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Green syngas production is a sustainable energy-development goal. Thermochemical H,O/CO; splitting is
a very promising sustainable technology allowing the production of H, and CO with only oxygen as the by-
product. CeO,-ZrO, systems are well known thermochemical splitting catalysts, since they combine
stability at high temperature with rapid kinetics and redox cyclability. However, redox performances of
these materials must be improved to allow their use in large scale plants. K-doped systems show good

redox properties and repeatable performances. In this work, we studied the effect of potassium content
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Accepted 1st December 2021 on the performances of ceria—zirconia for CO, splitting. A kinetic model was developed to get insight

into the nature of the catalytic sites. Fitting results confirmed the hypothesis about the existence of two

DOI: 10.1039/d1ra08315e types of redox sites in the investigated catalytic systems and their role at different K contents. Moreover,
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Introduction

H,/CO production through thermochemical H,0/CO, splitting
is an important technological strategy to address environmental
energy concerns. Notably, the upgrading of captured CO, into
synthetic fuels offers a great opportunity to store solar energy in
chemicals and at the same time allows major greenhouse gas
disposal, becoming an important energy challenge.* Single-step
thermochemical CO, splitting above 2500 °C is technically
unprofitable because of high operating temperature and
unavoidable mixing of explosive gaseous products.” As an
alternative, several catalytic thermochemical cycles have been
proposed.*® Two-step processes (catalyst self-reduction and
oxidation) are generally preferred to multi-step cycles because
of their smaller efficiency losses.”

The two-step process can be schematized by the following
reactions:

0
MO, =MO,-5(5) + 500 (a)

MO, _si + CO; = MO, + 6CO (b)

where MO, is the non-stoichiometric metal oxide used as
catalyst, and MO,,_( is its reduced form. Ceria is well known
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the model was used to predict the influence of key parameters, such as the process conditions.

for its capacity for oxygen storage and release. Upon reduction
step, a fraction of Ce*" is transformed into Ce®" ions, creating
oxygen vacancies in the lattice, which facilitate the volumetric
diffusion of O~ ions. At high temperature, high concentration
of oxygen vacancies can be obtained without any change in the
crystallographic structure.®

However, a ceria-based cycle shows some drawbacks, the
main of which is related to high temperature required in the
reduction step, that give rises to some issues about stability of
operating materials, making this cycle not fully repeatable. After
500 reduction/oxidation runs, coarsening of the microstructure
and decreasing in reaction rate are evident.” To increase the
oxygen storage and decrease operating temperature, doping
with other metal oxides is often employed.>'® According to
Mubhich and Steinfeld,' tetravalent cations are more beneficial
dopants than the di- and tri-valent ones and among 26 tetra-
valent elements only Hf-, Zr-, Pr-, and Tb-doped ceria showed
stable structure and performances.”” In particular, CeO,
reduction capability increases by the addition of the smaller
Zr*" ions, which promote lattice deformation in CeO,, making
oxygen diffusion easier.” The best redox performance is ach-
ieved if Ce(wv) cations are replaced by about 25 mol% Zr(wv)
species.* The major issue of Zr-doped ceria is the loss of reac-
tivity during cycling due to diffusion limitations associated to
material sintering. The powder morphology, and in turn the
preparation method of the materials, plays an important role to
address this issue and to improve redox properties.*® As a result,
the introduction of cations with valence < 3+ in Zr-doped ceria
lattice has been investigated,® in order to achieve thermal
stability and to enhance splitting activity.*'®'” Other literature
studies showed that water splitting via redox cycles of alkali

