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Abstract

The main objective of this study is to evaluate multifunctional nanomaterials that allow the capture of CO; and its subsequent
transformation into valuable sub-products during the catalytic decomposition of asphaltenes in a steam gasification atmosphere for
shallow reservoirs. To this aim, three ceria nanoparticles with cubic (C-CeQ3), orthorhombic (O-CeO), and spherical (S-CeO;) were
tested in four stages including: i) CO; capture at 30, 50, 100, and 200 °C between 0.084 and 3.0 MPa, ii) dynamic in-situ CO; capture
between 170 and 230 °C at atmospheric pressure, iii) dynamic in-situ CO, capture in the presence of steam between 170 and 230 °C at
atmospheric pressure and iv) dynamic in-situ CO; capture in the presence of steam with adsorbed asphaltenes between 170 and 230 °C
at atmospheric pressure. CO, conversion was analyzed in the last three stages. The best nanoparticle morphology was doped with 1
wt.% of Ni and Pd (C-NiPdCe) and was tested in the same experiments. Dynamic in-situ CO. capture was estimated by introducing a
fixed molar flow (0.296 mmolCO, mint) of CO; in a TGA device and analyzing the exhaust gases with a mass spectrometer. From the
first stage, CO. capture increased in the order S-CeO; < O-CeO; < C-CeO, < C-NiPdCe. At 30 °C the CO, capture was ~ 7.2, 7.7, 8.0,
9.0 mmol-g* on S-CeO,, O-Ce0,, C-CeO,, and C-NiPdCe, respectively. In addition, the CO, capture remains high at all temperatures
evaluated. On the other hand, during the second stage during 60 min of isothermal (200 °C) heating without steam, the in-situ CO,
capture was 4.3 mmol, 4.6 mmol, 5.5 mmol, and 5.6 mmol of CO, were captured by S-CeO,, O-CeO,, C-CeO,, and C-NiPdCe,
respectively. Simmilarly, 0.30 mmol, 0.32 mmol. 0.35 mmol, and 0.38 mmol of CO; were converted by the same systems. Then, once
steam in injected, the CO- capture was reduced. At 200 °C was reduced 3.0%, 2.7%, 2.5%, and 2.0% when the process is assisted by S-

Ce03, O-Ce03, C-Ce0y, and C-NiPdCe, respectively. In an opposite way, the Z X, increased up to 2.85, 2.80, 2.70, and 2.62% in

exit,t
C-NiPdCe, C-CeO;, O-Ce0O2, and S-CeO, respectively. Similar trends were found at 170 and 230 °C. During the third stage, the C-
CeO; nanoparticle capture around 24.3% and converts 15.2%, that is, 3.92 mmol and 2.45 mmol of CO, at 200 °C during the 60 min
analyzed. Then, the in-situ CO; capture (%) was reduced in orthorhombic and spherical nanoparticles to 18.6% (3.00 mmol) and 23.7%
(3.82 mmol), respectively. Moreover, the C-NiPdCe capture 37%, 34%, and 26%, at 170 °C, 200 °C, and 230 °C of COy, respectively,
that is, 11.6%, 11.8% and 1.6% more than C-CeO, at the same temperatures.
Keywords: Asphaltenes, CO; capture, CO, conversion, Nanoparticles.

Introduction

The anthropogenic emission of the greenhouse gas CO is considered the main responsible for climate change.® 2 In the last century, the
concentration of CO, in the atmosphere raised from 280 to 400 ppm, increasing the global surface temperature around 0.8°C.° It is
expected that at the end of this century, the atmospheric CO; level will reach 700 ppm, implying an increase in the global surface
temperature of up to 5 °C.2 Therefore, effective measures for controlling CO, emissions need to be urgently established. Carbon capture
and utilization (CCU) technologies capture CO, for further usage,*® which can lead to significantly reductions of greenhouse gas
emissions.” 8 Nowadays, most studies on CCU technologies focus on evaluating CO- capture and utilization in separate steps.® However,
the large-scale application of technologies to capture and transform CO; is limited by the heat transfer required to conduct low-
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temperatures for CO, capture (<60 °C) and high-temperatures for CO, conversion (>500 °C).1° Hence, implementing multifunctional
materials that as sorbent and catalysts appears as an alternative for CO, capture and utilization in an integrated process.*'"** These
applications seek the design of reactors where both methods can be carried out.*> 6 There are different kinf of reactors such as coal-
fired power plants,'” mixed electron and carbonate ion conductor (MECC) membrane,*® dual- phase membranes,'® electrochemical
reactors,*® among others.

