinel
phases [34].

A more detailed characterization of the fresh and used OCs is pro-
vided in the Supplementary Information.

3.2. Blank experiment

The results of the blank experiment (glass wool bed) at 625 °C
revealed significant changes in the outlet gas composition without the
use of an OC bed, as shown in Table 3. The most notable difference was
the decrease in CO and the increase in CO5 concentration. This can be
explained by the occurrence of the Boudouard reaction (r.1), whose
equilibrium is around 700 °C [35]. Below this temperature, the reaction
favors the formation of CO5 and carbon, and is promoted by certain
metal constituents in stainless steel, particularly nickel, under reducing
environments [36]. Additionally, there was a decrease in the total Cy

Table 3
Variation in gas composition compared to Gas 1 in the blank experiment.

Inlet composition (Gas 1)* Outlet composition®

Species (% vol.) (% vol.)
H, 14.1 14.8 £ 0.3
CH,4 14.0 15.6 £ 0.3
Cco 43.2 34.9+0.5
CO, 27.0 341+04
CH, 1.7 0.6+0.1

# Gas composition provided on a Na-free basis.
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concentrations, which could be explained by the cracking of the least
stable species (CoHg and CoHy), potentially leading to carbon deposition.
The differences in Hyp and CH4 were smaller and more challenging to
correlate with other possible reactions.
kJ
2CO = C(s) + CO,AH =-175.52 —
mol
A visual inspection revealed the presence of soot deposits on the
reactor walls after the experiment. The extent of carbon deposition
during the experiment under steady-state conditions was estimated to be
23.3 % of the incoming carbon into the reactor (determined by per-
forming a C atomic balance on the inlet and outlet gases, as previously
explained), which represents a considerable amount. Neither carbon
deposition nor the changes in gas composition could be attributable to
the CLC experiments. Therefore, subsequent analyses of the gas
composition variation were conducted using the results from this blank
experiment as a reference.

(r. 1)

3.3. CuO performance

As earlier mentioned, a 22 experimental design was used to investi-
gate the influence of gas combustion temperature, WHSV, and their
interaction for each OC. The selected response variable was the CO5
content in the outlet gas. For CuO, the coefficient of variation was 1.66
%, indicating good repeatability and low dispersion in the results. The
results showed p-values of 0.15 for gas combustion temperature, 0.64
for WHSV, and 0.40 for the interaction between these variables.
Therefore, based on the chosen confidence level, it could not be
concluded that either of the two factors or their interaction had a sta-
tistically significant effect on the response variable combustion
efficiency.

Fig. 2a shows the temporal evolution of combustion efficiency for
CuO (Block 1 experiments). Complete oxidation of the pyrolysis gas was
not achieved at any point with this OC. Although CuO did not reach full
oxidation, higher temperatures resulted in a more efficient CLC process
[37], leading to greater combustion efficiency of the pyrolysis gases.
While this may seem intuitive, CLC processes are typically conducted at
much higher temperatures than those evaluated in the present study, as
previously discussed, making the behavior observed at these lower
temperatures particularly interesting. In particular, improved oxidation
was observed with increasing temperature at WHSV of 0.06 h™1. At
WHSV of 0.08 h™!, oxidation was slightly better at 650 °C than at 600 °C
only during the first 15 min. Additionally, a significant increase in
combustion efficiency was observed when the temperature was raised
from 600 °C to 625 °C, but the increase was less pronounced when
further raised to 650 °C. This is evident in Fig. 2a, where efficiency
values for 0.08 h™! at 625 °C were closer to those at 650 °C than at
600 °C. This suggested that a 25 °C increase, even with higher flow
(higher WHSV), resulted in combustion efficiency values more similar to
those observed with lower flow at higher temperature. The combustion
efficiency increased with higher WHSV, regardless of the gas combus-
tion temperature. CuO showed no sharp decline in combustion effi-
ciency, a phenomenon attributed to the availability of oxygen in this bed
through the whole experiment time. This suggested that the residence
times used were adequate within the experimental limits for the WHSV
applied.