© 2021 The Author(s). Published by the Royal Society of Chemistry
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metals allows to operate at lower temperature than the
conventional ones. Miyaoka et al.*® investigated the feasibility of
the alkali metal redox triphasic cycles by thermodynamic
analyses. The sodium and potassium cycles could run at 500 °C,
featuring high solar-to-fuel efficiency due to the heat recovery.
However, this kind of process is strongly affected by separation
issues and high cost of maintenance.'® Interestingly, Maneer-
ung et al.*® investigated the behaviour of K-doped perovskites
and found a positive role of K-doping on catalytic performances
towards the water-gas shift (WGS) reaction.’ Notably, the
formation of active -OH species is promoted by the addition of
electropositive alkali metals, leading to an increase in the
number of adsorption-active sites characterized by a high
thermal stability.”® In a recent work, we found that the K-doping
significantly enhances the CO, splitting performance of ceria-
zirconia systems due to the increase of oxygen vacancies.”* In
this study, the influence of K content is assessed, and a kinetic
model is developed to shed light on the nature of the active
sites. The model is exploited to forecast the effect of dopant
concentration, operating conditions, and process set-up on
redox performances. The model is expected to provide key
guidelines to support the material design and synthesis.

Materials and methods
Materials preparation

Details of material preparation are reported elsewhere.">* Briefly,
ceria-based catalysts with Ce/Zr = 3 and different K contents were
prepared by co-precipitation. In particular, Ce75Zrg2505,
Ko0.02C€0.73Z10.2401.97, Ko0.07C€0.70Z10.2301.90, Ko.1C€0.68Z10.2201.86
Ko.15C€0.65210.2101.5, and Ko 0C€0.63Z102101.75 catalysts were
investigated in this work. Cerium(m) nitrate hexahydrate,
Ce(NO3)3-6H,0; zirconium(v) oxynitrate hydrate, ZrO(NO;),-
-xH,0; potassium nitrate, KNO; were used as reagents (Sigma-
Aldrich, used as received). Stoichiometric amounts of precursor
salts were dispersed into bi-distillate water (75 mL) under
magnetic stirring (200 rpm for 3 h). Then, the solution was dried
at 120 °C overnight and calcined under air flow at 1100 °C for 4
hours.

Experimental procedures

To evaluate the redox properties of each sample, thermogravi-
metric analysis (TGA) was performed by using a TGA/DSC TA
instrument Q600SDT. K-doped ceria-zirconia samples were
tested in two consecutive redox cycles.** 30 mg sample were
loaded into an alumina pan and pre-treated up to 1200 °C (air
atmosphere, heating rate 10°C min~*, not reported) to remove
any carbonate species and, consequently, measure only oxygen
loss upon reduction in the further run. Next, the sample was
cooled down to ambient temperature and, after 1 hour under N,
flow, was heated up to 1350 °C (heating rate 20 °C min~" and
isotherm for 40 min) under 0.1 NL min~" N, flow (reported only
for experimental data). After that, the sample was cooled down
to 1000 °C (cooling rate 40 °C min ', reported only for experi-
mental data), the atmosphere was switched to CO, and
temperature was kept constant for 90 min. Finally, the

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

temperature was increased up to 1350 °C under N, flow, and the
sample was kept at this constant temperature for 40 min before
repeating the oxidation step, as previously described. TPR/TPO
analysis was used to evaluate reduction properties of the cata-
lytic materials. Temperature was increased to 1020 °C (heating
rate 10 °C min~ ") and then kept constant for 20 min, under
a 5% vol H, flow in N, at 10 NL h™". TPR cycles were alternated
with TPO under the same temperature ramp using a flowrate of
9.7 NL h™" of 3% vol H,0 in N,. Oxygen release upon reduction
and CO formed upon oxidation was calculated from the weight
change in TG.

Mathematical model

To get insights into the nature of the catalyst sites involved in
the thermochemical redox cycles, a model was proposed to fit
the thermogravimetric analysis data collected during CO,
splitting tests. The estimated parameters allowed to investigate
the effect of the catalyst composition and the operating condi-
tions such as the CO, inlet fraction and operating temperature.