However, the use of geological petroleum formations where both the capture and conversion of CO», as well as the production of other
high-quality subproducts has not been proposed yet. Currently, many oilfields use high-temperature technologies (350 °C) that include
steam injection under different mechanisms (cyclic, continuous, etc.), mainly focused on the production of heavy and extra-heavy crude
0ils.223 Steam is injected into a wide range of reservoir depths from 200 ft. In these reservoirs, the pressure reaches up to 3.0 MPa, the
reservoir temperature between 40 - 60 °C, and steam injection temperature up to 350 °C.?*%6 Hence, these reservoirs can be suitable for
CO, capture, storage, and conversion during steam injection processes.>*° At these conditions, it is possible to inject gaseous CO; with
the steam stream. However, the CO, capture is limited by diverse geological factors that hinder the storage through conventional
mechanisms in terms of adsorption capacity, generally lower than 0.0013 mmol-g™.3! Hence, a viable option is to promote the CO,
capture towards adsorption phenomena in shallow reservoirs.3% 3133 Using combined CCUS and steam injection technologies can result
in a potential path to increase the volume of crude oil produced, its quality at the same time that CO, sequestration and conversion is
performed.3+-37

In this sense, many nanotechnology-based solutions have been proposed to attack, in a separate way, the CO, storage in shallow
reservoirs,®: %39 and the enhancement of steam injection processes.*®* In the case of geological CO, capture, different nanoparticles
including carbon,® metal oxides,* and inorganic nanoparticles,*® have been employed, obtaining adsorption capacities between 3 and
5 mmol g* until 3.0 MPa.33 3847 Previously, our research group developed smart nanomaterials for carbon capture with high selectivity
from flue gas streams. As main result, it was obtained an incremental factor of 922 and 730 at 25 and 50 °C, respectively, for the andstone
adosprtion capacity using 20 wt.% of nanoparticles. 3 3

On the other hand, nanoparticles based on transition element oxides and lanthanides have been proposed to improve steam injection
processes,*®%5 mainly through the conversion of crude oil heavy fraction such as asphaltenes into lighter compounds and increase of
thermal conductivity of the reservoir. The transformation of asphaltenes means an improvement in crude oil quality since they are the
main ones responsible for their high viscosities and low densities.%® 5" Also, intelligent nanomaterials could result in selective selection
asphaltene conversion into H, and other high-quality subproducts.-%°

However, to our knowledge, there are no studies in specialized literature that report the simultaneous use of nanoparticles for
simultaneous CO; capture and conversion during the catalytic n-C; asphaltene gasification on shallow reservoirs. In this sense, the main
objective of this study is to develop a nanoparticle-based technology that allows sequestration of CO», with simultaneous conversion of
this compound and n-C; asphaltenes into high-quality subproducts. For this, three ceria nanoparticles with different morphologies were
tested in four stages including: i) CO; capture at 30, 50, 100, and 200 °C between 0.084 and 3.0 MPa, ii) dynamic in-situ CO; capture
between 170 and 230 °C at atmospheric pressure, iii) dynamic in-situ CO, capture in the presence of steam between 170 and 230 °C at
atmospheric pressure and iv) dynamic in-situ CO. capture in the presence of steam with adsorbed asphaltenes between 170 and 230 °C
at atmospheric pressure. A new landscape is opened with the development of this work to approach thermal enhanced oil recovery
methods, capture, and use CO2, improve the efficiency of the oil and gas industry operations, and reduce greenhouse gas emissions.

Experimental.

Materials. Asphaltenes were isolated from a Colombian extra-heavy crude oil using n-heptane purchased by Sigma-Aldrich (St. Louis,
MO, USA) with 99% purity following the ASTM standard.®* Asphaltenes have a C, H, N, S, and O content of 81.7 wt.%, 7.8 wt.%, 0.3
wt.%, 6.6 Wt.% 3.6 wt.%, respectively. Asphaltene molecular weight is 645.1 g-mol?. Details of the properties of crude oil and
asphaltenes are reported in our previous study.®® Also, cubic (C-CeO,), orthorhombic (O-CeO,), and spherical (S-CeQ,) ceria
nanoparticles were used to evaluate asphaltene adsorption/conversion and CO; capture/conversion. Doped C-CeO; with 1.0 wt.% of Ni
and Pd (C-NiPdCe) was considered in this study. Table 1 and 2 summarizes main propertis of the employed nanomaterials. Details of
synthesis process, as well as details of the chemical and textural properties of employed nanoparticles are reported in a previous study.5?