Fig. 2b depicts the evolution of the oxygen carrier conversion for
CuO. In general, the OC conversion increased almost linearly over time
when sufficient oxygen was available from the OC. The bed conversion
(OC reduction) during the experiment was minimal in all cases, reaching
less than 20 % of the theoretical value under the experimental condi-
tions studied.

To determine the point at which the OC conversion became limiting,
long-duration experiments - where steady state was approached and all
oxygen in the OC bed was assumed to have been consumed - were used
(Block 4 experiments). Fig. 2c shows this long-term evolution of the gas
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Fig. 2. Performance of CuO. a) Transient evolution of the combustion efficiency under different gas combustion temperature and WHSV conditions. b) Percentage of
OC consumed during the experiments. c¢) Transient evolution of the volumetric concentration of the gas species (N free basis) at the CLC reactor outlet (Block 4:

625 °C, 0.08 h™1).

composition exiting from the CuO bed (625 °C and 0.08 h’l). Interest-
ingly and unlike for shorter experiments, a sudden drop in CO; con-
centration occurred around the 45-min mark. This drop would imply a
corresponding drop in combustion efficiency, marking the interval when
the bed has exhausted all available oxygen for reactions. This time will
be referred to hereafter as tg (breakthrough time corresponding to ‘bed
exhaustion’). The least reactive species in the pyrolysis gas was CHy,
which persisted from the beginning, with CuO unable to fully oxidize it.
Other species only appeared when the combustion efficiency dropped
sharply, indicating that oxidation had ceased. The already mentioned
sharp decline in combustion efficiency at tg=45 min corresponds to an
OC conversion of approximately 14 % in Fig. 2b. Thus, it can be
concluded that this conversion was close to the maximum achievable OC
conversion at 625 °C and 0.08 h™L. This suggests that CuO provided very
limited oxygen availability relative to the theoretical value, likely due to
mass transfer limitations. The low specific surface area of this material
supported this observation.

3.4. Carulite performance

For carulite, the results showed p-value <0.01 for gas combustion
temperature, 0.01 for WHSV, and 0.03 for their interaction, indicating
that both factors had a statistically significant effect on the combustion
efficiency, and that the effect of each was dependent on the level of the
other. The percentage of area increased as the gas combustion temper-
ature rose. In contrast, this variable decreased with increasing WHSV at
600 °C, while no effect of WHSV was observed at 650 °C.

High temperatures and low WHSV values produced the best results in
terms of combustion efficiency, as can be seen in Fig. 3a. Nearly com-
plete combustion of the pyrolysis gases was achieved at 650 °C and 0.06
h! throughout the experiment. Under all the experimental conditions,
combustion efficiencies decreased over time. A decrease in temperature
exerted a more significant negative effect on combustion efficiency than

an increase in WHSV. Fig. 3c shows that the oxygen carrier conversion
linearly increased over the duration of the experiment, but as already
seen for CuO, it was still far from reaching high values.

Carulite demonstrated better overall performance than CuO in
oxidizing gases over an extended period (Block 4 experiments), as shown
in Fig. 3c. The sharp drop in CO5 concentration (tg) occurred at 210 min.
However, and accordingly to combustion efficiency under those condi-
tions, CO» concentration steadily declined from the beginning of the
experiment. Regarding the combustible gases, CH4, once again,
appeared first and was the least reactive species, whereas CO and H, did
not appear until after the aforementioned CO; sharp decrease.

A theoretical linear extrapolation of the observed OC conversion for
625 °C and 0.08 h™! (Fig. 3b) to tz would suggest a bed conversion of
around 54 % of the theoretical maximum at this time. Although not as
low as that of CuO, the limited OC conversion could also be attributed to
the unavailability of a significant fraction of oxide constituents due to
mass transfer limitations and low specific surface area. It is important to
note that in the case of this material, bed conversion would involve the
reduction of both theoretically active metal oxides (Cu and Mn) that are
part of its composition.