Model

As reported in the literature, K-doping can play an important
role in promoting catalytic activity of transition metal oxides in
redox processes, enhancing both the reduction step and the
splitting one. Even though the K' partial diffusion into the
matrix cannot be prevented, due to high temperature treatment,
it is expected that K' ions are essentially segregated onto the
catalyst surface in the form of K,O species in agreement with
several studies.”® The K'-O®~ bonding is a typical hard acid-
hard base bond characterized by a significant electron density
transfer from K" to O>~ enhancing the basic characteristics of
0> ions.”* Consequently, on the surface of the catalysts, the
oxygen ions of the ceria framework that are adjacent to K* are
displaced towards it giving a distortion in their distance (d,)
from Ce** ions (Fig. 1). This feature might affect the cerium
reducibility behaviour, and Ce**-Ce®" reduction as reported for
other K-doped materials,****® depending on K concentration.
Meanwhile, the oxygen ions of K,O can act as preferential
adsorption sites for acid molecules, such as CO,.”

co, co

co co,

Fig. 1 Model of K-doped ceria—zirconia fluorite structure with
exposed surface.
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Furthermore, the presence of Ce** ions close to these adsorp-
tion sites, contributes to C-O bond weakening, thus promoting
CO production during the oxidation step. Due to K" diffusion,
similar features are expected in the bulk. Therefore, K-doping
could lead to the formation of active sites both on the surface
and in the bulk.

Fig. 1 shows the model of K-doped ceria-zirconia fluorite
structure with exposed surface. For the sake of simplicity, the
figure only shows the functioning of surface sites (a-c). The
interaction between K" and adjacent oxygen O®~ of the ceria
network leads to the lengthening of the distance d, between
Ce* and 0®" and simultaneous shortening of the distance d;
between Ce*" and the opposite O>~ (a). The electron density
transfer toward Ce*" stabilizes Ce**, resulting in oxygen release
(formation of oxygen vacancies, circled in Fig. 1(b)). K,O acts as
an adsorption site for CO,, and Ce*" contributes to C-O bond
weakening, promoting CO production and Ce*" oxidation, re-
establishing initial conditions (c).

Assuming these microscopic features, a kinetic model was
developed accordingly, based on the Polanyi-Wigner equation
under the Redhead approximation, which states that catalytic
sites do not interact. The reaction mechanism is a redox
mechanism with the presence of two sites ¢4req and gyyeq, in the
reduced form, and ¢, and 7,, in the oxidized form.

According to this hypothesis, the reaction mechanism is:

ki 1
0;— Oired 1+ 502 1)
K
O ired + C02 —0; + CO (2)
Olred T 02 @ 01 t Oped 3)

o1 and o, are surface-like and bulk-like sites, respectively. We
refer to “surface-like” and “bulk-like” sites because in Ce-Zr
solid solution an improved reducibility of bulk sites overlapping
with surface reduction can be detected due to enhanced oxygen
mobility.?**® Therefore, reactions (1-3) represent the series of
bulk-to-surface oxygen diffusion and reaction. Fractions 6; and
f;rcq are defined as the fraction of oxidized and reduced active
material, respectively. It should be noted that the experimental
values of § = 6, + 0, are derived by the experimental TGA curve.
In particular, they are calculated by normalizing the current
sample weight as:

W(L) — W
0=0,+0,= 7()w min
0

(4)
where w(¢) is the sample weight at any given time ¢, Wy, is the
minimum weight of the sample after complete reduction, and
W, is the initial weight of the sample.

The reaction rates of steps ((1) and (2)) are:

ry = k101’“ (5)
Iy = k202n2 (6)
Fi=K 0™ Yco," (7)
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g n "
Fa = kabed™ Yeo," (8)

where 6, and 6, are the oxidized site fractions, 6;eq and ,,eq are
the reduced site fractions, n; are the overall reaction orders, and
k; and k'; are the kinetic constants which are evaluated as
follows:

k=K exp( - ERH}d) (©)
ky =K exp( - ]j;';d) (10)
Ky =k° exp( - il;() (11)
Ky=k exp( - f;;f) (12)

where Eired, Eared, Eiox, and E,o, are the overall activation
energies, k3, k3 k/l(’, and k;o are the frequency factors, and Yo, is
the carbon dioxide molar fraction.