Table 1. Textural properties estimated of synthesized S-CeO,, C-CeO,, O-CeO;,, and C-NiPdCe.

Sample ?;]EZTg_l) Wo(CO2) Lo(CO2) Wo(N2) Lo(N2)  Voss VMesoeJH)
S-Ce0, 22.2 0.17 0.55 0.14 0.75 0.26 0.045
C-Ce0» 32.1 0.22 0.58 0.17 0.79 0.33 0.056
0-CeO, 28.0 0.21 0.58 0.15 0.78 0.32 0.044
C-NiPdCe 25.5 0.19 0.61 0.15 0.77 0.31 0.053
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Table 2. Chemical properties estimated of synthesized S-CeQ,, C-CeO,, O-CeO,, and C-NiPdCe.
Crystallite Lattice NiZ*

2+
Sample size? Parameter® Ce® (%) (Oo/a;)s (OO/';‘;t)t (NiO) (FZSO) Isos+1172) Lass
(nm) (nm) x 102 (%0)
S-Ce0, 12.0 54.09 18.39 41.86 58.14 - - 0.10
C-Ce0O> 15.0 54.12 32.60 88.03 11.97 - - 0.23
0-Ce0, 19.0 54.10 26.91 75.94 2406 - - 0.19
C-NiPdCe 12.4 54.01 52.4 84.8 15.2 33.5 62.3 0.25

CO: capture at reservoir conditions. An HP-TGA 750 analyzer (Hullhorst, Germany) was used to evaluate the CO, capture capacity
of CeO,-based nanoparticles at different temperatures including 30 °C, 50 °C, 100 °C, and 200 °C in a range of pressures between 0.084
MPa and 3.0 MPa based on a magnetic levitation technique.®® The magnetic system provided a monotone electromagnetic field capable
of levitating a magnet set on the suspension shaft and sample maintainer. The device was calibrated based on temperature and weight.
However, changing the heat conductivity of the gas by pressure and temperature makes temperature calibration at high-pressure
conditions very challenging. Therefore, it is essential to measure the Curie temperature in the entire pressure range of the device. The
CO; flow used was 60 mL-min* in the experiments. The sample mass was adjusted to 30 mg to avoid the impacts of mass/heat transfer
and provide enough total surface area for adsorption.

To perform the CO; adsorption tests, first, a vacuum condition (0.00025 MPa and 120 °C) was used to clean the solid surfaces of the
samples for 12 h. Then, pressure, temperature, and gas flow rate were adjusted to the initial conditions. To correct the buoyancy effect
of the gas flow, two different runs were made with empty and solid-filled sample containers. Then, the obtained mass profile for each
sample was removed for the empty sample container.

Additionally, CO; capture during several reuses was performed for the best morphology and doped material. For this, the capture of
CO; in the TGA-HP at 3.0 MPa was measured. CO, desorption was performed by subjecting the sample to a vacuum for 12 hours. After
that, a new adsorption cycle is completed. The procedure was repeated 20 times.

The adsorption isotherms were fitted with the Sips model,% which considers multilayer adsorption of CO, over nanoparticles' surfaces.
The Sips model is described by Equation 1. Here, b represents the adsorption equilibrium constant, n represents the heterogeneity of

the system, N, (mmol-g)and N (mmol-g') represent the adsorbed amount and maximum adsorption capacity at an equilibrium

ads

pressure P (kPa).

1n
Nads = Nm (bP—)JJ (1)
1+ (bP)""

CO:2 capture during asphaltene catalytic gasification. A Asphaltene adsorption over nanoparticles was tested by batch experiments
following the protocol described elsewhere and based on a colorimetric method.5” %5 % The nanoparticles containing 0.02 mg-m2 of
adsorbed asphaltenes were subjected to in-situ CO; capture. A Q50 thermogravimetric analyzer (TA Instruments, Inc., New Castel, DE,
USA) equipped with a mass spectrometer (GC-MS, Shimadzu GC, Japan) was used to study CO; capture during asphaltene catalytic
gasification. These experiments were performed in three main stages. First, CO; adsorption was calculated in the different nanoparticles
by injecting CO, at 60 mL-min~! (i.e., 0.26926 mmol min!). Then, CO; adsorption in the presence of steam was analyzed. In these tests,
the H,O(q) flow was fixed at 6.30 mL min!, and the CO; flow at 60 mL-min!. The gasifying atmosphere was simulated using a gas
saturator controlled by a thermostatic bath at atmospheric pressure.®” Finally, nanoparticles containing 0.02 mg-m™ of adsorbed
asphaltenes were subjected to similar conditions to determine CO, capture during asphaltene catalytic gasification. The tests were
executed at 170 °C, 200°C, and 230 °C.