3.5. CuO/Al,Osperformance

The results obtained with CuO/Al;03 as the OC indicated that only
the WHSV significantly influenced the CO5 content at the outlet (p-value
<0.01). The p-values for gas combustion temperature and the interac-
tion between temperature and WHSV (both 0.09) suggested that, at a 95
% confidence level, no significant statistical effect could be inferred
from the variation of both parameters. Graphically, this result can be
clearly seen in Fig. 4a, where the behavior of combustion efficiencies in
experiments conducted at equal temperatures (600 and 650 °C) was very
similar, with combustion efficiencies decreasing earlier at higher WHSV
values. Combustion efficiencies remained at 100 % for all experimental
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Fig. 3. Performance of carulite. a) Transient evolution of the combustion efficiency under different gas combustion temperature and WHSV conditions. b) Percentage
of OC consumed during the experiments. c¢) Transient evolution of the volumetric concentration of the gas species (N free basis) at the CLC reactor outlet (Block 4:

625 °C, 0.08 h™%).
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(Block 4: 625 °C, 0.08 h™1).

conditions for most of the experiment duration. For comparison, a
similar behavior was only observed for carulite at 650 °C and 0.06 h™1.
At WHSV of 0.10 h™%, combustion efficiency rapidly declined at around
30 min, whereas at 0.06 h™}, this decay began more gradually towards
the end of the experiments (45 min).

OC conversions (Fig. 4b) were consistent with the evolution of
combustion efficiencies. Conversions linearly increased, reaching values
over 80 % of the theoretical value in the most favorable cases (T >
625 °C), and gradually declined afterwards. Achieving such high con-
versions indicated the availability of a major fraction of the metal oxide
in the OC, unlike CuO and carulite, and demonstrated a higher disper-
sion of the active CuO phase onto the Al,O3 support, as suggested by the
specific surface area values (see Table S1). In Fig. 4b, a more noticeable
gradual decline in OC conversion for space velocities of 0.06 h™! began
around 80 %, coinciding with the onset of the combustion efficiency
decay shown in Fig. 4a.

Fig. 4c shows that at the intermediate WHSV of 0.08 h™! and 625 °C,
the distinctive feature of CuO/Al,O3 was the complete conversion of all
pyrolysis gases, including CHy, from the beginning. Since CH4 was the
most recalcitrant gas towards oxidation under the conditions of this
study, this confirmed the superior performance of CuO/Al;Os in
oxidizing pyrolysis gases. A sharp drop in CO, concentration occurred at
tg of around 40 min. This corresponds to an incipient decline in the OC
conversion at around 80 % for these experimental conditions (Fig. 4b).

3.6. CLC cycles

As demonstrated, the OC with the best performance was CuO/Al;0s.
Therefore, this OC was selected for a series of experiments to observe its
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Fig. 5. Gas composition during the CLC cycles with CuO/Al,O3 at 650 °C. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

behavior in CLC cycles (Block 5). Fig. 5 presents the results of the CLC
cycles conducted at 650 °C. Each experiment lasted approximately 12 h,
during which ten complete cycles were performed. In all cycles, the gas
was almost fully oxidized (with only CO; evolving out of the bed,
reaching 90 %, and the remaining 10 % primarily Ny). Notably, no
performance degradation was observed throughout the cycles. However,
some carbon deposition was detected, indicated by the appearance of
small CO5 peaks during each air oxidation stage. A preliminary estimate
of the extent of carbon deposition under these conditions is presented in
the following section.

3.7. Carbon deposition

Carbon deposition was detected on all the three OCs used, as
evidenced by the FESEM images. Fig. 6 shows micrographs of the used
CuO/Al,03. An overview of the surface of this spent OC is presented
in Fig. 6a and 6b (more detailed view of the material’s surface using
the angle selective backscattered -AsB- signal). First, both figures
revealed a high metallic dispersion on the surface of the Al;O3 sup-
port, which may contribute to the superior performance of this ma-
terial, as noted in the previously presented results. Second, details in
Fig. 6¢c and 6d (in-lens and Asb modes, respectively) revealed the
occurrence of carbon deposition. The elongated structures shown in
Fig. 6¢, a shape commonly associated with the formation of carbon
nanotubes, could also be attributed to carbon deposition. For CuO,
carbon deposition was significantly higher, as depicted in Figure S12
and visible at plain sight (Fig. 7). In contrast, it was less evident for
carulite (Figure S13).