For the equilibrium reaction (3), the forward and back
reaction rates were defined as follows

E
ry = k) exp (_R_;’> Orrea™ 05" (13)
’ ’ E,
r3 = k 3 exp( — Ri;_,> 01”31 1921'cd’732 (14)

Model equations

The thermo-gravimetric (TG) cell and the catalyst load were

negligible with respect to the gas phase volume

Ve

(C;Lly“ = 10’3). As a consequence, the cell was modelled as
gas

a differential reactor, without any spatial changes of the gas

phase concentration. Accordingly, the balance equations on 6,

02, O1reds O2red, and Yco, are:

% = 4+r =1 (15)

do, =4ty —r+r; (16)

dt

dill;ed S R (17)

dilztrcd —r—Fytr—1 (18)
d);cloz _ YiCnO2 ; Yco, = (19)

where 7 is the residence time calculated considering a total flow

of 0.1 NL min~" and an alumina crucible volume equal to 0.11
3

cm’.

The initial conditions are:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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t=00, =06 (20)
t=00,=06 (21)
t=001eq = Orea (22)
1=0 004 = Breq (23)
t=0Yco,=0 (24)

Eqn (15)-(19), with the initial conditions (20)-(24), were
solved with MATLAB using the solving routine ode23s, based on
a modified Rosenbrock formula of order 2, due to the stiffness
nature of the equations system. The first reduction step was not
simulated because it is a transient phase characterized by
recombination and reorganization of active sites (Fig. 2). For
simplicity, at the end of this step, the active fraction of material
has been considered as entirely reduced (6, + 6, = 0).

Results and discussion
Experimental results

In Fig. 2, the experimental TG curves as a function of time and
the correspondent temperature profile at different K percentage
are shown.

After the initial transient weight loss occurring in the first
reduction step, a stable and reproducible redox cycle is estab-
lished. Therefore, in the following we refer to the first stable
oxidation and consequent reduction of the material as “first
cycle”. Table 1 reports the total amount of consumed CO, (i.e.,
CO formed) and released O,, as evaluated by TG measurements.

As confirmed in ref. 21, the K addition significantly improves
redox performances if compared with the undoped material; in
particular, O, generation has more than doubled for most
samples and trebled for samples with 7 and 15 wt% K. CO
generation follows a similar pattern. Therefore, K-doping
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7%K
10 % K
15 % K [t 1600

L — 20%K
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Fig. 2 Normalized weight and temperature as a function of time,

Y&, =1.0 for Ko.02C€0.73Zr0 2401 97, Ko.07C€0.70Zr0.2501.90.
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Ce0.752r0.2502, Ko 20Ce0.632r0.2101 75 Catalysts.
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Table1l Produced CO, released O,, and calculated reduction degree,
oxidation yield, and reductions yield in the TG redox cycle of the
investigated catalyst

Kwt%  CO formed I cycle [umol g.,. '] O, released [umol ge. ']
0 97 52

2 221 123

7 247 157

10 238 140

15 298 158

20 294 148

enhances the redox performances in terms of evolved O, and
CO amounts.

The calculated fraction of active material § = 6, + 6,, as
defined by eqn (4), is shown as a function of the K weight
percentage in Fig. 3. It is worth stressing that K-doping signif-
icantly increases 6 up to 7 wt% of potassium. Beyond this value,
the addition of potassium does not significantly affect the
number of active sites involved in the redox cycle.

In Fig. 4, CO and O, formed during the first cycle are plotted
versus the initial site fraction, (6; + 6,)°. It is worth noting that
increasing the initial site fraction, the amount of CO and O,
produced increases up to a maximum value. It is also worth
remarking that the ratio between O, and CO is almost stoi-
chiometric (0.5) in all cases.

Model-guided evaluation of K effect

The kinetic parameters of the model were obtained by mini-
mizing the squared error between the experimental and calcu-
lated data using a Nelder-Mead simplex direct search. The
optimized parameters are reported in the ESIf together with
their 97% intervals of confidence (Tables S1 and S2t). Fig. S1 in
the ESIT shows the model fitting, evidencing a good agreement.