CO, capture was obtained using the equipped TGA device with an online MS spectrometer. The MS was adjusted to measure the moles

of CO; (44.01 g mol™) at the exit of the TGA. The CO; capture percentage was obtained using Equation 2, where CO2entny£ and CO,

exitt

refer to the moles of CO; at the entry and exit of the TGA device at a determined time L. Also, the Z X, refers to the moles of

exit,t

other gases | produced at a determined time t .

Ozemryt -(Cozexin + Z xi )

C
CO, Capture(%)= )
2

x100 2

entry,t
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Besides, TGA-MS was used to investigate the emitted gases from the catalytic gasification of asphaltenes through a linear ion trap (LIT)
mass analyzer with the rate of 0.03 M/Z from 0 to 200 M/Z for determining the gases produced during CO, conversion.
Finally, each experiment was repeated three times to ensure the accuracy of the results, obtaining uncertainties of 0.0001 mg and +0.01

°C.

Results.

Carbon Capture over CeO2 nanoparticles

Effect of ceria morphology. Figure 1-panel a shows the experimental adsorption profiles and Sips fits for CO; in the materials C-
Ce0,, 0-Ce0; and S-Ce0 at a fixed temperature of 30 °C. According to the IUPAC (International Union of Pure and Applied
Chemistry) classification, the adsorption of CO; on all materials follows a type Ib isotherm. These isotherms are typical of materials
with a high affinity for adsorbate molecules (CO2) and are characterized by a high slope at pressures below 1.5 MPa. At higher
pressures, between 2.5 and 3.0 MPa, a tendency towards stabilization in the amount of CO, adsorbed is evident. The shape of the
isotherms indicates that the saturation of the active sites of the nanomaterial is reached at these pressure conditions, regardless of
the temperature evaluated.® The increase in the adsorbed amount by increasing the pressure of the system from 0 to 3 MPa indicates
that the adsorption is due to a physical and not a chemical process, for which the nature of the interaction is reversible, and the
captured CO, can be used later in a desorption/transformation process.3*

The behavior obtained in the adsorption isotherms is because the CeO»-based materials have high oxygen vacancies, which promote
the physisorption of CO; by interactions with the Ce®* present on the surface of the adsorbent.5® ™ The adsorptive capacity of CO;
decreases in the direction C-CeO; > O-CeO, > S-CeO; for a fixed pressure. Some chemicals and textural properties could influence
the capability of each material to capture CO.. From Table 1 it is recognized that the micro and mesoporous volume of ceria-
nanoparticles follows the order S-CeO, < O-CeO; < C-CeQ;. Interestingly, other properties like size of mesopore and surface area
follows the same order, suggesting that the textural properties of C-CeO; are more suitable for CO; capture and greater diffusion of
CO; over the pore space.

Additionally, density functional theory analysis demonstrated that CO, is adsorbed on CeO- as 3 type of CO; adsorbed species
including: i) monodentate configuration forming carbonate species with two oxygen atoms on its surface, ii) bidentate configurations
with one oxygen atom on its surface, and iii) polydentate carbonate species.” ’® The mechanism is favored by the positive surface
charges of the ceria that allow interactions between C (from CO2) and oxygen (from CeQ). Figure 1.b shows an schematical
representation of bidentate and polydentate configurations.”" The bindentate species are considered less stable, whereas
monodentate configurations are the most stable with binding energies of -0.31 eV, and preferably formed in (111) crystal facets.™
In this way, the high capacity of the C-CeO, material to capture CO- is explained by the presence of highly reactive crystallographic
planes such as {111}.3% 7% 7 Similarly, the lattice parameter (see Table 2) of ceria could improve the adsorption mechanism.
Increasing the lattice parameter increases the oxygen vacancies and therefore the vacancies-CO; interactions.”™ The tendency is
showed in Figure 1.c.
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Figure 1. a) High-pressure CO, adsorption isotherms for materials C-CeO; (blue), O-CeO; (green) and S-CeO, (orange) at a
temperature of 30 °C. The Sips model® used for modeling the isotherms is represented as black dotted lines in all cases. b)
Interactions CO,/CeQ,-base materials. Ce, O, and C molecules are represented by orange, blue, and black spheres, respectively. c)
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Relationship between the amount adsorbed and the Lattice parameter for the materials C-CeO; (cubic), S-CeO- (orthorhombic) and
0O-CeO; (spherical).