For the best-performing material, CuO/Al;03, and under the
experimental conditions corresponding to Fig. 5 (reduction-oxidation
cycles), a preliminary quantification of the extent of carbon deposi-
tion was estimated. Based on the chromatographic analysis, the
amount of deposited carbon (as a percentage of the total carbon fed to
the system during the gas combustion step) was calculated. Approx-
imately 1 % of the total carbon fed into the system was deposited onto
the OC (see Table 4). No significant differences were found between
cycles, suggesting that the amount of carbon deposition did not in-
crease with continued OC use. Furthermore, no significant variation
was found across the studied temperature range of 600-650 °C. Car-
bon deposition has been reported in copper-based OCs using methane
as a fuel in CLC systems, although to a lesser extent that with other
metal oxides, such as those based on Ni and Fe, for instance Ref. [38].
Additionally, carbon deposition can be fully suppressed if water vapor
is fed into the system [39]. Although synthetic gas without HoO was
used in this study, real pyrolysis gas would contain some water vapor
after condensation of organic vapors, which could partially or even
totally inhibit carbon deposition.
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Fig. 7. Carbon deposition after an experiment with a CuO bed (experi-
ment 4.1).

Table 4
Extent of carbon deposition onto the CuO/Al,O3 carrier in the cyclic
experiments.

Temperature (°C) Average C deposition per cycle” (%)

600 1.0£0.4
625 1.2+04
650 0.8 £0.2

2 As % of total C fed into the reactor.
4. Conclusions

In this study, the impact of gas combustion temperature and weight
hourly space velocity (WHSV) on the chemical looping combustion
(CLC) of pyrolysis gas was investigated using three oxygen carriers
(OCs): CuO, carulite, and CuO/Al03. The experimental results revealed
significant differences in the performance of each OC.

For CuO, neither the gas combustion temperature nor WHSV
significantly affected the combustion efficiency. In contrast, both gas
combustion temperature and WHSV, along with their interaction, were

found to significantly influence the combustion efficiency for carulite.
Notably, increasing the gas combustion temperature improved the
conversion efficiency, while higher WHSV tended to reduce the com-
bustion efficiency at lower temperature, with minimal impact at higher
temperatures. For CuO/Al;03, only WHSV significantly affected CO2
content.

The transient behavior of combustion efficiency indicated that CuO/
Al,03 was the most effective OC, fully oxidizing the pyrolysis gas. In
contrast, CuO exhibited the lowest combustion rates, while carulite
performed similarly to CuO/Al;O3 at high temperatures, although oxy-
gen depletion occurred more rapidly. The total OC conversion confirmed
that CuO/AlyO5 achieved the highest oxygen consumption. A noticeable
drop in CO, was observed when the oxygen content in the bed reached
approximately 90 %. Conversely, neither CuO nor carulite showed such
decline during the 45-min experiments.

The CLC cycles performed with CuO/Al,03 at 650 °C exhibited stable
performance over multiple cycles, maintaining consistent oxidation ef-
ficiency without any performance degradation throughout the 12-h
experiment (10 reduction-oxidation cycles).

Further analysis of the OC beds revealed that carbon deposition
occurred for the three tested OCs, particularly in the case of CuO, as
evidenced by FESEM images and evolution of CO, during OCs oxidation
with air. For CuO/Al;03, approximately 1 % of the total carbon fed per
cycle was deposited as carbon. However, this phenomenon did not
appear to significantly influence the OC performance over successive
cycles.

These findings suggest that CuO/Al;03 was the most promising OC
for efficient oxidation in CLC applications, demonstrating stable long-
term performance. The study also underscored the importance of opti-
mizing operational conditions, such as gas combustion temperature and
WHSV, to enhance the performance of different OCs.
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