The model was used to compare the performances of the
different samples in terms of the overall reduction rate (r; + ;)
and oxidation rate ('; +1',). In Fig. 5, the overall reactions
rates are reported together with the constant of oxygen transfer
reaction (3) defined as:

0.006

0.005 - o . *
=
e : .
0.004 - /
/F
= 00034 /
/
/
/
0.002 -/
]
0.001 - ®  Experimental data
— Regression
0.000 T v !
0 5 10 15 20

K %

Fig. 3 Fraction of active material as a function of the K percentage.
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In Fig. 5a, the simulated oxidation rate is reported as
a function of time, under the same experimental conditions
adopted in Fig. 2; the only exception is the carbon dioxide molar
fraction fixed at Y%, = 1.0 for all the investigated samples for
a better comparison. As a general consideration, the overall
oxidation rate of the material increases for catalysts with
a higher K content (Fig. 5a).

Also the reduction rate (Fig. 5b) increases at higher K
percentages, the only exception being the sample at 7 wt% K,
performing better than the one at 10 wt% K, and maintaining
a higher reduction rate also for longer reaction times. Inter-
estingly, all the doped samples showed a substantially different
behaviour compared to bare ceria-zirconia, with a reduction
reaction rate sharply changing slope at higher reaction times.
This behaviour can be ascribed to the different distribution of
oxidized active sites on the surface and in the bulk of the
material, as a consequence of the amount of K doping. This
effect is more evident for the sample at 20 wt% K and it might
suggest a faster surface reduction, followed by a slower
diffusion/reduction in the bulk. This is also confirmed by the
smoother transition observed for the reduction rate of sample at
2 wt% K, more similar to bare ceria-zirconia. This behaviour is
in line with the fact that potassium tends to form K-enriched
superficial layers in these materials, generating additional
diffusive limitations in the external layers, slowing down oxygen
diffusion to the surface, thus reducing oxygen release under
reductive conditions.*

In Fig. 5¢, we show the estimated value of the oxygen transfer
constant as defined by eqn (25), as the ratio between the forward
and back reaction constant of eqn (3). This constant describes
the oxygen transfer from the bulk to the surface and vice versa,
also taking into account possible diffusive limitations, as sug-
gested by the weak temperature dependence. As a general trend,
a K content higher than 2 wt% results in a lower value of the
equilibrium constant, suggesting that a higher amount of
oxygen might be present in the bulk of the material, in line with
the observed reduced diffusion of oxygen to the surface. This
suggests that higher K content can increase the oxidation
kinetics of the material, and so promote a faster CO, conver-
sion, but also cause a slower material reduction, requiring
higher temperature and longer reduction times.

To further confirm this point, samples with K content of
2 wt% K and 15 wt% K were analyzed by TPR. Fig. 6 shows stable
TPR cycles in the presence of H, of the two samples. As one can
see, the sample with a lower K content is characterized by
a single reductive event, ascribable to the reduction of a single
type of surface-like catalytic sites, possibly overlapping the
reduction of a smaller fraction of bulk-like sites. On the
contrary, when a higher content of K is present, we observed
different broader reduction peaks, indicating the presence of
more than one type of catalytic site, namely surface-like and
bulk-like, showing very different reduction rates. This is in line
with the results of the model, indicating a sharp change in the
reduction rate for samples with higher K content, ascribable to
the reduced mobility of oxygen from the bulk to the surface of
the material, whereas this is less marked at lower K content.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TPR cycles of catalyst samples with (a) 2 wt% K and (b) 15 wt% K.

Effect of operating conditions

To assess the effect of the operating conditions, i.e. CO, inlet
fraction and temperature, on redox performances further
simulations were carried out.