Effect of temperature. The effect of temperature on the adsorption of CO- in the materials S-CeO,, C-CeO. and O-CeO, was
evaluated through adsorption isotherms at 30, 50, 100 and 200 °C. The results are shown in Figure 2. It is observed that the amount
adsorbed decreases with increasing temperature from 30 to 200 °C due to the highly exothermic nature of the CO,/CeO- interactions.
At fixed conditions of 1.0 MPa and 30 °C, reductions of 50.0%, 53.5% and 35.7% are observed for C-CeO,, O-CeO; and S-CeOy,
respectively. These results are in agreement with those reported by Ghalandari et al.,”® and Melouki et al.”’. The exothermicity of
the system provides high energy to the molecules in the vapor phase with increased temperature. Therefore, there will be a lower
capacity of adsorption sites to interact with CO, particles due to their high diffusion rate.

However, the results suggest that used nanoparticles present a high adsorption capacity at shallow reservoir conditions (T < 100 °C,
P < 3.0 MPa), and at steam injection conditions on HO shallow reservoirs (T < 200 °C, P < 3.0 MPa).%®

Additionally, Melouki et al.”” also indicate that the adsorption process is reversible, for which the captured CO, can be desorbed and
subsequently transformed to generate products with higher energetic value.
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Figure 2. High-pressure CO, adsorption isotherms for materials C-CeO; (blue), O-CeO; (green) and S-CeO, (orange) at
temperatures of a) 30 °C, b), 50 °C, ¢) 100 °C and d) 200 °C. The Sips model® used for modeling the isotherms is represented as
black dotted lines in all cases.

Effect of doped material. The previous results showed that the C-CeO, material has the highest performance in CO; capture under
high-pressure and high-temperature conditions. Hence, this material was doped with nickel and palladium as metallic phases under
the incipient wet technique mentioned above and was tested under low temperature (30 °C) and high temperature (200 °C) conditions
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in the pressure range of 0 and 3.0 MPa. The results obtained are shown in Figure 3. It was observed that the C-CeNiPd material has
a much higher adsorptive capacity than the non-doped C-CeO, material during the CO, capture process. This trend is because the
Ni and Pd metallic phases provide more significant CO,/CeQ; interaction due to Ni?* and Pd?* cations, which facilitate the formation
of oxygen vacancies between the surface and the mass of the base material.”

Interestingly, it was found a relationship between the maximum adsorptive capacity with Ises+1172)/14ss and the percentage of Ce3*.
The increment in both properties (regardless non-doped nanoparticles) improved the adsorption capacity of the nanoparticle.
Different defects including O are induced by ceria, nickel, and palladium cations, increasing the values of Isgs+1172)/l4ss and
therefore, increasing the proportion of Ce®".

On ther other hand, similarly to the non-doped ceria nanoparticles, a reduction of the adsorptive capacity is observed with increasing
temperature. At a fixed pressure (3.0 MPa) there is a reduction of 35% of the CO, captured when temperature increased from 30 to
200 °C.
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Figure 3. a) High-pressure CO, adsorption isotherms on C-CeNiPd at 30 °C and 200 °C. The Sips model used for modeling the
isotherms is represented as black dotted lines in all cases.

In-situ CO2 Capture during n-C7 Asphaltene Gasification over CeO: — based Nanoparticles. During TGA tests are analyzed two
important variables. The CO; capture which refers to the moles of CO; adsorbed on the nanoparticles and depends of the moles of CO,

at the entry and exit of the TGA device at a determined time T and the CO. conversion which was defined as the Z X,  thatis,

exit,t

the moles of other gases i produced at a determined time t . Both variables were obtained by the TGA-MS configuration.

In-situ CO2 capture with and without steam. In-situ CO, capture was initially measured over CeO, and NiPd-doped CeO;
nanoparticles without asphaltenes in the presence and absence of steam to verify the dynamic CO, adsorption at 170, 200, and 230
°C and atmospheric pressure. The results at 200 °C are shown in Figure 5 whereas the results at 170 and 230 °C are shown in Figure
2 of Appendix A. From panel a it is observed that during 60 min of isothermal heating without steam, the in-situ CO, capture (%) at
200 °C was 27.0%, 28.7%, 34.5%, and 35% for S-CeO,, O-Ce0,, C-CeOy, and C-NiPdCe, respectively. Regarding these results,
the capture % at 170 °C was slightly higher and the opposite occurs at 230 °C. This result agrees well with the reported in section