The trend of catalyst site concentration vs. time evaluated by
the model for two different values of the CO, inlet fraction
(Y3, =0.5 and Y& =1.0) is showed in Fig. 7. Adopted
temperature conditions were the same described for the

6,+6,

0 50 100 150 200 250 300 350 400

0,+6,

Time [min)

Fig. 7 Comparison between 50% (a) and pure (b) CO, in three
consecutive simulated redox cycles.
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experimental runs. The reaction rate of the splitting oxidation
step increases by increasing the CO, inlet fraction, whereas the
time needed to reach the same final value of sites concentration
decreases. It is worth highlighting that samples with the lower
potassium content, i.e. 2 wt% and 7 wt%, benefit the most from
an increase in CO, concentration, showing a significantly
higher oxidation degree of the sample within the same reaction
time. Remarkably, the sample with 7 wt% K, shows an oxidation
degree comparable with the one of the samples with 10, 15, and
20 wt% K when pure CO, is adopted. As expected, reduction
kinetics are not significantly affected by the change in the
oxidation degree; however, samples with lower K content, i.e. 2
and 7 wt% K, tend to reduce completely and significantly faster
than the samples with higher potassium content, in agreement
with the general observation highlighted in Fig. 5. This would
suggest that 7 wt% K is a good compromise between a high
number of active sites, and fast kinetics of oxidation and
reduction.

Two-step thermochemical cycles can be carried out under
either isothermal®*® or temperature-swing conditions.™**7*
The best operating conditions depend on several parameters
and their individuation is not an easy feat.***

In this work, we simulated the possibility of the catalyst to
undergo isothermal reduction/oxidation cycles by switching the
CO, concentration without changing the operating temperature
in order to compare isothermal and temperature-swing
conditions.

Fig. 8 shows the simulated results of the splitting process at
T = 1200 °C, intermediate between the oxidation and reduction
temperature used in the previous experimental investigations. A
higher oxidation temperature increases oxidation Kkinetics,
whereas the plateau value of oxidized active sites and the overall
dependence on K content remains unchanged.

The reaction rate of the reduction step decreases at lower
temperature. As a result, complete reduction step at 1200 °C
requires longer time, especially for bare ceria-zirconia and the
sample with the highest K content, i.e. 20 wt. Overall, the best
performances under isothermal conditions were observed for

— 0% K
2% K
7% K
10% K
15% K
20% K

6,+0,

0 200 400 600 800 1000
Time [min]

Fig. 8 Isothermal cycles at 1200 °C; Y&, = 0.5.
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the samples at 7 and 15 wt%, showing comparable plateau
values of active material fraction, and fast reduction kinetics;
despite the slower oxidation kinetics of the sample with 7 wt%,
it might still represent a competitive alternative, because of the
lower potassium content.

Conclusions

K-doping improves redox performances of Ce, ;5Zr, 550, cata-
lyst in thermochemical cycles for CO, splitting. To explain this
experimental result, a mathematical model was developed. The
aim of the model is to unveil the mechanism of redox activity as
well as the effect of the different doping levels and the operating
conditions on the splitting performances.

Two sites were identified: surface-like and bulk-like sites.
The mathematical model was used to investigate the effect of
the catalyst composition, operating temperature, CO, inlet
fraction, the feasibility and the optimization of isothermal
cycles. The experimental results and the simulations of the
model suggest that K-doping plays an active role in increasing
the total amount of active sites up to 7 wt% K; further increase
in the potassium concentration resulted in faster oxidation
kinetics but no significant change in the number of active sites.
On the other hand, the reduction of doped samples is charac-
terized by two different phases with different characteristic
times ascribable to the reduction of bulk-like and surface-like
catalytic sites. Higher potassium content can affect the potas-
sium distribution and result in slower reduction of the sample,
thus also affecting the relative ratio between surface-like and
bulk-like sites. Among the investigated catalysts, the sample
with 7 wt% K showed the best performances, combining a large
number of active sites, competitive oxidation kinetics, and fast
and complete reduction. Simulations carried out at constant
temperature suggested the possibility of running isothermal
processes, with obvious advantages in process management
and costs. Future investigations will address the implementa-
tion of the investigated catalytic system on a continuous-flow
plant in the presence of H,0/CO, co-feeding.
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