3.1. Analyzing the CO; conversion ( %vol of z X, ), it followed a similar behavior than the captured CO,. The %vol of

exit,t

Z Xi for S-CeO;, O-CeO,, C-Ce0O,, and C-NiPdCe was 1.9%, 2.0%, 2.2%, and 2.4%, respectively. Considering the molar flow
exit,t

of CO, (0.296 mmol-minY), during 60 min, around 16.15 mmol of CO, were injected. It means that at 200 °C, 4.3 mmol, 4.6 mmol,
5.5 mmol, and 5.6 mmol of CO, were captured by S-CeO,, O-CeO,, C-CeO,, and C-NiPdCe, respectively. Simmilarly, 0.30 mmol,
0.32 mmol. 0.35 mmol, and 0.38 mmol of CO; were converted by the same systems.

Based on these results, the C-NiPdCe is the material with the highest CO, capture and conversion. Between the supports with
different morphologies, both variables increase in the trend: S-CeO; < O-CeO; < C-CeOs.

Then, once steam in injected (Panels b), the CO, capture was reduced. Analyzing the results at 200 °C, it was reduced 3.0%, 2.7%,
2.5%, and 2.0% when the process is assisted by S-CeQ,, O-CeO,, C-CeO,, and C-NiPdCe, respectively. In an opposite way, the

X.
Z =it jncreased up to 2.85, 2.80, 2.70, and 2.62% in C-NiPdCe, C-CeO,, O-CeO,, and S-CeO,, respectively. Similar trends
were found at 170 and 230 °C. The increment in CO2 conversion under steam presence could be a result of the interactions between
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both molecules and the nanoparticles. It is reported that adsorption of CO; is strongly affected by the overwhelming competitive
adsorption of steam on CO, adsorbents which can react at high temperatures.®
Under these conditions, it is confirmed that the nanoparticles can capture CO; in the presence and absence of steam molecules.
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Figure 5. Volume fraction (%) of in-situ CO; captured, CO; at the exit of TGA device, and CO- conversion (Z X; )inCeO;

exit t

and doped CeO; nanoparticles a) without and b) with steam at 200 °C.

Effect of ceria morphology on in-situ CO2 Capture during n-Cz Asphaltene Gasification. This section focuses on evaluating CO;
capture based on a scenario of CO; injection into a steam stream, in which CO. will contact the asphaltene-containing nanocatalyst
where CO; capture, and conversion is expected to occur. During this process, nanocatalyss also converts the adsorbed asphaltenes,
generating different types of by-products through different reactions that can be assisted by the captured CO,.

Figure 6 shows the results of in-situ CO; capture in asphaltenes-containing C-CeO- at 200 °C and atmospheric pressure. With
increasing time, the CO; captured % increased because of the increment in asphaltene conversion. The asphaltene conversion on the
different nanoparticle is shown in Figure 2 of the Appendix A. Once the asphaltenes are transformed, the availability of active sites
for CO; anchoring increases. The results suggest that asphaltenes block CO,-CeO; interactions. Because ceria is a Lewis base, it is
thermodynamically desirable for asphaltene and CO, adsorption. However, the adsorbed asphaltenes limit CO,-CeO; interactions
because they are insoluble in CO,, and the asphaltene-CO; interactions are not expected.®

Similarly, CO2 conversion (Z X, ) is time dependent and increases with increasing asphaltene conversion (increasing time).
exit,t

Based on the assumption that the activation of the C=0 bond of CO, molecule needs to introduce a reductant carrying H and/or C
atoms, such as H, (from steam) and hydrocarbons (like asphaltenes),34-% nanomaterials are expected to take advantage of both
sources to achieve a correct conversion of CO,. At 60 min, 16.15 mmol of CO; were injected into the TGA device. The C-CeO;
nanoparticle capture around 24.3% and converts 15.2%, that is, 3.92 mmol and 2.45 mmol of CO; are captured and converted at 200
°C during the 60 min analyzed.
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Cy asphaltene catalytic gasification using C-CeO; at 200 °C.

To analyze the effect of ceria morphology on in-situ CO, capture, a fixed temperature of 200 °C was selected and results for
orthorhombic and spherical nanoparticles are shown in Figure 7. Based on the information of Figures 6 and 7, CO, capture during
asphaltene consumption follows the increasing order: S-CeO; < O-CeO, < C-CeO,. According to the conversion results (Figure 2
of the Appendix A), the spherical nanoparticles have a large part of the active sites occupied by asphaltene molecules during the
analyzed time (lower conversion degree), which are progressively decomposed into light hydrocarbons and gaseous products that
are desorbed from the catalyst surface, leaving active sites available to interact with CO5. In this sense, the greatest capture of CO;
occurs when most of the asphaltene has been converted and desorbed from the catalyst surface.

In-situ CO; capture (%) was 18.6% (3.00 mmol), 23.7% (3.82 mmol), and 24.3% (3.92 mmol) in S-CeO,, O-CeO;, and C-CeO,,
respectively, at 60 min of isothermal heating at 200 °C. The change in the morphology of the CeQO; systems presented different
yields in the in-situ CO; uptake because of their different chemical and textural properties. According to the literature, the exposure
of the more reactive (100), (100), and (111) crystal facets facilitate the formation of oxygen vacancies on the ceria surface. We
verified that cubic nanoparticle exposes more reactive facets than orthorhombic and spherical nanoparticles.®? Hence, it is speculated
that the surface defects on the CeO, contributed to the oxygen storage capacity and consequently in the in-situ CO; capture. Liu and
co-workers report similar results.®” Also, Li and co-workers® found that CO, adsorption is performed in bidentate carbonate and
bridge carbonate over (111) planes exhibited in C-CeO,. These systems are characterized for the stability of the bridge carbonate on
the catalyst's surface.

In addition, CeO, with abundantly exposed oxygen vacancies is a potent surface for gas adsorption,®” and therefore, cubic
nanoparticles have advantages over others because the formation of oxygen vacancies in the high energy facets enhances the OSC
capacity.® The I(so3+1172)/14sg ratio increases in the order S-CeO; (0.10) < O-CeO (0.19) < C-CeO> (0.23).

In the same way, Ce®* ions concentration enhances the CO;, capture. This property goes hand in hand with oxygen vacancies. The
formation of an oxygen vacancy requires the formation of two Ce®" by the reduction of Ce**.% During the reduction of Ce**, a small
polaron is formed by the distortion of the surrounding oxygen shell to screen the charge when the Ceys state is occupied. Both
properties (oxygen vacancies position and ceria polarons) influence the energy required for the formation of crystalline defects, and
this in turn has a critical impact on interactions with C0O,.%° In this way, CO, molecules easily interact with Ce3* arranged on the
CeO; surface. As the cubic nanoparticle has a higher content of Ce®* (48.81%) than orthorhombic (44.3%) and spherical (42.56%),
the capture increases. Likewise, the conversion of asphaltenes is greater at shorter times in the same system, and therefore many
active sites are vacated faster for in-situ CO, adsorption.

Regardless the CO, conversion (Z X; ), itincreased in the order S-CeO, < O-CeO, < C-CeO,. Around 15.2% (2.45 mmol),
exit,t

14.7% (2.37 mmol), and 12.2% (1.97 mmol) of the CO, was converted by C-CeO,, O-CeO,, and S-CeO,, respectively. It is
corroborated that, the capacity of the materials to convert CO; is influenced by the morphology which in turn modify the oxygen
storage capacity, textural properties, redox cycling, and therefore its participation as a three-way catalyst in many chemical
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reactions.®"% In this case, the cubic nanoparticle presents the best yield in CO, conversion as a result of the higher Ce3* exposure
on its surface, 8% In addition, cubic material showed the highest performance in asphaltene conversion (Figure 2 of Appendix A).
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Figure 7. Volume fraction (%) of in-situ CO, captured, CO; at the exit of TGA device, and CO; conversion (Z X; ) during n-
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Cy asphaltene catalytic gasification using a)O-CeO; and b)S-CeQO; at 200 °C.

Effect of doped material. Figure 8 shows the volume fraction (%) of in-situ CO- captured, CO- at the exit of TGA device, and and
CO; conversion (Z X, ) during n-C; asphaltene catalytic gasification for doped cubic ceria nanoparticles (C-NiPdCe) as a

exit,t

function of time at different temperatures (170, 200, and 230 °C). The in-situ capture of CO, and %vol of Z X, on the doped

material follow a similar behavior to non-doped systems. At the end of the analyzed time (60 min), the CO, capture (%) was close
to 37%, 34%, and 26%, at 170 °C, 200 °C, and 230 °C, respectively, that is, 11.6%, 11.8% and 1.6% more than C-CeO; at the same
temperatures. Similarly, for a fixed temperature (200 °C) and 60 min, the C-NiPdCe capture 15.4% (2.48 mmol) and 17.3% (2.79
mmol) more than O- CeO- and S-CeO,, respectively.

The highest yield for the doped material is related to an increase in Ce®* phases (52.4%). This stoichiometric phase generally occurs
in small oxygen-deficient nanoparticles concentrated in low-coordination Ce, so the concentration of Ce* is proportional to the
dispersion of NiO and PdO. Also, the oxygen vacancies content increases in the CeO lattice (I(sog+1172)/I4ss ratio = 0.25) after Ni
and Pd entered the lattice due to the reduction of the Ce crystallite size (C-NiPdCe: 12.4 nm, C-CeO5: 15 nm). This result is further
evidenced by the increase in the lattice oxygen by adding Ni and Pd (C-NiPdCe: 15.2% and C-CeO;: 11.9%). It has been noted that
the high-mobility lattice oxygen on CeOx is highly active to bond with COs.

On the other hand, the % vol of Z Xi during the analyzed time (60 min) at 170 °C, 200 °C, and 230°C was 14.3 (2.30 mmol),

exit t

16.9 (2.72 mmol), and 17.2% (2.77 mmol), respectively. Regarding non-doped materials, the C-NiPdCe present a higher percentage
of CO; converted at all temperatures because of the catalytic activity of the active phases of Ni and Pd and the Support-Metal Strong
Interactions (SMSI). Compared with C-CeO; (support with the highest efficiency in in-situ CO; capture), the C-NiPdCe shows a
higher overall CO, uptake. Indeed, the Ni and Pd phases promoted the CO; affinity of CeO,, thereby accelerating the CO; diffusion
rate, which is confirmed by the higher capture at lower times on the CeO,-modified system.

All these reveal that adding Ni and Pd would enhance the CO; affinity of CeO, during asphaltene catalytic steam gasification. These
results underline the importance of CeO. modification to bifunctional material for successful implementation of the isothermal
asphaltene steam gasification and CO; capture.
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Figure 8. Volume fraction (%) of in-situ CO, captured, CO; at the exit of TGA device, and CO; conversion (Z X, ) during n-

exitt

Cy asphaltene catalytic gasification using C-NiPdCe at a) 170 °C, b) 200 °C, and c) 230°C.

Conclusions.

Three ceria nanoparticles with cubic (C-CeO,), orthorhombic (O-CeO,), and spherical (S-CeO,) were tested in CO, capture and
conversion during n-C; asphaltene steam gasification. The best nanoparticle was doped with 1 wt.% in mass fraction of Ni and Pd (C-
NiPdCe). First, asphaltene conversion was evaluated in all systems obtaining 100% conversion for all samples at 170 °C, 200 °C, and
230°C. The time required to obtain 100% conversion increased in the trend: C-NiPdCe < C-CeO; < O-Ce0O; < S-CeO,. During the
second experiment, CO, uptake was tested at different pressures. The adsorptive capacity of CO; increased in the direction S-CeO; <
0O-Ce0, < C-Ce0; < C-CeNiPd. The functionalization with the metallic phases significantly increases the adsorptive capacity of ceria
support, obtaining a high CO, capture capacity during the 20 adsorption/desorption cycles, suggesting the high thermal stability of the
materials. Then, CO; capture was evaluated during n-Cy asphaltene decomposition. The results reveal that in-situ CO; capture (%) was
19.5%, 23.3%, and 26.2% in S-CeO,, O-Ce0,, and C-CeOy, respectively, at 60 minutes of isothermal heating at 170 °C. The capture
rate decreased with temperature and reached the minimum at 230 °C. Interestingly, oxygen vacancies concentration and Ce®* content
was found to follow the same trend that in-situ CO, capture. This result suggests that both properties enhance the interactions between
CO, and CeO,. Moreover, the C-NiPdCe presents 38.1% of in-situ CO, capture at 170 °C, due to this system having a higher content of
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oxygen vacancies and Ce®* phases. The presence of Ni and Pd also increases the interactions with CO, due to the increase in Lewis basic
sites on the catalyst.
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Figure 1. experimental adsorption of n-C; asphaltene over CeO, nanoparticles with different morphologies (cubic, orthorhombic, and
spherical), and cubic doped with Ni and Pd in a mass fraction of 1 % (dotted lines represent the SLE fitting).
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Figure 2. Isothermal conversion of n-C; asphaltenes steam gasification adsorbed on a) C-NiPdCe, b) C-CeQOg, ¢) O-CeO, d) S-CeO..
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Nitrogen flow: 100 ml-min, steam flow: 6.7 ml-min, and sample mass 5 mg.
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